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Geophysical and geochemical models of mantle convection:
successes and future challenges

YanickRicardandNicolasColtice

Laboratoirede Scienceslela Terre,EcoleNormaleSuperieurede Lyon, Lyon, France

Abstract. Althoughmoreandmorerobustevidencefor whole mantlecornvection
comesfrom seismictomographyand geoid modeling,the rare gasesand other
isotopic or trace elementsignaturesof ridge and hotspotbasaltsindicatethe
presenceof variousisolatedgeochemicaleserwirs in the mantle. We discuss
this discrepang betweerfluid dynamicviews of mantlecorvectionandchemical
obsenations. We comparethe standardnodel of geodynamicistsvherethe
mantlebehaesasa fluid mostly heatedrom within with the findingsof seismic
tomography We suggesthat a significantpart of the subductedceaniccrust
transformsinto denseeclogitic assemblagesnd partially segregatesto form a

layer that hasgrown with time above the Core Mantle Boundary(CMB) and
shouldcorrespondo the D” layer of seismologicaimodels(~280 km thick).
We shov how a two componenimarblecake mantlefilling the whole mantle
exceptD” canaccountfor the variability of Oceanlsland Basalts(OIB) and
Mid-OceanRidge Basalts(MORB) in rare gases.We thenpresenthe stateof
theartin thermochemicatonvectionof the mantleandemphasizéhe numerical
and conceptuaprogressghat mustbe madeto provide a quantitatve testof the

geochemicahypotheses.

1. Introduction

Geochemistsseismologistsand geodynamicistdry to
understandhe behaior of our planetby meansof very dif-
ferenttools. Theobsenationsof geochemistprovideatime
integratedview. Theisotopic,traceor major elementcon-
centrationgndratiosthatthey measuraretheresultsof 4.5
byrsof dynamicsthatincludesmajoreventslike coresegre-
gationandthe formationof the continentalcrust. Seismol-
ogists,on the otherhandhave only accesgo a snapshobf
this evolution, namelythe present-dagtructureof theEarth.

Thereare no olvious reasongo believe that the time-
integratedandtheinstantaneougiews of theEarthshouldbe
identical. Using experimentallymeasuregarameterglike
densitiesviscosities)and physicallaws (mass,enegy and
momentunconseration),geodynamicisthave thedifficult
taskof proposinga scenaridhatis consistentvith thesetwo
viewpoints.We arefarfrom adetailedunderstandingf how
the mantleworks, but at leastwe can describewherethe
problemsareandsuggessomepossiblesolutions.

2. The mantle seen by geophysicists

Thestrikingadvancesn mantletomographyn thelast20
yearshave madeit difficult to believe thatmantleflow can
be stratifiedat ary depthby ary sharpdiscontinuity Since
thefirst globalimages20yearsago,inversionmethodshave

beenimprovedby moreprecisdocationof the events,local
grid refinementgBijwaardet al., 1998),multibouncephase
modeling(Grandet al., 1997),a moreaccuratedescription
of wave propagationMontelli et al., 2003),etc. Although
therearestill significantdifferencesdetweertheresults,all
modelssharesheet-lile fast structuresreminiscentof past
subduction. Thesestructuresare very well definedunder
NorthandCentralAmerica(throughmostof themantle)and
belov the Tethyansuturefrom the Mediterranearseato the
northof Australia(atleastdown to mid mantle).

Thesetomographicobsenrationsrule out a strict strati-
fication of the mantle. This of coursedoesnot meanthat
slabspenetratéhe lower mantlewithout difficulty, nor that
all slabsreachthe core-mantléooundary In variousplaces,
like aroundthe Philippine plate or Tonga, folded slabsor
slabsflatteningin thetransitionzoneareobsered(Fukaoet
al., 2001). In otherplacesthe sheetstructureof the fossil
slabsseemdo fadeaway aroundmid-mantledepthsor are
replacedby fingerlike downwellings. Thesetwo obsena-
tionsarein goodagreemenivith geodynamianodels.

The oceanidithospherecoolsover a thicknessL during
its thermalcontractiorin spreadin@ttheseafloor. Thether
mal diffusionequationmpliesthewell known relation

L? ~ 4Dt, @

where Dy, is the thermaldiffusivity and ¢ the age of the
lithosphere. The samediffusion equationimplies that this
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lithospherereheatsafter a time of ordert/4 in the deep
mantle (the lithosphereis cooledonly from its top but is

reheatedrom both sides). This meansthat the lithosphere
lastsaround30-40myrsin themantlebeforehalvingits tem-

peraturedeficit. With a sinking velocity of 2 cm/yr in the
lower mantle, this lithospherecan travel down to the mid

lower mantlebeforebeingsuficiently reheatedo looseits
integrity. Thisindeedcorresponds$o the depthwheremary

slabsobseredby tomographyin the shallover mantleseem
to fadeout. This simplecalculationagreesith morerealis-
tic numericalsimulationgBungeetal., 1998).

Thelikely viscosityincreasehroughthe transitionzone
causesa decreasén the sinking velocity of the subduct-
ing materialandin the dip angleof the descendinglabs,
similar to a refractionkink. The effects of phasechanges
from ringwooditeto perovskite plus oxides,thatoccurat a
greaterdepthin the cold slabsthanin the surroundingnman-
tle, alsotendto affectthe slabpenetratiorin thelower man-
tle. Whentheseeffects aretaken into accountin addition
to potentialtrenchmigrations(roll-back), numericalsimu-
lationsare ableto reproducdn a very realisticway all the
complities of mid mantle slab trajectories,but the con-
clusionis thatviscosityincreasesphasetransitionsandroll
backdo notimpedea largescaleflow throughouthe mantle
(Christensen1996). A comparisorbetweentomographic
imagesand paleogeographiplate reconstructionshowvs a
closeagreemenbetweerthefaststructuresndthepositions
of CenozoicandMesozoictrenchesat global (Ricardetal.,
1993)andregionalscalegVanderVoo etal., 1999).

Subductionremoves primitive and radiogenicheat by
burying cold lithosphereat greatdepths. Thereare various
indicationsthat this is the major sourceof buoyang/ that
drivesthe mantle(Bercwici et al., 2000). The returnflov
associateavith theseactive downwellingsis mostly passie
andshouldconsistof auniformupwellingflow with anaver
agedvelocity atleastoneorderof magnituddower thanthe
slabsinkingvelocities(in the proportionof the surfacearea
of thedescendinglabsto thesurfaceareaof theEarth).As a
simplenumericalexample the downgoingvelocitiesshould
be of the orderof 10 cm/yr in the uppermantle,anda few
cm/yrin the lower mantlewhereviscosityincreasedy one
or two ordersof magnitude. Exceptfor the velocitiesof ac-
tively rising materialin plumes,the backgroundupwelling
velocitiesshouldbe arounda few mm/yr. This behaior is
very differentfrom what occurswith a bottomheatedfuid
whereupwellingsand downwellings have similar absolute
velocities. The flow regime is suchthat a completeover-
turn in the internally heatedmantle (transportfrom ridge
to trench, subductionthroughthe whole mantle,and back
to the ridge) is controlledby the returnflow, is thus very
slow andthetime scaleis of the orderof 1 byr. This simple
scenarioindicatesthat isotopicratiosinvolving radioactve
chainslike U-PbandRb-Srhave enoughtime to evolve and
generat@bsenableheterogeneities.

Therole of plumesin corvectionmodelsis to carry the
excessheatout of a hot boundarylayer. No experimental

or numericalmodelhasever generateghlumesfrom within
of a corvectioncell. An obvious candidatefor the source
of hotspotss the core-mantldboundarywhereheatdiffuses
out from the corethroughta thermalboundary The exis-
tenceof otherthermalboundarylayersin themantle,at670
km depthor morespeculatrely on top of anabyssalayer,
hasno clearobsenationalsupportCastleandvanderHilst,
2003). The plumesthemselesarevery difficult to obsere
althoughstriking progresshas beenmadein recentyears
(Nataf and VanDecay 1993; Montelli et al., 2003). This
difficulty comesfrom their expectedvery smalldimensions
andlow excesstemperature Accordingto geodynamicists,
hotspotsarrybuoyangy fluxesfrom 7000kg s ! for Hawaii
to 300kg s ! for thesmallerdetectablenes(Davies,1988).
Their excesstemperaturés only ~250K (Sleep,1990)and
theirascenvelocityshouldbesignificantlylargerthanatyp-
ical plate velocity to resistentrainmentby the large scale
mantleflow (SteinbegerandO’Connell,1998). Thesefig-
uresimply radii of the orderof 10 km up to 100 km for
the strongesplumes,indeedvery smallto be detectedwith
presentechniques..

Thisagreemenbetweersimplethermalinternallyheated
corvectionandseismicobsenrationsis only first order Seis-
mologistshave obsenedvariousstructuresn the deepman-
tle thatprobablyhave chemicalorigins. In D" nearthecore-
mantleboundary(CMB), diffractive bodies(Weber 1996),
anisotroy (Vinnik etal., 1995),andultra-low velocityzones
(Garneroand Helmbeger, 1995), suggestcomplex small
scalethermochemicaprocesses.At a larger scale,subtle
contradictionsbetweenP- and S-wave models(for exam-
ple,anti-correlation®f theanomaliesandchangesn Vp/Vs
ratios)also point to chemicalvariationsin the deepmantle
(Saltzeretal., 2001). Increasecompleity in the modelsis
necessaryor seismologistaswell asfor dynamicists.The
densityvariationsin the mantlearenot only dueto thermal
expansiorbut arealsorelatedto mineralogicabndchemical
variations.

3. Geochemical observations

The differentiationof the mantlethroughmelting, alter
ation and other processe$assignificantly transformedhe
initial distribution of chemicalelements. For this reason,
thegeochemistrpf mantlederivedrockscontrikbutesto con-
strainingmodelsof mantledynamics.

Theinitial bulk chemicalcompositionof the Earthin re-
fractory elementds modeledusingthe chemistryof mete-
oritesandespeciallycarbonaceoushondritesthe supposed
parentbodiesof our planet(McDonoughand Sun, 1995).
The initial compositionin volatile elementsis still ques-
tionedsincesignificantvolatilizationprobablyoccurreddur-
ing EarthsaccretionTyburczyetal., 1986).During Earth’s
differentiation,somechemicalelementsareretainedin the
silicated mantleand crust (the lithophile elements) pthers
formiron alloys in the core (the siderophileelements).For
refractorylithophile elementsand isotopes,the difference
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betweerthepresent-daghemistryof themantleandtheini-
tial compositiorreflectsthe history of mantleevolutionand
mixing.

Thesimplesimodelof present-daglistributionof lithophile

elementsis to supposethat the primitive mantle evolved
throughextractionof thecrustleaving aresidualmantle.As

aconsequencehechemistryof the continentatrustshould
be complementaryo the present-daynantlerelative to its

primitive composition. A simpletestcanbe performedwith

uranium(which is alsovalid for mostotherelements):the
continentalcrust containsat most 3.9 10'¢ kg of uranium
(RudnickandFountain,1995)andthe whole mantlewould

contain3.210'¢ kg (Jochumet al., 1983)assuminghatits

compositionis similar to that of the shallov mantle. This

would make a total of 7.1 106 kg of uraniumfor the sil-

icate Earth. However, the primitive mantleshouldcontain
8.410'% kg of uranium(McDonoughand Sun,1995). At

least15%of theuraniumis thereforemissingin thebalance.
Onecouldstorethemissinguraniumin theoutercore,which

thenwould have a uraniumconcentratiorsimilar to that of

theshallov mantleof 8 pph This seemshighly improbable
asuraniumis not a siderophileelement.The othersolution
is to invoke at leastonemorehiddendomainhaving a com-
positiondifferentfrom thatof theshallov mantle thatunlike

theshallov mantlecannotbe sampled.

Thecomposition-elumetradeof of this reserwir canbe
derivedfrom themasshalance

Mpmcpm = Mc.Coc + M3 Csm + thh; (2)

where M; andC; arethe massandthe concentratiorof an
elementin a reserwir i. The reserwirs are the primitive
mantle, pm, the continentalcrust, cc, the shallav mantle,
sm anda hiddenreserwir h. We have shadedn Figurel
the possiblerangeof massand compositionof this reser
voir for two elementsuranium(U top) and aluminum(Al

bottom). The possibleconcentrationsf this U- andAl-rich

hiddenreserwir areof coursehigherthanthosein the shal-
low mantle(SM). This graphshaws thata hiddenreseroir
thesizeof thelowermantlewould notbeprimitive, sincethe
U andAl contentgliffer fromthoseof thebulk silicateEarth,
BSE.A primitive reseroir would represenbnly 30-60%o0f
the massof the lower mantle;if D” is the hiddenreseroir

(~280km thick on top of the core-mantleboundary)jts U
andAl contentsvould beroughlysimilarto thatof MORBs.
A reserwir with avolumeandconcentrationsomparabléo
thatof thecontinentatrust,CC,wouldbeacceptabléor the
U budgetbut would not containenoughAl.

Anothersourceof informationcomedrom isotopes.Two
isotopesof the sameelementdo not fractionateuponmelt-
ing andso the eruptedmaterialhasthe sameisotopicratio
asits source. However, melting, or other modification of
rocks (e.g. dehydrationalterationand phasechangeskan
fractionateheparent-daughteatiofor radioactveisotopes.
The elementghatconcentratén the melt arecalledincom-
patible thoseremainingn theresiduearecalledcompatible.
As a consequenceg melt and a residuewill have signifi-
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Figure 1. Thepossibleconcentrationsf two lithophile in-

compatibleslementgtop uranium bottomaluminum)in the
hiddenreserwir asafunctionof masf thisreserwir arein-

dicatedby shadevedareas.To accounfor theabundancef

theincompatibleelementsn the bulk silicate Earth (BSE),
the continentalcrust(CC) andthe shallov mantle(SM) are
notenough A hiddenreserwir is necessarwith alithophile

incompatibleconcentratiordargerthanin the shallov man-
tle. Thisreseroir couldhave arathersmallvolume(lik ethat
of D”) but beveryrich in incompatibleelementgwith con-

centrationsomevhatsimilar to thatof subductedORBS).
Alternatives could be a lower mantle someavhat depleted
in U andprimitive in Al or a thick primitive abyssallayer
(~50%of thelower mantle).
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cantlydifferentisotoperatiosafteratime comparabldo the
radioactve decaytime.

We will notdiscusghewholeisotopetaxonomyof man-
tle derivedrocks,but oceanidslandbasalt§OIBs) andmid
oceanridge basalts(MORBSs) display a specific diversity
(seeHofmann,1997for areview). At theendof the80’s, Sr,
Nd, Pbwerethemoststudiedisotopesystemsandaspecific
effort was madeto define mantlepoles(Zindler and Hart,
1986). DMM (depletedMORB mantle)was the mostde-
pletedMORB sample HIMU wasthe samplewith the high-
esttimeintegratedJ/Pbratio,EM-1 (enrichednantlel) was
thesamplewith thelowest'43Nd/*44Nd andEM-2 (enriched
mantle2) wasthesamplewith thehighes®”SrféSr. Further
analyticaldevelopmentsn chemistryhighlightednew poles
for new isotopesystemgSchianoetal., 1997). Suchpoles
areconceptsatherthanobsenedsamplesndcorrespondo
singularratherthancommoncompositions.

However, thesevirtual polescanbe associatedavith geo-
logical/petrologicaend-membersFor example,the HIMU
poleprobablyreflectshepresencef ancientalteredcrustin
thesourcgHofmannandWhite, 1982).Variousisotopesys-
temscanbe usedto identify the petrologicalcomponentin
the sourceof magmadike 80, Os, Hf andthe presencef
ancienioceanicrustsectiondasbeendetectedn thesource
of MORBsandof all OIBs (Eiler etal., 1996;Schiancetal.,
1997;Blichert-Toft, 1999).

Theseobsenrationsshav that the mantleis madeof a
heterogeneousixture of rocksthat have differenttime in-
tegratedhistoriesof differentiation. For somesamplesthe
time neededo developtheirspecificsignatures of theorder
of 2 billion years(Hofmann,1997). In general the homo-
geneityof MORBscontrastsvith theheterogeneitpf OIBs,
but for someisotoperatiosthe diversityis comparableThe
factthatvarioushotspotsareassociatevith volcanicchains
thathave crossedidgesindicateghatthesehotspotstleast,
andwethink all hotspotshaveadeeporigin (Richardsetal.,
1989). The heterogeneityf OIBs shouldreflectthe hetero-
geneityof thedeepmantle.

Volatiles provide information on degassing,especially
light noblegaseghatarenotregycledinto the mantle. The
3He/*He ratio evolvesthroughdegassingof the stableiso-
tope3He, andthroughradiogenicgrowth of 4He produced
by decayof U andTh. The standardnterpretatiorof higher
3Hef*He ratios in someOIBs, like Hawaii or Iceland, is
that their sourceis rich in ®He, hencemostly undeyassed
(All égreetal., 1986).For thatreasonmary authorssuggest
that thereare still someundagassedockswithin the con-
vective mantle,andhypothesizehe existencea deepprimi-
tivelayer, sometimesdentifiedwith thelowermantle which
would alsocontainthe missingincompatibleslements.

Argonis abettercandidatehanheliumto monitorthede-
gassingf theplanetsinceit doesnotescapdrom Earthsat-
mosphereynlike helium. It is well known thatabouthalf of
theargon-40thathasbeenproducedy potassium-4@ecay
hasnotbeendegasse@ndcannotefoundin thecontinental

crustor the shallav mantle(All égreetal., 1996). However,

the argon budgetis controlledby the potassiumbudget,a
volatile elementfor which the bulk abundances not well

known. Assumingthefrequentlyquotedk/U ratio of 12700
(Jochumet al., 1986),a primitive, undeggassedower man-
tle would closethe budget. However, a whole mantlewith

shallov mantlecompositionsimilar to that of the sourceof
MORBSs overlying a potassiunrich D" layer madeof seg-

regatedoceaniccrust,is anotherway to closethe budgetif

thebulk EarthK/U ratiowas20%lower (ColticeandRicard,
2002).

In conclusion every isotopesystemcan potentiallypro-
vide a constrainton mantlehistorybut the signalis not easy
to interpretin termsof mantledynamics.The major obser
vationsare (a) that MORBs andOIBs oftendiffer in regard
to their isotopesignatureand heterogeneity(b) subducted
rocksareregycledin the mantleanddominatewithin some
plumes,(c) noblegasessuggesthatrockswith variousde-
greesof degassingcoexist within a vigorously corvective
flow.

4. Physicsof mixing

Thechemicaheterogeneitiesf themantlemayhave dif-
ferentorigins. Theinitial chemicalconditionsof the mantle
whenplatetectonics,or somekind of corvectionstarted,is
certainlypoorly known. Variousresearcherbave discussed
the possiblesurvival of primitive materialin the form of a
continuougdeeplayer (Kelloggetal., 1999)or of entrained
lumps(Becleretal., 1999). Theheterogeneitgouldalsobe
themereconsequencef platetectonics.Theoceaniaidges
associateavith the divergentmotion of the platesentrained
by subductioninducean adiabaticmelting dueto pressure
release.The chemicalelementsarepartitionedbetweerthe
basalticmelt and the residual. This is of coursea major
sourceof mantleheterogeneities.

Whetherthey are primitive or regycled, heterogeneities
arethenentrainedy corvectionandmixedbackin theman-
tle. Ultimately, completemixing is obtainedwhenchemi-
cal diffusionhaserasedheheterogeneitieddowever, with-
outdeformation(stirring), the chemicalsolid-statediffusion
aloneis anincredibly slow process.The diffusivity of ura-
nium for exampleis of order D, ~ 10719 m?s~! (Hof-
mannandHart, 1978).Sincetheformationof theEarth(4.5
byrs), uraniumwould only have migratedby 20 cm. Even
noblegaseghataremary ordersof magnitudanoremobile
thanuranium,D.p, ~ 1013 m? s~ (Trull andKurtz,1993),
would only have migratedby 200 m. Without stirring, ele-
mentsarebasicallyfrozenin themantle.

However, the mantleis not steadyand corvectionstirs,
stretchesandfolds the heterogeneitiesntil they reachsmall
enoughdimensionswherediffusioncanbeefficient. To pro-
vide a quantitatve understandingf theinteractionbetween
deformationanddiffusion, we canconsidera heterogeneity
localizedin aninfinite stripe of thicknessa(t) andassume
thattheconcentratioronly variesin they direction,perpen-
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dicularto the stripe. Insteadof writing the diffusion equa-
tion in an Eulerianfix ed frame as usual,we canwrite the
elementalbalanceacrossthe deformingstripe itself; using
the Lagrangiarvariableg = y/a(t), one candemonstrate
thatdiffusionproduces

dC _p (@ &C
dt ~ " \alt)) diz’

Stretchingthereforeincreaseshe apparendiffusivity by a
factor (ag/a(t))2. By analogywith the usualdiffusion so-
lution, one canguessthat a stripe of initial thicknessag is
erasedy diffusionafterahomogeneisatiotime ¢, sothat

th 2
a3 ~ 4D, /O (%) du. (4)

Althoughwe have not performeda rigorousdemonstration
of the two previous equationsthe resultagreeswith more
sophisticate@pproachege.g. Kellogg and Turcotte,1986;
Olsonetal., 1984).

To performsomequantitatve estimatesye canconsider
a heterogeneityn a stronglytime dependenfiow. In this
casethe distancebetweentwo points grows exponentially
with time (Ottino, 1989)andasin apuresheamdeformation,
onehas

®3)

a(t) = ag exp(—At). (5)

The parameterd hasthe dimensionof a strainrate; it is,
however, an effective strain rate computedalong the La-
grangiantrajectoriesof the flow andit is not equivalentto
the instantaneoustrainrate ¢ of the flow. The quantity A
is alsocalleda finite-time Lyapuna exponentandevenfor
very simple flows, its relationshipwith the averagestrain
rateis far from beingobvious(FerrachatindRicard,1998).
In generalt alsodependsntherheologicapropertieof the
heterogeneityvith respecto its surroundinggdu Vignaux
and Fleitout, 2001). Combining(3) and (5) indicatesthat
in time dependenfiows, theapparentiffusivity depend®n
theLyapuna exponentd andvariesexponentiallywith time
like D, exp(2At). Equation(4) implies

1 Aa?
hY oA % Doy

t (6)

Numericalapplicationconsideringhefateof ananomaly
relatedto formeroceaniccrust(ag = 7 km, A = 5 10~16
s~!) indicatesthat it retainsits He during 395 myrs, and
its U for 835 myrs. The correspondinghicknessof the
crustallayerwhenheliumanduraniumdiffusesout,arel4m
and1.4cmrespectiely. Thevery large differencebetween
the diffusioncoeficientsof thesetwo elementq6 ordersof
magnitudehasonly amoderatémpactontheirretentionin-
sidetheadwectedanomaliegafactor2 in theretentiortime).
The mixing (stirring+diffusion)actsin a very differentway
from the slow usualdiffusion: for timeslessthanthe homo-
geneisatioriime t;, the elementsarefrozenin theflow after
thistime, they suddenlydiffuseout exponentially

Anotherimportantpointthatsometimegreates misun-
derstandingoetweengeochemistand geophysicistss the
quantity of primitive materialthat may have remainedun-
processetdh themantle.In corvective flow, heterogeneities
areconstantlyfoldedandstretchedasthesizeandthe num-
berof heterogeneitiedecreaseghe probability of their be-
ing sampledundera ridge alsodecreasesThe quantity of
primitive materialsurviving corvectionthereforevariesex-
ponentiallywith time. Dependingon the way the time de-
pendencef Earths mantlecorvectionis parametrizedand
assumingwhole mantle corvection, the remaining primi-
tive materialcan accountfor 40% (even 60% in someex-
tremecases}o lessthan3% of the mantlemass(vanKeken
andBallentine,1998; Ferrachataind Ricard, 2001; Davies,
2001). Thefractionof undegassednantleis very uncertain
anddepend®nvariousassumptionsegardingthe historyof
mantlecorvection,therheologicalpropertiesof the mantle,
the way the magmaextractionis modeledandthe present-
dayahundanceof radiogenicheatsourcesAt leastwe know
thata significantpartof the mantleis still undegassedThe
obsenationthat40% of the Ar produceds still in theman-
tle is notsurprisingin itself. Howeverthe primitive material
shouldbe mostlyin the form of stripes,blobs,etc. of vary-
ing ages,partly erasedby diffusion ratherthan taking the
form of a homogeneousarge scalereserwir. The primi-
tive materialshouldbe intrinsically mixedwith theregycled
componentandshouldalso constitutea componenof the
shallov mantle.

5. A whole mantle marble cake model

Subductiorof oceaniccrustis oneof the majorobsenra-
tionsleadingto platetectonictheory The descendinglabs
canbetracked within the mantleusingseismologyor grav-
ity. After several tensof myrs, they arethermally equili-
bratedwith the surroundingnantleandalmostundetectable
by seismology Slabsarethenfoldedandelongatedy con-
vective mixing anddispersedverywheren themantle.

The conceptof a marble-cak mantle, introducedby
All egreandTurcotte(1986)explainsto first orderthe petro-
logical and chemicalheterogeneityf the shallov mantle.
In this model, the shallov mantleis madeof two compo-
nents:peridotiteandpyroxenite. The pyroxeniterepresents
the oceaniccruststirredby corvectionembeddedn a peri-
dotite matrix. This is a well acceptediiew of the shallav
mantle supportedy field obsenationsandgeochemistrpf
mantlerocksand MORBSs. In peridotic massifslike Beni-
Bousserdhe pyroxenitelayershave centimetricthicknesses
which suggestghat the 7 km thick oceaniccrusthasbeen
stretchedby a factor 10°. In the marble-cak mantle,the
peridotiteis itself acomple« mixture. It containgheremain-
ing primitive materialthat,aswe have seenjs likely still to
exist in the corvective mantle. It alsoincludesin large pro-
portions,ancientdepletedithosphericmantle (from fertile
anddepletedherzoliteto residualharzlurgite). It mayalso
include the chemicalelementsof ancientcrustalfilaments
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belav the centimeterscalethathave beenwiped out by dif-
fusion.

We proposethat this modelfor the shallov mantlecan
be extendedto the whole mantleand can also explain the
geochemistnof OIBs andthe deepmantlestructure. Four
obsenationsfrom geochemistryneedto be reproduced:a
reserwir with highincompatibleelementoncentrationghe
regycling of the subductedcrust within OIB sources,the
higher®He/*He of someOIBs, andbettermixing of MORB
sourcescomparedo OIB sources.At the sametime, geo-
physicsstronglyarguesfor wholemantlecorvection.

The marble-cak model can explain the existenceof a
deepreseroir with highincompatibleelementcontent.The
subductedoceaniccrust transformsinto eclogitic assem-
blageswhich arelikely to be a few percentdensetthanthe
surroundingmantleexceptin a limited depthrangebelow
670km depth(Hiroseetal., 1999).Numericalmodelsincor-
poratingmineralogicakransformationgombinedwith vari-
ableviscosityproducea layerof subductearustat thebase
of the mantle,fed by slabsandentrainedoy plumes(Chris-
tensenand Hofmann,1994; Tackley and Xie, 2002). This
layeroftendisplaysanuneventhicknesswith interconnected
ridgescommonlyknown asa spole patternwith atotal vol-
umecomparableo thatof D”. Hence subductiorof oceanic
platescould have formeda deepresenoir, growing in time,
rich in incompatibleslementandpoorin primitive volatiles
thatcouldaccounfor theseismologicatompleities of D”.
We have seenin Figurel thatsucha layer canaccountfor
thebalanceof U andAl. It canalsoaccountfor thebalance
of otherincompatibleelementdik e rhenium(Hauri, 2002).
This layer would explain why all plumescontainrecycled
slabcomponentsThe presencef pilesof densematerialat
thebaseof thecorvective mantlecouldfavor therelative fix-
ity of hotspotgDavaille et al., 2002)andexplain their low
excessemperatur¢Farnetani 1997).

The marble-cak modelis alsoableto explain noblegas
isotopesAs seerbefore 2Heis thestabldsotope.It escapes
the mantlethroughmelting anddegassing.For this reason,
only the peridotic componentontainssignificantamounts
of thisisotope. The4Heis producedrom thedecayof U and
Th, which areconcentrateéh the crust. Thereforethe vari-
ability of 3He/*He ratios could be explainedfrom the vari-
ability of theregycledcrustfractionin themantlesourceof
basalts.

A two componentnantlewherethe massfraction of re-
cycledcrustis f, hasa heliumcompositionsuchthat

(1-1) [3He],m )
fHe + Q-1 [4He]p” (8)

wheres, per, andc¢ standfor source,peridotiteand crust.
Thesewo equationsrevalid for theMORB source(or shal-
low mantle,SM) andwe assumehat sucha sourcecorre-
spondsto a massfraction of ancientcrust, f, of 8% and
helium concentration®f 120 10~ mol g~! for He and
1.4 1072 for 3He (i.e.a®Hef*He ratio of 8 times the at-

Pre, =
[*Hel, =

mospheriaatio (Moreiraet al., 1998)). We furtherassume
thatthe ancientcrustis 1.5 byrsold andcontains70 ppb U,
similar to modernMORBSs. The obseredU contentof the
shallav mantle,7 ppb,would comepartlyfrom ancientcrust
contrituting5.6ppb(8%x 70ppb)andtherestfrom theperi-
doticcomponentAll theseestimatesaresubjecto largeun-
certaintiesbut the exactvaluesdo not affect our qualitative
results.

We cannow plot in Figure2 the predicted®He/*He ra-
tio asa function of the fraction of oceaniccrustin the OIB
source,f. For simplicity we assumehatthe corresponding
variability of U in thesameOIBsis only dueto the variabil-
ity in the sourceandthatall hotspotsfar from ridges,have
the samedegreeof partial melting, 1% (U in the magmais
~100timesthatin the source). This last approximations
certainly drasticbut allows us to have a direct correspon-
dencebetweerthefractionof crust(top horizontalaxis)and
theU contenbf themagmagbottomhorizontalaxis). It gives
averyreasonabléit to thedatatakenfrom varioushotspots.
The shallov mantlesourcecorrespond$®y hypothesigo a
massfraction of crustof 8% (top horizontalaxis); with a
melt fractionof 1% it would yield a basaltwith 700 ppb U
(bottomhorizontalaxis). A melt fractionof 10%,appropri-
ateto ridges,would produceatypical 70 ppbU MORB. Fig-
ure2indicateshatthehighesHe/*Heratio, corresponding
to that found for Loihi could be obtainedby mixing about
2% of ancientcrustwith peridotitewhereashe lowestra-
tios suchasthat for Tristanwould imply 35% of crustin
their source This modelimpliesthatthe 3He concentrations
in the sourcesof MORBs and OIBs areroughly the same
asthey vary with 1 — f which is 0.98 for Loihi, 0.92for
MORBSs, 0.65for Tristan. Only the *He concentrationslif-
fer.

This simpletwo end-membemodeldoesnot explain all
the geochemicapoles, but it accountsor other geochem-
ical isotopeobsenationsthat are also relatedto regycling
(ColticeandRicard,2002). Component®f the EM1, EM2
andHIMU polesindicatethe needto take into accountooth
continentaland oceanicsediments.However, the presence
of theseminoringredientdn the sourceof plumesarenotin
conflictwith the modeloutlinedhere. It seemdo us,atary
rate,thattheprimarydifficulty in matchinggeochemicahnd
geophysicaliews comesfrom the variability of noblegas
ratios.

The fact that MORBs are bettermixed than OIBs may
comefrom two mechanisms.First, the melting zonesof
MORBSs are samplinga muchlarger volume thanthoseof
OIBs, secondthe shallav mantleis filled with materialthat
is morethoroughlymixedthanhotspotswhich comefrom
a heterogeneoustagnanbottomboundarylayer. The pro-
cesf crustalsegregationmaintainghe presencef hetero-
geneitiemnearthe CMB.

As a conclusion,a two componenimarble cake mantle
canaccountfor the existenceof a deepreserwir rich in in-
compatibleelementsandfor thevariability of noblegascon-
centrationin mantlemagmas Moreover, this modelis con-
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Figure 2. Variousobserationsof 3He/*He as a function
of U contentin the magmasof various hotspots(bottom
horizontal axis) (Helium data are averagedfrom Kurz et
al. (1982),Grahametal. (1990),andHaryu and Kaneoka
(1997),U from SimsandDePaolo(1997),andChauel etal.

(1992)). Themodelline shawvs the predictedratio asa func-

tion of the massfraction of ancientcrustin a marblecake

mantlesource(top horizontalline). The presenceof crust
increasesheuraniumcontentout decreasethe *He/*He ra-

tio. ThecorrespondendeetweertheU contentof thesource
andthe magmaassumes uniform enrichmentn all OIBs

by a factor100. SM corresponds$o a hypotheticalmagma
obtainedby enrichingthe shallov mantlewith thesamefac-
tor. With apartialmeltingdegreeof 10%theshallav mantle
givestheusualMORB (®*Hef*He=8,U=70ppb).

sistentwith seismicobsenationsof deepslab penetration
andprovidesanorigin for D" formedfrom the segregation
of densecrust.

6. Toward thermochemical convection

Thepreviousdiscussiorin this papershowvs thattheonly
way to reconcileseismologyand chemistryis explicitly to
take accountof petrologyin geodynamianodels. Clearly
oneof themajorpetrologicaldensitycontrastghatexistsin
the mantleis that relatedto the differencein composition
andmineralogybetweerthe oceanicrustandtherestof the
uppermantle.

A long standingmodelfor uppermantlecompositionis
pyrolite. Pyroliteis thereforetakento be the averagecom-
position of the marble-cak mantlemadeof peridotiteand
pyroxenite.lts transformationsit high pressurgivesagood
fit to PREM(seeFigure3). Theoceaniccrustis muchricher
in Si thanpyrolite andhasa muchhigherFe/Mgratio. At
depth,basalttransformsnto a garnet/stisheite assemblage
andat approximately730 km depth,garnettransformsnto
perosskite/magnesioiistitewhile thestishwite remainssta-
ble. Stisho/ite and Fe-rich assemblageare significantly
densetthanthe olivine andthe Fe-poorassemblagesf the
normal mantle. The high Al contentslightly lightensthe
basalt. However, with the exceptionof depthsbetweer650
and730km wherethe basaltremainsasgarnetitewhile the
pyrolite hastransformednto postspinelphasestheoceanic
crustis a few percentdenser(seeFigure3). The mostde-
pletedresidueleft afterthe extractionof the crust(harztur-
gite) is only very slightly lighter thanpyrolite. From730to
~ 900km depth,thereis a generalagreementhat eclogite
is about3% denserthanpyrolite (Hiroseet al., 1999; Ono
etal., 2001). In the deepestower mantlethe densityevolu-
tion andeventhestructureof all the phasesnvolvedarenot
well known (Badroet al., 2003;Gillet et al., 2000). Figure
3 wascomputedusinga rigorousselectionof the equations
of stateof the variousmineralogicalphasegMatas,1999).
Evenat CMB conditions,it is inferredthat eclogitewould
be ~ 1.5% denser Otherauthorshowever suggesthanthe
eclogitedensitymayintersectthe averagemantledensityin
thelower mantle(Kessoretal., 1998;0noetal.,2001).

The introductionof petrologicalcomponentsn thermal
cornvection modelsis complex and the numericalsimula-
tionsintroducea lot of approximationsA continuousep-
resentatiorof the concentrationss impossiblesincefor af-
fordablemeshsizes,artificial numericaldiffusionwould be
muchlargerthanary realisticchemicaldiffusion. Themost
commonapproactconsistsn usingtracersadwectedby the
flow andcarryingchemicabpropertiegChristensemandHof-
mann,1994; FerrachaandRicard,2001; Tackley and Xie,
2002). The interpretationof the resultsof suchmodelsin
term of petrologyor geochemistnyis not straightforvard.
The adwectionof tracersdoesnot representhereal stretch-
ing of the materialand diffusion cannotbe taken into ac-
count. For statisticalreasons large numberof tracershave
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Figure 3. Densitiesof various petrologicalreferencesas
a function of depth,comparedwith the densityin PREM.

Thesedensitieshave beencomputedfrom the thermody-
namicpropertieof thevariousinvolvedphasesTheevolu-

tion of the phasediagramshave themselesbeencomputed
from Gibbsenegy minimization(Matas,1999). The pyro-

lite compositiongivesa ratherclosefit to PREM. The sub-
ductedcrustalwaysappearsignificantlydensethanPREM
exceptin anarrav zoneon top of thelower mantle.

to beusedevenin 2D (typically onemillion) and3D simu-
lationsarefor now out of reach. Moreover, the differences
betweenhotspotsandridges,i.e., betweencylindrical and
linearupwellingsdoesnot exist in 2D simulations.Another
approachconsistingin the adwectionof the chemicalinter-
facesis promisingin 3D (Schmalzland Loddoch, 2003).
Howeverto avoid the treatmenbf too corvolvedinterfaces,
topologicalsimplificationsare neededhat introducespuri-
ousdiffusion.

In additionto numericalproblems,modelersalso have
someconceptuaproblems.For all thermochemicahumer
ical codes thereis the difficulty of handlingthe formation
of the continentalcrust. This rateof formationcontrolsthe
chemicalandthermalbudgetof the Earth,but all thesephe-
nomenaare largely ignoredin corvectionmodels. The fi-
nal difficulty arisesfrom the needfor a realistic self con-
sistentrepresentationf surfaceplatemotionthatorganizes
themantleflow andis associatevith stablesubductiorand
moreerraticridges(Bercovici etal., 2000).

Variouspapershave presenteénddiscusse@D corvec-
tion modelswith petrologicalcomponent¢Christenserand
Hofmann,1994;SamueblndFarnetani2002;Xie andTack-
ley, 2003). Someof the ingredientsdiscussedabove are
indeedconfirmedby thesemodels. For examplethe rem-
nantsof primitive materialin the mantle and the delami-
nation of ~20-30%of the eclogitizedoceaniccrustat the
CMB (ChristenserandHofmann,1994). This segregation
occursmostly in the hot boundarylayer of the deepman-
tle, by Rayleigh-Rylorinstabilityin thethickestpartsof the
oceaniccrust. This favors the segregationof thick oceanic
plateausasalsoproposedrom geochemicahrgumentqAl-
bardeandvanderHilst, 2002). Thesegregationwould also
generatdong lasting chemicalheterogeneitiesearD”, in

the sluggishlower mantle. Somebasalticcomponentsnay
alsobetrappedust belov the 670km discontinuity(Mam-
bole and Fleitout, 2002). Without this segregation,no dif-
ferencesn the sizesor compositionf heterogeneitieare
found betweerthe upperandlower mantle(van Kekenand
Ballentine,1998).This conclusioris not affectedby amod-
erateviscosityincreasewith depthin the mantle,upto 2 or
3 ordersof magnitude(FerrachatndRicard,2001). How-
ever, dueto the exclusive useof 2D simulations,it hasre-
maineddifficult to predictpreciselywhatshouldbe sampled
in active upwellings (hotspots)and passie ridgesin these
models.

Tenyearsagogeophysicistendgeochemistsverework-
ing with very differenttools and conceptghat appeamow
equally naive. While geophysicistsvere mostly thinking
in termsof purely thermal cornvection, geochemistsvere
mostly intepretatingtheir obsenationsin termsof isolated
boxes. The basisfor a commonlanguagehas now been
setup, wherethe petrologicalcomponentgplay an impor-
tantrole andwherethetopologyof thereserwirs hasgained
muchcompleity. Ontheotherhand,a simpletool to study
mantle chemicalevolution is still unavailable until neces-
saryingredientdik e 3-dimensionalitya correctdescription
of petrology andcontinentalcrustevolution areintroduced
in thermochemicatorvectionmodels.
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