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DC RESISTIVITY METHODS FOR DETERMINING RESISTIVITY IN THE EARTH’S CRUST
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Theuseof Schlumbergerand dipole arraysfor crustal-scaleresistivity soundingsis considered.Advantagesand
disadvantagesof the two methodsaredescribed.The depthto which resistivity maybedeterminedfrom field inca-
surementsis discussedaswell asthedeterminationfrom thesoundingcurvesof variousparametersassociatedwith
layeredstructure.The interpretationof experimentaldatausing referencecurvesaswell astwo approachesusedin
computerassistedinterpretationarediscussed.

I. Introduction ic field techniqueshavebeenusedin dc soundings,but
for crustal-scalesurveys,only two of thesehavefound

Methodsfor measuringelectricalconductivity such favor — the Schiumbergertechniqueand the dipole
as themagneto-telluricmethod(MI) andthe geomag- technique.TheSchiumbergerelectrodearray consists
netic deepsoundingmethod(GDS) havebeenused of four colinearelectrodecontacts(Kunetz, 1966).
with considerableeffectivenessin recentyearsin de- In making asounding,theoutertwo electrodes,which
tecting zonesof high conductivity in theouterreaches are usedto supply currentto theground,are moved
of themantle(Caneret al., 1967;Keller, l971b). These progressivelyawayfroni tile centerof thespread.The
methodshavebeendevelopedto detecthighly conduc- innertwo electrodes,at thecenterof tile array,are
tive zonesat depthsrangingfrom lOs to lOOs of kilo- usedto measurethe voltagedrop developedby the
metersin theearth,but theproblemof determining current.In discussingthe Schlumbergerarray,the

theconductivityprofile in themore-resistantpartsof assumptionismadethat theseparationbetweenthe
the earth’scrusthasso far defied all attemptsat solu- innermeasuringelectrodesis small comparedto the
tion. This is disappointingbecauseinformation about separationbetweentile outer currentelectrodes.If
this part of thecrustmaybe particularly importantin this assumptionis valid, the ratio of voltagedrop to

understandingthebrittle tectonicbehaviorof the electrodeseparationcanbe said to be approximately
earth,as opposedto the viscous tectonicbehaviorin equalto the electric field intensity.
deeperregions.For example,it may be that thestrain With the dipolearray,four electrodesareusedalso
that accumulatesto causeearthquakesis associated (Al’pin et al., 1966), but they are not arrangedgeo-
particularly with crustallayersthat arelikely to have metrically in the samemanneraswith theSchlumber-
high electricalresistivity as well. Therefore,this re- ger array.Current is suppliedto the groundwith one
view hasasits objectiveasurveyof the attemptsthat pair of electrodes,usually fixed in location, while a
havebeenmadeto define theelectrical-conductivity componentof theelectric field is mappedasa func-
profile throughthe resistantpart of the earth’scrust. tion of distancefrom this currentsourcewith a second

pair of electrodes.If theseparationbetweenthecur-
rent electrodesis muchlessthanthe distanceto the2. Direct-currentsoundingmethod
locationat whichtheelectric field is beingdetected,

‘Ihe direct-currentsoundingmethodis thebest then it is possibleto ch~tracterizethe sourcesolelyin
known of theelectricalprobingmethods.Manyspecif- termsof its dipole moment— currentintensity times



202 G.V. KELLER

electrodeseparation— ratherthan by tllesetwo parani- scaleresistivitysoundingsapparentlyfeel that the
etersindividually, operationaleaseof themethodis thechiefadvantage

Normally, the electric field is mappedawayfrom over the Schiumbergerarray.With a dipolesource
the dipole sourcealongoneof theprincipal directions. lengthof 1—10 km, it is usuallypossibleto make
When tile componentof electric field parallel to the soundingsevenin denselyinhabitedareas,with judi-
sourceaxis is mappedoutwardson the equatorialaxis, ciouschoiceof thesourcelocation. Very largecurrents,

this soundingis termedan equatorialdipole sounding. at least 100 A, arerequiredto provide measurablesig-
For a horizontally layeredearth,this procedurepro- nals at the maximumspacings.it is not as inconvenient
ducesthe sameapparentresistivity curveasa function to provide theselargecurrentsfor a dipolearray asfor
of separationas doesthe Schlumbergerarray.though a Schiumbergerarray becausetile sourceelectrodes
this similarity doesnot hold for anyother earthgeom- for a dipole array remain fixed in location.Therefore,
etry. When the electric field is measuredat locations it is practicalto spendconsiderableeffort in lowering
alongthe axis of the source,the soundingis termed contactresistanceat the sourceelectrodes.Quitecom-

apolar dipole sounding,andtheapparentresistivities monly, the sourceelectrodesusedin dipole surveys
behavequite differently from thosemeasuredwith a consistof 50—IOU m of drill pipe in specially drilled

Schlumbergeror equatorialdipolearray.Otiler loca- holes,or in othercases,hundredsof metal stakesdriven
tions of thereceivingelectrodesmaybe usedalso (see into the ground.

A1’pin et al., 1966;Keller. 1966), andthe electric field A veryseriousdisadvantageof the dipolearray is
may even bemappedin detail in the planeabout tile its sensitivity to errorscausedby relatively small lateral
sourcedipole (FurgersonandKeller, 1974). However, inhomogencitiesin the near-surfaceresistivity (Furger-

in thelatter case,the patternsof resistivity which are son andKeller, 1974). Becauseof this, it is necessary
computedfrom the field dataarevery complicatedand to makea greatmanymore measurementsto establish
may not be of muchvalue in crustal-scalestudies. the shapeof a soundingcurve— that is, themannerin

Both theSchiumbergeranddipole arrayshavead- whichapparentresistivity varieswith spacing.
vantagesanddisadvantagesrelativeto oneanother In both theSchlumbergeranddipole arrays,the
when they areusedfor crustal-scaleresistivitysound- depthto which resistivity may be determinedfrom

ings,andso the choiceof one or theother is not al- field measurementsis verycrudelyrelatedto the max-
waysclearcut.The principal disadvantageof tile imum spacingbetweenelectrodes(Keller, 1966;

Schlumbergerarrayis tllat the spanbetweencurrent Frolich, 1967). For tile very simple caseof a conduc-
electrodesmust be increasedto 100—200km to pro- five sequenceof rocksunderlainby highly resistant
vide informationaboutthe lower crustandupperman- basement,definition of theprobingdepthof an elec-
tie, evenunderfavorableconditions.Inasmuchas cur- trode arrayis straight-forward.The resistivity sound-

rentsof severalamperesarerequiredto provide a de- ing curvefor this casehastwo asymptoteswhenplot-
tectablesignal at the receivingelectrodesat suchspac- ted to logarithmic scales,as shownin Fig. I. Theleft-
ings, the voltagesappliedto thecurrentline must be of handasymptoteis ahorizontal line, yielding anaverage
theorderof hundredsto severalthousandsof volts, conductivity for the surfacelayers— thoseabovethe

Extensiveprecautionsmustbe takenso thatsucha resistantbasementrock. The right-handasymptoteis
length of current-carryingwire doesnot comprisea a line rising with aslopeof + 1, characterizedby the
hazardto life. Onesatisfactorysolutiorito this prob- equation:
lem is the useof out-of.servicepowerlines, whichare
alreadyprotected.In recentyears,considerablework a/pa = S (1)
hasbeendoneduring groundingtestsof high-voltage

direct-currenttransmissionlines. A limitation of such whereais theelectrodespacing,takento behalf the
an approachis the fact thatsoundingsmust bemade distancebetweencurrentelectrodesfor theSchlumber-
at locationswherethereare availablepowerlines, rather gerarray,orthetotal distancebetweendipolecentersin
thanat locationswhich may be themostinteresting thedipolearray,Pa

15theapparentresistivityvaluecorn-
from the geologicalpoint of view. putedat the spacinga, andS is the actuallongitudinal

Advocatesof the useof dipole arraysfor crustal- conductanceof thesequenceof rocks abovebasement,
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LogPa array.Thus,for asection witil no vertical-to’horiion-
tal anisotropy,apparentresistivity valueswould begin
to departsignificantly from the resistivity of thesur-

aip ~s1 lace layer at a spacingequal to thedepthof basement,
_______________ ~ a if the Schlumbergeror equatorialdipolearrayswere

beingused,but not until a spacingtwice as largewas

reached,if tile polar dipole array were beingused.
~ Most rocks aremoderatelyanisotropic,with values

_______________ — —~ ~ for X commonlyrunning from 1.1 to 2.0 (Keller.
1968a). In such cases,the depthof reach of an array

a - ~ Log a is reducedby 10—100%,dependingon the character-c of tile rocks abovethebasenlentcontact.

Tile error in depthestimatescausedby anisotropy
is not tile greatestuncertaintywhen dc methodsare
appliedto thecrustal-scaleproblem rather, it arises

Fig. 1. Theasymptotesof a two-layerdc resistivitysounding from aphenomenonknown as T-equivaience.Tile crust
curvein whicil thesecondlayeris highly resistive, anduppermantlecan be thoughto1 grossly as a three-

layer sequence,in which tIle middle layerhasthehigh-

estresistivity. In all probability, thecontrastin resistiv-
definedas: ity betweenthe middle layerandits neighborsis quite

1’ large, beingat leastseveralordersof magnitude.When
S = f a(z)dz (2) the resistivity of a layeris much higher than that of the

1) layerbeneath,currentflow lines in theupperof the
whereu(z) is the conductivity asa function of deptll, two layerswill beessentiallyvertical, andthe flow of
z, and Ii is the thicknessof the conductivesequence currentwill be controlledby tile leakageresistance,
of rocks. T, ratherthan by tile resistivity, Thus, two layers.one

The interceptof thesetwo asymptotesoccursat a twice asthick as the otiler but with only half the resis-
spacing: tivity, n~ayilave preciselythe sameeffect on apparent

= (3) resistivity valuesnleasuredat the surface.The two
a1 c i caseswould then be termedT-equivalent.
andso, can be usedto definetheprobingdepthof an in the crustalmodel,becausetile surfacelayersare
array.Here, X is a coefficient for vertical-to-horizontal muchmore highly conductivethan thecrystallinebase-
anisotropyin thesequenceof conductiverocks,de- ment, apparentresistivity valueswould first begin
fined as: rising with a slope of nearly + I , with minor anlounts

(TS)~
2 of currentleaking throughthesecondlayer to deeper,

X = —-— (4) more conductiverocks.At largerspacings,the area
h availablefor verticalleakageincreases,until finally,

whereT is the transverseresistanceof the sequenceof tile lossof current in tile surfacelayerbecomessignif-
conductiverocks,definedin a mannersimilar to longi- icant. Tile apparentresistivity reachesa maxinlum
tudinal conductance: when half thetotal currentllas leakedout of thesur-

h facelayer, and then decreasesrapidly at largerspacings.
T = f p(z)dz (5) For the Schlumbergerandequatorialdipolearrays, the

0 spacingat which themaximumoccursis (Keller,
but using resistivity,p(z), asa function of depthrather l968a):

thanconductivity. ‘S T 1/2
I 1 2~Tile constant,c, in eq. 3 variesdependingon the amax= (6)

array beingused.It is unity for the Schlumbergerand 2
equatorialdipole arrays, and2 for the polardipole whereS~is the longitudinalconductanceof thesur-
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SPACING, ~ in km. A final factorneedsto be consideredin evaluating
lOO,00( I dc methods: the effect of grosslateralchangesin the

electricalpropertiesof near-surfacerocks.When dc
soundingsare expandedto spacingsof a hundredor

0,000 — — more kilometersto determinethemaximumof the

mine whetherthatmaximumis causedby lateral
1000 — — changesin resistivity,or truly by thepresenceof

more conductiverocks at deptil. Without this cross-
check, thevaluefor transverseresistanceof thecrust

00 determinedfrom dc soundingscanonly be considered
soundingcurve, thereis needfor a methodto deter-to be a minimumpossiblevalue. This is becauselateral
changesin theresistivity of surfacerocks cancause

0 — — only a minor elevationof apparentresistivity alongthe
risingbranchof a soundingcurve,but can causevery
largereductionsin apparentresistivity from this as-

I ymptote(seeAl’pin et al., 1966).A particularly strik-
I 0 00 000 I0,tXX~

Ing exampleof a falseeffect is that which occurswith
SURFACE-LAYER CONDLCTANCE, S,,mhos the equatorialdipole arrayexpandedover agently-

Fig. 2. The spacingfor which the maximumapparentresis- dippingbasementsurface.Tile apparentresistivity
tivity is recordedfor a three-layersequencewith themiddle curvesfor measurementsmadeoversucha structure
layerbeinghighly resistive, passthrougha maximum,which would be interpreted

in a field surveyasindicatinga finite transverseresis-
facelayers andT2 is the transverseresistanceof the tancefor the secondlayer. This is true for dips as
resistantportion of thecrust.

It is readily apparentthat the spacingto which one
MAXI MUM

must go to establish the maximumon the apparent APPARENT RESISTIVITY, ohm-m

resistivity curve for a crustal-scalesoundingincreases 06

bothwith theconductanceof the surfacelayersand I
with the transverseresistanceof thecrust.The results
of suchsoundingswhich havebeenreportedin the ,~ — —

literatureprovide valuesfor T2 rangingfrom 106 to
iO~&2m

2 The conductanceof surfacerocksmay
rangefrom a few mhoswherethey consistonly of Io~

weatheredcrystallinebasementto somethousandsof
~o9 —

mhosin deepsedimentarybasins.The spacingsrequired
to measuremaximumapparentresistivity areshown
graphically in Fig. 2 asa function ofS

1 andT2.
The value of apparentresistivity observedat the

maximumdependson S~andT2, andis essentially
independentof the resistivity in thesecondlayer, and

is approximately:

Pa,max= (2T~1/2 (7) 0 I 0 ~Xi 000 0,000

\Si 1 FIRST-LAYER cONDUCTANCE, S1,mhcs

The maximumvalue for apparentresistivity in a Fig. 3. Themaximumapparentresistivitywhich is observed

crustal-scalesoundingis showngraphicallyin Fig. 3 over a three-layersequencewith themiddle layerbeinghighly

as afunction ofSi andT2. resistive.
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slight as 10, which might reasonablypersistover dis- Van Zijl (1969)and Van Ziji et a!. (1970)have
tancesof 100 km. Recently,van Ziji and Joubert publisheddc soundingcurveson a crustalscaleob-
(1975) recommendthat repeatmeasurementsbe made tamedusing thetrue Schlumbergerarray in South
with an offset receiverspreadin Schiumbergersound- Africa. Thesecurvesclearly demonstratetheadvantage
ing to test for the presenceof lateraleffects. of tile Schiumbergerarray over the dipole array in

termsof producinga soundingcurve with little or no
scatter.Othercrustal-scaleresistivity surveyshavebeen

3. Direct-current sounding results describedby Flathe(1967), Blohm andFlathe(1970),
Antonovet al. (1969),and Keller (1971a).

Early attemptsto determinetheconductivity pro- Fig. 4 showstile location of then~aximunlpoints
file throughthe crustand mantlehavebeenreviewed on tile availabledc soundingcurves,alongwith lines
previously (Keller, 1966).Becauseof scatterin such showingthevaluesfor T2 correspondingto these
data,interpretationof a single dipole soundingis un- niaximum points.Valuesfor S~and T2 taken from
certain,thoughwhengroups of soundingsmade in the thesedataarelistedin Table I, alongwitll a brief
samegeologicalprovincearecombined,more tractable descriptionof thegeologicalsetting.However, it illust

resultsmaybe obtained, be stressedthat ‘thesevalues for transverseresistance
Anotherextensiveset of dc soundingdatahasbeen are of dubiousreliability. in many cases,themaximum

obtainedin the westernUnited Statesas a result of of a soundingcurveis just barelyestablishedat the
groundingtestsof the Northwest-SouthwestIntertie maximunlspacingfor which field measurementswere
-— a high-voltagedirect-currenttransmissionline con- made.It is quite possiblethat someof the maximums
nectingthe northwestPacific with the southernCal- are generatedprematurelyby the effectsof lateral
ifornia and Nevadaregion (Cantweil et al., 1966;Kel- changesin resistivity,or that in othercases,a maxi-
icr, l968b). During the groundingtests,currentsof up n~un~mayexist at largerspacingsthan were usedin
to severalhundredampereswere passedover the line the field surveys.
and returnedthroughthegroundat terminalsnear
Portland,Oregon,Tracey,California, and Boulder City,
Nevada.Many hundredsof measurementsof electric APPARENT RESISTIVITY, ohm-utiI I I
field strengthwere made abouteach terminal at dis- _.j I

tancesranging from a few tensof metersto several ~ — ;‘-~.‘ •‘o~

hundredsof kilometers,with measurementsbeing ~ —

madeby teamsfrom BonnecillePowerAdministra- _“ii
tion, the Bureauof Reclamation,the U.S. Geological ‘

Survey,and Geoscience,Inc. The purposeof the tests 1000 —

was to establishtile rateat which the electricfield de-
creasedwith distancefrom a groundingstation.This
couldbe establishedquite well on a statisticalbasisbe- 100 — ‘‘ ‘ —, .— , .i —

\\ ~ ~ i’>~ , ~
causeof the largevolume of dataobtained. dx.. — ~ _-_

Suchdatamaybe usedto constructequivalent - ~

Schlumbergersoundingcurves.A longpowerline may 10 — -— —— ,,7 .~ —

—

betreatedassupplyingcurrentto thegroundat a single _—__. ——

point if measurementsare madeat distancesfrom the
I I Iendof the line which are small comparedto the length I .01 .1 I lO 100 ~00

of the line. Then, in theoryand for a layeredearth APPROPRIATE ELECTRODE SPACING, km

only, the computedapparentresistivity is exactlythat
which one would get with a Schlumbergerarrayhaving Fig. 4. Summaryof deepdc resistivity soundings.A Maine;

B = Adirondacks;C = SouthAfrica; D = Nebraska—Iowa;E=
a half-spacingbetweencurrentelectrodesequalto the Siberia;F = SouthAfrica; G = Nevada;H = Coloradoplateaus;

distancefrom the end of the line to the site at which I = California Basinand Range;J= Columbia Riverplateau;
a measurementis made. K = CaliforniaCentralBasin.
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TABLE I for the Schlumbergerarray, apparentresistivity is

Summaryof parametersfrom crustal-scaleresistivity givenby:
soundings 00

~a =p1a
2 f K(m,p~,h~)mJi(ma)dm (8)

Location of Conductancein Transverse U
survey theupperpart of resistance

crust (D’m) (tim2) where Pi is the resistivity of the first layer,p
1 and h1

arethe resistivityandthicknessof theith layer,a is
Maine 0.07 5 10~
Adirondacks 0.1 4 . 108 the array spacing,m is the separationparameterneeded
SouthAfrica 20—40 (O.5—l.O)~l0~ in obtaininga solution to the Laplaceequationby sep-
Siberia 10 5 . 108 arationof variables,K(m,p1,h1)is a “kernel” function
Nevada 50 3 . 10~ containingall theavailable informationabouttheresis-
Coloradoplateaus 120 >2 108
California 500—1,000 >1 . 108 tivityvs. depthfunction,andJ1 is the Besselfunction
ColunlbiaRiver of thefirst kind of order one.
Basin — >2 10~ The first stepin interpretationconsistsof inversion

of the Hankel transformto obtain anexpressionfor
thekernelfunction,K:

4. Interpretation 2K(m,p1,h1)= f -~-(~— 1)Ji (ma)da (9)
a Pi

The classicmethodof interpretingdirect-current
The integrationindicatedto the rigilt in eq.9 mustbe

soundingsis by comparisonof an experimentallyob-
tainedfield curve with a pre-calculatedcatalogof ref- accomplishednumerically.Severaltechniqueshave

beenusedto minimize errorscausedby the oscillatory
erencecurves.Severalsuchcatalogueshavebeenpub-

natureof the mntegrand,including a modified form oflished,including thoseby CompagnieGén~ralede Géo-
Gaussianquadrature(Meinardus,1967),and a spline-physique(1963)andby Rijkswaterstaat(1969).Graphi- fitting method(Crous,1971). Recently,a methodof

cal techniquesfor interpolatingbetweencurvesin such
convertingthe integral in eq.9 to a convolutionformcatalogueshavebeenthesubjectof studyfor many hascomeinto use(Ghosh,1971;Das and Ghosh,1973;

years(Kalenov,1957;Zohdy, 1965;Keller and
Anderson,1973;Daniels,1974). By using the algebraic

Frischknecht,1966).However,the curve comparison
transformationsx= in a andy= In (1/m), eq. 9 becomes:

methodfor interpretingresistivity soundingdatais
rapidly being replacedby computer-assistedinterpreta- j’ P0 ,~ (Y)tix (10)
tion techniqueswhich permitmore reliableresultsto Pi
be obtainedwith lesseffort.

Two approachescanbe usedin computer-assisted Beinga convolutionintegral, the integrandcanbe
interpretation.Oneconsistsof generatinga seriesof thoughtof asa set of filter weightsand a sampled
modelcurvesuntil a curve is found which closely function to be filtered. Anderson(1973)haspublished
matchesthe field curve (Meinardus,1967;Crous, setsof filter weights for the variousconvolutionin-
1971;Depperman,1973;and Inmanet al., 1973), tegralsthat arisein the theoryof electricalprospecting.
while the otherconsistsof a directextractionof a The advantageof theconvolutionform of integration
resistivityvs. depthfunctionfrom the field curve, is the rapidity which may be realizedon a digital com-
asproposedby Pekeris(1940)and Onodera(1970). puter.
Theindirect methodusingcomputersimulationhas Once the kernelfunction is obtainedby numerical
beenusedmuchmore extensivelythanthe direct inversionof the Hankel transform,the secondstageof
method. computationis simulationof the kernelfunction with

The expressionfor apparentresistivity for a an assumedresistivity vs. depthprofile. A first guess
horizontallylayeredearthis usuallyderivedin the atthis profile is made,and the resultantkernelcom-
form of a Hankeltransformintegral.Forexample, paredwith that obtainedfrom thefield curve.The



DC RESISTIVITY METHODSAND TI-fE EARTH’S CRUST 207

error betweenthe two is reducedby meansof a least- placebelow the insulatingcrust,andperhapsthe ef-
squarestechnique;that is, the derivativeof theerror feet canbe detectedat the eartil’ssurface.In fact, the
with respectto eachof the parametersdescribingthe inductive effectswill increaseastile frequencyis raised
resistivity—depthprofile is computed,and a set of until the point is reachedwhereskin effectsin thesur-
simultaneousequationswhich minimize the error is facelayersbecomeimportant.In my opinion,con-
set up. Thisset of equationswill havea uniquesolu- trolled-sourceelectromagneticmethodsoffer more
tion only if no equivalence,T or5, existsin the resis- prospectfor studyingresistivity in the outermantle
tivity—depth profile. Variousmethodsof forcing thando direct-currentmethods.So far, no crustal-
convergenceto obtain a solution for niinimumerror scaleelectromagneticinductionsurveyshavebeenme-
havebeenused,including the Backusand Gilbert portedin the literature,but suchefforts are under
algoritilm (BackusandGilbert, 1967;Inmanet al., way (Keller, l971a; Heacock,1971).
1973)andtheMarquardtalgorithm (Marquardt,1963;

Crous, 1971;Daniels, 1974). In eithercase,conver-
genceis obtainedonly wilen minimization is obtained References
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