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

YanickRicardandNicolasColtice

LaboratoiredeSciencesdela Terre,EcoleNormaleSuṕerieuredeLyon,Lyon,France

Abstract. Althoughmoreandmorerobustevidencefor wholemantleconvection
comesfrom seismictomographyandgeoidmodeling,the raregasesandother
isotopic or traceelementsignaturesof ridge and hotspotbasaltsindicatethe
presenceof variousisolatedgeochemicalreservoirs in the mantle. We discuss
this discrepancy betweenfluid dynamicviews of mantleconvectionandchemical
observations. We comparethe standardmodel of geodynamicistswherethe
mantlebehavesasa fluid mostlyheatedfrom within with thefindingsof seismic
tomography. We suggestthat a significantpart of the subductedoceaniccrust
transformsinto denseeclogitic assemblages,andpartially segregatesto form a
layer that hasgrown with time above the CoreMantle Boundary(CMB) and
shouldcorrespondto the D” layer of seismologicalmodels( � 280 km thick).
We show how a two componentmarblecake mantlefilling the whole mantle
exceptD” can accountfor the variability of OceanIslandBasalts(OIB) and
Mid-OceanRidgeBasalts(MORB) in raregases.We thenpresentthe stateof
theart in thermochemicalconvectionof themantleandemphasizethenumerical
andconceptualprogressthat mustbe madeto provide a quantitative testof the
geochemicalhypotheses.

1. Introduction

Geochemists,seismologistsand geodynamiciststry to
understandthebehavior of our planetby meansof very dif-
ferenttools.Theobservationsof geochemistsprovideatime
integratedview. The isotopic,traceor major elementcon-
centrationsandratiosthatthey measurearetheresultsof 4.5
byrsof dynamicsthatincludesmajoreventslikecoresegre-
gationandthe formationof thecontinentalcrust. Seismol-
ogists,on theotherhandhave only accessto a snapshotof
thisevolution,namelythepresent-daystructureof theEarth.

Thereare no obvious reasonsto believe that the time-
integratedandtheinstantaneousviewsof theEarthshouldbe
identical. Using experimentallymeasuredparameters(like
densities,viscosities)andphysicallaws (mass,energy and
momentumconservation),geodynamicistshave thedifficult
taskof proposingascenariothatis consistentwith thesetwo
viewpoints.Wearefarfrom adetailedunderstandingof how
the mantleworks, but at leastwe can describewherethe
problemsareandsuggestsomepossiblesolutions.

2. The mantle seen by geophysicists

Thestrikingadvancesin mantletomographyin thelast20
yearshave madeit difficult to believe thatmantleflow can
bestratifiedat any depthby any sharpdiscontinuity. Since
thefirst globalimages20yearsago,inversionmethodshave

beenimprovedby morepreciselocationof theevents,local
grid refinements(Bijwaardet al., 1998),multibouncephase
modeling(Grandet al., 1997),a moreaccuratedescription
of wave propagation(Montelli et al., 2003),etc. Although
therearestill significantdifferencesbetweentheresults,all
modelssharesheet-like fast structuresreminiscentof past
subduction. Thesestructuresare very well definedunder
NorthandCentralAmerica(throughmostof themantle)and
below theTethyansuturefrom theMediterraneanseato the
northof Australia(at leastdown to mid mantle).

Thesetomographicobservationsrule out a strict strati-
fication of the mantle. This of coursedoesnot meanthat
slabspenetratethe lower mantlewithout difficulty, nor that
all slabsreachthecore-mantleboundary. In variousplaces,
like aroundthe Philippineplate or Tonga,folded slabsor
slabsflatteningin thetransitionzoneareobserved(Fukaoet
al., 2001). In otherplacesthe sheetstructureof the fossil
slabsseemsto fadeaway aroundmid-mantledepthsor are
replacedby finger-like downwellings. Thesetwo observa-
tionsarein goodagreementwith geodynamicmodels.

Theoceaniclithospherecoolsover a thickness
�

during
its thermalcontractionin spreadingattheseafloor. Thether-
maldiffusionequationimpliesthewell known relation

�������	��

�����
(1)

where
��

�

is the thermaldiffusivity and
�

the ageof the
lithosphere.The samediffusion equationimplies that this
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lithospherereheatsafter a time of order
��� �

in the deep
mantle (the lithosphereis cooledonly from its top but is
reheatedfrom 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 mantlebeforebeingsufficiently reheatedto looseits
integrity. This indeedcorrespondsto thedepthwheremany
slabsobservedby tomographyin theshallowermantleseem
to fadeout. Thissimplecalculationagreeswith morerealis-
tic numericalsimulations(Bungeet al., 1998).

The likely viscosityincreasethroughthe transitionzone
causesa decreasein the sinking velocity of the subduct-
ing materialand in the dip angleof the descendingslabs,
similar to a refractionkink. The effectsof phasechanges
from ringwooditeto perovskiteplus oxides,that occurat a
greaterdepthin thecold slabsthanin thesurroundingman-
tle, alsotendto affect theslabpenetrationin thelowerman-
tle. Whentheseeffectsare taken into accountin addition
to potentialtrenchmigrations(roll-back), numericalsimu-
lationsareableto reproducein a very realisticway all the
complexities of mid mantleslab trajectories,but the con-
clusionis thatviscosityincreases,phasetransitionsandroll
backdonot impedea largescaleflow throughoutthemantle
(Christensen,1996). A comparisonbetweentomographic
imagesandpaleogeographicplate reconstructionsshows a
closeagreementbetweenthefaststructuresandthepositions
of CenozoicandMesozoictrenchesat global(Ricardet al.,
1993)andregionalscales(VanderVooet al., 1999).

Subductionremoves primitive and radiogenicheat by
burying cold lithosphereat greatdepths.Therearevarious
indicationsthat this is the major sourceof buoyancy that
drivesthe mantle(Bercovici et al., 2000). The returnflow
associatedwith theseactive downwellingsis mostlypassive
andshouldconsistof auniformupwellingflow with anaver-
agedvelocityat leastoneorderof magnitudelower thanthe
slabsinkingvelocities(in theproportionof thesurfacearea
of thedescendingslabsto thesurfaceareaof theEarth).As a
simplenumericalexample,thedowngoingvelocitiesshould
be of theorderof 10 cm/yr in theuppermantle,anda few
cm/yr in the lower mantlewhereviscosityincreasesby one
or two ordersof magnitude.Exceptfor thevelocitiesof ac-
tively rising materialin plumes,the backgroundupwelling
velocitiesshouldbe arounda few mm/yr. This behavior is
very differentfrom what occurswith a bottomheatedfluid
whereupwellingsanddownwellingshave similar absolute
velocities. The flow regime is suchthat a completeover-
turn in the internally heatedmantle (transportfrom ridge
to trench,subductionthroughthe whole mantle,andback
to the ridge) is controlledby the return flow, is thus very
slow andthetime scaleis of theorderof 1 byr. This simple
scenarioindicatesthat isotopicratios involving radioactive
chainslike U-PbandRb-Srhave enoughtime to evolveand
generateobservableheterogeneities.

The role of plumesin convectionmodelsis to carry the
excessheatout of a hot boundarylayer. No experimental

or numericalmodelhasever generatedplumesfrom within
of a convectioncell. An obvious candidatefor the source
of hotspotsis thecore-mantleboundarywhereheatdiffuses
out from the core throughta thermalboundary. The exis-
tenceof otherthermalboundarylayersin themantle,at 670
km depthor morespeculatively on top of an abyssallayer,
hasnoclearobservationalsupport(CastleandvanderHilst,
2003). Theplumesthemselvesarevery difficult to observe
althoughstriking progresshas beenmadein recentyears
(Nataf and VanDecar, 1993; Montelli et al., 2003). This
difficulty comesfrom their expectedvery smalldimensions
andlow excesstemperature.Accordingto geodynamicists,
hotspotscarrybuoyancy fluxesfrom 7000kg s ��� for Hawaii
to 300kg s��� for thesmallerdetectableones(Davies,1988).
Their excesstemperatureis only

�
250K (Sleep,1990)and

theirascentvelocityshouldbesignificantlylargerthanatyp-
ical plate velocity to resistentrainmentby the large scale
mantleflow (SteinbergerandO’Connell,1998). Thesefig-
ures imply radii of the order of 10 km up to 100 km for
thestrongestplumes,indeedvery small to bedetectedwith
presenttechniques..

Thisagreementbetweensimplethermalinternallyheated
convectionandseismicobservationsis only first order. Seis-
mologistshaveobservedvariousstructuresin thedeepman-
tle thatprobablyhavechemicalorigins.In D” nearthecore-
mantleboundary(CMB), diffractive bodies(Weber, 1996),
anisotropy (Vinnik etal.,1995),andultra-low velocityzones
(Garneroand Helmberger, 1995), suggestcomplex small
scalethermochemicalprocesses.At a larger scale,subtle
contradictionsbetweenP- and S-wave models(for exam-
ple,anti-correlationsof theanomaliesandchangesin Vp/Vs
ratios)alsopoint to chemicalvariationsin the deepmantle
(Saltzeret al., 2001).Increasedcomplexity in themodelsis
necessaryfor seismologistsaswell asfor dynamicists.The
densityvariationsin themantlearenot only dueto thermal
expansionbut arealsorelatedto mineralogicalandchemical
variations.

3. Geochemical observations

Thedifferentiationof the mantlethroughmelting,alter-
ation andotherprocesseshassignificantly transformedthe
initial distribution of chemicalelements. For this reason,
thegeochemistryof mantlederivedrockscontributesto con-
strainingmodelsof mantledynamics.

Theinitial bulk chemicalcompositionof theEarthin re-
fractory elementsis modeledusingthe chemistryof mete-
oritesandespeciallycarbonaceouschondrites,thesupposed
parentbodiesof our planet(McDonoughand Sun, 1995).
The initial compositionin volatile elementsis still ques-
tionedsincesignificantvolatilizationprobablyoccurreddur-
ing Earth’saccretion(Tyburczyetal.,1986).DuringEarth’s
differentiation,somechemicalelementsareretainedin the
silicatedmantleandcrust (the lithophile elements),others
form iron alloys in thecore(thesiderophileelements).For
refractorylithophile elementsand isotopes,the difference
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betweenthepresent-daychemistryof themantleandtheini-
tial compositionreflectsthehistoryof mantleevolutionand
mixing.

Thesimplestmodelof present-daydistributionof lithophile
elementsis to supposethat the primitive mantle evolved
throughextractionof thecrustleaving a residualmantle.As
aconsequence,thechemistryof thecontinentalcrustshould
be complementaryto the present-daymantlerelative to its
primitivecomposition.A simpletestcanbeperformedwith
uranium(which is alsovalid for mostotherelements):the
continentalcrust containsat most 3.9 ��� ��� kg of uranium
(RudnickandFountain,1995)andthewholemantlewould
contain3.2 ��� ��� kg (Jochumet al., 1983)assumingthat its
compositionis similar to that of the shallow mantle. This
would make a total of 7.1 ��� ��� kg of uraniumfor the sil-
icateEarth. However, the primitive mantleshouldcontain
8.4 ��� ��� kg of uranium(McDonoughandSun,1995). At
least15%of theuraniumis thereforemissingin thebalance.
Onecouldstorethemissinguraniumin theoutercore,which
thenwould have a uraniumconcentrationsimilar to that of
theshallow mantleof 8 ppb. This seemshighly improbable
asuraniumis not a siderophileelement.Theothersolution
is to invokeat leastonemorehiddendomainhaving a com-
positiondifferentfromthatof theshallow mantle,thatunlike
theshallow mantlecannotbesampled.

Thecomposition-volumetradeoff of this reservoir canbe
derivedfrom themassbalance

�
	��
��	������������������������
��������� ��� � �
(2)

where
���

and
���

arethemassandtheconcentrationof an
elementin a reservoir � . The reservoirs are the primitive
mantle,  "! , the continentalcrust, #$# , the shallow mantle,% ! anda hiddenreservoir & . We have shadedin Figure1
the possiblerangeof massand compositionof this reser-
voir for two elements,uranium(U top) andaluminum(Al
bottom).Thepossibleconcentrationsof this U- andAl-rich
hiddenreservoir areof coursehigherthanthosein theshal-
low mantle(SM). This graphshows thata hiddenreservoir
thesizeof thelowermantlewouldnotbeprimitive,sincethe
U andAl contentsdiffer fromthoseof thebulk silicateEarth,
BSE.A primitive reservoir would representonly 30-60%of
the massof the lower mantle;if D” is the hiddenreservoir
(
�

280km thick on top of thecore-mantleboundary),its U
andAl contentswouldberoughlysimilarto thatof MORBs.
A reservoir with avolumeandconcentrationscomparableto
thatof thecontinentalcrust,CC,wouldbeacceptablefor the
U budgetbut wouldnotcontainenoughAl.

Anothersourceof informationcomesfrom isotopes.Two
isotopesof the sameelementdo not fractionateuponmelt-
ing andso the eruptedmaterialhasthe sameisotopicratio
as its source. However, melting, or other modificationof
rocks(e.g. dehydration,alterationandphasechanges)can
fractionatetheparent-daughterratiofor radioactiveisotopes.
Theelementsthatconcentratein themelt arecalledincom-
patible,thoseremainingin theresiduearecalledcompatible.
As a consequence,a melt and a residuewill have signifi-
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Figure 1. Thepossibleconcentrationsof two lithophile in-
compatibleelements(topuranium,bottomaluminum)in the
hiddenreservoir asafunctionof massof thisreservoir arein-
dicatedby shadowedareas.To accountfor theabundanceof
the incompatibleelementsin thebulk silicateEarth(BSE),
thecontinentalcrust(CC) andtheshallow mantle(SM) are
notenough.A hiddenreservoir is necessarywith alithophile
incompatibleconcentrationlarger thanin theshallow man-
tle. Thisreservoir couldhavearathersmallvolume(likethat
of D”) but bevery rich in incompatibleelements(with con-
centrationssomewhatsimilar to thatof subductedMORBs).
Alternatives could be a lower mantle somewhat depleted
in U andprimitive in Al or a thick primitive abyssallayer
(
�

50%of thelowermantle).
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cantlydifferentisotoperatiosaftera time comparableto the
radioactivedecaytime.

We will not discussthewholeisotopetaxonomyof man-
tle derivedrocks,but oceanicislandbasalts(OIBs) andmid
oceanridge basalts(MORBs) display a specific diversity
(seeHofmann,1997for areview). At theendof the80’s,Sr,
Nd, Pbwerethemoststudiedisotopesystemsandaspecific
effort wasmadeto definemantlepoles(Zindler andHart,
1986). DMM (depletedMORB mantle)was the most de-
pletedMORB sample,HIMU wasthesamplewith thehigh-
esttimeintegratedU/Pbratio,EM-1(enrichedmantle1) was
thesamplewith thelowest ��� � Nd/����� NdandEM-2 (enriched
mantle2) wasthesamplewith thehighest

���
Sr/

� � Sr. Further
analyticaldevelopmentsin chemistryhighlightednew poles
for new isotopesystems(Schianoet al., 1997). Suchpoles
areconceptsratherthanobservedsamplesandcorrespondto
singularratherthancommoncompositions.

However, thesevirtual polescanbeassociatedwith geo-
logical/petrologicalend-members.For example,theHIMU
poleprobablyreflectsthepresenceof ancientalteredcrustin
thesource(HofmannandWhite,1982).Variousisotopesys-
temscanbeusedto identify thepetrologicalcomponentsin
thesourceof magmaslike

�
�
�
O, Os,Hf andthepresenceof

ancientoceaniccrustsectionshasbeendetectedin thesource
of MORBsandof all OIBs(Eiler etal.,1996;Schianoetal.,
1997;Blichert-Toft, 1999).

Theseobservationsshow that the mantle is madeof a
heterogeneousmixtureof rocksthathave differenttime in-
tegratedhistoriesof differentiation.For somesamples,the
timeneededto developtheirspecificsignatureis of theorder
of 2 billion years(Hofmann,1997). In general,the homo-
geneityof MORBscontrastswith theheterogeneityof OIBs,
but for someisotoperatiosthediversityis comparable.The
factthatvarioushotspotsareassociatedwith volcanicchains
thathavecrossedridgesindicatesthatthesehotspotsat least,
andwethink all hotspots,haveadeeporigin (Richardsetal.,
1989).Theheterogeneityof OIBs shouldreflectthehetero-
geneityof thedeepmantle.

Volatiles provide information on degassing,especially
light noblegasesthatarenot recycled into themantle.The�
He/� He ratio evolvesthroughdegassingof the stableiso-

tope
�
He, andthroughradiogenicgrowth of � He produced

by decayof U andTh. Thestandardinterpretationof higher�
He/� He ratios in someOIBs, like Hawaii or Iceland, is

that their sourceis rich in
�
He, hencemostly undegassed

(All égreetal., 1986).For thatreason,many authorssuggest
that thereare still someundegassedrocks within the con-
vective mantle,andhypothesizetheexistencea deepprimi-
tivelayer, sometimesidentifiedwith thelowermantle,which
wouldalsocontainthemissingincompatibleelements.

Argonis abettercandidatethanheliumto monitorthede-
gassingof theplanetsinceit doesnotescapefrom Earth’sat-
mosphere,unlikehelium.It is well known thatabouthalf of
theargon-40thathasbeenproducedby potassium-40decay
hasnotbeendegassedandcannotbefoundin thecontinental

crustor theshallow mantle(All ègreet al., 1996).However,
the argon budgetis controlledby the potassiumbudget,a
volatile elementfor which the bulk abundanceis not well
known. AssumingthefrequentlyquotedK/U ratioof 12700
(Jochumet al., 1986),a primitive, undegassedlower man-
tle would closethebudget. However, a wholemantlewith
shallow mantlecompositionsimilar to thatof thesourceof
MORBs overlying a potassiumrich D” layer madeof seg-
regatedoceaniccrust,is anotherway to closethebudgetif
thebulk EarthK/U ratiowas20%lower(ColticeandRicard,
2002).

In conclusion,every isotopesystemcanpotentiallypro-
videa constrainton mantlehistorybut thesignalis noteasy
to interpretin termsof mantledynamics.Themajorobser-
vationsare(a) thatMORBsandOIBs oftendiffer in regard
to their isotopesignatureandheterogeneity, (b) subducted
rocksarerecycledin themantleanddominatewithin some
plumes,(c) noblegasessuggestthat rockswith variousde-
greesof degassingcoexist within a vigorously convective
flow.

4. Physics of mixing

Thechemicalheterogeneitiesof themantlemayhavedif-
ferentorigins. Theinitial chemicalconditionsof themantle
whenplatetectonics,or somekind of convectionstarted,is
certainlypoorlyknown. Variousresearchershave discussed
the possiblesurvival of primitive materialin the form of a
continuousdeeplayer(Kellogget al., 1999)or of entrained
lumps(Beckeretal.,1999).Theheterogeneitycouldalsobe
themereconsequenceof platetectonics.Theoceanicridges
associatedwith thedivergentmotionof theplatesentrained
by subductioninducean adiabaticmelting dueto pressure
release.Thechemicalelementsarepartitionedbetweenthe
basalticmelt and the residual. This is of coursea major
sourceof mantleheterogeneities.

Whetherthey are primitive or recycled, heterogeneities
arethenentrainedby convectionandmixedbackin theman-
tle. Ultimately, completemixing is obtainedwhenchemi-
cal diffusionhaserasedtheheterogeneities.However, with-
outdeformation(stirring),thechemicalsolid-statediffusion
aloneis an incrediblyslow process.Thediffusivity of ura-
nium for exampleis of order

� � � �
10���
	 m

�
s��� (Hof-

mannandHart,1978).Sincetheformationof theEarth(4.5
byrs),uraniumwould only have migratedby 20 cm. Even
noblegasesthataremany ordersof magnitudemoremobile
thanuranium,

� � � �
10���

�
m
�

s��� (Trull andKurtz,1993),
would only have migratedby 200m. Without stirring, ele-
mentsarebasicallyfrozenin themantle.

However, the mantleis not steadyandconvectionstirs,
stretchesandfolds theheterogeneitiesuntil they reachsmall
enoughdimensions,wherediffusioncanbeefficient. To pro-
videa quantitativeunderstandingof theinteractionbetween
deformationanddiffusion,we canconsidera heterogeneity
localizedin an infinite stripeof thickness�
� �
� andassume
thattheconcentrationonly variesin the � direction,perpen-
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dicular to the stripe. Insteadof writing the diffusionequa-
tion in an Eulerianfix ed frameasusual,we canwrite the
elementalbalanceacrossthe deformingstripe itself; using
the Lagrangianvariable �� � � � � � �
� , onecandemonstrate
thatdiffusionproduces� �� � � � � ��� ���

� � �
��� � � � �� �� �	� (3)

Stretchingthereforeincreasesthe apparentdiffusivity by a
factor � ��� � � � �
��� � . By analogywith the usualdiffusionso-
lution, onecanguessthat a stripeof initial thickness�
� is
erasedby diffusionaftera homogeneisationtime

� �
, sothat

� �� � � � � ��� 
�

� � ���

�
��� � � � � � � (4)

Althoughwe have not performeda rigorousdemonstration
of the two previous equations,the resultagreeswith more
sophisticatedapproaches(e.g. KelloggandTurcotte,1986;
Olsonet al., 1984).

To performsomequantitativeestimates,we canconsider
a heterogeneityin a strongly time dependentflow. In this
casethe distancebetweentwo points grows exponentially
with time(Ottino,1989)andasin apuresheardeformation,
onehas

� � �
� � �������
� ���	� �
� � (5)

The parameter� hasthe dimensionof a strain rate; it is,
however, an effective strain rate computedalong the La-
grangiantrajectoriesof the flow andit is not equivalentto
the instantaneousstrainrate �� of the flow. The quantity �
is alsocalleda finite-timeLyapunov exponentandevenfor
very simple flows, its relationshipwith the averagestrain
rateis far from beingobvious(FerrachatandRicard,1998).
In generalit alsodependsontherheologicalpropertiesof the
heterogeneitywith respectto its surroundings(du Vignaux
andFleitout, 2001). Combining(3) and(5) indicatesthat
in timedependentflows,theapparentdiffusivity dependson
theLyapunov exponent� andvariesexponentiallywith time
like

� � � ���
� ����� �
� . Equation(4) implies

� � � ������! #" � � ��� � � � (6)

Numericalapplicationconsideringthefateof ananomaly
relatedto formeroceaniccrust( ��� �%$

km, � �'& ��� � ���
s��� ) indicatesthat it retainsits He during 395 myrs, and
its U for 835 myrs. The correspondingthicknessof the
crustallayerwhenheliumanduraniumdiffusesout,are14m
and1.4 cm respectively. Thevery largedifferencebetween
thediffusioncoefficientsof thesetwo elements(6 ordersof
magnitude)hasonly amoderateimpactontheirretentionin-
sidetheadvectedanomalies(afactor2 in theretentiontime).
Themixing (stirring+diffusion)actsin a very differentway
from theslow usualdiffusion: for timeslessthanthehomo-
geneisationtime

� �
theelementsarefrozenin theflow after

this time,they suddenlydiffuseoutexponentially.

Anotherimportantpoint thatsometimescreatesa misun-
derstandingbetweengeochemistsand geophysicistsis the
quantityof primitive materialthat may have remainedun-
processedin themantle.In convectiveflow, heterogeneities
areconstantlyfoldedandstretched;asthesizeandthenum-
berof heterogeneitiesdecreases,theprobabilityof their be-
ing sampledundera ridge alsodecreases.The quantityof
primitive materialsurviving convectionthereforevariesex-
ponentiallywith time. Dependingon the way the time de-
pendenceof Earth’s mantleconvectionis parametrized,and
assumingwhole mantle convection, the remainingprimi-
tive materialcanaccountfor 40% (even 60% in someex-
tremecases)to lessthan3% of themantlemass(vanKeken
andBallentine,1998;FerrachatandRicard,2001;Davies,
2001). Thefractionof undegassedmantleis very uncertain
anddependsonvariousassumptionsregardingthehistoryof
mantleconvection,therheologicalpropertiesof themantle,
the way the magmaextractionis modeledandthe present-
dayabundanceof radiogenicheatsources.At leastweknow
thata significantpartof themantleis still undegassed.The
observationthat40%of theAr producedis still in theman-
tle is notsurprisingin itself. Howevertheprimitivematerial
shouldbemostly in theform of stripes,blobs,etc. of vary-
ing ages,partly erasedby diffusion ratherthan taking the
form of a homogeneouslarge scalereservoir. The primi-
tivematerialshouldbeintrinsicallymixedwith therecycled
componentsandshouldalsoconstitutea componentof the
shallow mantle.

5. A whole mantle marble cake model

Subductionof oceaniccrustis oneof themajorobserva-
tions leadingto platetectonictheory. Thedescendingslabs
canbetrackedwithin themantleusingseismologyor grav-
ity. After several tensof myrs, they are thermally equili-
bratedwith thesurroundingmantleandalmostundetectable
by seismology. Slabsarethenfoldedandelongatedby con-
vectivemixing anddispersedeverywherein themantle.

The conceptof a marble-cake mantle, introducedby
All ègreandTurcotte(1986)explainsto first orderthepetro-
logical and chemicalheterogeneityof the shallow mantle.
In this model, the shallow mantleis madeof two compo-
nents:peridotiteandpyroxenite.Thepyroxeniterepresents
theoceaniccruststirredby convectionembeddedin a peri-
dotite matrix. This is a well acceptedview of the shallow
mantle,supportedby field observationsandgeochemistryof
mantlerocksandMORBs. In peridoticmassifslike Beni-
Bousserathepyroxenitelayershave centimetricthicknesses
which suggeststhat the 7 km thick oceaniccrusthasbeen
stretchedby a factor 10( . In the marble-cake mantle,the
peridotiteis itself acomplex mixture.It containstheremain-
ing primitive materialthat,aswe have seen,is likely still to
exist in theconvectivemantle.It alsoincludesin largepro-
portions,ancientdepletedlithosphericmantle(from fertile
anddepletedlherzoliteto residualharzburgite). It mayalso
include the chemicalelementsof ancientcrustalfilaments
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below thecentimeterscalethathave beenwipedout by dif-
fusion.

We proposethat this model for the shallow mantlecan
be extendedto the whole mantleandcan also explain the
geochemistryof OIBs andthe deepmantlestructure.Four
observationsfrom geochemistryneedto be reproduced:a
reservoir with highincompatibleelementconcentrations,the
recycling of the subductedcrust within OIB sources,the
higher

�
He/� He of someOIBs,andbettermixing of MORB

sourcescomparedto OIB sources.At the sametime, geo-
physicsstronglyarguesfor wholemantleconvection.

The marble-cake model can explain the existenceof a
deepreservoir with high incompatibleelementcontent.The
subductedoceaniccrust transformsinto eclogitic assem-
blageswhich arelikely to bea few percentdenserthanthe
surroundingmantleexcept in a limited depthrangebelow
670km depth(Hiroseetal.,1999).Numericalmodelsincor-
poratingmineralogicaltransformationscombinedwith vari-
ableviscosityproducea layerof subductedcrustat thebase
of themantle,fed by slabsandentrainedby plumes(Chris-
tensenandHofmann,1994; Tackley andXie, 2002). This
layeroftendisplaysanuneventhicknesswith interconnected
ridgescommonlyknown asaspokepattern,with a totalvol-
umecomparableto thatof D”. Hence,subductionof oceanic
platescouldhave formeda deepreservoir, growing in time,
rich in incompatibleelementsandpoorin primitivevolatiles
thatcouldaccountfor theseismologicalcomplexitiesof D”.
We have seenin Figure1 thatsucha layercanaccountfor
thebalanceof U andAl. It canalsoaccountfor thebalance
of otherincompatibleelementslike rhenium(Hauri, 2002).
This layer would explain why all plumescontainrecycled
slabcomponents.Thepresenceof pilesof densematerialat
thebaseof theconvectivemantlecouldfavor therelativefix-
ity of hotspots(Davaille et al., 2002)andexplain their low
excesstemperature(Farnetani,1997).

Themarble-cake modelis alsoableto explain noblegas
isotopes.Asseenbefore,

�
Heis thestableisotope.It escapes

themantlethroughmeltinganddegassing.For this reason,
only the peridoticcomponentcontainssignificantamounts
of thisisotope.The � Heis producedfrom thedecayof U and
Th, which areconcentratedin thecrust.Thereforethevari-
ability of

�
He/� He ratioscouldbeexplainedfrom thevari-

ability of therecycledcrustfractionin themantlesourcesof
basalts.

A two componentmantlewherethemassfractionof re-
cycledcrustis � , hasa heliumcompositionsuchthat� �

He� � � � � � � � � �
He� 	���� (7)� � He� � � � � � He� � � � � � � � � � He� 	���� (8)

where % ,  
	�� , and # standfor source,peridotiteandcrust.
Thesetwo equationsarevalid for theMORB source(or shal-
low mantle,SM) andwe assumethat sucha sourcecorre-
spondsto a massfraction of ancientcrust, � , of 8% and
helium concentrationsof 120 10� 	 mol g � � for � He and
1.4 10��� � for

�
He (i.e.a

�
He/� He ratio of 8 times the at-

mosphericratio (Moreiraet al., 1998)). We furtherassume
thattheancientcrustis 1.5byrsold andcontains70 ppbU,
similar to modernMORBs. TheobservedU contentof the
shallow mantle,7 ppb,wouldcomepartlyfrom ancientcrust
contributing5.6ppb(8% � 70ppb)andtherestfromtheperi-
doticcomponent.All theseestimatesaresubjectto largeun-
certaintiesbut theexactvaluesdo not affect our qualitative
results.

We cannow plot in Figure2 the predicted
�
He/� He ra-

tio asa functionof the fractionof oceaniccrustin theOIB
source,� . For simplicity we assumethatthecorresponding
variability of U in thesameOIBs is only dueto thevariabil-
ity in the sourceandthat all hotspotsfar from ridges,have
thesamedegreeof partialmelting,1% (U in themagmais�

100 timesthat in the source).This last approximationis
certainlydrasticbut allows us to have a direct correspon-
dencebetweenthefractionof crust(tophorizontalaxis)and
theU contentof themagma(bottomhorizontalaxis).It gives
averyreasonablefit to thedatatakenfrom varioushotspots.
The shallow mantlesourcecorrespondsby hypothesisto a
massfraction of crust of 8% (top horizontalaxis); with a
melt fractionof 1% it would yield a basaltwith 700ppbU
(bottomhorizontalaxis). A melt fractionof 10%,appropri-
ateto ridges,wouldproduceatypical70ppbU MORB. Fig-
ure2 indicatesthatthehighest

�
He/� Heratio,corresponding

to that found for Loihi could be obtainedby mixing about
2% of ancientcrustwith peridotitewhereasthe lowest ra-
tios suchas that for Tristan would imply 35% of crust in
theirsource.Thismodelimpliesthatthe

�
Heconcentrations

in the sourcesof MORBs andOIBs are roughly the same
as they vary with � � � which is 0.98 for Loihi, 0.92 for
MORBs,0.65for Tristan.Only the � He concentrationsdif-
fer.

This simpletwo end-membermodeldoesnot explain all
the geochemicalpoles,but it accountsfor othergeochem-
ical isotopeobservationsthat are also relatedto recycling
(ColticeandRicard,2002). Componentsof theEM1, EM2
andHIMU polesindicatetheneedto take into accountboth
continentalandoceanicsediments.However, the presence
of theseminor ingredientsin thesourceof plumesarenot in
conflictwith themodeloutlinedhere.It seemsto us,at any
rate,thattheprimarydifficulty in matchinggeochemicaland
geophysicalviews comesfrom the variability of noblegas
ratios.

The fact that MORBs are bettermixed than OIBs may
comefrom two mechanisms.First, the melting zonesof
MORBs aresamplinga muchlarger volumethanthoseof
OIBs,second,theshallow mantleis filled with materialthat
is morethoroughlymixed thanhotspots,which comefrom
a heterogeneousstagnantbottomboundarylayer. The pro-
cessof crustalsegregationmaintainsthepresenceof hetero-
geneitiesneartheCMB.

As a conclusion,a two componentmarblecake mantle
canaccountfor theexistenceof a deepreservoir rich in in-
compatibleelementsandfor thevariabilityof noblegascon-
centrationin mantlemagmas.Moreover, this modelis con-
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Figure 2. Variousobservationsof
�
He/� He as a function

of U contentin the magmasof varioushotspots(bottom
horizontal axis) (Helium data are averagedfrom Kurz et
al. (1982),Grahamet al. (1990),andHanyu andKaneoka
(1997),U from SimsandDePaolo(1997),andChauveletal.
(1992)).Themodelline shows thepredictedratioasa func-
tion of the massfraction of ancientcrust in a marblecake
mantlesource(top horizontalline). The presenceof crust
increasestheuraniumcontentbut decreasesthe

�
He/� Hera-

tio. ThecorrespondencebetweentheU contentof thesource
andthe magmaassumesa uniform enrichmentin all OIBs
by a factor100. SM correspondsto a hypotheticalmagma
obtainedby enrichingtheshallow mantlewith thesamefac-
tor. With apartialmeltingdegreeof 10%theshallow mantle
givestheusualMORB (

�
He/� He=8,U=70ppb).

sistentwith seismicobservationsof deepslab penetration
andprovidesanorigin for D” formedfrom thesegregation
of densecrust.

6. Toward thermochemical convection

Thepreviousdiscussionin thispapershows thattheonly
way to reconcileseismologyandchemistryis explicitly to
take accountof petrologyin geodynamicmodels. Clearly
oneof themajorpetrologicaldensitycontraststhatexists in
the mantleis that relatedto the differencein composition
andmineralogybetweentheoceaniccrustandtherestof the
uppermantle.

A long standingmodelfor uppermantlecompositionis
pyrolite. Pyrolite is thereforetaken to be theaveragecom-
positionof the marble-cake mantlemadeof peridotiteand
pyroxenite.Its transformationsathighpressuregivesagood
fit to PREM(seeFigure3). Theoceaniccrustis muchricher
in Si thanpyrolite andhasa muchhigherFe/Mg ratio. At
depth,basalttransformsinto a garnet/stishovite assemblage
andat approximately730km depth,garnettransformsinto
perovskite/magnesiowüstitewhile thestishovite remainssta-
ble. Stishovite and Fe-rich assemblagesare significantly
denserthanthe olivine andtheFe-poorassemblagesof the
normal mantle. The high Al contentslightly lightensthe
basalt.However, with theexceptionof depthsbetween650
and730km wherethebasaltremainsasgarnetitewhile the
pyrolite hastransformedinto postspinelphases,theoceanic
crust is a few percentdenser(seeFigure3). The mostde-
pletedresidueleft after theextractionof thecrust(harzbur-
gite) is only very slightly lighter thanpyrolite. From730to�

900km depth,thereis a generalagreementthateclogite
is about3% denserthanpyrolite (Hiroseet al., 1999;Ono
et al., 2001).In thedeepestlower mantlethedensityevolu-
tion andeventhestructuresof all thephasesinvolvedarenot
well known (Badroet al., 2003;Gillet et al., 2000). Figure
3 wascomputedusinga rigorousselectionof theequations
of stateof the variousmineralogicalphases(Matas,1999).
Even at CMB conditions,it is inferredthat eclogitewould
be
� � � & % denser. Otherauthorshowever suggestthanthe

eclogitedensitymayintersecttheaveragemantledensityin
thelowermantle(Kessonet al., 1998;Onoet al., 2001).

The introductionof petrologicalcomponentsin thermal
convection modelsis complex and the numericalsimula-
tions introducea lot of approximations.A continuousrep-
resentationof theconcentrationsis impossiblesincefor af-
fordablemeshsizes,artificial numericaldiffusionwould be
muchlargerthanany realisticchemicaldiffusion.Themost
commonapproachconsistsin usingtracersadvectedby the
flow andcarryingchemicalproperties(ChristensenandHof-
mann,1994;FerrachatandRicard,2001;Tackley andXie,
2002). The interpretationof the resultsof suchmodelsin
term of petrologyor geochemistryis not straightforward.
Theadvectionof tracersdoesnot representtherealstretch-
ing of the materialand diffusion cannotbe taken into ac-
count.For statisticalreasonsa largenumberof tracershave
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Figure 3. Densitiesof variouspetrologicalreferencesas
a function of depth,comparedwith the densityin PREM.
Thesedensitieshave beencomputedfrom the thermody-
namicpropertiesof thevariousinvolvedphases.Theevolu-
tion of thephasediagramshave themselvesbeencomputed
from Gibbsenergy minimization(Matas,1999). Thepyro-
lite compositiongivesa ratherclosefit to PREM.Thesub-
ductedcrustalwaysappearssignificantlydenserthanPREM
exceptin anarrow zoneon topof thelowermantle.

to beusedevenin 2D (typically onemillion) and3D simu-
lationsarefor now out of reach.Moreover, thedifferences
betweenhotspotsandridges,i.e., betweencylindrical and
linearupwellingsdoesnot exist in 2D simulations.Another
approach,consistingin theadvectionof thechemicalinter-
facesis promisingin 3D (Schmalzland Loddoch,2003).
However to avoid thetreatmentof too convolvedinterfaces,
topologicalsimplificationsareneededthat introducespuri-
ousdiffusion.

In addition to numericalproblems,modelersalso have
someconceptualproblems.For all thermochemicalnumer-
ical codes,thereis the difficulty of handlingthe formation
of thecontinentalcrust. This rateof formationcontrolsthe
chemicalandthermalbudgetof theEarth,but all thesephe-
nomenaare largely ignoredin convectionmodels. The fi-
nal difficulty arisesfrom the needfor a realistic self con-
sistentrepresentationof surfaceplatemotionthatorganizes
themantleflow andis associatedwith stablesubductionand
moreerraticridges(Bercovici etal., 2000).

Variouspapershave presentedanddiscussed2D convec-
tion modelswith petrologicalcomponents(Christensenand
Hofmann,1994;SamuelandFarnetani,2002;Xie andTack-
ley, 2003). Someof the ingredientsdiscussedabove are
indeedconfirmedby thesemodels. For examplethe rem-
nantsof primitive material in the mantleand the delami-
nationof

�
20-30%of the eclogitizedoceaniccrust at the

CMB (ChristensenandHofmann,1994). This segregation
occursmostly in the hot boundarylayer of the deepman-
tle, by Rayleigh-Taylor instability in thethickestpartsof the
oceaniccrust. This favors the segregationof thick oceanic
plateausasalsoproposedfrom geochemicalarguments(Al-
bar̀edeandvanderHilst, 2002).Thesegregationwouldalso
generatelong lastingchemicalheterogeneitiesnearD”, in

thesluggishlower mantle. Somebasalticcomponentsmay
alsobetrappedjust below the670km discontinuity(Mam-
bole andFleitout, 2002). Without this segregation,no dif-
ferencesin thesizesor compositionsof heterogeneitiesare
foundbetweentheupperandlower mantle(vanKekenand
Ballentine,1998).Thisconclusionis notaffectedby amod-
erateviscosityincreasewith depthin themantle,up to 2 or
3 ordersof magnitude(FerrachatandRicard,2001). How-
ever, dueto the exclusive useof 2D simulations,it hasre-
maineddifficult to predictpreciselywhatshouldbesampled
in active upwellings(hotspots)andpassive ridgesin these
models.

Tenyearsagogeophysicistsandgeochemistswerework-
ing with very differenttools andconceptsthat appearnow
equally naive. While geophysicistswere mostly thinking
in terms of purely thermal convection, geochemistswere
mostly intepretatingtheir observationsin termsof isolated
boxes. The basisfor a commonlanguagehas now been
set up, wherethe petrologicalcomponentsplay an impor-
tantroleandwherethetopologyof thereservoirshasgained
muchcomplexity. On theotherhand,a simpletool to study
mantlechemicalevolution is still unavailable until neces-
saryingredientslike 3-dimensionality, a correctdescription
of petrology, andcontinentalcrustevolution areintroduced
in thermochemicalconvectionmodels.
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in poppingrock: isotopicandelementalcompositionsin
theuppermantle,Science, 279,1178-1181,1998.

McDonough,W.F., and S. Sun, The compositionof the
Earth,Chem. Geol. 120,223-253,1995.

Nataf,H.-C.,andJ.C.VanDecar, Seismologicaldetectionof
amantleplume?,Nature, 264,115-120,1993.

Olson,P., D. A. Yuen,andD. Balsinger, Mixing of passive
heterogeneitiesby mantleconvection,J. Geophys. Res.,
89,425-436,1984.

Ono,S,E. Ito, T., Katsura,Mineralogyof subductedbasaltic
crust(MORB) from 25 to 37 GPa, andchemicalhetero-
geneityof thelowermantle,Earth Planet. Sci. Lett., 190,
57-63,2001.

Ottino,J.M., The Kinematics of Mixing: Stretching, Chaos,
and Transport, CambridgeUniv. Press,New York, 1989.



RICARD AND COLTICE: Geophysical and geochemical models of mantle convection 10

Ricard, Y., M.A. Richards,C. Lithgow-Bertelloni, and Y.
LeStunff, A geodynamicmodelof mantledensityhetero-
geneity, J. Geophys. Res., 98,21895-21909,1993.

Richards,M.A., R.A. Duncanand V.E. Courtillot, Flood
basaltsandhot-spottracks: plumeheadsandtails, Sci-
ence, 246,103-107,1989.

Saltzer, R., R.D. VanderHilst, andH. Karason,Comparing
P andS wave heterogeneityin themantle,Geophys. Res.
Lett., , 28,1335-1338,2001.

Schmalzl,J., andA. Loddoch,Using subdivision surfaces
andadaptativesurfacesimplificationalgorithmsfor mod-
elingchemicalheterogeneitiesin geophysicalflows,Geochem.
Geophys. Geosys., 4,8303,doi:10.1029/2003GC000578,
2003.

Sims, K.W., and D.J. DePaolo, Inferencesabout mantle
magmasourcesfrom incompatibleelementconcentration
ratiosin oceanicbasalts,Geochim. Cosmochim. Acta, 61,
765-784, 1997.

Sleep,N.H., Hotspotsandplumes:somephenomenology, J.
Geophys. Res., 95,6715-6736,1990.

Steinberger, B., and R.J.O’Connell, Advectionof plumes
in mantleflow; implicationson hotspotmotion, mantle
viscosityandplumedistribution, Geophys. J. Int., 132,
412-434,1998.

Tackley, P.J., and S.X. Xie, The thermochemicalstructure
andevolution of Earth’s mantle: constraintsandnumer-
ical models,Philos. Trans. Roy. Astron. Soc., 1800,
2593-2609,2002.

Trull, T.W., andM.D. Kurz,Experimentalmeasurementsof
He-3andHe-4mobility in olivine andclinopyroxeneat
magmatictemperatures,Geochim Cosmochim. Acta, 57,
1313-1324,1993.

Tyburczy, J.A., B. Frisch,andT.J. Arhens,Shock-induced
volatile lossfrom acarbonaceouschondrite:implications
for planetaryaccretion,Earth Planet. Sci. Lett., 80,201-
207,1986.

vanderVooR.,W. Spakman,andH. Bijwaard,Tethyansub-
ductedslabsunderIndia, Earth Planet. Sci. Lett., 171,
7-20,1999.

van Keken,P.E., andC.J.Ballentine,Whole-mantleversus
layeredconvectionandtherole of a high-viscositylower
mantlein terrestrialvolatile evolution,Earth Planet. Sci.
Lett., 156,19-32,1998.

Vinnik, L., B. Romanowicz, Y. LeStunff, andL. Makeyeva,
Seismicanisotropy in theD” layer, Geophys. Res. Lett., ,
22,1657-1660,1995.

Weber, M., J.P. Davis,C.Thomas,F. Krger, F. Scherbaum,J.
Schlittenhardt,andM. Krnig, Thestructureof thelower-
mostmantleasdeterminedfrom usingseismicarrays;In:
Seismicmodelingof the Earth’s structure,Eds. Boschi,
E., Ekstrm, G., Morelli A., Istituto Nazionaledi Geo-
physica,Roma,399-442,1996.

Zindler, A., andS.Hart,Chemicalgeodynamics,Annu. Rev.
Earth Planet. Sci., 14,493-571,1986.

Y. Ricard, LaboratoiredesSciencesde la Terre, Ecole
Normale Suṕerieurede Lyon, 46 allée d’Italie, F-69364

Lyon,Cedex 07,France.(ricard@ens-lyon.fr)
N. Coltice, LaboratoiredesSciencesde la Terre, Ecole
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