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necessarilyhaveto bethat of HigginsandKennedy eneousmonophasesystem,andthat the consideration
(1971). Otherpossibledifficulties of Higgins’ and of deviationsfrom adiabaticitywithin this depth
Kennedy’s(1971)paradoxhavebeendiscussedby rangeis notnecessaryon thebasisof theavailableob-
Verhoogen(1973)andFrazer(1973). servationalevidence,we calculatedthe corresponding

valuesof thematerialparametersPo, i<o andK
1 by

fitting Ml to thevaluesof p , P andK in the outer
2. Models core which resultfrom theparameterizedEarthmod-

els (PEM) developedby Dziewonskiet al. (1975).We
It is well knownthatKennedyandHiggins(1973) thus obtained

haveoffereda solutionto the coreparadox.Recon- p0~6.71Ogcm
3, K

0~1.423Mbar, K1~4.S55
sideringtheproblemthey foundthat in their earlier
investigationalayerof —~2OO—3OOkm thicknessat the (3)
bottom of the outercore hadbeenoverlookedwhere

providedthat theseinitial valuesare definedunder
the adiabatictemperaturefor different constant adiabaticconditions(~S = constant).In Table1,
y-valuesisjustabovethemelting temperature.We,

valuesof pressure(P) andof velocity (vu) of seismichowever,tookinto considerationthe volumedepen-
denceof GrUneisen’sratio y. For this purposewe used compressionalwavesresultingfrom eqs. 1—3 are
the formulaof VashchenkoandZubarev(1963)(see comparedwith thosecomputedby usingPEM. Since

the outer-corematterreactsto seismicwave propaga-
eq.4).

It wasshownby Ulimann andPan’kov(1976)that tion as a fluid medium,we may put [k(P, S)1
112 = vi,.

It is noticedthat thevalues~PEM andPM1,aswell as
the approximationfunction

VPpEM andVpM1, arein goodagreement.
X(x, ~)= (9/2) [Ko/(2 — Kj)2] [x(2/3~/3~~1) — 112 (1) Irvine andStacey(1975)deriveda relationshipfor

the GrUneisenparameter‘y taking theform
for the strainenergyof a hydrostaticallycompressed
body,measuredperunit volume of theundeformed /1 3i< 5 2 P)/( 4 p\

———+-— 1——body,can,in particular,be usedto advantagefor the = or 6 9 K 3 K) (4)
elucidationof physicalpropertiesof the Earth’sdeep which wasoriginally determinedby Vashchenkoand
interior.The volumetriccontractionis definedby the Zubarev(1963)from quitedifferent considerations.
ratio of densitiesPo andp of thebody in its uncom- This formulawas derivedpresumingthree-dimen-
pressedandcompressedstate,respectively,i.e.,X sionalthermaloscillationsof atomsin a close-packed

Po/P. The symbol~representsthe temperatureTor,
alternatively,theentropyS. The materialparameters TABLE I
K

0 andK1 >2, dependingon ~, arethe incompressibil- PressureP,compressionalvelocity up andGrüneisen’s

ity and its pressurederivative,respectively,bothquan- parameter‘~asfunctionsof depthd in theEarth’souter

tities relatingto the zero-pressurestateof thebody. core.ThesuffixesPEM andMl indicatethereferencemodels
usedby Dziewonskiet al. (1975)andUllmann andPan‘kov

Hence,for the pressureF, the incompressibilityK = (1976),respectively

k(P,~)andits pressurederivative,(O/OP)k(P,~),we _____________________________________________________
may write, approximately d ~PEM ~M1 Vp,5~EM °p,M1 7

(km) (Mbar) (Mbar) (km ~1) (km s~)
P= —OX(x,~)/Ox, K ‘xO

2X(x, ~)/3x2 _____________________________________________
2885.3 1.3540 1.3540 8.002 8.154 1.3437

(OK/OP)
1 = —1 — [(x

2/K)(d3X(x,~)/Ox3)] (2) 3071.0 1.5497 1.5512 8.317 8.450 1.3385
3371.0 1.8592 1.8635 8.777 8.877 1.3316

We call the aboveequationsModel 1 (Ml). Walzer 3671.0 2.1558 2.1616 9.176 9.246 1.3261
et al. (1979)comparedthreeequation-of-statetheories 3971.0 2.4345 2.4393 9.514 9.562 1.3216

by usingexperimentalhigh-compressiondataon 17 4271.0 2.6913 2.6933 9.792 9.833 1.3181

cubic substancesand foundgood agreementwith the 4571.0 2.9224 2.9219 10.009 10.063 1.31524871.0 3.1252 3.1232 10.166 10.257 1.3128
measuredvaluesfor Ml. Assumingthat thematterin 5153.9 3.2887 3.2887 10.258 10.410 1.3110

the Earth’soutercore canbe representedby ahomog-
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atomicarrangement.We think that fluids subjectedto where
pressuresbetween1.35 and3.29 Mbar mustcontain ~. ~ ~

manyclustersof denselypackedatoms(or molecules). Tk 11 —

C I ~\ (1/3)(K
1—2)1i/2

The applicationof eq.4 to the fluid outercorecan i LK1 — — ~K1 —

be justifiedby two facts.At pressuresaround2.420 L K1 — 2
Mbar (seeTableI) themattermustapproacha close- ‘I = 1 9
packedatomicarrangementand,the frequencyof the T~ Ki

thermalatomic oscillationsis muchgreaterthanthe For the outercorewe assume,accordingto PEM,
frequencyof diffusive transitions,sothat the atoms thelowerand theupperlimits of density(p), which is
developa structureeventhoughthis may betransi- expectedto bea monotonous,smoothfunctionof
tional.Moreover,in eq.4 we emphasizethatP andK depth(d) are9.909and12.139g cm

3,respectively.
are correspondingzero-temperatureextrapolations. Consequently,recallingeq.3 andputtingr(6.7lO/p;
Since,conversely,from variousconsiderationsit fol- 4.555) roc(p),p expressedin g cm3,for the depth
lowsthat7 is virtually independentof temperature range2885.3~d ~ 5153.9km (seeTable I) eq.9
(7’), evenunderouter-coreconditions,we arejustified canbe modified to
in replacingeq.4 by the approximation roc(p)= 0.1 [l.7666p231 — 3.3815pL5l83)~2

K

1—11 / r__ (K1—2)(K1—3) 1I\

3 ~
6~[(2K

1 — 5)x
213 (1/3k 1 — K

1 + 3] ~ 9.909~ p ~ 12.139g cm
3 (10)

which arisesfrom substitutingeqs.1 and2 in eq.4. We now referthe valuesT~andx,, in eq.8 to the
In Table I numericalvaluesof 7 areitemized,calcu- inner-core—outer-coreboundary(lOB). Hencep~=

lated from eq.5 by usingthe estimatesof p
0 and K1 12.139g cm

3.Since,in view of eqs.8 and10,
notedin eq.3. Forthe meanof ‘y, the variationof T/T~= roc(p)/roC(p*) is valid, eq.8, beingthe basic
which is only slight in the outercore,we thusobtained relation for our subsequentdiscussion,takesits final
a valueof 1.3233.This valueis supportedby the form
resultsof otherworkers, whohaveobtainedvalues T= (TIOB/ 1 000)(349.1957p2~ — 668.4082p1.5182)1/2

of about 1.4 (Irvine andStacey,1975)and1.5
(Anderson,1979). 9.909~ p ~ 12.139g cm3 (11)

Fromthermodynamicrelationshipsit follows that
whereTIOB T~denotesa reliableestimateof the

(0 in T/O ln X)S = _7 (6) adiabatictemperatureat lOB. From this,in particular,
it is easilyseenthat thetemperatureTappearsto reach

This, togetherwitheq.5, appearsto give reliableinfor- a valueat lOB which is ‘—‘31% higher thanthe one at
mationon thetemperaturefield in the depthrangeof thecore—mantleboundary(CMB).
the outercoreover which thetemperaturegradientis
widely believedto be adiabatic.Equation6 maybe
rewrittenas 3. Discussion

r ~ dul Usingthe volume dependent7 we recalculatedthe
T” T~expi i 7(u) I (7)

L~ u J adiabatictemperatureaccordingto our methodand
roundthe gradientof adiabatictemperaturein the

providedthatS = S~= constant.Temperature(Tm), outercoreto beeverywheregreaterthanthe gradient
entropy(Se)andvolumecontraction(xe) relateto of meltingtemperatureaccordingto Kennedyand
anyfixed placewithin theoutercore or at oneof its Higgins(1973).From Fig. lit follows eitherthat
two boundaries.Hence,incorporatingeq.5, after thermalconvectioncannotexist anywherein the outer
integrationwe have core,or that theinterpretationof JOBasthe melting

pointof a materialwhich is uniform both insideand
T” T~[r(x; K

1)/r(x~K1)] (8) outside,is incorrect.Convectionin a layerof 200—



207

~ L() T
~ ~c~cD T,~

‘:~°°° ___

~ 1.000 - CMB lOB

\ \t~ Depth

\\1 Fig. 2. Pictorial representation of theproposalof Stacey

5000 - (1972)circumventingthecore paradox:innerandoutercores
- ~~—— differ in theirchemicalcompositionso that ajump of the

melting-pointversusdepthcurve occurs.

6000 4000 ~:500

3000 3500 (3) The chemicalcompositionof the innercore dif-
Temperature(C) fersfrom that of the outercore wherethemelting

Fig. 1. Thesolidline denotesour adiabatic-temperaturecurve temperatureat lOB undergoesajump(seeFig. 2).
usingthevolume dependenceof ‘y. Thecurvesof the adiabatic
temperaturefor severalconstant7-valuesareshownasbroken Melting temperatureis significantly higherinsidethan
lines, the melting-point curve of ironis a dottedline. The outside,henceanadiabatictemperaturecurve which
latter curves are taken from Kennedy and Higgins (1973). is identicalto theactualone lies belowthemelting

temperaturecurve in the innercore andabovethe
melting temperaturecurvein theoutercore.Never-

300 km at the bottom of the outercore canbe theless,the adiabatictemperaturegradient in the
excludedin any case, outercore may exceedthe meltingtemperaturegra-

If oneconsidersthemeltingpoint—pressurecurve dient.Thisrealisticsuggestionwas originally madeby
of HigginsandKennedy(1971)to bethe most real- Stacey(1972).
istic one,then therearethe following possibilitiesto Leppaluoto(1973)hasstatedthat the usual
circumventtheparadox: melting-pointtheoriesproceededfrom solid-state

(1) Thermalconvectionandprecessionas causesof physicsbecausethis is a moreadvancedsciencethan
the geomagneticfield are excluded.Thus,the necessity the theoryof fluids. During melting,however,solid
to constructa dynamofor a stably-stratifiedouter and liquid arein equilibriumso that bothaspects
core,or to find anotherkindof magneticfield genera- shouldbe consideredasLeppaluoto(1972)hasdone.
tion, would arise.Oneapproachto obtaina radial Equatingthe free energiesof liquid andsolid,he deter-
componentof streamvelocity underthesecircum- mineda melting-pointcurve for iron. Figure 3 shows
stancesis gravitationaldifferentiationin the outercore that,in conjunctionwith our adiabatictemperature
(LoperandRoberts,1978). curve,thermalconvectionwould be possibleevery-

(2) After Jacobs(1976),Kennedyrecentlycon- wherein the outercore.In the lowerhalf of the outer
sideredthe GrUneisenratio for liquid iron in theouter core thetemperaturewould lie immediatelyabove
coreto be about0.1. Thus,adiabatictemperature themelting-pointtemperature.The activationvolume,
would be higherthanmeltingtemperature.In this however,cannotbedeterminedwith certainty,so
case,Jacobs’(1976)theoryof thegenerationof the that the quality of Leppaluoto’scurve canonly be
fluid outercore,aswell asthe theoryof the thermo- judgedwith difficulty.
convectivedynamocouldberetained.However,a Boschi (1975)investigatedclose-packedstructures
valueasextremelylow as 0.1 is in contradictionto all on model systemsof hardspheres,calculatingthe
well knownestimates of GrUneisen’s ratio for the melting temperature of iron by meansof a Monte-
outercore.Therefore,we believethatwe canexclude Carlo prodedure.Figure4 (brokenline 2) showsthat
this possibility, his curve,in conjunctionwith our adiabatictemper-
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2 ‘ and Kennedy’s(1971) melting-point curve and our

28 appropriate adiabatic curve.
7 - - - - — - The polymorphismof iron and,especially,the
6 ~—~.7’ influenceof the y—etransformationon the phasedia-
5 gram hasbeenthorougiily discussedby Birch (1972)

~ 1. ~ ~ andUu (1975). In contrastto thethreemelting
~3 ~ curves mentioned above, the influence of the various

~ 2 / phases of iron has been considered by Liu (1975). It

1 is realistic, for Earth conditions,to restrict the discus-

0 05 15 2~ 25 30 sion to the well known phasesof iron, i.e.,to dis-
Pressure (Mbcir) regard speculations on a distinct minimum of the

Fig. 3. The brokenanddottedline representsthe melting- melting-point curve of iron (McLachlanandEhiers,
temperaturecurveby Leppaluoto(1972)for anactivation 1971) the moreso as Bukowinski (1976) has proved
volume ~ V = 0.075 cm

3 moF1.The solid line showsour that thechangeof the electronicstructureto a 3 d8
adiabatic-temperaturecurve.

stateoccursat a compressionof approximatelyfour
times that at the inner-core boundary. flu (1975) has

ature curve, permits thermal convectionthroughout concluded,fromthe extrapolationof experimental
the outer core where lOB is a meltingboundary. data,that the triple point of face-centeredcubic(y),
Figure 4 (curves 1) also shows that this process would hexagonal close-packed(e) and liquid iron is at

be forbiddenthroughoutthe outercore for Higgins’ 0.94±0.20 Mbar and2970±200°C(seeFig. 5).The
calculationof theepsilon-liquidboundary,however,is
critical. Figure 5 showsthat this boundaryapproaches
our adiabaticcurve whichwe againcalculatedassuming
that JOBcorrespondsto the liquid—solid transitionof

2 a materialthat is uniform insideandoutside.Thus,as
in the caseof flu’s (1975)melting-pointcurve,ther-

6000 - ,~“ mal convectionwould be possible.
A secondmethodfor estimatingthe volumedepen-

denceof Grüneisen’sratio y hasbeendeveloped
- / - involving theelectroniccontributionto 7. In spiteof

// othertheoreticalpremises,the newcurvesof adiabatic
/ — - temperatureasfunctionsof pressurediffer only slightly

4000 — / — — — i - from thoseof Figs. 1, 3, 4 and5 whichhavebeen
// _~- computedby usingMl andtheVashchenko—Zubarev

/ ,-“ (-1-963) formulation.Hencethe conclusionson thepos-
- sibility of thermalconvectionin theoutercore alterin

one caseonly, namely,in that of flu’s (1975)melting-
/ temperaturecurve,in thederivationof which the

2000 CMB lOB - knownphasetransitionsof ironhavebeenconsidered.

Figure 6 demonstratesthe impossibility of thermal
0 1 2 3 4 outer-coreconvection,presupposingthe validity of

Pressure(Mbor) this curve and the recent theory of volume depen-
Fig. 4. The solid line (2) is our adiabatic-temperaturecurve dence of 7 mentioned above.
which wascomputedfor thecasethat LOB is a meltingbound-
ary andthat themelting-temperaturecurveof iron (broken
line 2) by Boschi (1975)applies.The brokenline (1) is the 4. Conclusions
melting-temperaturecurve of iron by Higgins andKennedy
(1971),thesolid line (1) is our appropriateadiabatictemper- We believewe haveshownthat,mainlyowing to
ature. the existing uncertainty regarding melting-point
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Fig. 5. Broken lines represent the phase boundariesbetween~, ~, S, e andliquid iron afterLiu (1975). Thesolid line is theappro-
priateadiabatictemperaturecomputedby themethoddiscussedin this paper.

curves,the lastword on the core paradoxhasnotyet FeOor MgO is consideredasthe light-weightcompo-
beenspoken.It is to be expectedthat the 10—20%of nent.Boschi’s (1975) melting-point curve of iron is an
othermaterialsaddedto the main constituentiron extremeupperbound.By slightly lowering themelting
reducetheabsolutevalueof the meltingpointby temperatureand its gradientin Boschi’s (1975)curve
some 100°C, and lower the gradient of the melting- we obtain meltingcurvesof the mixturewhich resem-
point curve. This is true, independent of whether FeS, ble those of Leppaluoto (1972), flu (1975) or Higgins

6000 I I I

CMB lOB
Iron - 5000

5000 -

4~ tiqu~ ~ 4000

2 3~ — ~ 3000
—— /

~ //

5) —-— /

2000 ~“ // - 2000

ioo: ~ I 1000

0 500 1000 1500 2000 2500 3000 3500

Pressure[kbar]

Fig. 6. Broken lines represent the phase boundaries between n, ~, a, eandliquid iron accordingto Liu (1975).Thesolid line is the
appropriate adiabatic temperature taking into consideration the electronic part of the GrUneisen ratio.
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and Kennedy (1971), depending on the mixture ratio Frazer, M.C., 1973. Temperature gradients and theconvective

assumed and on the additional compounds. From this velocity in the Earth’s core.Geophys.J.R. Astron. Soc.,

it follows that even if we knew the exact law of pres- 34: 193—201.Higgins,G. andKennedy,G.C., 1971. The adiabaticgradient
suredependenceof the meltingtemperatureit would andthemelting-pointgradientin thecore of the Earth. J.
be impossible to compute the actual effective melting- Geophys.Res.,76: 1870—1878.

point curve because of our ignorance of the chemical Irvine, R.D. and Stacey, F.D., 1975. Pressure dependence of

composition of the admixture with the main constitu- the thermal Grüneisen parameter, with application to the

ent iron. That is the reason for the uncertainty over Earth’s lower mantle and outer core. Phys.Earth Planet.
Inter., 11: 157—165.

whether the outer core is stably stratified or not. A Jacobs, J.A., 1976. The Earth’s deep interior. Naturwissen-

better melting theory anddeeper insight into the chem- schaften, 63: 307—312.

ical composition of the outer core are necessary. One Kennedy,G.C. andHiggins,G.H., 1973. Temperature gra-

conclusion, however, canbe drawnwith certainty: if dients at the core—mantle interface. Moon 7: 14—21.

the melting-point curve of Higgins and Kennedy Kraut, E.A. and Kennedy, G.C, 1966. New melting law at
high pressure. Phys. Rev., 151: 668—675.

(1971) and our theory of y apply, and if the inner Leppaluoto,D.A., 1972. Melting of ironby significantstruc-

and outer cores are chemically equal, then thermal ture theory. Phys. Earth Planet. Inter., 6: 175—181.

convection (in contrast to Kennedy’s and Higgins’ Liu, L.G., 1975. On the (‘y, e, 1) triple point of iron and the

paper of 1973) is forbidden throughout the outer Earth’s core.Geophys.J.R. Astron. Soc.,43: 697—705.

core, even in the layer near the lOB. Loper, D.E. and Roberts, P.H., 1978. Onthe motion of an
iron-alloy core containing a slurry. Geophys. Astrophys.
Fluid Dyn.,9: 289—321.
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