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Observations made by Galileo (January 1610)
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Observations made by Galileo (January 1610)

Galilean moons

Modern view of the Galilean System  
(@ S. Fayolle, Veenstra+2025)



Titan is the prototype of a world shaped by organic-rich accretion beyond the soot line1971: subsurface oceans

Nimmo and Pappalardo (2017)

Galilean moons: dead or alive ?

Theory



Titan is the prototype of a world shaped by organic-rich accretion beyond the soot lineIn 1979: « Io might currently be the most intensely heated terrestrial-type body in the solar system » 
« Widespread and recurrent surface volcanism would occur »

Galilean moons: dead or alive ?

Theory
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1st extraterrestrial eruption 

Voyager 1, March 8, 1979
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Voyager 1 & 2

Galileo

1975 1980 1985 1990 1995 2005 2010 2015 2020 2025 20302000

1st extraterrestrial eruption 

Voyager 1, March 8, 1979

1st indirect detection of subsurface ocean

Galileo, March 1996

Ganymede magnetic field

Galileo, June 1996 
Zimmer+2000 Kivelson+1996
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1st direct measurement of tidal dissipation

Lainey et al. 2009

100 TW
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Io induced magnetic field: molten interior? 
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JUNO, Park et al. 2025
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1st direct measurement of tidal dissipation
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Io induced magnetic field: molten interior? 
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Io's tidal response precludes a shallow 
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Where heat is dissipated ?

Tidal dissipation as a heat engine: rheology



Not to scale at all

Strongly dissipating No dissipation anymore

Orbital evolution and synchronisation of the orbit

How do we stay like this ?
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Dissipation of the interior, depends 
on rheology

Tidal dissipation as a heat engine: orbital characteristics

Cf Sam and Alex’s talk
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Implication for Io and Europa’s evolution

Laplace resonance: a coupled evolution
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Periodical changes in eccentricity result in a modulation in heat production and hence in thermal state of the rocky mantle and 
thickness of the ice shell. 

Cf Sam’s talk



Implication for Io and Europa’s evolution

3D simulations of 
convective heat transfer 

and tidal heat production  
(Běhounková et al. 2021)

• Modulation of melt production by the Laplace resonance. 

• Mantle melting and magmatic  activity on Europe seafloor during 
periods of enhanced eccentricity on Europa. 

Laplace resonance: a coupled evolution



•How much tidal heat can be generated in Europa’s rocky mantle? 

•Can we envision partial melting?  

•Is there magmatism at the seafloor ?

Implication for Europa’s seafloor volcanism

Laplace resonance: a coupled evolution
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Ganymede and Callisto puzzle 
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•Did tidal heating trigger Ganymede's 
differentiation? (Showman et al. 1997+ Mathis 
Pinceloup!) 

•Was the dichotomy set at formation — rate, 
temperature, or accretion mechanism? (Barr & 
Canup 2008; Bennacer et al. 2025; Shibaike 2025) 

•Is Callisto even undifferentiated? 
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Differentiation processed in icy moons - Mathis Pinceloup and Tristan Bablin’s talk!



Nimmo+2026

Voyager 1 & 2

Galileo

1975 1980 1985 1990 1995 2005 2010 2015 2020 2025 20302000

Juno

JUICE

Europa Clipper

Today

MoI, iron core size 
≥20% melt fraction 
k₂ = 0.125  
heat flux 2.5 W/m²

MoI, core ? 
subsurface ocean 
- 
ice shell >20 km

Gravity 
Magnetic induction 
Tides 
Surface observation 

MoI, differentiated 
subsurface ocean 
-  
ice shell ≤150 km  
active dynamo

MoI, undifferentiated? 
subsurface ocean 
- 
geologically quiescent

Galilean moons’s view from today



Saturnian system: dynamical history with many possible resonances
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Saturnian system: active mid-sized moons

Cf Tristan’s talk



Saturnian system: reconcile Titan orbital state, tidal dissipation and interior



TRAPPIST-1 system: terrestrial (?!) Earth-sized planets subjected to tidal heating

Exoplanetary resonant systems ?



After Bolmont+2026

Strong NegligibleImpact of tidal heating on 
thermal heat budget :

Moderate

Insolation HZ

TRAPPIST-1 system: terrestrial (?!) Earth-sized planets subjected to tidal heating

Exoplanetary resonant systems ?
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Strong NegligibleImpact of tidal heating on 
thermal heat budget :

Moderate

Insolation HZ

TRAPPIST-1 system: terrestrial (?!) Earth-sized planets subjected to tidal heating

Exoplanetary resonant systems ?







Recent Interior models of Io and Europa - Valentin Andre et al. 2026

Main results of the study:  

⮚ Io and Europa must respectively incorporate 3-8 wt% and 1-22 wt% of graphite to have 

   a silicate-sulfide composition consistent with that of carbonaceous chondrites (potential building blocks). 

  

⮚ Carbon content in Europa is strongly anti-correlated with the hydrosphere thickness, which will be measured by Europa Clipper. 

⮚ A significant fraction of Europa’s hydrosphere may come from thermal metamorphism of carbonaceous organic matter. 

Geophysical + 
Geochemical modelling

Monte-Carlo inversion to 
satisfy the mass, radius and 

moment-of-inertia



In the middle ?? 

Liquid dissipationSolid dissipation What’s going on?

Partial melting
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Depending where tidal heat is dissipated:

- increase tidal heating budget

- modifies heat flux pattern 

Tidal dissipation as a heat engine: rheology 


