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ELECTRICAL CONDUCTION IN ROCKS AND MINERALS: PARAMETERS FOR INTERPRETATION
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(Acceptedfor publication March 21, 1975)

Recentstudiesof electricalpropertieshaveclarified theimportant parametersgoverningelectricalconductivity
in minerals— temperature,oxygen fugacity, stoichiometry,iron content— andin porousrocks — shapeand inter-
connectionsof tluid-filled porespaces.Theseparametersarediscussedin termsof: (1) how theycontributeto bulk
conductionmechanismswithin minerals;and (2) how they pertain to the conditionsof rocksin situ.

1. Introduction Clearly a physicalmodel of electricalconductionis
necessaryif we are to interpolate/extrapolateto

Most of theparametersgoverningelectricalcon- pressureor temperatureconditionsapartfrom those
duction in rocksandmineralshavebeenknownfor thatare measured.The secondquestionis latent in
sometime, but it hasusuallybeendifficult to sepa- laboratorystudiesof all physicalproperties,but
ratetheir different effects.Substantialcompilations is facedtoorarely:
of electricalconductionin rocksand mineralsare (2) Is thereanyassurancethat electricalconduc-
available(e.g., Keller, 1966,1967;Keller andFrisch- tion in a laboratorysampleduplicatesconductionin
knecht,1966;Parkhomenko,1967),but I believe rocksor mineralsin situ? We canbe lesscertainof
that it is only recently that conductiontheoriesand this conditionbecauseelectricalpropertiesare so
laboratorymeasurementshave advancedto thepoint much more sensitiveto traceimpurities,grainbound-
thatwe canbegin to satisfactorilyisolate the impor- aries,or thepresenceof water thanare otherproperties
tantparametersand to accountfor themseparately suchas thermalconductivity or elasticity.Again, a
and quantitatively.The purposeof this paperis to physicalmodel is essentialto evaluatingthis question.
discusssomerecentadvancesin orderto clarify their Foran individualmineral, themostimportantvan-
applicationto field studiesaswell as to identify ablesin determiningelectricalconductionare tempera-
someremainingrestrictions.This discussionconsiders ture T, thepartial pressureor fugacity of oxygen,
only low-frequency(d.c.—1,000Hz) conduction, f02, andthe contentof transitionmetalions — which
thecircumstancemost commonin terrestrialfield in practicaltermsmeansiron becauseof its greater
work, althoughtherearemanyinstancesin which abundance.Effects of orientation,twinning, order—

high-frequencydielectricmeasurementscanimprove disorder,havealsobeenobserved.
interpretationsor be useful probesof extraterrestrial In rocks, one approachis the calculationof con-
material. ductivity from conductivitiesof thecompositeminerals,

I~aboratorystudieshavetwo obviousapplications. e.g.,usingmethodsof Landauer(l952)or Waff (1974).
In commonwith all experimentalwork we must ask: However,we can takeadvantageof thehighcontrast

(1) Are the measurementsmadeunderconditions betweenconductinginterstitial fluids and relatively
which are repeatable,wherethe importantvariables insulatingmineralgrainsin rocksat low temperatures,
canbe identified,andwhich leadto a physicalmodel? in which casetheimportantvariablesbecomethe
* Presentaddress:GeosciencesGroup, Los AlamosScientific amountandshapeof porousvolume andthe properties

Laboratory,Los Alamos,N.M. 87545, U.S.A. of the internal fluids like watersolutionsor partialmelis.
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With good controlof experimentalatmosphere ly high local shearheating.For the moon, it is possi-
anotherissuebecomesinvestigationof the “natural” ble to makea strongcasethat highly reducingconditi-
conditionof minerals.For example,in pyroxenesthere onsprevail(Burns et al., 1972;Dubaand Ringwood,
is appreciableevolutionof water vaporfrom the sample 1973).
on initial heating(Dubaet al., 1973;Olhoeftet al., Knowledgeof fugacity also suggeststhat kinks
1974) Monitoringconductivity during the initial heat- suchasthat seenin Red Seaperidotnear1,500°C,
ing period revealsa scatteredtrajectoryon a u—r

1 Fig. 1 (Dubaet al., 1974)arisewhen the crystal
plot, presumablyevidencefor irreversibleremovalof crossesa boundaryinto a differentregionof its
frozen-indefectsand trapswhich may havebeenac- stability field (Nitsan, 1974).
quired sincecooling asthe resultof strain release, Despiteits obviousimportancein themantle,
creep,radiationdamage,or exsolutionlamellae.Re- pressureis not listed asa parameterherebecause
equilibrationof lamellaeacquiredduring geologic largeexperimentaldiscrepanciesremain.Polycrystal-
time is not possiblein the laboratoryso that the rela- line samplesoftenshowstrongpressureeffects
tively small changesthat occurwhen theyare annealed (Bradleyet al., 1964;Mao and Bell, 1972),particu-
out cannotbe reversed.Samplessuchassurfacelunar larly at the olivine—spinelphasechange(Akimoto
rockswhich haveacquiredfrozen-inradiationdefects and Fujisawa,1965).However,single-crystalmea-
over a long time at low temperaturescanpresent surementshavepressureshiftscomparablewith tem-
severeproblemsin interpretationof field data. peratureshifts causedby temperatureuncertainties

While it seemslikely that annealedlaboratory (Dubaet al., 1974)or leakagecurrentuncertainties
samplescanachieveconsistencyand canrepresent (Hughes,1955). Additional complicationsariseif
the conductivity of high.temperaturemineralsin situ heaterparts,especiallygraphite,are closeenoughto
undersimilarconditions,theseannealedsamplesthat alter the oxygenfugacity. Hence, pressuremeasure-
haveirreversibly lost their out-of-equilibriumdefects mentsremaina particularly thornyexperimentalprob-
on heatingshould only rarely be representativeof lem andwill benefitfrom still more-refinedmethods
cold crustalminerals, of temperatureandfugacity control for singlecrys-

The questionof oxygenfugacityin different re- tals at high pressure.
gionsof the mantleis still an uncertainone.Whether
the relativelyhigh oxidationstateevidencedby elec- 2.3. Effectsof orientationand iron content
tnical conductionin most terrestrialolivine and
pyroxenecomparedto lunarmaterialis a featureac- Even without the clarificationsresulting from the
quirednear theearth’ssurfaceor is a propertyof at useof controlledoxygenfugacity,thereappearsto be
least theuppermantle is a matterfor reasonable only a weak dependenceof conductionuponcrystal
discussion.It canbe seenfrom Fig. 1 that at constant orientation.Thus, in olivine anisotropiesare lessthan
conductivity a lower temperaturewould beinferred a factorof 2 (in unknownatmosphere,or air: Koba-
for an olivine underhighf

02 than for one underre- yashiandMaruyama,1971;Duba, 1972) although
ducing conditions(Dubaand Nicholls, 1973) — all with- thereseemsno agreementon which directionhasthe
in the olivine stability field of Fig. 2. Nitsan (1973b) highestu. Anisotropy is largerfor pyroxene,by a
arguedthat high fugacity in the uppermantle is con- factorof two to 10 betweendifferent directions
sistentwith theobservedhigh oxidationstatein (Dvorak andSchloessin,1973).Dubaet al. (1973)
olivinesfrom peridotitebombsandotherpresumed havethe c-axisas themaximum-udirectionin a con-
samplesof uppermantleand with relativelylow trolled atmosphere,whereasHughes(1953 andgiven
temperatureswhich might be expectedin a con- by Dubaet al., 1973) givesthe principal direction
vectingmantle(Bott, 1967;Tozer, 1972).On the alongtheb-axis for measurementsin air.
otherhand,Boyd (1973)infers from thepetrology of Iron contentis consideredbelow,butthe main
kimberlitepipes anuppermantleabove1,600°Cin effect in olivine of increasedFe/(Mg÷Fe) is anin-
accordwith the Dubaand Nicholls’ (1973) tempera- creaseof u~and of F at low temperatures(Hamilton,
tunesfrom olivine conductivity;but Boyd also sug- 1965)andmainly of U~above1,300°C(Kobayashi
geststhat kimberlitesourceregionsmayhave unusual- and Maruyama,1971;Duba, 1972).Effects of vary-
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ing iron contentin singlecrystalsundercontrolled measurea thermoelectriceffect: thechargeof the
f02 remainto be clarified, mostmobilecarrieris thatof thevoltagepolarity of

the lower-temperatureelectrode.The negativethen-

2.4. Mechanismsofconductionin minerals moelectnicpowerobtainedby Wilson(1965)in sinter-
edsyntheticforstenite,by Schober(1971)above

This sectiondealswith application(1), understanding 600°Cin sinteredolivine, andby Bradleyet al. (1964)
conductionin minerals.Knowledgeof the conduction in sinteredfayaliteat 200—400°C are consistentwith
mechanismrequiresat leasta knowledgeof the identity negativecarriers.Wilson wasnot able to measurea
of the carrier, themagnitudeand signof its chargeq thermo-emfin single-crystalforstenite,an observation
andpreferablythenumbern of carriersper unit volume, thatsustainsdoubtsaboutthe similarity of conduction
andtheir mobility j.t. Mobility is the drift velocity per mechanismsin sinteredand single-crystalsamples.The
unit appliedfield andhasthe traditional units lackof f02 control duriiig thesemeasurementsmakes
cm

2 V~sec1.The conductivityis then: their redeterminationa matterof greatestimportance.

= . . . (2) Photoconductivitymeasurementsusingvacuum-
“ n

1q,1u, ultraviolet light (Nitsanand Shankland,1971;Nitsan,
for the~th conductionmechanism.Becauseequations 1973a)showeda polarity consistentwith electronsas
of thc form of eq. 1 apply to chargetransportby ions carriersin forsteriteandolivine, butthesemeasure-
andvacanciesor by electronsandholes,conductivity mentswere at roomtemperatureandconstrainedto
measurementsby themselvesare insufficient for un- measureonly electron/holeratherthanion-vacancy
ambiguousdeterminationof carrierspecies.Despite transport.Hence,the applicationto high-temperature
the significant progressin understandingconduction measurementsremainsto be determined.
processesin minerals,if we wishto discussmechanisms Von Pluschkelland Engell (1968)investigatedcon-
in singlecrystal samplesof mineralsat knownfugacity, ductivity in syntheticsinteredforsteniteof density
we find that the neededmeasurementsareyet to be 5—18%less thantheoretical,andtheir resultsmerit
accomplished: repeatingwith singlecrystals.EventhoughParkin

(1) Nevertheless,somesuggestionsare presentin (1972)in his experimentfoundlittle similarity be-
existingdata,andit is worthwhile to list the techniques tweensinteredandsingle-crystalforsteritesomeob-
in the hopethat they will be usedin the future. servationsof Von PluschkellandEngell areworth

TheHall effect (McKelvey, 1966,chapter9) to- recounting,becausethey illustrate a thoroughap-
getherwith conductivitycanprovide thecarrier sign proach.Theirmeasurementswere all in thehightern-
andthe Hall mobility

1H which is usuallycomparable peratureregime, 1,000—1,600°C.First, by measuring
to or greaterthan the drift mobility p in (2). Though theemfof a cell composedof MgO-rich forstenite
unableto detecta Hall effect in syntheticsinglecrys- againsta cell of Si0

2-richforstenitethey established
talsof forstenite,Wilson (1965)andShankland(1969) thatMg is moremobile than Si, at least forf02 greater
calculatedupperlimits of 102 cm

2 V sec’’ at than i0~atm. in their sinteredsamples.Further,they
293°Kand10 cm2v_i sec~at 1,000°Krespectively, determinedthe ernfof a forstenitecell havingdiffer-
Schober(1971)measureda negativeHall effect in the entoxygenpressureson oppositesidesof the sample
range200—600°C in a hot-pressedpolycrystalline andobtaineda result consistentwith ionic conduc-
olivine of 9% fayalite;hisp~at 400°was 10_2 cm2 tion in the high temperaturerangeregardlessof
V~seC’ andrisingwith temperature.Thefact that whetherthe stoichiometrywasMg- or Si-rich. An-
Schoberobtainedcomparableconductivity in a single- othersignificantobservationis a jumpin conductivi-
crystalolivine of 12%fayalite tendsto supportthis ty of more thantwo ordersof magnitudewhenthe
determinationof anegativecarrier.However,the Mg/Si ratio decreasesbelow2, thestoichiometnic
magnitudeof theconductivity (measuredin a high- value. Theyfoundthis resultto agreewith highsolu-
pressureapparatus)wasgreaterby an orderof magni- bility of Si0

2 in Mg2SiO4whereSi is in tetrahedral
tude than DubaandNicholl’s (1973)most-oxidized interstitialpositionsin whichit tendsto link together
singlecrystal. the isolatedsilicatetetrahedraof Mg2Si04into a

Fora samplein a thermalgradientit is possibleto configurationsimilar to that in MgSiO3.Theirsuggest-
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ed reactionis: I I I
oN

2SiO2 Mg2SiO4 + 2V~g+ Sit” (3) --

in which Mg vacanciesV~garethe carriersathigh T 6 ~ ,--~

andhighf02. In this notation, implies a positive - ‘~‘~—~

chargewith respectto the normalchargeof the ion -~- v,,

in the latticeand ‘implies a negativecharge.
At this point thereis enoughevidenceto showin ,~ -

TableI somepossibleparameters,not including pres- -~ , /

sure,that are importantin conductionin singlecrys- °. ~ , -

talsof olivine and pyroxenedivided into regionsof I -

highand low magnitude.The boundariesare some- - ~,

what arbitraryand not independent;for instance,
thehigh/low temperatureboundarytendsto rise 20 8 4 0

with increasingiron content;theremaybe morethan — log 10, (ltm. it iQ~0‘C)
2 regionsof Fe-effects;and the f02boundarydiffers Fig. 3. Log-log plot of a vs. f02 at 1,000°Cin pyroxenesof

in olivine andpyroxene.In practicetheboundaries variousorientations: X = (010); a = (001); = (100);V =

areinterpretedaschangesof conductionmechanism. (010);~ = unoriented.The two uppercurvesandpoint X
4 . arefor a samplehavingEe/(Mg + Fe) 14%; the two lowerSince thereare 2 possiblecombinations,it is not curvesarefor samplesof about8% Fe/(Mg+ Fe). Linesare

surprisingthat no singleexperimenterhascovered dashedfor fo2 > 10-10dueto lack of data anduncertainty
themall; in particular,insufficientinformation about of exactfugacity in theair measurement,indicatedby the

fo2 and Mg/Si stoichiometrymay be to blamefor the solid symbols(Dubaetal., 1973).
relativelyrare occurrenceof agreementbetweendiffer-
entexperiments.Enoughstatementshavebeenmade
duringmore thantwo decadesof electricalmeasure- specimensandin MgO (OsburnandVest, 1971;
mentsthat someof themhaveto becorrect,but the Parkin, 1972).Doubly ionizedoxygenvacanciesare
experimentalevidencemust remainsketchyuntil expectedto yield u (102) (OsburnandVest,
more, admittedlydifficult, transportmeasurements 1971;Parkin,1972;Smythand Stocker, 1975).At
canbe obtainedon singlecrystalsat knownfugacity. low f02Parkin’s dataseemclosestto providinga
However,with theknowledgeof theseparameters slopeof —~ in forsterite;while for pyroxene(Fig. 3)
that is emergingthesubjectof electricalconduction the low f02 pointsmostly havea shallowerdepth
in mineralsis movingtowardfirmer ground,and that this. Second,Parkin’ssamplesof iron fraction
someold uncertaintieswill be resolved, less than0.1%areindependentoff02 in thehigh

(2) If we examinetheexplicit dependenceupon fugacityregion, consonantwith an intrinsic mecha-
at constanttemperatureasshownin Fig. 3 for nismsuchas formationof a Mg interstitial andvacan-

pyroxene,someconsistentresultsappear.First,in cy from Mg at a latticesite:
the low f02 range,the decreaseof awith f02 is also
shownin thesinglecrystalsilicatesaswell asVon Mg~ Mgf + V~g (4)
PluschkellandEngell’s (1968)Si02-richsynthetic

(SmythandStocker,1975);whereashis samplescon-
tainin~morethan0.1% Fe in thehigh-T,highf02

TABLE I , . . rangeshowslopesof log a on the order of ~ These
Parametersin mineral conductivity .

increasesareconsistentwith oxidationof ferrousto
low T 1,000—1,300°C high T ferric iron in a reactionsuchas:
low fo2 10_10_105atm high fo2
low Mg/Si 2 high Mg/Si 2Fe ~— 2Fe + VMg (5)
low Fe/(Mg + Fe) 0.1%—30% high Fe/(Mg + Fe)

Smythand Stocker(1975)haveelaboratedthe changes
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in theolivine latticewhich arenecessaryto produce ductionor valencebands,respectively,then theyare
this reactionandshowthat the numberof Mg-site likely to havehigh mobilities. Recentopticalmeasure-
vacanciesis proportionalto f02 ~, a resultalso ob- mentshavedelineatedtheseparationof thesebands
tamedfrom a simplerconsiderationof reaction5 (e.g., in a range of possiblemantlephases(Nitsan,1 973a;
BueningandBuseck,1973).In someof hismeasure- Nitsan and Shankland,in preparation);the separation
mentsat high f02,Parkin(1972)obtainedslopes betweenthebondingoxygen

2p orbitals and the anti-
closerto ~, a suggestionof singly ionizeddefectsor of bondingcation 3s or 4sorbitals is roughlygivenby a
defectassociation(Fig. 4). sharp reflectivity peak. Table II gives the energiesof

Most of the discussionsofar is concernedwith thesepeaksand it is seenthat neitherphasetransitions
conductionmechanismsat high temperature.It is a nor chemicalsubstitutioncanlower theseparationbe-
frequentinterpretationof the low temperatureregion, tweenthesehandsmuchbelow8 eV in mantlesilicates.
below900—1,000°C,that the carriersare electronic Nitsan (1973a)hasdemonstratedthat intrinsic semicon-
(e.g., Bradleyet al., 1964, 1973;or Mao andBell, ductionby electronand holes in thesebandsrequires
1972for fayalite).Parkin(1972)hasdiscussedthis impossiblyhighmobilities to accountfor existingsili-
conductionmechanismarising from ionizeddefects cateconductivities.If this modeof conductionis not
andNitsan(1973a)hasrelatedtheassociationof elec- permittedundermantleconductions(Shankland,
tronic carrierswith Fe3~,that is Fe’, to the optical 1968)andif ionic conductivityis squeezedoutby
propertiesof minerals.Nitsandiscussedthe arguments pressure(Tozer,1959),themechanismof electron-
for conductionby a smallpolaron, i.e., an electron hole hoppingin narrowd bandsbecomesa processto
or hole tightly boundto a defectsuchas Fe’ andin- be consideredespeciallyseriouslyfor the deepmantle.
dicatedthat an electronionized from an(Fe’)

2V~g (3) The possibility of hoppingconductivityby elec-
complexcould havea conductivityincreasingas tronsor holes is relevantto discussingthelastparam-

The polaron“hops” by thermalexcitation eterin Table I, the effectof transitionmetalconcen-
within a narrowbandof d electronsand its strong tration, representedmainlyby iron. If conduction
associationwith a defectaccountsfor thedifficulty proceedsby suchan exchangein thereaction:
in observingphotoconductivitywith ultraviolet light F + ‘� F 6
(Wilson, 1965;Hughes,1953).Thesubjectof hopping eM e e~
conductionin narrowbandsin orderedanddisordered asit probablydoesin iron-rich mineralsknownto
materialsis a topic of someinterestand debatein haveboth ferrousand ferric ions suchas magnetite
materialssciences(e.g.,Austinand Mott, 1970;Adler and fayalite, thenone might expecttohavea thresh-
and Feinleib, 1970;Mott andDavis, 1971) and it old effectwith a sharpdropin a whenthe Fe ions
shouldfind applicationto minerals, becomesufficientlydispersedthat thereare nolonger

If electronsor holescanmove in the broadcon- continuousconnectionsof next-nearestneighborFe

TABLE II

Bandgapenergies(eV). Chemicalchargevaries from theleft to theright, structural chargevariesfrom the top to thebottom

Oxides:SiO2 10.5 MgSiO3 8.7 -÷ Fe SiO 7 8

MgO 7.8 Mg2SiO4 8.6 2 4

AI2O3 9.3 } ~ MgAl2O4 8.2 : SiFe2O4 7.5

CaO 6.8
FeO 6.6 (Mg0,46Fe0,43Ca0,11)3Al2 Si3O12 8.8

Si02 (quartz, 4-fold) 10.5

-I.
SiO2 (stishovite,6-fold) —9.2

From Nitsan and Shankland (in preparation).
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ionsin the crystal.Percolationtheory(Kirkpatrick, -2.C ~ I
Sloe 5J~

1973)predictsjust sucha concentrationthreshold, Forstenle 2° IO~ 1

abovewhich thereis an abruptrise in the probability 3 Crystol %I p(0
2Xote,Ip(O~Xa~mI

of continuityacrossa clusterof conductingelements; 2 \~ I ~--O--D 2LB43 0.016 -0.18 O.~0
\ 2 .-—.-- -~ 47 0.05 -0.22 0.00

ToflandandStrens(1972)infer sucha transitionbe- \ 3 °—--O- —o 48 0.20 -0.18 .0.15

tween20 and 50%fayalitein the forsterite—fayalite -2.5 - ±—+—+ 3L44 033 -o i~

seriesat low temperatures.Also, Shankland(1969) \ \,, /
notedthe existenceof qualitativechangesin conduc- + +

tion mechanismin sinteredFeO—MgO mixesasob- \ \\ \
servedby Hansenand Cutler(1966)between14 and \ //
18% Fe/(Mg + Fe) — percolationtheory (Shanteand — \ \ /+ —

Kirkpatrick, 1973) predictsa critical fraction of 20% E \ \~ // /
for the face-centered-cubiccationsublattice— and a \ /

S / /between0—1% fayalite in the sinteredmeasurements \\ ~ /

of Bradleyet al. (1964).However,all thesemeasure- 6 \ \~\\ //

mentsare on sinteredsamplesand theconclusions \
—J -35 — 5-—-

mustbe verified for singlecrystals,a reservationthat
appliesto mostof the interpretationspresentedso “~— — — — — — — -

far.
The only single-crystalmeasurementswhich mdi- ~ ___//~

catequalitativechangeswith compositionat controlled + /

oxygenfugacity arethoseof Parkin(1972)in thehigh 4.0 — \
temperatureregime,whoseforsteriteconductivities \ /
havedifferentf02dependencesbetween0.05%and V
0.20%fayalitecontent (Fig. 4). -1~ ~

Log p(02)(atm)

2.5. Parametersdeterminingelectricalconductionin Fig. 4. Dependenceof conductivity uponfo2 in forsterite

rocks at 1,422°C.Despitethelow overall Fe-content,therelatively
Fe-richsamplesbehavedifferently athigherfo2 thanthe
lowestFe-containingsamples.From Parkin (1972).

In a recentreview, Brace(1971)discussedlabora-
tory measurementsof conductivityin fluid-saturated
and dry rocksandillustratedthe effectsof porosity, conductingelementsarevisible andvariable,resistor
pressure,temperature,andporefluid on resistivity arrayshaveoften beenusedto modelconductionin
modelsof threecontinentalregions.In this sectionI porousand/orcrackedrockscontaininga conducting
would like to discusssomemodelsof fluid-saturated fluid (Fatt, 1956;GreenbergandBrace,1969).Fig. 5
rock in order to isolatesomeof thevariableswhich depictsresultsfrom an arrayof 2,340resistorsfrom
defineporosity. which thebranchesor bondswereremovedat random

As anexample,considerthemodelingof conduc- to simulatechangesof porosity;thefractionp = Pbof
tion througha networkof interconnectedcracksand remainingbranchesis analogousto certainkindsof

poressaturatedwith a highly conductingfluid such porosity.Kirkpatrick (1971,1973)hasestablished
aswateror partialmeltand imbeddedin a matrix of thecorrespondencebetweenPb of anarrayandthe
insulatingmineralgrains.Theconductivity of sucha fraction 17 of conductingvolumein an insulator—con-
mixture is usuallydescribedby Archie’s law: ductorcompositeascalculatedby effectivemedium

— 17\ theory(Landauer,1952).Two interestingfeaturesof
U/GO — 771 ‘ ‘ thearrayare apparent:oneis the linearslopeof the
wherea0 is the conductivityof theporefluid, i~the conductanceG, normalizedto G0 ~ = 1); andthe
porosity,and r an exponentcommonlyof order1—2 other is theexistenceof thethresholdor critical frac-
(Keller, 1967).Becausetheinterconnectionsbetween tion Pebof branches,two separateeffectswhich can
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1.0 F I I I I I I sections,ascanbe thecaseof intersectingsurfacesor
of partial meltswhich wet the adjacentgrainbound-

3-D~eens~n~orroy / aries(Waff, 1974).
/ It is possibleto obtain an exponentr 2 in eq.

s/Go /‘ 8 whenp = p
5, the fraction of remainingsitesor nodes

/ of the array (Kirkpatrick, 1973),in which casethere
/ is a highly correlatedremovalof bondsfrom the

StrO~Qht Line / regionof eachremovedsite.Braceet al. (1965)oh-
5 — ~. / - tamedArchie’s law(eq.7) with r = 2 underspecial

circumstances,namely,by selectingdifferent rocksof
/ varying initial porosity andmeasuringconductivity
( at 4 kbar pressurewherethe porosity

77k of the inter-
/ connectedcrackswas mostly removed.The analogy

with arraysfrom which sites(nodes)are removed
thensuggeststhat mostof theresidualporosity77r is

/ indeedporeporosity77~in roundedpores,and that
J)79 p

5 correspondsto 77g. Thus:
0— I I I I

FRACTION OF REMAINING BRANCHES, p 1.0

77r = 0k + (10)

Fig. 5. Normalizedconductanceof a resistorarrayshosving d
thresholdeffect andlinearslope(ShanklandandWaff, 1974). an

(11)

be isolatedin arrays.A critical fractionexistsin Selectingsamplesof lowerporositycorrespondsto

both cases,andthe conductanceis givenby: eliminatingroundedporevolume from sampleto

G’G = ~“ — ~/“1 — ‘
0r 8~ sampletogetherwith the flattenedcracksinterconnect-

/ o iv Po k Po,i ~ / ing them.However,couldwe measure
tIk of the cracks,

HerePo is determinedby thestraight-line intercept thepreviousresultwould still imply that a ~—

0.31 in Fig. 5; P~is abovePcb = 0.25 for the simple In short,comparisonof eq.8 for arrayswith Archie’s
cubic array. law(eq.7) separatestwo parametersof conductionin

A correspondencebetweenp and i~tellsustwo porousrocks,Theapparentabsenceof a critical porosity
things.First, in caseswherer = 1 suchassaturated 77c in analogywith p~implies that theconductingele-
dilatantrocksbelowthe yield point or in fractured mentsin a rock remaininterconnecteddownto quite
rock(BraceandOrange,1968;Brace,1971) themea- low porosities.The exponentr in eq. 7 revealssome-
sured77 is a measureof thecrackporosity77k’ Second, thingabouttheshapesof measuredporosity;r~o1 for
it is quite significantthat critical porosity~ doesnot mostof the porosity in interconnectedcracksand
usuallyappearin rocks;~ or r7~reflectspoor inter- r ~o 2 for mostof the porosityin rounded“storage”
connectivitybetweenconductingelementsasis the pores(Keller andFrischknecht,1966;Katsubeand
casewhentheconductorsare treatedasspheresthat Collett, 1973). As a further note,Madden(1974a,b)
do not contacteachotherat low porosity(Landauer, haspointed out that the use of arrayscontaininga
1952).Shanteand Kirkpatrick (1973)give an empiri- singlevalueof resistoris an oversimplification.He
cal relationfor pCb: finds that r = 2 can be obtainedwhenG is the geo-

metric meanof a distribution of conductancesand
tpbD/(Dl) (9) . . . .c the width of the distribution variesappropriately.

where t is the numberof branchespernodeandD is Anotherexampleis the determinationof the effect
thedimensionalityof the array, either2 or 3. The ab- of a possiblepartial-meltfraction in the uppermantle
senceor very low valueof in rocks tellsusthat t on electricalconductivity.Melting canproducecon-
must be a very largenumber;hence,the conducting trastsof 2—4 ordersof magnitude(Presnallet al.,
volume elementsmusthavea largenumberof inter- 1972;Waff, 1974;Waffetal., in preparation)in con-
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ductivity. It is veryhelpful that Waff et al. havedemon- on ExperimentalGeologyandGeophysics,Harvard
stratedconductivityin their silicate meltsto be virtu- University,is gratefully acknowledged.
ally independentof oxygenfugacity. Hence,in a zone
containingpartial melt, theparameterf02 canbene-
glected,while the melt fraction 77 andthe interconnect- References
ednessof themelt becomeimportant.The latterde-
pendson theextentof wettingby themelt pocketsof Adler, D. and Feinleib,J., 1970. Phys.Rev.B, 2:3112—3134.

their surroundingmineralgrains.Waff (1974)has Akimoto, S-I. and Fujisawa,Fl., 1965. J. Geophys.Res.,70:

modeledelectricalconductionin a partialmelt using
Aronson,J.R.,Bellotti, L.H., Eckroad,S.W., Emalie, A.G.,

a self-consistentmodelingtheory.In the caseof good McConnell,R.K. andVon Thüna,P.C.,1970. J. Geophys.

wetting andahigh degreeof interconnectionof the Res.,75: 3443—3456.
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