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Summary: Several lines of evidence suggest that 

the Saturnian satellites Tethys, Dione and Rhea have 
experienced episodes of high heat flux in the past. 
These heating episodes are most likely a result of 
mean-motion resonances leading to tidal heating as the 
satellites’ orbits evolved. Here we investigate the tim-
ing and effects of likely resonances in order to deter-
mine the thermal-orbital evolution of the Saturnian 
satellites. 

Relaxation observations: Dione, Tethys and Rhea 
all show impact basins which appear to have under-
gone relaxation [1,2] indicating heat fluxes of tens of 
mWm-2, much higher than expected from radiogenic 
decay. Heat flux estimates based on flexural analysis 
yield comparable numbers for Tethys [3] and Dione 
[4]. The global shape and gravity of Dione and Rhea 
indicate substantial but incomplete relaxation [5,6], 
and probably record an early epoch as the satellites 
spun down. The same data might also indicate a pre-
sent-day ocean on Dione [7].  

Figure 1 shows estimated degrees of relaxation at 
different spherical harmonic degrees (wavelengths) for 
Rhea [8]. Different lines represent the theoretical re-
laxation fraction for different elastic thicknesses, and 
show that degree-2 data indicate a larger degree of 
relaxation (lower elastic thickness) than the impact 
basins. Because spin-down happens early in a satel-
lite’s history, this low elastic thickness might be the 
result of primordial heat. But unless the basins are very 
ancient features (forming within the first few tens of 
Myr), their relaxed nature most likely represent an 
epoch of tidal heating. 

 
Figure 1. Degree of relaxation for Rhea. Boxes are 

relaxation fractions inferred from shape/gravity [6] 

and impact basin [1] measurements. Solid lines are 
calculated relaxation fraction assuming the specified 
elastic thickness, using [18]. More complicated viscoe-
lastic methods yield very similar answers [8]. 

 
The timing of heating events is hard to determine, 

since it could have happened at any time after the re-
laxed features formed. Furthermore, using impact 
crater chronology to establish feature ages produces 
large uncertainties [9]. Another possibility is to use 
orbital evolution models – which are subject to their 
own uncertainties – to investigate when heating may 
have happened.    

Orbital Evolution: The rate of outwards evolution 
of a satellite depends mainly on the dissipation factor, 
Q, of Saturn. Traditionally, Q has been assumed to be 
constant. The measured, present-day outwards evolu-
tion rate indicates a Q of roughly 1800 [10], which 
implies that the inner Saturnian satellites are only ~0.5 
Gyr old (Fig 2, black lines) [11]. An alternative is that 
Q is frequency-dependent [12], in which case the satel-
lites can be ancient (Fig 2, red lines) while still satisfy-
ing the astrometric constraints. This second hypothesis 
also results in tidal heating rates that are almost con-
stant with time. The two different hypotheses give rise 
to the satellites encountering different mean-motion 
resonances. 

 
Figure 2. Orbital evolution for different satellites 

based on the measured present-day values for Q of 
Saturn [10]. Black lines assume that Q is constant, red 
lines use a frequency-dependent Q based on [12]. 

 
Table 1 gives a selection of recently-encountered 

resonances based on the frequency-dependent Q as-
sumption [12]. The equilibrium heating rate [13] is 
also tabulated; typical fluxes are tens of mWm-2, de-
pending on how heating is distributed between the two 
moons. The Tethys:Dione and Tethys:Rhea resonances 
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in particular are compatible with the inferred heat flux-
es described above. 
 
Resonance Ratio Eqbm. heat-

ing (GW) 
Nominal 

time (Gyr) 
Enceladus:Dione 2:1 22 4.56 
Enceladus:Rhea 10:3 31 4.34 
Mimas:Dione 3:1 14 4.31 
Tethys:Dione 3:2 49 4.29 
Mimas:Tethys 2:1 (9.2) 3.97 
Tethys:Rhea 5:2 103 3.86 
Mimas:Dione 10:3 11 3.36 
Dione:Rhea 3:2 (26) 3.16 

Table 1. Selected orbital resonances based on the 
frequency-dependent Q assumption. Equilibrium heat 
production rates are calculated using [13]; values in 
parentheses indicate diverging orbits. 

 
Thermal Evolution: To further constrain the na-

ture of the inferred heating events we carried out ther-
mal evolution modeling using the approach of [14].  

Figure 3 shows an example thermal evolution mod-
el for Rhea in which the only source of heat is radioac-
tive decay and heat is transported by conduction. Suf-
ficient heat is released in the silicate interior to produce 
a transient ocean, but this freezes by about 1 Gyr B.P. 
The refreezing would produce extensional stresses 
[15], compatible with observations [16]. The minimum 
elastic thickness is 66 km, not compatible with the 
relaxation requirements (Fig 1).  

 
Figure 3. Conductive evolution for a differentiated 

Rhea. An ocean forms due to radioactive decay in the 
silicate interior. 

 
Figure 4 shows a similar model in which an epi-

sode of tidal heating is included (the 5:2 Tethys:Rhea 
resonance). Here the heat is assumed to be deposited in 
the silicate core, for numerical convenience, and has an 
assumed duration of 400 Myr. The result is an elastic 
thickness much more compatible with the observation-
al constraints. Note that a deep ocean forms, which 
would lead to significant recent contraction. No such 

contraction is observed on Rhea [16]. One possible 
explanation is that the ice shell is convecting, which 
would produce almost the same elastic thickness but 
can transfer heat sufficiently fast that an ocean never 
forms. But in the absence of a refreezing ocean it is 
hard to explain the extensional strains inferred [16]. 

 
Figure 4. As for Figure 3, but with a tidal heating 

of 103 GW in the silicate core from 3.86-4.26 Gyr. 
 
Discussion: Observations place some constraints 

on the relaxation and strain histories of the Saturnian 
satellites. Modeling as presented here can help fill in 
the gaps to evaluate possible evolution scenarios. For 
instance, what scenarios are compatible with a present-
day ocean on Dione? Is the timing of a heating event 
compatible with a population of variably-relaxed ba-
sins? Can the estimated strains be reconciled with the 
inferred thermal histories? Could the satellites really be 
only 0.5 Gyr old?  

More work is required. In particular, the distribu-
tion of tidal heating between the pair of moons, and the 
duration of a heating event, both require the coupled 
thermal-orbital evolution problem to be solved [17]. 
Tidal heating should also be modeled more realistical-
ly, with the bulk of the heat deposited in the ice shell. 
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