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Diversity 

The solid bodies in this Solar 
System are surprisingly diverse . . . 
 
We’d like to characterize that 
diversity 
 
And we’d like to explain it – to 
understand how it came about 



Topics 

•  1. Present-day state 
•  2. Evolution 
•  3. Initial state 

•  How do we know? 
•  What have we learned? 
•  What puzzles remain? 

Characterizing 
diversity 
Explaining 
diversity 



1. Present-day state 

•  How do we know the internal structure of a 
planetary body? 
–  1.1 What is the bulk density? 
–  1.2 What is the distribution of mass? 
–  1.3 Are there layers of liquid? 



1.1 Bulk Density 
Europa 

Io 

Flyby (schematic) 

Earth 
(signal 
Doppler-shifted) 

r 

•  Images give radius/volume 
•  Mass can be derived from companion orbit, 

perturbations on other bodies, or (ideally) Doppler 
shift during spacecraft flyby 

 
•  Combination gives bulk density 
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Io 
Europa 

Ganymede 
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Ice:rock  
ratio 

Distance 

Laplace resonance 

Galilean satellites 
•  Bulk density tells us about composition (e.g. rock vs. 

ice, rock vs. iron) 

Why the trend 
with distance? 



Variability in bulk composition 

“Core” 

“Mantle” 

 KBOs form in dynamically “quiet” environment? 



1.2 Distribution of mass 

•  Small objects are typically homogeneous 
•  Larger objects experience differentiation: denser 

material sinks to the centre 
•  Whether this happens depends on initial temperature 

(see later) 
•  Similar arguments apply to rock/ice mixtures 
•  We can tell whether an object is differentiated by 

measuring its moment of inertia C/MR2 

Rock+Metal 
Rock 
Metal 



Bodies behaving like fluids 
•  Rotating fluid (“hydrostatic”) bodies are distorted 
•  The distortion depends on the moment of inertia of the 

body 
•  If we can measure the distortion, we can deduce the 

moment of inertia (!) 

Same density 

Different MoI 

More distorted (C/MR2=0.4) Less distorted (C/MR2<0.4) 



“Darwin-Radau relationship” 

Body Ω2a/g (a-c)/a C/MR2 Notes 
Earth 0.0034 0.0033 0.332 fluid 
Jupiter 0.089 0.065 0.252 fluid 
Mars 0.0046 0.0065 [0.43] Not fluid! 
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Only works for fluid bodies 
Also works for satellites (slightly different) 
Also for gravity not just shape 

Use shape to infer moment of inertia (!) 
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Example: Enceladus 

Measured MOI 

•  Silicate core is low density – porosity or alteration? 
•  MOI alone cannot distinguish between ice and water 

Hemingway et al. 2018 



1.3 Are there liquid layers? 
•  Some liquid layers indicate internal conditions (e.g. 

temperature, melt fraction) 
•  Other liquid layers are important for habitability/life 

Io Europa? 



1.3 Are there liquid layers? 

Many techniques are available: 
•  Seismology (e.g. Moon) 
•  Tidal response (e.g. Mars) 
•  Librations (e.g. Enceladus) 
•  Obliquity (e.g. Titan) 
•  Induction (e.g. Europa) 
•  Magnetic field (e.g. Ganymede) 



Seismology 
Body Number of 

seismometers 
Notes 

Earth ~20,000 
Moon 4 1969-1977 
Mars 1 InSight, currently operating 
Saturn [1] Saturn’s rings are seismometers! 

Mankovich (2020) 
Weber et al. 2011 



Tides & tidal heating 
•  Tides affect shape and energy 

c 

a b 

Eccentric orbit 

Planet 

Tidal bulge 

Large 
 bulge Small bulge 

•  Amplitudes controlled by 
Love numbers (k2,h2) 



Influence of liquid layers 
•  Amplitude of tidal response described 

by Love numbers (k2, h2) 
•  Love numbers depend on rigidity (and 

moment of inertia) 
•  Liquid layer increases tidal response 

Rigid 

Larger tidal response  
(larger k2, h2) 

Smaller tidal response 
 (smaller k2, h2) 

Liquid 

A.E.H. Love 



Liquid layers affect tidal response 

observed 

•  Io (Bierson & Nimmo 2016)   

– Partially molten mantle k2=0.1 
– Fully molten magma ocean k2>0.5 

•  Mars (Yoder et al. 2003) 

– Trade-off between (liquid) core size and mantle 
rigidity  



The Love number of an exoplanet! 
Batygin et al. 2009 
HATP-13 

•  Both k2 and Q have been inferred 



Librations 
•  Periodic variations in rotation rate, forced by tides 
•  Amplitude of librations tell us whether there is a 

decoupling (liquid) layer inside 

Margot et al. 2007 
(Mercury); 
Thomas et al. 2016 
(Enceladus); 
etc. 

libration 

liquid 



Obliquity (θ) 

observed observed 
θ θ

•  For tidally-torqued bodies, obliquity can be predicted if 
moments of inertia are known 

•  Obliquity can be measured from Earth (e.g. Mercury) or 
by spacecraft 

•  For Titan, obliquity is so large that the surface must be 
decoupled from the interior (Bills & Nimmo 2011) 



Induction 

Khurana et al. 2002 

•  Jupiter's varying field induces 
a current and a secondary 
magnetic  field inside Europa 

•  Galileo detected this 
secondary field 

•  The amplitude of the 
secondary field depends on 
how conductive Europa’s 
interior is 

•  The results are consistent with a shallow salty ocean 
•  Similar induction approaches are used to determine 

conductivity structure elsewhere (e.g. the Moon) 



Magnetic field 
•  A present-day magnetic field implies a dynamo 
•  A dynamo implies a conductive liquid layer (see later) 
•  Absence of a dynamo does not require absence of a 

liquid layer (e.g. Venus has a liquid core but no dynamo) 

•  Ganymede has both 
a liquid ocean 
(induction) and a 
liquid core 
(magnetic field) 
(Kivelson et al. 2002) 



Present-day state: 
What have we learned? 

•  Subsurface oceans are common 
•  Variability in bulk composition (e.g. terrestrial 

planets, Galilean satellites). Why? 

•  There are many ways of probing the inside of a 
planetary body (humans are clever) 

•  Most of them require a spacecraft – but not all 
•  Ground-based radar geodesy is a powerful and 

underused tool (Margot et al. 2007) 



Summary 
Shape Seism

ology 
Tides Obli
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Inducti
on 

Mag. 
field 

Samples Notes 

Earth 
Mars InSight 
Moon 
Mercury MESSENGER 

Venus Magellan 
Saturn Cassini 
Ganymede [JUICE] 
Titan Cassini 
Uranian 
sats. 

Voyager 

Pluto N.Horizons 

(     ) 
(     ) 

(     ) 



Ocean Worlds are Common! 
Nimmo & Pappalardo 2016 



Interiors are coming into focus 

Nimmo & Pappalardo 2016 



What are some outstanding 
questions? 

•  How large are the cores of Venus and Mars? 
•  Is Callisto really undifferentiated (see below)? 
•  How is Ganymede’s magnetic field maintained? 
•  Does Pluto have an ocean? 
•  Do the Moon or Mercury have solid inner cores? 

•  Venus & Uranian satellites are under-explored 





2 Thermal Evolution 

•  2.1 Heat transfer and plate tectonics 
•  2.2 Magnetic fields 
•  2.3 Thermal-orbital coupling 



2.1 Heat transfer and plate tectonics 
•  Planetary bodies start hot and cool (in general) 
•  How rapidly they cool depends on heat sources 

and rate of heat transfer 
•  Convection increases rate of heat transfer 
•  Convection occurs if Rayleigh number is large: 

Ra = ρgαΔTd
3

κη(T )

•  Convection is easier in ice than rock (lower η) 
•  Convection is likely on large bodies (>Moon) 



Conduction vs. Convection 
•  Pluto’s ice shell 
could be either 
conductive or 
convective 

•  Ocean develops if 
convection is weak 
or absent 

•  Whether 
convection occurs 
depends on 
viscosity of ice 

Ice shell 
rock core 

CONVECTION Robuchon & Nimmo (2011) 

Ice shell 
rock core 

ocean 

CONDUCTION 



Stagnant lid vs. plate tectonics 

 
•  Plate tectonics transfers more heat 
•  “Yield strength” (compared to convective stress) 
•  Earth vs. Venus – water is important! 

Tackley 
 (2000) 

Low yield 
strength 

High yield 
strength 

Europa 



Convective heat transfer 
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Mantle viscosity temperature-dependent η=η0exp(-γT) 

Stagnant lid 

Isoviscous (~plate tectonics) 



Self-regulating mantles 
•  Heat transfer depends on viscosity & thus temperature 
•  Mantle temperature adjusts itself to balance heat 

production and heat loss 
•  Mantle “loses its memory” of the initial conditions 

} Hot start 

} Cold start 

Core 

Mantle 



Melting 

Io 

Earth 

φρ
η

ρ
φ H

melt

n
melt LgcdF Δ2~

permeability 
driving/resistive 
stresses 

advected  
   heat 

After Moore, Icarus, 2001 

Stagnant lid 

Isoviscous 

M
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ar

ts
 Melt advection is an 

efficient way of 
cooling (“heat-
pipe”, e.g. Io or 
Early Earth, Moore & 
Webb 2013) 



2.2 Magnetic Fields 



Requirements for a dynamo 
•  Electrically conductive fluid (iron, metallic He, magma?) 
•  Rotation 
•  Fluid motion 

•  Most usual way of producing fluid motion is by 
convection (thermal or compositional) 

•  Mechanical stirring may also happen (e.g. precession) 



Convection in the core 
•  Heat extracted by the mantle 

controls whether the core 
convects 

•  Critical (adiabatic) heat flux: 

•  Whether a dynamo operates 
is controlled by how fast the 
mantle is cooling 

mantle 

outer  
core 

inner  
core 

compositional 
convection 

boundary 
layer 

Critical heat flux Fc 

inner  
core  growth 

Stevenson 2003 

Fc = k
αgT
Cp



•  Earth has a dynamo, but Venus does not. Why? 
•  Earth has plate tectonics -> higher core cooling, dynamo. 
•  Venus lacks plate tectonics. Why? 
•  Maybe because Venus lacks water – higher yield strength. 

Earth vs. Venus 



2.3 Thermal-orbital evolution 

•  For planets, primary sources of heat are 
accretion energy and radioactive decay 

•  For satellites, there is an extra source of energy 
– tidal heating 

Io Enceladus 



Tidal heating 

H =
3
2
k2
Q
n5R5

G
7e2 + sin2θ( )

eccentricity obliquity (“tilt”) depends on 
internal structure 

•  Heating depends on amplitude (k2) and phase (Q) 
•  A purely elastic (Q->   ) body generates no heat 
•  k2/Q is usually temperature-dependent 

∞

Tidal heating rate for a synchronous satellite: 



Viscoelasticity & tidal heating 

Ross & Schubert 1986 

•  Tidal heating depends on internal structure 
(e.g. temperature, viscosity) 

decreasing T 
increasing ω

“fluid-like” “elastic-like” 

viscosity 

Peak heating 
k2/Q maximum 

Caution: real materials 
are not Maxwellian! 

k2/Q 
and 
Heating  
rate 



Feedbacks 

Internal  
structure 

Q
k2

Orbital 
evolution (e) 

Tidal heating 
(    , e) 
Q
k2

•  The feedback makes for complicated thermal-orbital 
histories – especially when resonances are involved 

k2/Q is a measure of 
how much dissipation 
occurs in the satellite 

•  Satellite orbital and thermal evolution are coupled: 



Periodic Behaviour 
Hussmann & 
Spohn (2004) •  Thermal adjustment 

timescale comparable 
to eccentricity 
evolution timescale 

•  Can get “hot Europa, 
cold Io” states  

•  Oscillation period 
comparable to 
Europa’s surface age 
(~50 Myr) 



Thermal evolution: 
What have we learned? 

•  Convective mantles are self-regulating 
•  Long-term mantle evolution is controlled 

mainly by heat production 
•  Melt advection is an efficient way of cooling 
•  Dynamos (active/extinct) are a marker of 

thermal evolution 
•  Satellite thermal evolution is intrinsically more 

complicated than planet thermal evolution 



Dynamo histories 

10 100 1000 1 
Time after CAI 

Chondrite parent bodies 
Angrites 

Pallasites 

Vesta(?) 

Moon 
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Mars 

Earth 

Mercury 

Venus 

Now 

Asteroids 

Magnetic field history constrains thermal evolution 



What are some outstanding 
puzzles? 

•  How rapidly is Venus cooling? 
•  Why is Mercury’s dynamo so peculiar? 
•  When and why did the lunar & Martian 

dynamos die? 
•  What caused resurfacing on Ganymede? 
•  How old are the Saturnian satellites? 
•  How old is the Earth’s inner core? 





3. Initial state 

•  The initial state of a planet is determined 
largely by how it formed 
–  3.1 How do planets form? 
–  3.2 How fast do they form? 
–  3.3 What are the consequences of formation? 



3.1 How do planets form? 
•  1. Nebular disk 

formation 
•  2. Initial coagulation 

(~10km, ~104 yrs) 
•  3. Runaway growth (to 

Moon size, ~105 yrs) 
•  4. Oligarchic growth (to 

Mars size, ~106 yrs), 
migration (?), gas loss  

•  5. Late-stage accretion 
(~107-8 yrs) 

? 



Late-stage Accretion 

Raymond et al. 2006, run 2a, N=1054 

Giant collisions!  



“Non-traditional” accretion 

•  Jupiter may have moved around during early 
Solar System (the “Grand Tack”) 

•  Accretion models usually ignore gas, but this 
can completely change the physics (“pebble 
accretion” / “streaming instability”) 

•  Exoplanetary systems & disks challenge our 
understanding of accretion (e.g. "hot Jupiters") 



3.2 How fast do they form? 
•  Consider a proto-planet moving through a swarm of 

planetesimals at a relative speed vrel: 

2R vrel 

dM
dt

∝  σ svrel  1+ vesc
2

vrel
2

"

#
$

%

&
'

Gravitational 
focusing factor 

•  If vesc>vrel, you get “runaway growth” 
•  If vesc<vrel, you get “oligarchic growth” 
•  As bodies grow, vrel increases until vrel~vesc 

Surface 
density 



A problem 
•  The rate of growth decreases as surface density σs and 

orbital mean motion n decrease. Both these parameters 
decrease with distance from the Sun (as a-1.5 [Kepler’s 
law] and a-1 to -2, respectively) 

•  So rate of growth is a strong function (~a-3) of distance 
•  So Jupiter should have formed more slowly than Earth 
•  And Kuiper Belt objects should never have formed at all! 

•  BUT . . . 
•  Jupiter had to grow before gas loss (~3 Myr) 
•  Earth took >30 Myr to complete its growth (see later) 
•  This makes no sense! 



“Pebble accretion”? 

Proto- 
planet 

pebble gas 

•  Presence of gas allows pebble-size objects to accrete 
•  This can lead to very rapid accretion (~0.1 Myr) as long as 

enough pebbles are available and a proto-planet is present 
•  So this can explain how Jupiter grew fast 
•  But shouldn’t the Earth have grown fast also? 



“Streaming instability” 
•  Pebble accretion only works if you already have a pre-

existing large-ish body 
•  That “seed” body needs to grow before the gas disperses 

•  One way of growing the seed body is the “streaming 
instability” 

•  In a turbulent disk, particles will sometimes pile up 
•  When they do, they will slow the local gas down 
•  That causes more particles to pile up . . . a runaway 
•  This might explain an apparent deficit of small asteroids 

and the existence of large Kuiper Belt Objects 

Johansen et al. 2015 



Chronometry: Hf-W system 
•  182Hf decays to 182W, half-life 9 Myrs (comparable to accretion 

timescale) 
•  Hf stays in silicates, W goes into core, so observations time core 

formation (and hence accretion) 

Differentiated 
mantle 

Early core formation – excess 182W in mantle 

Core forms 

182Hf (rock-loving) 
182W (iron-loving) 

Late core formation – no excess 182W 

Core forms Undiff. planet 

Mantle 

We can use 182W isotopic measurements to tell how 
fast a planet grew! 



Core formation times from 182W 
Kleine et al. (2009) Hf-W isotopic system 

Rock+ 
Metal 

Rock 
Metal 

These timescales agree 
rather well with what 

accretion codes predict 



3.3 Consequences of formation 

•  Heat 
•  Differentiation 
•  Fragmentation and spin 



Heat 
•  “Onion-shell model”, assuming no radiative losses 

early later 
R
GME
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•  CAVEATS!: 
•  For slow accretion and small impactors , radiation may be important 
•  Impacts are large, discrete and stochastic, not continuous and small 
•  Spatial heterogeneity may be important 

None the less, Earth-mass bodies almost certainly started life molten  
“Magma oceans” were common in the early Solar System 



•  Small bodies can melt via 26Al decay 
•  Big bodies melt due to gravitational energy  
•  Picture changes if impactors are small 

Melting occurs 
Rubie et al. 2007 

M   m 
=γM  

Gravitational and radiogenic heat 



“Small” Impacts + Re-radiation 

•  Small impactors do not bury the heat they deliver 
•  The heat can be re-radiated rapidly to space (unless 

growth is extremely fast) 
•  Accretion entirely from small bodies makes cold bodies 

Method of 
Squyres et 
al. (1988) 
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“Normal” accretion 

Hot,  
differentiated 

Pebble accretion 

•  Very different consequences for interiors 
•  But giant impacts must have occurred in our 

inner solar system (see above) 

Pebble Accretion? 

G
as

 fl
ow

 

Cold,  
undiff. 



Hot start vs. cold start Pluto 

10
0k
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A hot start is more consistent with the observations 
Bierson et al. 2020 



Differentiation 

•  It is energetically favourable for dense material to sink 
to the centre (differentiation) 

•  This requires flow (high temperatures) 
•  So moment of inertia provides constraint on thermal 

state, and thus on accretion 

Rock+Metal 
Rock 

Metal 



Incomplete differentiation (?) 
•  Titan (almost certainly) and Callisto (possibly) have 

not completely differentiated – requires low T 
•  This implies they were put together slowly, out of 

small objects – constraint on accretion process 

Barr and Canup (2010) 



Giant collisions: Moon, Mercury 
and Uranus 

The tiny core of the Moon and 
the huge core of Mercury are both 
the result of giant collisions. 
So is the high obliquity of Uranus. 



Initial State: 
What have we learned? 

•  Jupiter grew fast (~3 Myr), Earth grew slowly 
(~30 Myr). Why? 

•  Impactor size spectrum controls whether 
planets start hot or cold 

•  Giant collisions have a major (and stochastic) 
effect on planetary evolution 

 
•  Samples are incredibly useful! 
•  Our understanding of accretion is in flux – lots 

of new ideas  



Accretion Timescales 

Nimmo et al. 2018 



Heat production & Heat loss 
•  Early hot mantles cooled by advection (heat-pipe)  
•  Solid-state mantles cool slowly 
•  Mantles spend a long time close to the melting 

point 
100 Myr 1 Gyr 10 Gyr 1 Myr 10 Myr 

26Al 
Accretion 

K,U,Th So
ur

ce
s 

Magma oceans 

Mantle convection 
Melt advection Si

nk
s 



What are some outstanding 
puzzles? 

•  How did Jupiter grow so much faster than Earth? 
•  How did Kuiper Belt Objects form? 
•  Why is Mars small? 
•  How exactly did the Moon form? 
•  Why do other planetary systems look so different? 
•  Did pebble accretion actually happen? 

•  Our understanding of accretion is in flux – lots of 
new ideas  





Wrapping Up 
•  Planetary geophysics is a combination of 19th-

century theory & 21st-century engineering 
•  We now know a great deal about the present-day 

interiors of the terrestrial planets (Venus aside) 
•  Focus is moving to the outer solar system and/or 

the evolution of these bodies 
•  Sample analysis has been crucial  

•  There are still a lot of outstanding puzzles 
•  Venus and the Uranian sats. are underexplored 



Upcoming Missions 

https://nssdc.gsfc.nasa.gov/planetary/chronology.html 



Some closing thoughts 

•  Planetary science is in good shape! 

•  Understanding the dynamics of fluid-filled 
shells is a major intellectual area with direct 
relevance to spacecraft observations 

•  Our understanding of planetary accretion is in 
a state of flux  

•  Sample return is a game changer (e.g. Venus, 
Enceladus, South Pole-Aitken basin, Mars) 
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Questions? 


