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A magnetometerarraystudy consistsof a numberof variometersrecordingsimultaneouslyacrossa two-dimensional
area.Data recordedby an array shouldsatisfycertaincriteria, showing that transientmagneticeventshavebeenthor-
oughly monitoredon theplaneof observation.Interpretationof suchdata in termsof solid-earthgeophysicsinvolves
two separateclassesof problem.In thefirst thelocal geoelectricstructurechangesover a shorterlateraldistancethan
doestheinducing field. The observedresponseof thelocal structureis modellednumerically,taking theinducing
field to beuniform. Theparametersmodelledarerelationshipsbetweenregionalandanomaloushorizontalandverti-
cal field components.Operationof many instrumentsin anarray shouldgive betterestimatesof theseparameters
thanoperationof instrumentssingly,or in small groups.Numericalmodelsconstructedto fit observeddataarenon-
unique,though thewide frequencyrangeof geomagneticeventsmayperhapsbeusedto greateradvantagein dis-
tinguishingbetweenconductorsin the uppercrust,lower crust,anduppermantle.In constructingmodelsa further
complicationarisesin distinguishingbetweenconductorssimply concentratingcurrentinducedelsewhere,and con-
ductorsin which the induction is itself taking place.

Thesecondclassof problemcomprisesdeterminationof conductivity asa functionof depth,utilizing non-unifor-
mity in inducing fields.Herea largearrayof instrumentsshouldenableestimationof field gradientsmoreaccurately
thanis possiblewith fewer instruments.Interpretationspublishedto datehaveperhapsnot exploitedthis aspectof
arrayinformationas fully asmight provepossible.

Somemiscellaneouscommentsare: (1) daily-variationdatain particularcould resolvesomedepthambiguityprob-
lems;(2) thereis confusionin the literaturebetweentwo possibledefinitionsof phase;(3) ideason optimumstation
spacingarestill evolving; (4) it is not easy to decideanoptimumratio for time spentcollectingdata to time spent
interpretingdata;(5) arraydatahave relevanceto the studyof electriccurrentsin theionosphere.

1. Introduction provedinformationon transientmagneticvariations,
andon theelectriccurrentsexternalto the earth

1.1Historical note which causethem.
Suchglobal observatorydataalso hold information

Magneticobservatorieshavebeenin existencefor on electromagneticinductionoccurringin the earth,
several centuries,asa consequenceof early interestin andthe first analysesof this processassumedspherical
thephenomenonof the earth’smagneticfield. A net- symmetryin the earth’selectricalconductivity.How-
work of permanentobservatoriesaroundtheearthhas evercareful inspectionof recordsfrom someperma-
graduallygrownduring this time,and hasoccasionally nentobservatories,andfrom somedensely-spacedtern-
beenaugmentedby temporaryobservingstations.For porary oneslike thoseof theInternationalGeophysical
example,a specialeffort wasmadeduring the 1957— Year,demonstratedtheextentto which local electri-
1958 InternationalGeophysicalYear to obtainim- cal-conductivitystructurecanaffect the verticalcom-

ponentof a transientmagneticevent.This realization
* At presentvisiting theHigh Altitude Observatory,Boulder, led to theoperationof further temporaryobservatories
Cob., U.S.A. for thespecific purposeof exploringlocal crustaland
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upper-mantleconductivity.Initially stationswereop- 1.2 Worldactivity
eratedeithersingly, or in pairs or small groupslaid out
alonga line, From theseexperimentslargearray oper- Fig. 1 showsa map of world activity in magneto-
ationsdeveloped,involving sometwenty to forty meterarray studies,up to thepresenttime.The map
variometersrecordingsimultaneouslyover areasof hasbeencompiledby tracingtheuseof thosesetsof
order 100,000km2. variometerswhich areknown to theauthorto have

Thisreviewwill concentrateon aspectsof inter- beenassembledfor the specificpurposeof largearray
pretationwhich are peculiarto thedataproducedby operation.In the nineteenoperationsshown,some
suchlargearrays.As in othergeomagneticdepth- 100 variometershaveoccupieda total of some500
soundingexercises,thereis valuableinformation in sites.Most of thesevariometersare of theeconomical
thesurfaceelectricfields at recordingsites,should GoughandReitzel(1967) type.
thesebe measuredalso.Array datawere usedfor mag- A reviewof theinterpretationof thearraystudies
netotelluricpurposesby TammemagiandLilley shownin Fig. 1 is limited by thefact that mostof
(1973),andajoint interpretationof magnetotelluric them havetakenplacerelativelyrecently,andinter-
and magnetometerarray datawasgivenby Lilley and pretationshavenotyet beenpublished.This is a re-
Tammemagi(1972). flectionpartly of the work involved in reducingthe
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Fig. 1. World activity of magneticvariometersbuilt specificallyto operatein largearrays.Identifying bettersreferto thehome

basesof instruments,ratherthanto the scientific groupsoperatingthem.Thus the Scottisharrays(B 1973markstwo distinct
operations)wererunin collaborationwith the Universityof Edinburgh,theSouthAfrican arraysin collaborationwith the S.A.
National Physical ResearchLaboratories,andtheAustralianB 1970andB 1971 arraysin collaborationwith theAustralianNational
University. (After Reitzebetal., 1970; Camfieldet al., 1971;PorathandGough,1971;PorathandDziewonski, 1971b;Goughet
a!., 1972;Lilley and Bennett,1972;Goughetal., 1973;and R.J. Banks, J.H. De Beer,D.J. Bennett, D.I. Gough, and V.R.S. Hutton
private communications, all 1974.)
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greatvolume of observeddatato the stagewhere Theuseof this information in interpretingelectrical
interpretationscanproceed,andit is also a reflection conductivity structurewill be discussedin Sections2
of the fact that interpretationtechniquesareby no and3. In thosesectionsa basicsubdivisionof the trac-
meansroutine,butoftenhaveto bedeveloped(and tablepartsof the subjectis made,accordingto whether
arestill beingdeveloped)to dealwith particulardata. thespatialwavelengthof aninducing field is greateror
The major frontiersof presentinterpretationeffort less thanthehotizontal scale-lengthof a conductivity
are probablythoseconcerningtheconductionand structure.
inductioneffectsof three-dimensionalinhomogeneities.

1.4An example
1.3Definition Fig. 2 showsa diagramfrom Reitzel et al. (1970).

A magnetometerarraystudyconsistsof a number
of variometersrecordingsimultaneouslyacrossa two-
dimensionalarea.The instrumentsrecordfluctuations 25 30 50 A 35 30 20 3050 100 B
in the earth’smagneticfield, resolvedalongthreecom-
couldcomprisean arraymight be threearrangedin a 20

ponents.The smallestnumberof instrumentswhich ~ ~
triangle,butto be fully effectivethe minimumnum-
beris probablybetweenfive andten.All the operations
mentionedin this paperinvolved more thanfifteen in- c

cordingsitesoffer additional andmoreaccurateinfor-struments,andseveralinvolved morethan forty. 0Simultaneousobservationsfrom a networkof re-
mationthannon-simultaneousobservationsfrom the
samesites,andit wasto exploit this fundamentalim- A’ a
provementin informationthat arrayoperationswere
developed.The extrainformationhas threemain char. ~ C WASATCH ROCKIES C’
acteristies: 00_p I000nm I

(1) Array datashouldgive a direct demonstration ______

200
of whethertheconductivity structurebeneatha sur- KM ~(i)
veyedareavariesin one,two, or threedimensions.A 300
rangeof horizontal-fieldpolarizationswill usuallybe 400_

importantin this analysis.If thestructureis two- 500
dimensional,the strike directionwill be shown. 0 —.

(2) In thevicinity of local conductivity structure, _______

arraydatashouldgive estimatesof regionalfields and 20Q/ / / / ~á~m~//~
2nomalousfields, in all threehorizontalandvertical KM (ii)

300_i lOOflm I~omponents. I I

(3) Aboveone-dimensionalstructure(wherethe 400_ I
lOam b

electricalconductivity of theearthis takento be lat- 500 I

erallyuniform andto varywith depthalone)array Fig. 2. a. An exampleof reducedarraydata, from the opera-
tion markedA—B1967in Fig. 1 afterReitzelet aL (1970).

datashouldgive direct estimatesof the spatialgradients Themagneticvariationcontoursarecontrolled by datavalues
of thefield components,acrosstheplaneof observation, at the different observingsites, shownby dots. Thedatavalues

While a noticeableaspectof arrayoperationis the (in this casefor theamplitudeof thevertical field component)

speedandefficiencywith which a continentcanbe ex- havebeenobtainedby Fourieranalysisof theverticalsignals

ploredwith temporaryvariometerstations,definition for a particularevent,asrecordedat the different stationsof

of an arraystudyshouldnotbein termsof thenum- thearray.b. Two of manypossiblemodelsconstructedto fit datare-
ber of stationsoccupiedsomuchasin termsof whether cordedalongline C—C’ (after PorathandGough,1971;

the observationssatisfy criteria 1—3 above. Porath,1971).



234 F.E.M. LILLEY

Datarepresentationin this way requiresa set of six pretationof arraydata.For recentreviewof aspects
suchmaps,to showamplitudeandphasepatternsof of the secondstage,the readeris referredto Shank-
all threefield components.Differentsetsof mapsthen land(1975)andGarland(1975).
comparetheresponseof thearrayareato variation
fields of differenthorizontalpolarization,andof dif- 1.6Bibliography
ferent frequency.Forthepresentexample,thepolar-
izationof thehorizontalfield is approximatelynorth- To concludethis introductionreferenceshouldbe
east—southwest, madeto other recentandcomprehensivereviews on

Fig. 2 showsthreefeatures,bestdescribedby imag- thesubject.On geomagneticvariationsin generalthese
ining thecontourlinesto definea topographicsurface: includeRikitake (1966,1971),Schmucker(1970a,

(1) The generalslopefrom north to southis a re- 1970b,1973),SchmuckerandJankowski(1972),and
gional variationin field amplitude. Rokityansky(1975). On magnetometerarraystudies

(2) Superimposeduponthe regionalslopearetwo in particular,recentreviewsare by PorathandDziewon-
ridges,A—A’ andB—B’, which aretakento be two- ski (l971a),Gough(1973a,b), andFrazer(1974).The
dimensionalbecauseof their extendedlinearstrike, presentauthorhasattemptedto complement,rather

(3) NearpointB, theeasternridgeappearsto drop than duplicate,thesereviews.
from a pinnacle.The evidenceof this map,andof sub-
sequentinvestigationsin thearea,(arraysA—B 1969
andB—E1972 in Fig. 1), showthis featureto be a 2. Departuresfrom layeredstructurein the earth,and
caseof three-dimensional“currentchannelling”,in theassumptionof uniform sourcefields
which currentinducedovera muchlarger andill-
definedareais channelledconductivelythrougha 2.1 Basicprinciples
linear conductorof limited extent,simply according
to Ohm’s law. Thissectioncoversthosecaseswherethegeologic

The arrayhaving thusoutlinedthe responseof the structurechangesmorerapidly with lateraldistance
area,a line C—C’ is takenacrossthetwo-dimensional than doestheregionalmagneticvariationfield. De-
ridges,andsubsequentinterpretationconsistsof fitting parturesfrom horizontallayeringin the electricalcon-
modelsto thevariousresponseparametersobserved ductivity of theearthwill be evidentasanomaliesin
alongthisline. No information entersthis furtherpart the observedmagneticvariationcomponents.As de-
of theanalysisotherthan whatwould havebeenob- scribedin Section1.3, an ideal arrayoperationwill map
tamedwith just ten (say)variometersoperatingalong bothanomalOusfields and regionalfields, in all hor-
the line C—C’, but theconsiderablecontributionfrom izontal andverticalcomponents.A conductivity struc-
therestof the arrayhasbeento providethe freedom ture canthenbe modelledwhich causesa uniform hor-
with which line C—C’ canbe selected,andthento in- izontal field to induceappropriatehorizontalandver-
dicatethe confidencewith which two-dimensional tical anomalousfields. Forvariationperiodsof order
modellingcanbe applied.Modelsfitted to line C—C’ onehour,uponwhich mostarrayinterpretationsso
will be discussedin Section2.4. far haveconcentrated,theregionalverticalvariation

fields will besmallandhavelittle effect.
1.5The two-stageprocessofinterpretation

2.2 Two-dimensionalgeometry
Interpretationof electromagneticobservationsto

give geologic informationis a processof two distinct Most publishedmodellingof actualfield datahasso
stages.The first stageinvolvesinterpretationof ob- far beenfor two-dimensionalgeometry,in which case
serveddatain termsof electricalconductivity struc- theresponseof an anomalousstructureat a particular
ture, andthesecondinvolvesinterpretationof elec- frequencycanbe representedby four profiles drawn
trical conductivitystructurein termsof parameters acrossits strike.Theseprofiles arethe in-phaseand
suchascomposition,phaseandtemperature. out-of-phasepartsof theverticalandhorizontalanom-

This paperdealsonly with the first stageof inter- alousfields, divided by theamplitudeof thehorizontal
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regionalfield resolvedacrossthestrike directionand
takento be entirely in phase.Suchprofiles are com-
piled usingdatawhich havebeentransformedfrom
thetime domain to the frequencydomain,like those

~5\hor~ontal
in Fig. 2, andthe frequencydependenceof ananom-
aly canbe a strongcriterion in its modelling. Should
the regionalfield be not uniform buthave a smooth _______________ ___________

gradient,onepragmaticway to proceedis simply to 0
normalizetheestimatesof theanomalousfields at

~0.5
eachmeasurementpoint by thevalueof theregional
field at thesamepoint, as doneby Porathet al. (1970), ~~~flver~cai
andotherssince.This procedureseemsreasonable,but

~1051thefact that mostmodellingtechniquesassumea uni-form regionalfield shouldbe remembered.Somere-centmodellingtechniquesnow takenon-uniformity
of thesource-fieldinto account,for exampleHibbs
andJones(1973a,b).

~~~verti cal
2.3Elementarymodellingtechniques

amplitude
Two elementarymodellingtechniquesare:
(l)Matchingthe “half-width” of an observedanom- p ~ p

‘, modelaly with thetheoreticalhalf-width of a line current
flowing at somedepthin theearth.Thismethodgives ~p section
themaximumpossibledepthto a conductorcausing
an anomaly,andmaybemostuseful in isolatingnar- \buried line current
row crustalanomaliesof the current-concentration
type like the AmericanCentralPlainsanomalyof ________________________________________________
Camfield et al. (1971), the southernextremityof
which is at B in Fig. 2. The line-currentmodelwas Fig. 3. Profiles of horizontalandverticalmagneticfield

acrossa buriedline current,which is long in thedirection
possiblyfirst appliedto geomagneticdepthsounding perpendicular to the diagram. Field strengthsare scaledin

by Bartels(1954).Fig. 3 showshorizontal-andvertical- units of (p
0/2ir)(I/p) m.k.s., whereI is thestrengthof

field profilesacrossa buriedline currentof infinite the line currentandp its depth of burial. Thus a line current

extent, of strength 1 A and depth 1 km givesa maximum transverse
horizontal field of 0.2 nT, anda currentat depth50 km needs(2) Calculationof magneticflux-line distribution to be of strength5,000A to give a maximumhorizontal-field

aboveundulationsin theuppersurfaceof a perfectly anomaly of 20 nT, and an offsetmaximumvertical-field

conductinghalf-space.In this methoda two-part anomalyof 10 nT.

modelis takenfor theearth,of a non-conductorover- Note thatvertical-fieldmaximumamplitudesoccurathori-
lying a perfectconductor.The useof this methodap- zontal-fieldhalf-maxima,whereall magnitudesareequal.Note

also that spacingof observing siteshas to be rather lessthanpearsto havebeenfirst demonstratedby Cox (1960), depth of burial if the minimum in vertical-field amplitude is

andis also discussedby Schmucker(l970a,p. 86). to bedetectedwith any certainty.

2.4 Generaltwo-dimensionalmodelling

To calculatethe electromagneticresponseof more
complicatedstructuresnumericalmethodsaregen- notprovedamenableto analyticsolution.Various
erallynecessary,aswith the exceptionof but a few numericalmethodsin commonusehaverecentlybeen
cases(Hobbs,1975),suchforwardproblemshave reviewedcomprehensivelyby Jones(1973)andPraus
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(1975),who also discussprogresswith three-dimen- A major classof three-dimensionalmodelsis that
sionalmodels.Thegenerallackof forward solutions of the “current-concentration”or “current-channel-
in the modellingproblemgreatlyrestrictsapplication ling” type,alreadymentionedin Sections1 .4 and
to thesubjectof certainaspectsof moderninterpre- 2.3. The best modellingproceduresfor such cases
tationtheory, suchastheresolutionestimatespossible are still evolving. A featurewhich may provediag-
in global modellingdescribedby Parker(1970). Wei. nosticis thatof very stronganomaloushorizontal
delt (1975)reviews thepresentstateof two-dimen- fields, as observedby Camfield et al. (1971)in one
sionalinversiontechniques. regionof the North American CentralPlains.Lilley

To continuewith the exampleof Section 1.4, Fig. andBennett(1973)pointed out that the fields of
2 showstwo modelsconstructedto fIt the dataof current-channellinganomalies,being less strongly
line C—C’. Both modelsshow theimportantfeatures correlatedwith the local inducing field, may give less
of agood conductorat shallowdepthsbeneaththe well-determinedresponsearrows.
WasatchFault Belt andthe southernRocky Moun-
tains and in thecontrastingdepthsgiven to the good
conductorthe modelsdemonstratethebasicnon- 2.6 Separationof externaland internal fields
uniquenessof this type of modelling.

Suchnon-uniquenessmight howeverbe reduced The exerciseof formally separatingexternaland
by exploitingthe full frequencyrangeof naturalgeo- internal fields has beencarriedout for just one
magneticvariations.For example,it is possiblethat array(that of Fig. 2, Porathet al., 1970). The con-
observationaldatafrom daily variationscould dis- clusionfrom that exerciseappearsto be that gen-
tinguishbetweenmodelsi andii in Fig. 2. This point erally the mostpractical way to proceedis simply
was madein the initial paperdescribingthearray to smoothout a regional field and to take residuals
experiment(Reitzelet al., 1970,p. 233). asanomalousfield (Gough 1973a).This procedure

is clearlyvalid if the anomalousfields are of rela-
tively short scale-length,andare entirely contained

2.5 Three-dimensionalmodelling - .

within an arrayarea.If theseconditionsare not met
the formal separationprocedurealso breaksdown,

For an obviouscaseof three-dimensionality,as andcomparablysubjectivejudgementshaveto be
evidentby the dependenceof ananomalypatternupon madeaboutwherethe fields are anomalousand
the polarizationof the regionalfield causingit (Ben- wherethey are not so.
nett andLilley, 1972;Goughet al., 1972),the num- Becauseperturbationswith scale-lengthsshorter
berof profilescharacterizingthe modelbecomesmuch than an arrayare unlikely to occur in mid-latitude
greater,andmodellingmayneedto be in termsof the fields of externalorigin, anomalousfields determined
full transfermatrix of Schmucker(1964, 1 970a), by simple smoothingare taken to havetheir origin
evaluatedat everyobservationpoint. Lilley (1974) in currentswithin the earth. This assumptiongains
analyzedthis conceptas an“induction tensor”,and supportif successiveandvariedmagneticeventsshow
comparedsomeof its characteristicsfor two- and anomalypatternsto reappearpersistentlyin the
three-dimensionalcases.The bestwayof representing samegeographiclocations.
three-dimensionaldatais still being explored.Tra- Regionalfields, with local anomaliesremoved,will
ditional responsearrowsof the Parkinson,Wieseor have their origin bothexternaland internal to the
Schmuckertypeshavebeenusedin presentingthe earth.The smoothingtechniquedoesnot separate
resultsof somearraystudies,though in fact such the externaland internalpartsof regionalfields, but
responsearrows for the anomalousvertical variations neitherwould a formal separationprocess,as regional
at the stationsinvolved could havebeencomputed fields have scale-lengthsgreaterthan the dimensions
usingnon-simultaneousdata,with relatively little of an array. For the model-fittingtechniquesde-
loss of information.The full advantagesof array scribed,it does not appearto be necessaryor even
operationonly becomeapparentwhenanomalous an advantageto be able to separateregionalfields
horizontalfields are also takeninto account. into externaland internalparts.
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3. Layered structure in the earth, and mildly non- conductor,(which thoughsimplemay approximate
uniform sourcefields an earth with poorly conductingcrust overlying highly

conductinguppermantle),eq. 3 may be expressed:
3.1 The basic inequality regardingscale-length ax/ax + aY/ay= Z/c (4)

The inequality at the basis of Section2 is now wherethe realpartof the complexparameterc reflects
reversed,so that Section 3 appliesto caseswherethe themeandepthof the internaleddycurrents,called
electricalconductivity is horizontallylayered,over the“depth of a perfectsubstituteconductor”,and
distanceson which the sourcefield changessignifi- from the imaginarypart of the parameterc canbe
cantly. calculatedquite directly the ambientconductivity

at that depth.
3.2Basicequations

3.3 Thesuitability ofarray datafor one-dimensional
Determinationof the electricalconductivity of inversion

theearthwhenit is takento vary with depthonly is
a problemwhichhasreceivedmuch attentionin The applicationsof arraydatato theequationsof
electromagnetictheory. On thescaleof magnetometer Section3.2are asfollows:
arraystheearthcanbe consideredasa flat half-space, (1) Datacanbe takenfrom areasdemonstrably
andthe theory for inductioninsucha regionappears free of local anomalies,so that reasonableconfidence
to commencewith the paperby Price (1950). A canbe held in thehorizontallayeringof themedium.
recentreviewof the subjectis givenby Weaver(1973). (2) Directestimatescanbemade from the array
Fora sourcefield of wave numberk, the following dataof (ax/ax+ aY/ay)andof Z, giving a value for
formulae,given in many placesandtakenhere from K1G1(0)ore withoutnecessitatinganestimateof k.
Schmucker(1970a,pp.63—64),hold: Thoughtherearemanyinstancesin the literature

of interpretationsof essentiallysingle-stationdata
Z/H= ik/K1G1(0) (1) usingeq.1 above,thesehavenecessitatedestimatesof

ax/ax+ aY/ay= ikH (2) k which havenot beenstraightforward.The applications

whence of arraydatato eq.3, which doesnot suffer from the
k-estimatedisadvantage,seemasyet to havebeen

ax/ax + aY/ay= K1G1(O)Z (3) barelyexploited.

wherethe sourcefield varieswithx andyaseIkxr and Kuckes(1973)derivedexpressionslike eq.4 above,
e”~v~respectively;X, YandZ are thecomponentsof anddemonstratedthe possibilitiesof this verystraight-
variationin thex,y andz (vertically down)directions; forwardtechniqueusing thearraydataof Porathand
K1G1(0) is a function of the layeredstructureandcan
be computedif the layeringis known; and: I I I I 11111 I I I 111111 I I I 111111

2

k=(k~
2+k~2)½

IO~-

H=(x2+Y2)’~~
5 xThe derivationof eqs. 1—3 requiresthat the scal - X X Xe i

Xlengthof the sourcefield be muchgreaterthan the ~- 2
x

depthof its penetrationinto theearth,anassumpt’ion
which holdsfor mostmagnetometerarraystudies IO~

carriedoutto datein mid-latitudes.The extracorn- ______________ _____________________________
5 I IIIIFT] I I 11111114 I 11111111

plicationswhich canarisewith severelynon-uniform o2 2 5 10 2 5 10 2 5 IO~
source fieldsarediscussed(for example)by Schmucker

PERIOD, SEC.
(1973,p. 368).

Schmucker(1970a,p. 68) also showsthat for a Fig. 4. Kuckes’ (1973)estimatesof magnitude of penetration
depth,(equivalentto themodulusof Schmucker’sparameter

two-layeredmodel of poorconductoroverlyinggood c), plotted as a function of period of fluctuation.
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Dziewonski(1971b,the northernA 1969 array stratesthat highly conductingmaterial,deducedto
markedon Fig. 1), combinedwith somedatafor longer exist beneaththeoceanwateroff the southeast
periodsfrom ChapmanandBartels(1940).Fig. 4 shows coastof Australia, only becomesevidentin magnetic
Kuckes’ estimatesof themodulusof theparameterc variationsof periodsix hoursandlonger.
as a functionof period. Addition of phaseinformation Forthe purposesof arrayinterpretation,the anal-
to the datawould enablea conductivityprofile against ysis of daily-variationdatais different from the tra-
depthto be plottedon thebasisof the simpletwo- ditionalproblem,becausearraysarenot basically
layermodel described, concernedwith thedaily disturbancefor its own sake;

theywishonly to exploit it as alow-frequencyinduc-
3.4Possiblemisapplicationof eq. 2 ing field. Further,insteadof thecommonobservatory

situationwherejust one instrumenthasrecorded
Porathet al. (1971)carriedouthorizontallayer manyquiet dayswhich are to be analyzedaccording

interpretations,evidentlyusingeq.1 aboveratherthan to traditionaltime-seriestechniques,an arrayproduces
eq.3. Ratiosfor Z/Hwereestimatedfrom mapsof simultaneousdatafrom manyinstruments,andit is a
reduceddata,distantfrom anomalousareas,andkwas greatadvantagein minimizing the datareduction
calculatedfrom a formula: processif only a few quietdaysneedbe analyzed.In

otherwords an arrayproducesdataof a few days“k = gradH/H”
from many stations, asopposedto data of many days

attributedto Schmucker(l970a,possiblyp. 92). To from a few stations.Othercomplicationswhich arise
enablethis computationfor k, gradHandH were in arraystudiesof daily variationsare:
alsoestimatedfrom thedatamaps,evidently at the (1) Thepresenceof a substantialregionalZcorn-
sameplace. ponent,which may itself induce anomalousfields;

Becauseeq.2 abovecanbe expressed: (2) the travelling-wavecharacteristicsof the daily

k = (ax/ax+ aY/ay)/iH variations;

wherethe“i” hasoriginatedfrom differentiationwith (3) the systematicrepeatabilityof daily variations,which meansthat thehorizontalpolarizationday
respectto horizontaldistance,and thusrepresentsa afterday is much thesame,so that theresponseof
shift of 1/4of a wavelengthfrom the point of mea-

thearrayareato a variety of polarizationsis not seen.
surementof H to that of measurementof (ax/ax+ Camfield(1973)carriedouta thoroughanalysisofaY/ay),it is possiblethatPorathandcoworkersap-
plied theequationout of its contexton Schmucker’s daily variationsrecordedby an array in North America,anddetectedan anomalywith unusualfrequency-de-
p. 92, andthat their resultsmight bearre-examination
in the light of estimatesof K1G1(0) madeusingeq.3 pendencecharacteristicswhich he termeda “Vartran”

anomaly.

4.2 Confusionin thedefinitionofphaseangle
4. Somemiscellaneousnotes

4.1Daily variations A scanof the literaturewhich is relevantto mag-
netometerarraystudieswill show,aselsewherein

Array studieshavetraditionallyconcentratedon science,a confusionbetweendefinitionsof phase
disturbancefields of magneticstorms,substorms,and angle.Therearetwo possibilities,one thenegativeof
bays,andso interpretationshaveusuallybeenbased theother, andin somecasesit is difficult toknow
on datain a periodrangeof one-halfto severalhours. which conventionis being followed. Thispoint is
In seekingto reducenon-uniquenessin suchinterpre- discussedmore fully in BennettandLffley (1973,
tations,analysisof daily variationsis a possiblediscrim- p. 41). It is clearlydesirablefor authorsusingphase
inant of the depthof an anomaly.Onepublished valuesto definewhich conventiontheyare adopting.
exampleof thevalueof daily-variationanalysisis that A precedentfor geomagnetismwassetby Chapman
givenby BennettandLilley (1974),which demon- andBartels(1940,p. 605).
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4.3Stationspacing applicationof arraydatain this wayappearsto have
beenmadeby Rostokeret al. (1970),who linked

If it is hopedto detector study local shallow con- arrayphasemeasurementwith developmentof a

ductors,thenthe spacingof arraystationsshouldbe substormelectrojet.
dense,with stationsperhapsasclosetogetheras 10
km. If, however,the intentionis to studyregional Acknowledgements
fieldsas in Section3, thespacingshouldpresumably
bemuchgreater,to thepointof havingstationsspan- The authorhasbenefitedfrom discussionsand
fling a whole continent.In betweenthesetwo ex- correspondencewith a greatmanypeople.In partic-
tremes,with spacingsof order 100 km, havefallen ular, he is indebtedto M.C. Frazer,A.L. Hales,M.W.
themajority of arrayoperationsso far; suitablefor McElhinny and1.1. Rokityanskyfor commentson

the detectionof conductivity structurein theupper anearlier versionof themanuscript,andhehasben-
mantle(but vulnerableto spatial aliassingby structures efitedfrom seeingpre-publicationcopiesof Frazer
which areshallower,andnarrow). Thereis probably (1974)andthereviews readat theOttawa1974
no wayof avoidingin advancethe commonsituation Workshopon ElectromagneticInductionin theEarth.
of finding an anomalyjustbeyondtheborderof an He thanksJ. Krasfor draftingFigs. 1 and3.
array;or of perhapsdetectingit with justone station The authoralso wishesto expresshis thanksfor
only (like pointB in Fig. 2). thehospitality of the High Altitude Observatory,

Boulder,Colorado,wherehe wasa visitor on

4.4Relativeeffort in collectingand interpretingdata sabbaticalleavewhen revisingthis paper.
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