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Introduction:  The mid-sized moons (MSMs) of 

Saturn have a large spread in silicate content and di-
verse thermal histories. Unlike the Galilean moons, 
these properties do not seem to vary regularly with 
semi-major axis or size. This may indicate some early 
event that altered the system, including formation of 
the moons well after the endpoint of Saturn’s for-
mation [1], perhaps during a period of increased come-
tary influx as predicted during the Late Heavy Bom-
bardment (LHB) [2]. The dynamical state of the MSMs 
also suggests a late formation, possibly as early as a 
few 100 Myr ago [3]. This is further reinforced by 
simulations of impact-induced processes under the 
classical Nice model [4,5], which result in significant 
volatile loss [6], catastrophic disruptions [2], or possi-
ble differentiation [7] if the MSMs experience their 
full predicted bombardment history.  

However, recent planet formation models suggest 
the outer Solar System bombardment was less massive, 
but more energetic (i.e., higher encounter velocities), 
in the so-called Nice II model [8-10]. Work on the cra-
tering record of Iapetus and the retainment of a pris-
tine, nearly circumferential, equatorial ridge [11], sug-
gests under Nice II conditions a planetesimal disk mass 
of 12MÅ £ MD £ 34MÅ [12], in agreement with results 
investigating the Jupiter Trojan population [13]. Iape-
tus receives only 7% - 20% of the total bombardment 
mass predicted by the classic Nice model (MNice) [12].  

During a hypervelocity impact onto an icy moon, a 
quasi-spherical melt region is produced [14], in which 
rock separates from ice [15], releasing gravitational 
potential energy. Repeated impacts lead to partial or 
full differentiation of the satellite [15]; thus, the geo-
physical states of Rhea and Dione can also be used to 
further constrain their bombardment history [15]. 
Rhea’s gravitational state would fit at best partial dif-
ferentiation [16, 17]. On the other hand, Dione may be 
partially or fully differentiated [18,19].  

Here, we investigate the geological and geophysical 
records of Rhea and Dione in order to place constraints 
on their relative youth to Iapetus, which is considered 
primordial [20, 21], thereby providing insights into the 
question of the late formation of the MSMs.  

Analytic Study:  The impact energy associated 
with a body’s total bombardment mass (MB) can be 
approximated as 𝐾"~1 2𝑀"𝑣(), where vi is the charac-
teristic impact velocity [15]. The energy associated 
with differentiation can be approximated as the amount 

of energy required to fully melt a body of mass Ms, 
such that 𝐸+~𝑚(𝑀-𝐿, where mi is the ice mass ratio, 
and L is the latent heat of water ice. If 𝐾" 𝐸+ > 1, it is 
likely that the satellite will melt completely. In Table 
1, we show the ratio for Dione, Rhea, and Iapetus fol-
lowing the classic Nice model, the Nice II model, and 
the recent mass constraints on the Nice II model from 
[12, 13]. Note this calculation assumes that all of the 
impact energy goes into melting, and therefore is an 
over approximation. Values near 2 may indicate partial 
differentiation while values >3 may indicate a fully 
differentiated body [15].  

 
Table 1:  Ratio of received kinetic energy from impact cra-
tering to the required energy to melt the icy satellite 
(𝐾" 𝐸+)	following the classic Nice, the Nice II, and modi-
fied Nice II model including restrictions on planetesimal disk 
mass from [12,13]. 

 Classic  
Nice 

Nice II Nice II - 
Modified 

Dione 61 19 4 – 12 
Rhea 21 6 1.5 – 4 
Iapetus 0.5 0.14 0.03 – 0.1 

 
Cratering Model:  Following the methods of [12], 

we use Monte Carlo methods to select a population of 
impactors with a size-frequency distribution (SFD) as 
the Kuiper Belt. Our SFD contains one slope break at 
D = 110 km and follows a differential power law in 
mass (m) of the form dN/dm µ m-1.7 for D £ 110 km 
and dN/dm µ m-3.4 for D ³ 110 km, assuming impactor 
density ri = 1.1 g cm-3 [12, 22]. Synthetic impactor 
populations are converted to transient craters per satel-
lite using a Pi scaling law [23] 

 

𝐷34 = 1.16
𝜌(
𝜌+

9
:
𝐷;.<= 𝑣( sin Ω ;.B:𝑔D;.)),													(1) 

 
where rm is the satellite’s density, vi is impactor veloci-
ty, g is gravity, and W is impact angle. Transient crater 
populations are then converted to final craters by  
Dfc = 1.34 Dtc

1.1Dc
-0.11, where Dc is the simple-to-

complex transition crater diameter [24]. Dione and 
Rhea are modeled as Cartesian spheres descritized into 
cubes 5 km on a side; therefore, the smallest simulated 
impact crater is 5 km due to model resolution.  
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Results:  We conducted a suite of Monte Carlo 
simulations over a range of bombardment masses in 
small incremental steps between 0.001MNice £ MB £ 
2MNice and produced a total of 100 realizations for eve-
ry MB. Results presented here are for Rhea, while Dio-
ne will be presented at the conference.  

To compare measured crater density populations to 
simulated, we fine the average cumulative SFD for 
every studied MB and compare to the measured SFD by 
[25]. In Figure 1, we show the comparison between the 
measured cumulative SFD to the simulated SFDs as a 
function of bombardment mass. Accounting for Monte 
Carlo error in the simulation and Poisson statistics in 
the measured crater counts, we find the bombardment 
mass experienced by Rhea is in the range of 0.01MNice 
£ MB £ 0.06MNice, which implies a plantesimal disk 
mass in the Nice II simulations of 2MÅ £ MD £ 10MÅ.  

Rhea is expected to remain undifferentiated, be-
cause 𝐾" ⁄ 𝐸+ ~ 0.2 – 1.3. On the other hand, under 
this scenario, Dione may be partially differentiated as 
it receives 𝐾" ⁄ 𝐸+ ~ 4, in agreement with its interior 
state [18,19]. However, the inferred planetesimal disk 
mass is 5% to 83% of that suggested by the cratering 
and geological history of Iapetus.  

 

 
 
 
Figure 1: Measured cumulative crater size frequency distri-
bution from [25] with error following Poisson statistics 
(squares) compared with the simulated SFD as a function of 
the total bombardment mass, relative to MNice on Rhea (on 
Rhea MNice = 8.4´1019). Color representes the average SFD 
per MB over the suite of 100 simulations. Measured crater 
densities on Rhea would suggest 0.01MNice £ MB £ 0.06MNice. 

Conclusions:  Rhea’s crater population suggests it 
received a less massive bombardment than Iapetus, 
which is unexpected because Rhea is deeper within the 
Saturnian gravity well and is slightly larger than Iape-
tus. Our work shows the bombardment recorded on 
Rhea’s surface is not sufficient to drive it to differenti-
ate completely, and the same is true for Dione, con-
sistent with their inferred interior states [15-18]. 
Rhea’s surface records a bombardment with a total 
mass ~40% of that recorded on Iapetus. This could 
indicate Rhea formed after the formation of Saturn, but 
not as early as 100 Myr ago, as has been suggested [3].  

However, if the MSMs re-accreted late after a dis-
turbance to the system, the vast majority of the impacts 
recorded on their surfaces would be planetocentric in 
origin, and have lower impact velocities than used here 
[3]. Without estimates of the sizes and numbers of the-
se objects, we cannot make an exact comparison be-
tween the expected crater population and that observed 
on the MSMs. We do note that the measured cumula-
tive crater SFDs of Rhea and Iapetus are similar, but 
are different from that on Dione [25]. If Rhea and Dio-
ne formed late and were impacted by a planetocentric 
population, then they should have similar cumulative 
SFDs, which is not the case.  
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