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WhyWhy itit isis InterestingInteresting to to StudyStudy thethe
MagneticMagnetic FieldField

General General understandingunderstanding of of dynamodynamo actionaction

MagneticMagnetic fieldfield evolutionevolution and and magnetizedmagnetized
crustcrust helpshelps to to constrainconstrain

Thermal Thermal evolutionevolution
InteriorInterior structurestructure
GeologicalGeological and and tectonictectonic processesprocesses
Evolution of Evolution of thethe atmosphereatmosphere



SelfSelf--GeneratedGenerated MagneticMagnetic FieldField
Of Of thethe terrestrialterrestrial planetsplanets
and and majormajor satellitessatellites, , 
Earth, Mercury, and Earth, Mercury, and 
GanymedeGanymede areare knownknown to to 
havehave selfself--generatedgenerated
magneticmagnetic fieldsfields

Mars, Venus, Moon, Mars, Venus, Moon, IoIo, , 
Europa, and Europa, and CallistoCallisto lack lack 
selfself--generatedgenerated magneticmagnetic
fieldsfields



PlanetaryPlanetary DataData
Mercury Venus Earth Mars Ganymede

Radius 0.38 0.95 1.0 0.54 0.41

Mass 0.055 0.815 1.0 0.107 0.018

Density
[kg/m3]

5430. 5250. 5515. 3940. 1940.

ρ0 [kg/m3] 5300. 4000. 4100. 3800. 1800.

Moment of
Inertia factor

0.34 ? 0.3355 0.3662 0.3105

Rc/Rp 0.8 0.55 0.546 0.5 0.3

Dipole
Moment
[1013 T m³]

0.43 - 1577. <0.08 1.4



WhatWhat AboutAbout
MagneticMagnetic FieldField Generation in Generation in thethe

PastPast??



Remanent Remanent CrustCrust MagnetizationMagnetization

Magnetized crust provides information Magnetized crust provides information 
aboutabout

History of the magnetic fieldHistory of the magnetic field
Geological and tectonic processesGeological and tectonic processes

Acuna et al., 1999



OriginOrigin of Remanent of Remanent MagnetizationMagnetization
Thermal remanent Thermal remanent magnetizationmagnetization (TRM)(TRM)

If a magnetic mineral is cooled in an ambient If a magnetic mineral is cooled in an ambient 
magnetic field through a temperature characteristic magnetic field through a temperature characteristic 
of the material, of the material, Curie temperatureCurie temperature, it will begin to , it will begin to 
acquire a very large acquire a very large remanentremanent magnetization. As magnetization. As 
the material cools through the Curie temperature, the material cools through the Curie temperature, 
domains begin to form, in alignment with the domains begin to form, in alignment with the 
ambient field. The magnetic field is then frozen into ambient field. The magnetic field is then frozen into 
the rock and is extremely stable.the rock and is extremely stable.

MagnetiteMagnetite ~ 853 K~ 853 K
HematiteHematite ~ 953~ 953 KK
Iron            ~ 1043 KIron            ~ 1043 K



Remanent Remanent CrustCrust MagnetizationMagnetization
ConstraintConstraint on on EarlyEarly Dynamo ActionDynamo Action

EarthEarth
Age of magnetized crust between 3.5 Age of magnetized crust between 3.5 GaGa and and 
todaytoday

MoonMoon
Age of magnetized crust between 3.9 and 3 Age of magnetized crust between 3.9 and 3 GaGa

MarsMars
Age of magnetized crust between 4.5 and 4 Age of magnetized crust between 4.5 and 4 GaGa??

Venus, MercuryVenus, Mercury
No data availableNo data available



WhatWhat do do wewe KnowKnow AboutAbout thethe
OriginOrigin of of thethe MagneticMagnetic FieldField??



‘Bar Magnet‘ in ‘Bar Magnet‘ in thethe PlanetsPlanets??

No! No! VariationsVariations withwith time (time (e.ge.g. polar . polar wanderwander, , reversalsreversals) ) 
cancan bebe observedobserved

No! No! MagneticMagnetic material in material in thethe interiorinterior isis well well aboveabove thethe
Curie Curie temperaturetemperature



DecayingDecaying Old Old MagneticMagnetic FieldField??

EquationEquation of of magneticmagnetic inductioninduction
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σσcc electricalelectrical conductivityconductivity
µ   µ   magneticmagnetic permeabilitätpermeabilität



DecayingDecaying Old Old MagneticMagnetic FieldField??

In In thethe casecase of of uu = 0= 0
CharacteristicCharacteristic diffusiondiffusion time:time:

L   L   characteristiccharacteristic lengthlength scalescale ((planetaryplanetary radiusradius))

Fast Fast decaydecay of of magneticmagnetic fieldfield isis inconsistentinconsistent withwith
observationsobservations
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MagneticMagnetic FieldField GenerationGeneration

NecessaryNecessary condictionscondictions
forfor existenceexistence

A A conductingconducting fluidfluid

Motion in Motion in thatthat fluidfluid

Cowling‘sCowling‘s Theorem Theorem 
requiresrequires somesome
helicityhelicity in in thethe fluidfluid
motionmotion



CoresCores

TheThe magneticmagnetic fieldsfields of of 
terrestrialterrestrial planetsplanets and and 
satellitessatellites areare
producedproduced in in theirtheir
corescores
ThereThere isis littlelittle doubtdoubt
thatthat thethe planetsplanets and and 
mostmost of of thethe majormajor
satellitessatellites havehave ironiron--
richrich corescores



DynamosDynamos
HydromagneticHydromagnetic dynamosdynamos

Thermal Thermal dynamosdynamos

ChemicalChemical dynamosdynamos

G. Glatzmeier‘s Dynamo model for Earth 



Thermal DynamoThermal DynamoThermal Dynamo

stabilystratified

noconvectioninthecore

efficient heat transfer
fromthe lower mantle

thermal convection
in thecore

inefficient heat transfer
fromthe lower mantle

Fluid motion in the liquid 
iron core due to thermal 
buoyancy
(=> cooling from above)

‘Critical‘ heat flow out of 
the core



‘‘CriticalCritical‘ ‘ HeatHeat FlowFlow::
HeatHeat FlowFlow AlongAlong thethe CoreCore AdiabateAdiabate
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‘‘CriticalCritical‘ ‘ HeatHeat FlowFlow

Mars, Mercury        Mars, Mercury        5 5 -- 20  mW/m20  mW/m22

Earth, Venus          Earth, Venus          15 15 –– 40 mW/m40 mW/m22

GalileanGalilean SatellitesSatellites, Moon     < 7 mW/m, Moon     < 7 mW/m22

Large Large uncertainitiesuncertainities duedue to to poorlypoorly knownknown
parametersparameters



VigourVigour of of CoreCore ConvectionConvection

A A sufficientlysufficiently large  large  ∆∆T T 
betweenbetween thethe corecore and and 
thethe mantlemantle isis requiredrequired in in 
order to order to drivedrive thermal thermal 
convectionconvection in in thethe corecore

IfIf ∆∆T T isis tootoo smallsmall thanthan
thethe corecore will will bebe coolingcooling
byby conductionconduction

Sohl and Spohn, 97



ChemicalChemical DynamoDynamo

CompositionalCompositional
bouyancybouyancy releasedreleased byby
inner inner corecore growthgrowth

DifficultDifficult to to stopstop
operatingoperating

Mercury Model by Conzelmann and Spohn



Chemical DynamoChemicalChemical DynamoDynamo

ExistenceExistence of light of light 
alloyingalloying elementselements in in thethe
corecore likelike S, O, SiS, O, Si

CoreCore temperaturetemperature
betweenbetween solidussolidus and and 
liquidusliquidus

Fe

FeFe

Fe-FeS
Fe-FeS Fe-FeS



CoreCore CompositionComposition: Earth: Earth
IndirectIndirect informationinformation fromfrom
seismologyseismology

SeimicSeimic velocitiesvelocities of of thethe corecore constrainconstrain
densitydensity and and thereforetherefore compositioncomposition

Inner solid Inner solid corecore
22--3% 3% lessless densedense thanthan pure iron pure iron 
~ 8% S / Si ?~ 8% S / Si ?

OuterOuter fluidfluid corecore
55--10 % 10 % lessless densedense thanthan pure iron pure iron 
~ 8% S / Si and 8% O  ?~ 8% S / Si and 8% O  ?



MeltingMelting TemperatureTemperature as as FunctionFunction
of of PressurePressure
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SomeSome Special Special CasesCases

Fe

FeFe

Fe-FeS
Fe-FeS Fe-FeS

Fe

Fe
Fe

Fe-FeS
Fe-FeS Fe-FeS



EutecticEutectic CompositionComposition

Fei, unpublished



Power Power RequirementsRequirements
Dynamo Dynamo convertsconverts thermal and thermal and 
gravitationalgravitational energyenergy intointo magneticmagnetic energyenergy

Power Power neededneeded to to sustainsustain geomagneticgeomagnetic
fieldfield isis setset byby thethe ohmicohmic losseslosses ((dissipationdissipation
duedue to to electricalelectrical resistanceresistance))

EstimatesEstimates of of ohmicohmic lossloss forfor thethe Earth Earth 
covercover a a widewide rangerange (0.1 to 3.5 TW)(0.1 to 3.5 TW)
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dE rate of change of heat content of the core
dt

A heat conducted along adiabat
Carnot effic

i i th
diss g g t L c c

g

c

dm dm dEE E A q
dt dt dt

E

q

χ χ

χ

 Φ = + + − 
 

iency factor

OhmicOhmic DissipationDissipation



Dynamo Dynamo EfficiencyEfficiency

Thermal Thermal dynamodynamo efficiencyefficiency isis restrictedrestricted
byby CarnotCarnot efficiencyefficiency χχtt to to bebe a a fewfew
percentpercent

ChemicalChemical dynamodynamo isis notnot restrictedrestricted; ; χχg g = = 11



SomeSome First First ConclusionsConclusions
Thermal Thermal convectionconvection ((fluidfluid corecore withoutwithout inner inner corecore
growth): growth): InefficientInefficient of of dynamodynamo generationgeneration

CompositionalCompositional convectionconvection (inner (inner corecore growth): growth): 
EfficientEfficient of of dynamodynamo generationgeneration; ; difficultdifficult to to stopstop

TheThe mantlemantle determinesdetermines whetherwhether a a terrestrialterrestrial
planet has planet has corecore convectionconvection and and whetherwhether itit cancan
havehave a a dynamodynamo



InfluenceInfluence on Thermal Evolutionon Thermal Evolution
(and (and MagneticMagnetic FieldField Evolution)Evolution)

InteriorInterior structurestructure and and compositioncomposition

HeatHeat sourcessources

HeatHeat transporttransport mechanismsmechanisms



InteriorInterior StructureStructure
and and CompositionComposition

MassMass of of reservoirsreservoirs
((crustcrust, , mantlemantle, , corecore))
CompositionComposition ((rheologyrheology))
DepthDepth of of phasephase
transitionstransitions and and chemicalchemical
layerslayers
VariationsVariations of of pressurepressure, , 
temperaturetemperature, and , and 
densdensiityty



HeatHeat SourcesSources
PrimaryPrimary energyenergy

AccretionAccretion

GravitationalGravitational energyenergy duedue to to corecore formationformation

DecayDecay of of radioactiveradioactive elementselements
UraniumUranium

ThoriumThorium

PotassiumPotassium



AccretionAccretion and and CoreCore FormationFormation

Isotope Isotope datadata ((182182HfHf--182182W) W) suggestssuggests earlyearly
and rapid and rapid corecore formationformation

Earth < 60 Earth < 60 MaMa

Mars  < 20 Mars  < 20 MaMa

What are the initial thermal
conditions after core formation? Radius

Te
m

pe
ra

tu
re

(K
)

core mantle

Temperature profile after
core formation

Accretional temp. profile



HeatHeat Transport Transport MechanismsMechanisms

PlatePlate tectonicstectonics
(Earth, (Earth, earlyearly Mars?, Mars?, earlyearly
Venus?)Venus?)
StagnantStagnant lidlid convectionconvection
(Mercury, Venus?, Mars, (Mercury, Venus?, Mars, 
MoonMoon
LithosphereLithosphere delaminationdelamination
(Venus?)(Venus?)

Magma Magma transporttransport ((volcanismvolcanism))
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‘‘DrivingDriving‘ ‘ TemperatureTemperature ContrastContrast
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StagnantStagnant Lid Lid ConvectionConvection
TheThe figurefigure showsshows thethe
thermal thermal evolutionevolution of  a of  a 
lunarlunar modelmodel accordingaccording to to 
SpohnSpohn et al. (2000)et al. (2000)
TheThe planet planet coolscools byby
thickeningthickening itsits lithospherelithosphere
whilewhile thethe deepdeep interiorinterior
staysstays warmwarm



PlatePlate TectonicsTectonics
PlatePlate tectonicstectonics isis
efficientlyefficiently coolscools thethe
deepdeep interiorinterior of a of a 
planetplanet
VigorousVigorous corecore
convectionconvection and inner and inner 
corecore growth growth isis moremore
likelylikely



Models to Models to CalculateCalculate Thermal Thermal 
Evolution and Evolution and MantleMantle dynamicsdynamics
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2D and 3D Convection Models

Full set of hydrodynamic
equations

Local parameters
(e.g. temperature, 
velocity field)

Mantle flow pattern



Parameterized Models

Simple scaling laws
(e.g. Nu ~ Rab)

Global parameters as 
function of time
(e.g. mean temperature, 
heat flow)
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ParametrizedParametrized ConvectionConvection
Energy equation: Mantle and core

Lithosphere growth

Temperature at the base of lithosphere
Plate tectonics Stagnant lid convection

ρc c c
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dT
dt
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SOME EXAMPLESSOME EXAMPLES
MarsMars
Earth / VenusEarth / Venus
MercuryMercury
GanymedeGanymede and and 
EuropaEuropa



MARSMARS



MarsMarsMars



Magnetic Field HistoryMagneticMagnetic FieldField HistoryHistory

No No presentpresent--dayday dynamodynamo

MagnetisationMagnetisation of of oldestoldest partsparts
of of thethe MartianMartian crustcrust

No No magnetisationmagnetisation of large of large 
impactimpact basinsbasins

⇒⇒ Dynamo Dynamo actionaction beforebefore thethe
large large impactsimpacts ~4 Ga ~4 Ga 

oror
⇒⇒ Dynamo Dynamo actionaction afterafter large large 

impactsimpacts

`The Great Nothing`



Dynamo Action Dynamo Action BeforeBefore Large Large 
ImpactsImpacts

Pro Pro 
‘‘EasiestEasiest‘ ‘ explanationexplanation: (: (oldold surfacesurface –– magnetizedmagnetized, , 
youngyoung surfacesurface –– nonnon--magnetizedmagnetized))
MagnetizationMagnetization of of oldold SNC SNC meteoritemeteorite (age 4.4 Ga)(age 4.4 Ga)

ContraContra
Thermal Thermal dynamodynamo notnot veryvery efficientefficient
DifficultDifficult to to explainexplain thethe nonnon magnetized magnetized areasareas in in thethe
southernsouthern hemispherehemisphere
Northern Northern hemispherehemisphere has has oldold crustcrust belowbelow youngyoung
surfacesurface butbut almostalmost no no magnetizationmagnetization



Dynamo Action After Large Dynamo Action After Large 
ImpactsImpacts

Pro Pro 
Inner Inner corecore growth growth moremore efficientefficient
Non Non magnetizedmagnetized areaarea in in thethe southernsouthern hemispherehemisphere

ContraContra
ChemicalChemical Dynamo Dynamo difficultdifficult to to stopstop
LateLate strongstrong crustcrust productionproduction ((e.ge.g. . plutonismplutonism) ) 
necessarynecessary butbut notnot observedobserved on on thethe surfacesurface
EarlyEarly HesperianHesperian volcanicvolcanic plainsplains ((aboutabout 3.7 3.7 –– 3.2 3.2 
Ga) Ga) showshow no no magnetizationmagnetization



MeltingMelting TemperaturesTemperatures in in thethe
MartianMartian CoreCore
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Thermal Evolution ModelsThermal Evolution Models

WhatWhat cancan wewe learnlearn aboutabout Mars Mars fromfrom thethe
constraintsconstraints on on thethe magneticmagnetic fieldfield historyhistory??

HeatHeat transfertransfer mechanismmechanism
((plateplate tectonicstectonics versusversus stagnantstagnant lidlid
convectionconvection))

CompositionComposition
((drydry versusversus wetwet MartianMartian mantlemantle))



Early Plate Tectonic Regime 
Versus

Stagnant Lid Convection

EarlyEarly PlatePlate TectonicTectonic Regime Regime 
VersusVersus

StagnantStagnant Lid Lid ConvectionConvection



CoreCore TemperaturesTemperatures
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Breuer and Spohn, 2003

EarlyEarly MartianMartian (thermal) (thermal) dynamodynamo possiblepossible
withwith a a superheatedsuperheated corecore



Crustal Evolution: 
Additional Information

CrustalCrustal Evolution: Evolution: 
Additional InformationAdditional Information

AverageAverage crustcrust
thicknessthickness::
50 50 –– 120 km120 km

StrongStrong decreasedecrease of of 
crustalcrustal productivityproductivity
sincesince thethe NoachianNoachian

RecentRecent volcanismvolcanism??
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DryDry VersusVersus WetWet MartianMartian MantleMantle
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Models Models withwith a a weakweak//wetwet viscosityviscosity showshow presentpresent--dayday
inner inner corecore growth growth forfor UsselmanUsselman datadata; ; inconsistentinconsistent
withwith thethe lack of a lack of a presentpresent dynamodynamo..



ConclusionsConclusions Mars IMars I
EarlyEarly plateplate tectonicstectonics consistentconsistent withwith earlyearly
strongstrong magneticmagnetic fieldfield
CrustalCrustal evolutionevolution showsshows a a peakpeak in in crustalcrustal
activityactivity 2 Ga 2 Ga agoago and an and an averageaverage crustcrust
thicknessthickness smallersmaller thanthan 50 km, 50 km, inconsistentinconsistent
withwith observationobservation
StagnantStagnant lidlid convectionconvection consistentconsistent withwith
earlyearly magneticmagnetic fieldfield ifif thethe corecore isis
superheatedsuperheated byby moremore thanthan 100 K.100 K.



ConclusionsConclusions Mars IIMars II

In In casecase of of UsselmanUsselman datadata and 14 and 14 wt.%wt.% S, S, 
a a drydry, , stiffstiff mantlemantle isis moremore likelylikely to to explainexplain
earlyearly magneticmagnetic fieldfield

In In casecase of Fei of Fei datadata ((strongstrong decreasedecrease of S of S 
withwith pressurepressure in in eutecticeutectic compositioncomposition) and ) and 
14 14 wt.%wt.% S, Mars S, Mars indirectlyindirectly ‘‘provesproves‘ ‘ thatthat a a 
thermal thermal dynamodynamo cancan existexist



EarthEarth



QuestionsQuestions

WhenWhen diddid thethe inner inner corecore growth?growth?

ThemalThemal dynamodynamo activeactive beforebefore inner inner corecore
growth?growth?

RadioactiveRadioactive elementselements in in thethe corecore??



ConstraintsConstraints on Thermal on Thermal 
Evolution Models Evolution Models forfor thethe EarthEarth

ObservedObserved magneticmagnetic fieldfield evolutionevolution

SurfaceSurface heatheat flowflow

Inner Inner corecore radiusradius



PresentPresent--DayDay TemperatureTemperature ProfileProfile

Melting temperature
at the ICB varies
between
4800 - 5500 K



General General ConsiderationsConsiderations

CoreCore--mantlemantle heatheat flowflow tootoo lowlow
Thermal Thermal convectionconvection isis shutshut offoff
Rate of Rate of generationgeneration of of compositionalcompositional bouyancybouyancy byby
thethe soldificationsoldification of of thethe corecore becomesbecomes tootoo lowlow to to 
sustainsustain geodynamogeodynamo

CoreCore--mantlemantle heatheat flowflow tootoo largelarge
Rapid growth of inner Rapid growth of inner corecore; ; youngyoung age of age of thethe corecore
RequirementsRequirements on on primordialprimordial heatheat becomebecome moremore
severesevere as as thethe age of age of thethe inner inner corecore decreasesdecreases..



Stevenson et al., 1983

Evolution of the Earth‘s Core-
Mantle Heat Flow

Evolution of Evolution of thethe Earth‘sEarth‘s CoreCore--
MantleMantle HeatHeat FlowFlow



Stevenson et al., 1983

Evolution of the Earth‘s
Magnetic Field

Evolution of Evolution of thethe Earth‘sEarth‘s
MagneticMagnetic FieldField

Thermal Chemical

Difficult to 
stop
operating



ConclusionsConclusions EarthEarth
CurrentCurrent thermal thermal evolutionevolution modelsmodels showshow
growth of inner growth of inner corecore betweenbetween 1.5 and 3 Ga1.5 and 3 Ga

MagneticMagnetic fieldfield mustmust bebe poweredpowered byby thermal thermal 
dynamodynamo in in thethe earlyearly evolutionevolution
PotassiumPotassium in in thethe corecore isis requiredrequired dependingdepending
mainlymainly on  on  ohmicohmic dissipationdissipation and and thethe corecore adiabateadiabate

OnsetOnset of inner of inner corecore dependsdepends onon
SolidusSolidus and and adiabateadiabate of of thethe corecore
ContentContent of of radioactiveradioactive elementselements e.ge.g. K (. K (thethe higherhigher
thethe potassiumpotassium contentcontent thethe youngeryounger thethe inner inner corecore
growth)growth)
TwoTwo--layeredlayered versusversus oneone--layeredlayered convectionconvection



MercuryMercury



MercuryMercury’’s Magnetic Fields Magnetic Field

Mariner 10 discovered Mercury's planetary Mariner 10 discovered Mercury's planetary 
magnetic field and magnetospheremagnetic field and magnetosphere
The planetary magnetic field is sufficient to The planetary magnetic field is sufficient to 
stand off the solar wind (at least most of stand off the solar wind (at least most of 
the time)the time)
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Thermal HistoryThermal History

TThermal history hermal history 
calculations using full calculations using full 
convection codesconvection codes

Planet cools mostly Planet cools mostly 
by thickening its by thickening its 
lithospherelithosphere



Dynamo Dynamo DrivenDriven byby
CompositionalCompositional ConvectionConvection

CompositionalCompositional
bouyancybouyancy releasedreleased byby
inner inner corecore growth growth 
afterafter a 100 a 100 –– 1000 1000 MaMa
Small Small amountamount of S of S 
requiredrequired; ; consistentconsistent
withwith geochemicalgeochemical
modelsmodels



Europa andEuropa and
GanymedeGanymede



Temperature Profiles of Ganymede



Inner Inner CoreCore GrowthGrowth

Present-day inner core growth
Inner core growth early in the evolution, remanent magnetic field possible



GanymedeGanymede, Europa, Europa

IfIf Ganymede‘sGanymede‘s corecore formedformed
latelate

SlowSlow differentiationdifferentiation isis lessless
favourablefavourable forfor a a sufficientsufficient ∆∆T to T to 
drivedrive a thermal a thermal dynamodynamo. . 

IfIf corecore formedformed earlyearly
Dynamo Dynamo actionaction possiblepossible withwith
chemicalchemical dynamodynamo ifif lowlow S S 
contentcontent oror weakweak rheologyrheology

TidalTidal heatingheating in Europa in Europa 
maymay frustratefrustrate presentpresent
dynamodynamo actionaction

G
anym

ede

Europa



General General ConclusionsConclusions
EarlyEarly dynamosdynamos forfor OneOne--plateplate planetsplanets areare likelylikely ifif
therethere isis a a sufficientlysufficiently large large ∆∆T as a T as a consequenceconsequence
of of corecore formationformation
Thermal Thermal dynamosdynamos forfor OneOne--plateplate planetsplanets will last will last 
aboutabout 100 100 –– 500 500 MaMa
ExtendedExtended dynamodynamo actionaction requiresrequires efficientefficient corecore
coolingcooling and an IC and an IC freezefreeze--outout (Earth, Mercury, (Earth, Mercury, 
and and GanymedeGanymede))

Earth: Earth: plateplate tectonicstectonics
Mercury: Large Mercury: Large corecore and and lowlow S S contentcontent
GanymedeGanymede: : weakweak rheologyrheology ((plateplate tectonicstectonics?) ?) duedue
to to waterwater


