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What do we know about
the interior structure, dynamics
and thermal evolution
of terrestrial planets?



MarsMars



CrustalCrustal dichotomydichotomy

Variation in ageVariation in age
CrustalCrustal thicknessthickness variationvariation
((e.ge.g., Zuber et al., 2000)., Zuber et al., 2000)
VariaionVariaion in in surfacesurface compositioncomposition
((e.ge.g., ., ChristensenChristensen et , 2000)et , 2000)



VolcanicVolcanic activityactivity
StrongStrong decreasedecrease of of volcanicvolcanic activityactivity withwith time; time; firstfirst
global global distributiondistribution laterlater concentrationconcentration in in twotwo
provincesprovinces
CrustalCrustal dichotomydichotomy formedformed in in thethe firstfirst fewfew 100 Ma100 Ma
BulkBulk of of thethe large large volcanicvolcanic provincesprovinces formedformed in in firstfirst
1 Ga1 Ga



EpisodicEpisodic volcanismvolcanism
butbut also also recentrecent
activityactivity in in TharsisTharsis
and Elysiumand Elysium

Neukum et al, 2004



Elastic Thickness Estimates Elastic Thickness Estimates -- MarsMars

Te during the Noachian / Early Hesperian ~ 15 km
Te during the Amazonian between 30 and 300 km
General trend follows planetary cooling but
Large Te variations in the Amazonian

N H A
N = Noachian
H = Hesperian
A = Amazonian



EarlyEarly strongstrong magneticmagnetic fieldfield

EarlyEarly crustalcrustal
magnetizationmagnetization
((firstfirst ~ 500 Ma)~ 500 Ma)
No No presentpresent dayday
internalinternal magneticmagnetic fieldfield



VenusVenus
VolcanoesVolcanoes and and volcanicvolcanic
lavalava flowsflows areare
homogenouslyhomogenously
distributeddistributed at at thethe
surfacesurface

PossiblyPossibly a a recentrecent global global 
resurfacingresurfacing eventevent
(~ 500(~ 500--700 Ma) 700 Ma) 
renewedrenewed thethe surfacesurface



Venus: Venus: 
crustalcrustal thicknessthickness



MercuryMercury

CraterCrater and and scarpsscarps covercover thethe
surfacesurface

oldold surfacesurface
~ 1~ 1--3 km 3 km decreasedecrease of of radiusradius
causedcaused byby thermal thermal contractioncontraction
sincesince ~4 Ga ~4 Ga 



Messenger Messenger flybysflybys
revealedrevealed volcanicvolcanic
resurfacingresurfacing

VolcanismVolcanism moremore
widespreadwidespread thanthan
previouslypreviously expectedexpected

MercuryMercury



MoonMoon

CrustalCrustal dichotomydichotomy:  :  
lunarlunar maremare areare
primarilyprimarily foundfound on on 
nearnear sideside



MoonMoon

IncreaseIncrease of TiOof TiO2 2 withwith
age age suggestssuggests thatthat
sourcesource regionregion movedmoved
to to greatergreater depthdepth

VolcanicVolcanic activityactivity
extendedextended, , albeitalbeit at a at a 
smallsmall rate, rate, untiluntil
perhapsperhaps 1.5 Ga 1.5 Ga b.pb.p..



Planetary Data (Magnetic field)Planetary Data (Magnetic field)

 Mercury Venus Earth Mars Moon Ganymede Io 

Radius  0.38 0.95 1.0 0.54 0.27 0.41 0.28 

Mass 0.055 0.815 1.0 0.107 0.012 0.018 0.015 

Density [kg/m3] 5430. 5250. 5515. 3940. 3340. 1940. 3554. 

ρ0 [kg/m3] 5300. 4000. 4100. 3800. 3400. 1800. 3600. 

MoI 0.34 ? 0.3355 0.3662 0.3905 0.3105 0.378 

Rc/Rp 0.8 0.55 0.546 0.5 0.25 0.3 0.5 

Dipole Moment  
[1019 A m2] 

4.9 <0.4 7980. <2.5 <4x10-9 14 ? 
 

 

Present dynamo

Early dynamo ? ? ? ?

- - - -



Dynamo action ‘dicated‘ by
mantle cooling

Dynamo Dynamo actionaction ‘‘dicateddicated‘‘ byby
mantlemantle coolingcooling

If the mantle cools
efficiently the interior the
core can convect (or
freeze out an inner core)

If the mantle cools
inefficently the interior the
core can not convect (or
not freeze out an inner 
core)



SomeSome openopen questionsquestions
WhatWhat isis thethe originorigin of of thethe crustalcrustal dichotomydichotomy
of Mars and also of of Mars and also of thethe Moon?Moon?
WhatWhat isis thethe originorigin of of TharsisTharsis on Mars? on Mars? 

IsIs thethe dynamodynamo actionaction linkedlinked withwith thesethese
processesprocesses??

WhatWhat isis thethe originorigin of of thethe resurfacingresurfacing eventevent
on Venus, on Venus, diddid Venus Venus havehave hadhad plateplate
tectonicstectonics oror eveneven Mars?Mars?



SomeSome openopen questionsquestions
WhyWhy lastedlasted thethe volcanicvolcanic activityactivity on on thethe smallsmall
planetsplanets thatthat longlong??
WhatWhat isis thethe magneticmagnetic fieldfield evolutionevolution of of thethe
terrestrialterrestrial planetsplanets??
WhyWhy doesdoes thethe Earth Earth havehave plateplate tectonicstectonics??
…………??



WhatWhat influencesinfluences thethe thermothermo--chemicalchemical
and and thethe magneticmagnetic fieldfield evolutionevolution??

InteriorInterior structurestructure and and compositioncomposition

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 
densitydensity



DataDataData
MassMass

GravityGravity fieldfield,    ,    
rotationalrotational statestate

ChemistryChemistry / / 
mineralogymineralogy of of thethe
surfacesurface

CosmochemicalCosmochemical
datadata (SNC) (SNC) 

Data Data fromfrom thethe
laboratorylaboratory

MGS Gravity Field of Mars



TwoTwo--layered structural modelslayered structural models

Mars

Non-uniqueness of even 
simple interior structure 
models with ρcrust = 0

two constraints: mean 
density, MoI factor 

three unknowns: mantle 
and core density, core 
radius

Reduce ambiguities by 
cosmochemistry

core densities ranging from 
pure Fe to eutectic Fe-FeS 



DetailedDetailed Models of Models of thethe InteriorInterior
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StructuralStructural EquationsEquations

Model Model assumptionsassumptions::
SphericallySpherically symmetricsymmetric and and fullyfully differentiateddifferentiated planetsplanets
HydrostaticHydrostatic and thermal and thermal equilibriumequilibrium

mass, m

moment of inertia, θ

gravity, g

pressure, p



Interior structure of MarsInteriorInterior structurestructure of Marsof Mars

Sohl und Spohn, 1997

Fe

FeS

15 weight-% S

Perovskite

Sohl and Spohn, 1997
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Planetary DataPlanetary Data
 Mercury Venus Earth Mars Moon 

Radius  0.38 0.95 1.0 0.54 0.27 

Mass 0.055 0.815 1.0 0.107 0.012 

Density [kg/m3] 5430. 5250. 5515. 3940. 3340. 

ρ0 [kg/m3] 5300. 4000. 4100. 3800. 3400. 

MoI 0.34 ? 0.3355 0.3662 0.3905 

Rc/Rp 0.8 0.55? 0.546 0.5 0.25 

Dipole Moment  
[1019 A m2] 

4.9 <0.4 7980. <2.5 <4x10-9 
 

 



InteriorInterior structurestructure



HeatHeat Transport Transport MechanismsMechanisms

PlatePlate tectonicstectonics: : 
Earth, Earth, earlyearly Mars?, Venus? Mars?, Venus? 
((notnot todaytoday butbut episodicepisodic))

StagnantStagnant lidlid convectionconvection:  :  
Mercury, Venus, Mars, MoonMercury, Venus, Mars, Moon

LithosphereLithosphere delaminationdelamination: : 
Venus?Venus?

Magma Magma transporttransport ((volcanismvolcanism))



MantleMantle temperaturetemperature
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LithosphereLithosphere thicknessthickness
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ParameterizedParameterized ModelsModels
Simple scaling laws
(e.g. Nu ~ Rab)

Global parameters as 
function of time
(e.g. mean temperature, 
heat flow)
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qm

qc

Mantle

Core

Qm
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TwoTwo different different approachesapproaches II

Mantle

Core

Convecting
mantle

cNu a Raβ−= Θ
Stagnant lid



Mantle

Core

Conducting part

Isoviscous
convecting
mantle

TwoTwo different different approachesapproaches IIII

Nu aRaβ=

Stagnant lid



qm

qc

Stagnant Lid

Mantle

Core

Qm
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Plate tectonics Stagnant lid convection
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WhyWhy do do oneone--plateplate planetsplanets showshow
longlong lastinglasting volcanicvolcanic activityactivity??

EarlyEarly thermal thermal evolutionevolution modelsmodels predictpredict
volcanicvolcanic inactivityinactivity earlyearly in in thethe evolutionevolution forfor
thethe smallsmall planetsplanets

Larger Larger amountamount of of heatheat productionproduction elementselements??
LowerLower mantlemantle meltingmelting temperaturestemperatures??
SomeSome mechanismmechanism of a of a slowerslower coolingcooling duedue to to 
inefficientinefficient heatheat transporttransport??



Thermal Thermal ConductivityConductivity

MantleMantle materialmaterial
DependentDependent on on temperaturetemperature and and pressurepressure
~ 3 ~ 3 –– 4 W/(mK)4 W/(mK)

CrustalCrustal materialmaterial
‘‘CompactCompact‘‘ crustcrust ((e.ge.g. . basaltbasalt and and andesiteandesite)  ~ 2 W/(mK))  ~ 2 W/(mK)
FracturedFractured surfacesurface layerlayer 0.01 0.01 –– 0.5 W/mK0.5 W/mK



RegolithRegolith layerlayer



CrustCrust Formation in a Formation in a OneOne--PlatePlate
PlanetPlanet

MeltMelt productionproduction underneathunderneath thethe stagnantstagnant
lidlid



MercuryMercury
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Mercury: Breuer et al., 2008;  Moon: Ziethe et al., 2009 and 
Mars: Schumacher and Breuer, 2006, 2007



WhatWhat cancan wewe learnlearn form form thethe
observedobserved evolutionevolution of of thethe elasticelastic

thicknessthickness on Mars?on Mars?



Elastic Thickness Estimates Elastic Thickness Estimates -- MarsMars

Te during the Noachian / Early Hesperian ~ 15 km
Te during the Amazonian between 30 and 300 km
General trend follows planetary cooling but
Large Te variations in the Amazonian

N H A
N = Noachian
H = Hesperian
A = Amazonian



Elastic thickness Te

Decoupled:

Coupled:

Modeling Modeling -- Elastic ThicknessElastic Thickness
Strength Envelope
Bounding stress / temperature for 
decoupling

decoupled

coupled



Strength Envelopes Strength Envelopes –– Wet CrustWet Crust

Wet mantle Dry mantle

Generally low Te
Long decoupling phase

Generally large Te
Short decoupling phase



Elastic Thickness Evolution Elastic Thickness Evolution ––
Wet CrustWet Crust

Wet mantle Dry mantle

Wet mantle:
Low Te
Te grows from 
30 to 100 km

Dry mantle:
Large Te
Te grows from 
50 to 140 km



Conclusion IConclusion I
A phase of rapid lithospheric growth occurred 
during the Hesperian and Te increased from 30 
to 60 km.
The increase may be explained by the 
vanishing of the incompetent crustal layer and 
mechanical coupling of crust and mantle.
The effect is only observable for a weak 
crustal rheology, e.g. wet diabase.
The low Te values in the Noachian are best 
compatible with a wet mantle rheology.



Lithospheric Modeling Lithospheric Modeling –– Spatial Spatial 
HeterogeneityHeterogeneity

Crustal Thickness [km] Qc [pW m-3]

Use constant background heat flow Fl and lid thickness Dl
(we do not consider hot spots)
Include varying crustal thickness [Neumann et al. 2004]
Include varying abundance of HPE [Taylor et al. 2006]



Results Results –– Elastic Thickness DistributionElastic Thickness Distribution

Early Amazonian

Te is small for large crustal thicknesses
Qc distribution has little influence on the results
Te distribution is bimodal, caused by rheological 
decoupling
30 km < Te < 100 km 



Results Results –– Elastic Thickness DistributionElastic Thickness Distribution

Mid Amazonian

Te distribution is essentially trimodal, caused by the 
crustal dichotomy and rheological decoupling
Rheological decoupling is limited to central Tharsis
55 km < Te < 160 km 



Results Results –– Elastic Thickness DistributionElastic Thickness Distribution

Late Amazonian

Te distribution is essentially bimodal, caused by the 
crustal dichotomy
75 km < Te < 190 km 



Conclusion IIConclusion II
Rheological decoupling important up 
to the Amazonian (maybe today)
Lithospheric structure similar to a two 
layer continental lithosphere on Earth

Dc and Qc variations result in spatial 
variations of 74 km < Te < 190 km.

.



WhatWhat needsneeds to to bebe donedone in in thethe
futurefuture??

a lot a lot …………
wewe needneed moremore modelingmodeling butbut also also moremore
planetaryplanetary datadata ((e.ge.g., ., seismicseismic networknetwork))
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