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parethermal-convectionrunswith verydifferentviscosityprofiles.A fourthproblemis the
long-termcouplingbetweenplatesandmantleconvection.BungeandRichards

�
superim-

posedagivenvelocityfield to studythecirculationwhereasGableetal.
�	�

andMonnereau
and Quéré

�
�
presentedmodelswith platesoverlying a mantlewith viscosity stratifica-

tion. The platemotion balancesthe torqueof stressesgeneratedby mantleconvection.
Thesemodelsform a contrastto modelswith a self-consistentgenerationof plates.The
water-rich Earthhasaplate-tectonicregimewhereasthenow water-poorplanetsMarsand
Venushavea hot-spotregimeandastagnantlid. Therefore,modelswith aself-lubricating
rheology(Bercovici

�
), void productionandingestionof volatiles(Bercovici

�
) anda two-

phasemodel for compactionanddamage(Bercovici et al.
�
; Ricardet al.

�
�
) seemto be

very promising. The approachof Trompertand Hansen
�
�

is interesting,too. Another
self-consistentgenerationof platesis feasibleby pseudoplasticyielding (Tackley

�
�
) or by

strainweakening.(Tackley
�
�

). Also Richardset al.
�	�

investigatedtheplategenerationby
yield stress.

Figure1. Possiblepresent-daygeotherms.Seetext.

2 Model

Themodelis basedon thenumericalsolutionof thebalanceequationsof energy, momen-
tumandmass.Thesolid-stateconvectionof theEarth’smantleis representedby aninfinite
Prandtlnumberfluid in acompressiblesphericalshellheatedmainlyfrom within by thera-
dioactiveelementsof theprimordialmantle.Theconcentrationsaretakenfrom McCulloch
andBennett

�
�
. A generalderivationof suchkind of equationsis givenby Narasimhan

�	�
andSchubertet al.

�
�
. Thepresentmodeldiffersfrom themodelS1of usmainly by three

issues:
a) S1 testedthe hypothesisthat, at the CMB, not the temperature,

���
, but the heatflow,� � is a constantwith respectto time . This assumptionwasbasedon resultsof Stevenson

et al.
�	�

, Stacey
�	�

(Chapter6.7.5)andSchubertet al.
�	�

, pp. 607-609.In thepresentpaper,
however, we abandonthis assumption:Here,

���
and � � aretemporalfunctions,but

���
is

laterallyconstant.As otherresearchers(Steinbachet al.
�	�

; SteinbachandYuen
�
�

; Honda
andIwase

���
) havedonewhenimplementingcoolingcore-mantleevolutionmodels,wead-

just
���

aftereachtime stepaccordingtheheatflow throughtheCMB.
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Figure2. Present-dayviscosityprofileof run530.
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Figure3. Frequency distribution of earthquakesasa functionof depthaccordingto Kirby etal.
�on

.

b) Basedonresultsof KaratoandLi
�
�

, KaratoandWu
���

andLi etal.
���

, weassumeaNew-
toniancreepfor themantle.In this paper, however, we supplementthis assumptionby an
additionalviscoplasticstress,p&q , for theuppermost285km. Theyielding is implemented
by aneffectiveviscosity, r&sft�t , where.

r sft�tvuxwzy|{�} r�~f�K� �z� � p q����]� (1)
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Figure4. Theviscosityprofile for coldslabsandhotplumesaccordingto Karatoet al.
���

.

In this formula,
�� is thesecondinvariantof thestrain-ratetensor, � is thepressureand

�
thetemperature.
c) In �+�3�6� paper, a viscosityprofile is deducedthat dependsonly slightly on mineralogi-
cal assumptions.The Birch-Murnaghanequationwasemployed to derive the Grüneisen
parameterand other physicalquantitiesas a function of depth from observational val-
uesprovided by the seismicmodelPREM (Dziewonski andAnderson

�
). We computed

the melting temperature,
���

, anda new mantleviscosityprofile, calledeta3, using the
Grüneisenparameter, Lindemann’s law andsomesolid-statephysics.We usefor thevis-
cosity, r , theformula

r�~����+�3�'���f� � u��h�d�h��� r � ~|� � �h�+�&� �	��� ��� ~�� � � �� ~����+�3�'����� �� 
���¡6¢ ~|����� � (2)

where
� ¡6¢

is thelaterallyaveragedtemperature,� theradius,� thecolatitude,� thelongi-
tude,� thetime, �	� a constant,�3£ theviscosity-level parameter.

3 Results

Beforewe show theglobaldistribution of thedifferenttypesof solutionof the modelby
variationof the parameters,we presenttwo typesof solutionby two specificruns: Case
530 is a run without platesnearthe surface,but elseit is rathermantle-like. Run 574
shows plate-like movementsnearthesurfaceandelseit is alsomantle-like. Fig. 1 shows
thepresent-daylaterallyaveragedtemperature(right solid line) obtainedby run 530using
the directly computedmelting temperature.If we repeatthis run with a melting temper-
aturewhere,in the upper15 GPa of the mantle,our theoretical

���
-curve is replacedby

experimentalvaluesof ZhangandHerzberg
�	�

(SeealsoZerr at al.
���

), thenthe left solid
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Figure5. Theevolution of thequantitiesqob, Ror, ¤L¥)¦ andEkinUM . Seetext.

line standsfor
� ¡6¢

. In this case,thesurfaceheatoutflow is larger. Run530is for ��£ u 0
and p q§u 180MPa . For comparison,therangeof possiblemantlegeothermaccordingto
Schubertet al.

�	�
is shown. Labela andb denotegeothermsof whole-mantleandpartially

layeredconvection,respectively. The dottedline nearthe surfacecorrespondsto a ridge
geotherm.Fig. 2 presentsthe laterally averagedviscosityof run 530 for the geological
present.It reflectsthe essentialfeaturesof eta3. For lack of space,it is not possibleto
deduceeta3 in this paper. In the following, only somehints aregiven to make the high-
viscositytransitionlayerplausible.Weadopttheusualassumptionthatthesubductingslab
of the realEarthis coolerthanthesurrounding.Therefore,thedowngoingoceaniclitho-
spherehasa higherviscositythanthesurrounding.If theslabpenetratesa highly viscous
layeron its way to thedepththenshearstressshouldbecollectedthatwill bereleasedin
earthquakesin theshort-periodrange.This is indeedobserved(SeeFig. 3). Basedon ex-
perimentalmineralphysics,alreadyKaratoet al.

�
�
concludedthat thetransitionlayerhas

a higherviscositythanthe neighboringlayers(SeeFig. 4). Thesegregationof theearly
Earthinto a primordialsilicatemantleandaniron corewasfinishedat anageof 4490Ma
or earlier. Therefore,our dynamical-evolution modelsof the Earth’s mantlestartat this
age.Thefirst panelof Fig. 5 shows thelaterallyaveragedheatflow at theEarth’s surface,
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Figure6. Equal-areaplot of run 530 with ¨&©zª 180MPa in 134.8km depth. This caseis not platelike (See
text).

Figure7. Equal-areaplot of run530in 632.8km depth(Seetext).

��«�¬ , asa function of the time in the past. The present-dayvalue is very realistic. The
secondpanelrepresentsthereciprocalUrey number, ­ « � . Thetemporalaverageof ­ « � is
called ­ « � . Thequantity ­ « � of run 530is 1.339.Schubertet al.

�	�
estimatethepossible

interval for EarthandVenus: �3® �)¯±° ­ « � ° ��® ²�³ . Thethird panelof Fig. 5 presentsthe
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Figure8. Observedlithosphericplatesandtheir lateralvelocitiesrelative to thehigh-viscositylayerof thelower
mantle.(a)0-10Ma ago,(b) 43-48Ma ago.Accordingto Lithgow-BertelloniandRichards

���
.

Figure9. Equal-areaprojectionof run 574with ¨&©ºª 135MPa for thegeologicalpresent.Arrows denotethe
creepingvelocity, colorsstandfor theviscosity.

evolutionof theRayleighnumber, ­¼»�½ , thatis givenby

­¼» ½ u ¾m¿ÁÀ �
�

Â r ¡6Ã � ~kÄÅ�ÅÆ � � � �Ç (3)
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Figure10. Thecharacterof thesolutionsasa functionof theviscosity-level parameter, È+É , andtheyield stress,¨&© . Furtherexplanationsseetext.

where¾ is thedensity, ¿ thermalexpansioncoefficient, À gravity acceleration,� depthof
the layer, Ê is the heatgenerationrateper unit volume, � � the heatflow at the CMB, Â
thermaldiffusivity,

Ç
thermalconductivety. Thequantityr ¡+Ã is givenby

Ë|Ì�Í r ¡6Ã uÏÎ ËÐÌ)Í r�Ñ (4)

Thebracket Î Ñ denotesa volumetricaverage.Thefourthpanelshows thekinetic energy of
UM convection.This is perhapsa measureof theorogeneticactivity. Of course,theposi-
tion of themaximais notverystablefrom runto runwhereastheevolutionof ��«�¬ , ­ « � and­¼»�½ donotvaryverymuchfor investigatedparameterrange(SeeFig. 10). Fig. 6 presents
thetemperaturedistribution(colors)andthecreepingvelocities(arrows)for thegeological
presentin adepthof 134.8km. For plate-likecases,thevelocity is plate-like in thisdepth,
yet. But run 530 doesnot show platetectonics.However, the downwellingsaretabular-
shaped.Fig. 7 shows thecontinuationin 632.9km depth:Theslab-like featurescrossthe
high-viscositytransitionlayer. They areonly partly joinedwith eachotherastheslabsof
therealEarth.Contraryto therealsubductingslabsof theEarth,thedownwellingsof the
modeldescentperpendicularly. This is notamazingsincethemodelcontainsnocontinents
up to now. Contraryto othermodels,Fig. 6 showsalreadyanEarth-likedistributionof the
thin downwellings. The

� � �ÓÒÃ -spectrum(not shown) is alsoEarth-like. Panel(a) of Fig.
8 presentsthe observed creepingvelocitiesat the present-daysurfaceof the solid Earth,
panel(b) shows this observedmovements43-48Ma ago. This platelike observationsare
in contradictionto Fig. 6 of run 530. Therefore,we repeatthis run changingonly one
parameter:Case574 wascalculatedwith a yield stress,p q , of 135 MPa. Fig 9 reveals
piecewise plate-like movementsin 134.8km depth. The distribution of the velocitiesat
thesurfaceis nearlythesame.Colorssignify theviscosity. Subductionzonesandspread-
ing zoneshave reducedviscosity. In correspondingequal-areaplotsof greaterdepth,cold
narrow stripesaresituatedperpendicularlybeneaththesubductionzonesof Fig. 9. Sucha
typeof solutionis characterizedby little blackdiskswith a white centerin Fig. 10 where
theresultsof thevariationof theparametersareshown. Theviscosity-level parameter, ��£ ,
is a monotonousfunctionof a temporallyaveragedRayleighnumber. Fig. 10 shows three

8



othertypesof solution,yet: Plussignsdenoterunswithout platesbut with thin elongated
slab-like downwellings. Run 530 belongsto that type. Asterisksrepresentrunswithout
surfaceplatesandwithout slab-like downwellings. White circlesstandfor runswithout
platesnearthe surfacethat have a wide-meshednetwork of broaddownwellings. The
conclusionscanbefoundin theabstract.

4 Numerical Method and Implementation

The solutionsof the systemof differential equationsof convection in a compressional
sphericalshellareobtainedusinga three-dimensionalfinite-elementdiscretization,a fast
multigrid solver andthesecond-orderRunge-Kuttaprocedure.Themeshis generatedby
projectionof aregularicosahedronontoasphereto dividethesphericalsurfaceinto twenty
sphericaltrianglesor ten sphericaldiamonds.A dyadicmeshrefinementprocedurecon-
nectsthe midpointsof eachsideof a trianglewith a greatcircle suchthat eachtriangle
is subdivided into four smallertriangles.Successive grid refinementsgenerateanalmost
uniform triangulardiscretizationof the sphericalsurfaceof the desiredresolution. Cor-
respondingmeshpointsof sphericalsurfacesat differentdepthsareconnectedby radial
lines. The radial distribution of the differentspherical-surfacetriangularnetworks is so
that thevolumesof thecellsarenearlyequal.More detailsaregivenby Baumgardner

�hÔ �
,

Bungeet al.
�

andYang
�	�

. For the multitudeof runswe neededfor our parameterstudy,
weemployedameshwith 1351746nodes.Somerunsweremadewith 10649730nodesto
checktheconvergenceof thelowerresolutionruns.Theresultis thatthelaterallyaveraged
heatflow, the ratio of heatoutflow to radiogenicheatproduction,the Rayleighnumber,
andtheNusseltnumberasfunctionsof the time show hardlyany discernabledifferences
(
°

0.5%). Calculationswereperformedon 128processorsof a CrayT3E. Thecodewas
benchmarkedfor constantviscosityconvectionby Bungeet al.

�
with numericalresultsof

Glatzmaier
�
�

for Nusseltnumbers,peaktemperatures,andpeakvelocities.A goodagree-
ment( Õ 1.5%) wasfound.
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