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This paper reports a series of compressible spherical-shell convection calculations with a new
viscosity profile, called eta3, that is derived from PREM and mineral physics. The viscosity
profile displays not only a high-viscosity lithosphere and a viscosity hill in the central region
of the lower mantle of the Earth but also a prominent high-viscosity transition layer inferred to
arise from a high garnet content. Moreover, there is not only the usual asthenosphere but also
a second low-viscosity zone just below the 660-km discontinuity. We introduced a viscoplastic
yield stress and obtained plate-like movements near the surface. A variation of the parameters
revealed a Rayleigh-number-yield-stress area where the plate-tectonic character of the solution
is stable and pronounced. Runs with eta3 but without any yield stress show networks of retic-
ularly connected very thin sheet-like downwellings but, of course, no plates. For calculations
with eta3 plus yield stress, the distributions of the downwellings are more Earth-like.

1 Introduction

There are some mantle-convection problems that are unresolved. For some other problems
of that kind, different authors proposed contradictory solutions. If simply viscous rheol-
ogy with temperature dependence of the viscosity is supposed then three types of solution
are possible (Solomatov3!) but no type of them shows piecewise plate-like behavior like
the real Earth. Christensen and Harder® proved that no plate-like pattern emerges with a
Newtonian rheology. So, a first problem is the self-consistent generation of plates near the
surface from an assumed rheology. It is well-known that some oceanic lithospheric plates
are obliquely subducted into the mantle. Seismic tomography revealed that a lot of slabs
penetrate the 660-km discontinuity and arrive at considerable depths but not in each case
at the core-mantle boundary (CMB) (Grand et al.*?; van der Hilst et al.>?; Ritsema and van
Heijst?). A second problem is that most convection calculations show considerably too
broad downwellings in the upper mantle (UM), too broad in comparison with observation.
The real cold downwelling slabs are rather thin in the UM. In an equal-area projection
of a fixed UM depth, the temperature distribution should show loosely connected, very
thin cold stripes with a similar distribution as modern earthquake foci but not a narrow-
meshed network of thin lines or even broad downwellings. A third problem is that many
thermal-convection calculations take into account only the temperature dependence of the
viscosity so that the radial variation of viscosity is mainly confined to the two thermal
boundary layers. However, the pressure dependence of the concentrations of Schottky
and Frenkel defects and of the dislocations produces large additional radial changes of the
effective viscosity of the mantle. Moreover, the proposed viscosity profiles of different
authors (King and Masters'”; Panasyuk and Hager?5; Forte and Mitrovica'?; Kaufmann
and Lambeck!®) differ considerably from each other. Therefore it seems suitable to com-



parethermal-conectionrunswith very differentviscosityprofiles. A fourth problemis the

long-termcouplingbetweerplatesandmantlecorvection.BungeandRichard$ superim-
posedagivenvelocity field to studythecirculationwhereasGableetal.!! andMonnereau
and Quére** presentednodelswith platesoverlying a mantlewith viscosity stratifica-
tion. The plate motion balanceghe torque of stressegieneratedy mantle convection.
Thesemodelsform a contrastto modelswith a self-consistengeneratiorof plates. The

waterrich Earthhasa plate-tectoniegegimewhereaghe now waterpoorplanetsMarsand
Venushave a hot-spotregimeanda stagnantid. Thereforemodelswith a self-lubricating
rheology(Bercavici®), void productionandingestionof volatiles (Bercovici*) anda two-

phasemodelfor compactionand damage(Bercovici et al.’; Ricardet al.?”) seemto be

very promising. The approachof Trompertand Hanser?® is interesting,too. Another
self-consistengeneratiorof platesis feasibleby pseudoplastigielding (Tackley2%) or by

strainwealening. (Tackley®"). Also Richardset al.?® investigatedhe plategeneratiorby

yield stress.
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2 Model

Themodelis basedn the numericalsolutionof the balanceequation®f enegy, momen-
tumandmass.Thesolid-statecornvectionof the Earths mantleis representetly aninfinite

Prandtinumberfluid in acompressiblsphericakhellheatednainly from within by thera-
dioactive elementof theprimordialmantle. Theconcentrationaretakenfrom McCulloch
andBennett3. A generalderivation of suchkind of equationss given by Narasimhat®

andSchuberetal °. The presenmodeldiffersfrom the modelS1of us mainly by three
issues:

a) S1testedthe hypothesighat, at the CMB, not the temperature?, but the heatflow,

g 1S a constantith respecto time. This assumptiorwasbasedon resultsof Stevenson
etal.35, Stacg??(Chapter6.7.5)andSchuberet al.>?, pp. 607-609.In the presenpaper
however, we abandorthis assumptioniHere, T, and ¢. aretemporalfunctions,but 7. is

laterally constant.As otherresearchergSteinbacret al.?3; SteinbachandYuer?*; Honda
andlwase*) have donewhenimplementingcooling core-mantlesvolution models we ad-
just T, aftereachtime stepaccordingthe heatflow throughthe CMB.
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Figure2. Present-dayiscosityprofile of run 530.

200

300

Earthquake Depth, km
[&)]
o
o

(1964 - 1991)
T B N B B
0 200 400 600 800

Number of Events per 20 km Bin

Figure3. Frequeng distribution of earthquaksasa functionof depthaccordingto Kirby etal.20.

b) Basedonresultsof KaratoandLi'®, KaratoandWu'” andLi etal.?!, we assume New-

toniancreepfor the mantle. In this paper however, we supplementhis assumptiorby an

additionalviscoplasticstressg,, for theuppermos85km. Theyielding is implemented
by aneffective viscosity 7. ¢, where.

. o
77eff = Inln[n(Pa T)a Q_z} (1)
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Figure4. Theviscosityprofile for cold slabsandhot plumesaccordingto Karatoetal.16.

In this formula, ¢ is the secondnvariantof the strain-rateensor P is the pressureandT
thetemperature.

c) In this paper a viscosity profile is deducedhat dependsonly slightly on mineralogi-
cal assumptions.The Birch-Murnagharequationwas employed to derive the Griineisen
parameterand other physical quantitiesas a function of depthfrom obsenational val-
uesprovided by the seismicmodel PREM (Dziewonski and Andersord). We computed
the melting temperaturel},,, anda nev mantleviscosity profile, called eta3 usingthe
GruneiserparameterLindemanns law andsomesolid-statephysics. We usefor the vis-
cosity, n, theformula

0r0.08) =107 1) x0Tl (705 7y )| @

whereT,, is thelaterally averagedemperaturey; theradius,f the colatitude ¢ thelongi-
tude,t thetime, ¢; a constanty,, the viscosity-level parameter

3 Results

Beforewe shaw the global distribution of the differenttypesof solutionof the modelby
variationof the parameterswe presentwo typesof solutionby two specificruns: Case
530is a run without platesnearthe surface, but elseit is rathermantle-like. Run 574
shaws plate-like movementsearthe surfaceandelseit is alsomantle-like. Fig. 1 shavs
thepresent-dayaterally averagedemperaturdright solid line) obtainedby run 530using
the directly computedmelting temperaturelf we repeatthis run with a melting temper
aturewhere,in the upper15 GPa of the mantle,our theoreticalT,,,-curve is replacedby
experimentalvaluesof ZhangandHerzbeg*? (SeealsoZerr at al.*!), thenthe left solid
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Figure5. Theevolution of thequantitiesgqob, Ror, Ray andEkinUM. Seetext.

line standgor 7. In this case the surfaceheatoutflow is larger Run530is for r,, =0
ando, = 180MPa . For comparisontherangeof possiblemantlegeothermaccordingto
Schuberetal.?® is shavn. Labela andb denotegeothermf whole-mantleandpartially
layeredcorvection,respectiely. The dottedline nearthe surfacecorrespondso aridge
geotherm.Fig. 2 presentghe laterally averagedviscosity of run 530 for the geological
present. It reflectsthe essentiafeaturesof eta3 For lack of spacejt is not possibleto
deduceeta3in this paper In the following, only somehints aregivento malke the high-
viscositytransitionlayerplausible . We adoptthe usualassumptiornthatthesubductingslab
of thereal Earthis coolerthanthe surrounding.Therefore the downgoingoceaniditho-
spherehasa higherviscositythanthe surrounding.If the slabpenetrates highly viscous
layeron its way to the depththenshearstressshouldbe collectedthatwill bereleasedn
earthquaksin the short-periodange.Thisis indeedobsened (SeeFig. 3). Basedon ex-
perimentaimineralphysics,alreadyKaratoetal.'s concludedhatthetransitionlayer has
a higherviscositythanthe neighboringlayers(SeeFig. 4). The segregationof the early
Earthinto a primordialsilicatemantleandaniron corewasfinishedat anageof 4490Ma
or earlier Therefore,our dynamical-eolution modelsof the Earth’s mantlestartat this
age.Thefirst panelof Fig. 5 shavs the laterally averagecheatflow atthe Earth's surface,



Case 530 Temperature 2002.
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Depth = 1.348e+02 km meridian 180° midmost 1431,
Time = 4.497e+09 a0 Age = —1.096e+00 Ma

Max vel = 1.177e+00 cm/a Av hor vel = 4.673e-01 cm/a 1145,

859.

574.

288.

Figure6. Equal-aregplot of run 530 with o, = 180MPa in 134.8km depth. This caseis not platelike (See
text).
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Figure7. Equal-areglot of run530in 632.8km depth(Seetext).

gob, asa function of the time in the past. The present-dayalueis very realistic. The
secondpanelrepresentthereciprocalUrey number Ror. Thetemporalaverageof Ror is
called Ror. The quantity Ror of run 530is 1.339. Schuberetal *° estimatethe possible
interval for EarthandVenus:1.25 < Ror < 1.67. Thethird panelof Fig. 5 presentghe



Figure8. Obseredlithosphericplatesandtheir lateralvelocitiesrelative to the high-viscositylayerof thelower
mantle.(a)0-10Ma ago,(b) 43-48Ma ago.Accordingto Lithgow-BertelloniandRichards?.

Case 574 log viscosity (Pa s) 24.17
Temb Var. 3a, eta3, ys=1.35e8 Pa 23.90
Depth = 1.348e+02 km 23 64
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Figure9. Equal-aregrojectionof run 574 with oy, = 135 MPa for the geologicalpresent.Arrows denotethe
creepingvelocity, colorsstandfor theviscosity

evolution of theRayleighnumber Ra s, thatis givenby
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Figure10. Thecharacteof the solutionsasa function of the viscosity-leel parameterr,,, andtheyield stress,
oy. Furtherexplanationsseetext.

wherep is the density o thermalexpansioncoeficient, g gravity accelerationf. depthof
the layer, @ is the heatgeneratiorrate per unit volume, g. the heatflow at the CMB,
thermaldiffusivity, & thermalconductvety. Thequantityn,; is givenby

log 1, = (logn) (4)

Thebraclet () denotes volumetricaverage Thefourth panelshovs thekinetic enegy of
UM corvection. Thisis perhapsa measuref the orogeneticactivity. Of coursethe posi-
tion of themaximais notvery stablefrom runto runwhereasheevolution of gob, Ror and
Rag donotvaryverymuchfor investigategpbarameterange(SeeFig. 10). Fig. 6 presents
thetemperaturelistribution (colors)andthe creepingvelocities(arrows) for thegeological
presenin adepthof 134.8km. For plate-like casesthevelocity is plate-like in this depth,
yet. But run 530 doesnot shav platetectonics. However, the downwellingsaretatular-
shapedFig. 7 shanvsthe continuationin 632.9km depth: The slab-like featurescrossthe
high-viscositytransitionlayer They areonly partly joinedwith eachotherasthe slabsof
thereal Earth. Contraryto thereal subductingslabsof the Earth,the downwellingsof the
modeldescenperpendicularlyThisis notamazingsincethemodelcontainsno continents
upto now. Contraryto othermodelsFig. 6 shavs alreadyan Earth-like distribution of the
thin downwellings. The 7;7™¢-spectrum(not shovn) is alsoEarth-like. Panel(a) of Fig.
8 presentghe obsened creepingvelocitiesat the present-daysurfaceof the solid Earth,
panel(b) shaws this obsened movementsA3-48Ma ago. This platelike obsenationsare
in contradictionto Fig. 6 of run 530. Therefore,we repeatthis run changingonly one
parameter:Case574 was calculatedwith a yield stress,o,, of 135 MPa. Fig 9 reveals
piecevise plate-like movementsn 134.8km depth. The distribution of the velocitiesat
the surfaceis nearlythe same.Colorssignify theviscosity Subductiorzonesandspread-
ing zoneshave reducedviscosity In correspondingqual-areglots of greaterdepth,cold
narrow stripesaresituatedoerpendicularlypeneaththe subductiorzonesof Fig. 9. Sucha
type of solutionis characterizedby little black diskswith a white centerin Fig. 10 where
theresultsof thevariationof the parameterareshowvn. Theviscosity-lesel parameterr,,,
is amonotonoudunction of atemporallyaveragedRayleighnumber Fig. 10 shavsthree



othertypesof solution,yet: Plussignsdenoterunswithout platesbut with thin elongated
slab-like downwellings. Run 530 belongsto thattype. Asterisksrepresentunswithout
surfaceplatesand without slab-like downwellings. White circles standfor runswithout
platesnearthe surfacethat have a wide-meshechetwork of broad downwellings. The
conclusionganbe foundin the abstract.

4 Numerical Method and Implementation

The solutionsof the systemof differential equationsof corvectionin a compressional
sphericalshell are obtainedusinga three-dimensiondinite-elementiscretizationa fast
multigrid solver andthe second-ordeRunge-Kuttaprocedure.The meshis generatedy
projectionof aregularicosahedromntoaspherdo divide thesphericakburfaceinto twenty
sphericaltrianglesor ten sphericaldiamonds.A dyadic meshrefinementprocedurecon-
nectsthe midpointsof eachside of a trianglewith a greatcircle suchthat eachtriangle
is subdvidedinto four smallertriangles. Successie grid refinementgeneratean almost
uniform triangulardiscretizationof the sphericalsurfaceof the desiredresolution. Cor-
respondingneshpoints of sphericalsurfacesat differentdepthsare connectedy radial
lines. The radial distribution of the differentspherical-suidcetriangularnetworks is so
thatthe volumesof the cells arenearlyequal. More detailsaregivenby Baumgardner?,
Bungeet al.” andYang'®. For the multitude of runswe neededor our parametestudy
we emplogyedameshwith 1351746nodes.Somerunsweremadewith 1064973Modesto
checkthecornvergenceof thelower resolutionruns. Theresultis thatthelaterallyaveraged
heatflow, the ratio of heatoutflow to radiogenicheatproduction,the Rayleighnumber
andthe Nusseltnumberasfunctionsof the time shov hardly ary discernablalifferences
(< 0.5%). Calculationswereperformedon 128 processorsf a Cray T3E. The codewas
benchmarkdfor constanwiscositycorvectionby Bungeetal.” with numericalresultsof
Glatzmaiet? for Nusselnumberspeaktemperaturesandpeakvelocities.A goodagree-
ment(< 1.5%) wasfound.
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