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The origin of Saturn’s inner mid-sized moons (Mimas, Enceladus, Tethys, Dione and Rhea) and Saturn’s
rings is debated. Charnoz et al. [Charnoz, S., Salmon J., Crida A., 2010. Nature 465, 752-754] introduced
the idea that the smallest inner moons could form from the spreading of the rings’ edge while Salmon
et al. [Salmon, ]., Charnoz, S., Crida, A., Brahic, A., 2010. Icarus 209, 771-785] showed that the rings could
have been initially massive, and so was the ring’s progenitor itself. One may wonder if the mid-sized
moons may have formed also from the debris of a massive ring progenitor, as also suggested by Canup
[Canup, R., 2010. Nature 468, 943-946]. However, the process driving mid-sized moon accretion from
the icy debris disks has not been investigated in details. In particular, Canup’s (2010) model does not
seem able to explain the varying silicate contents of the mid-sized moons (from 6% to 57% in mass). Here,
we explore the formation of large objects from a massive ice-rich ring (a few times Rhea’s mass) and
describe the fundamental properties and implications of this new process. Using a hybrid computer
model, we show that accretion within massive icy rings can form all mid-sized moons from Mimas to
Rhea. However in order to explain their current locations, intense dissipation within Saturn (with
Qp < 2000) is required. Our results are consistent with a satellite origin tied to the rings formation at least
2.5 Gy ago, both compatible with either a formation concurrent to Saturn or during the Late Heavy Bom-
bardment. Tidal heating related to high-eccentricity post-accretional episodes may induce early geolog-
ical activity. If some massive irregular chunks of silicates were initially present within the rings, they
would be present today inside the satellites’ cores which would have accreted icy shells while being tid-
ally expelled from the rings (via a heterogeneous accretion process). These moons may be either mostly
icy, or, if they contain a significant amount of rock, already differentiated from the ice without the need
for radiogenic heating. The resulting inner mid-sized moons may be significantly younger than the Solar
System and a ~1 Gyr formation delay is possible between Mimas and Rhea. The rings resulting from this
process would evolve to a state compatible with current mass estimates of Saturn’s rings, and nearly
devoid of silicates, apart from isolated silicate chunks coated with ice, interpreted as today Saturn’s rings’
propellers and ring-moons (like Pan or Daphnis).

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

moons” interior to Mimas’ orbit, with irregular shapes, and the
“mid-sized moons,” extending from Mimas to Rhea, with ellipsoi-

Between the outer edge of the Saturn’s rings and Titan (about
2.3 and 20.3 times Saturn’s equatorial radius respectively) orbits
the population of ice-rich inner moons with an organized orbital
architecture in which the mass is an increasing function of distance
(Fig. 1). They are organized into two distinct families, the “small
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dal shapes and average-radii ranging from 198 km (Mimas) to
764 km (Rhea) (Thomas et al., 2007; Thomas, 2010). The physical
peculiarities of the latter population still challenge all formation
models:

(a) The averaged density of the mid-sized moon system is at
least 25% less than Titan’s uncompressed density and much
below the density expected for a Solar composition (Johnson
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Fig. 1. Mass of Saturn’s icy inner moons versus distance. “Small moons” designate moons from Atlas to Janus, and “mid-sized moons” those from Mimas to Rhea. Circles’ radii
are proportional to the size of the moons. The vertical solid line shows Saturn’s equatorial radius at 60,330 km, the dashed line shows the location of the outer edge of Saturn’s
A ring at 136,750 km, and the vertical dashed-dotted lines stands for the F-ring.

and Lunine, 2005). This suggests that the material accreted
into these objects was depleted in rocks, but the mechanism
responsible for that situation remains to be found. Shape data
suggest that these moons still present a central concentration
of material (Thomas et al., 2007; Thomas, 2010) characteristic
of a partially differentiated structure, or, alternatively, of an
internal gradient in porosity (e.g., Eluszkiewicz and Leliwa-
Kopystynski, 1989). The geophysical evolution and current
state of these objects are not well understood (Schubert
etal., 2010). Contrarily to large icy satellites, accretional heat-
ing was not a significant heat source that could drive early
melting and separation of the rock from the volatile phase
in small satellites (Squyres et al., 1988; Matson et al., 2009).
Differentiation in that class of objects is a function of their
time of formation, which determines the amount of accreted
short-lived radioisotopes (Castillo-Rogez et al.,2007; Barr and
Canup, 2008; Matson et al., 2009) and their tidal dissipation
history, which is poorly constrained. Still, while the masses
of Saturn’s mid-sized satellites span over two orders of mag-
nitude (from Mimas to Rhea), they all share a high-albedo
(e.g., Owen et al., 1995), icy surface, implying that silicates
have been efficiently and systematically removed from their
surfaces and buried in their interiors, by some unknown
mechanism. In this respect, Saturn’s icy moons are unique in
the Solar System.

(b) The cratering frequency at the surface of Saturn’s satellites is

puzzling in several respects. It has been recognized since the
Voyager epoch (Smith et al., 1982; Lissauer et al., 1988; Zah-
nle et al., 2003; Dones et al., 2009) that the relative cratering
records of Rhea and lapetus are inconsistent if these satel-
lites were struck by a common population of heliocentric
impactors (like comets). Indeed, since Rhea is closer to Sat-
urn than lapetus, the planet’s gravitational focusing should
produce a much larger crater density on Rhea’s surface than
on lapetus’ surface. However, the two moons have similar
crater densities. For smaller craters, that might be a result
of crater saturation equilibrium (Hartmann, 1984) having
been reached on the saturnian satellites, however the many
basins on lapetus cannot be explained in this way. Conse-
quently, Rhea’s surface seems younger than lapetus’ surface.
In addition, if the population of impactors was heliocentric
and the moons had already achieved synchronous rotation,
a large apex/antapex asymmetry should be visible on their
surfaces (Zahnle et al., 2001, 2003; Dones et al., 2009). Such

()

an enhancement is not visible, although Schenk and Murphy
(2011) have found smaller excesses of rayed craters on the
leading hemispheres of several of the mid-sized moons. This
is one of the reasons why it is thought that Saturn’s icy sat-
ellites were hit by a population of planetocentric impactors
(Zahnle et al., 2003; Dones et al., 2009) in addition to, or
even instead of, a heliocentric one. Extensive crater analysis
has recently brought further observational evidence that
Saturn’s inner medium-sized bodies were affected by at least
two populations of impactors (Kirchoff and Schenk, 2010).
These authors also noted a contrast in crater densities
between the plains and the large craters of several Saturnian
satellites, especially at Tethys and Mimas. In the latter case,
Schenk (2011) inferred that the crater Herschel is especially
young, since it is pockmarked by only a few small craters. On
the other hand, Kirchoff and Schenk (2010) noted an anom-
alous dearth of large craters at Mimas, Dione, and Tethys, in
comparison to the frequency distribution expected in the
case of a population of impactors that would have hit the
satellites during the Late Heavy Bombardment [LHB] (taking
lapetus as a reference), which cannot simply be explained by
viscous relaxation. Despite the increasing observational evi-
dence that the LHB cannot account for the observed crater
distribution and frequency, the origin of a separate popula-
tion of interlopers, probably in the form of planetocentric
objects, has never been identified. Note that works modeling
Iapetus’ formation (Mosqueira and Estrada, 2003a,b; Mos-
queira et al., 2010) have suggested that lapetus’ surface
may have been impacted by proto-satellites remaining at
the end of its formation. These satellitesimals could consti-
tute a potential population of planetocentric interlopers, at
least for Iapetus. However it is unclear if the signature of
their impacts on the surfaces of Mimas to Rhea would be still
visible today. So the cratering history of Saturn’s satellites
and the question of the population of impactors is still an
open question.

The most puzzling properties of these satellites is perhaps
their varying silicate fractions (Fig. 2): 26%, 57%, 6%, 50%
and 33% for Mimas, Enceladus, Tethys, Dione and Rhea,
respectively, assuming the moons have no porosity (Matson
et al., 2009). Oddly enough, the uranian satellites present a
somewhat similar trend in their silicate fractions. What kind
of process could produce such diversity? This problem still
challenges any formation scenario and his largely not
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Fig. 2. Silicate mass fraction of today’s Saturn mid-sized moons. These values are
computed assuming a silicate density of 3000 kg/m> and a solid ice density of
930 kg/m?>. For the least evolved of these objects (Mimas, Tethys, possibly Rhea), the
silicate fraction may be underestimated due to the long-term preservation of
remnant porosity.

addressed. Estrada and Mosqueira (2006) suggest that a
stochastic collisional capture of interlopers penetrating deep
in the planet’s gas poor sub-nebula may be at the origin of
the varying silicate contents of the mid-sized moons. Unfor-
tunately they do not explore this process in detail. Other
satellite formation models do not address this question
(see e.g., Canup and Ward, 2006; Sasaki et al., 2010).

(d) The current location of Saturn’s mid-sized moons obeys a
simple architecture where the mass is an increasing function
of distance from the planet (Fig. 1). This can be interpreted
as the signature of tidal forces driving the outward migra-
tion of the satellites at a rate proportional to their mass. It
depends on the planet’s dissipation factor, hereafter labelled
Qp. In the sole presence of Saturn’s tides, the satellite’s semi-
major axis should evolve according to the following law
(Goldreich and Soter, 1966):

da;  3koypMG'R

b S A ) 1

dt QpM;/Za}‘/Z (1)
with Mp, ky, and R, standing for the planet’s mass, tidal Love
number, and equatorial radius, respectively, while M; and as
stand for the satellite’s mass and semi-major axis, and G is
the universal gravitational constant. Q, is usually assumed
to be not less than 18,000 for Saturn with k,, ~ 0.341 (Gavri-
lov and Zharkov, 1977, see also Dermott et al., 1988; Sinclair,
1983; Meyer and Wisdom, 2007). However with this canoni-
cal value it is not possible to easily explain the current and
very ordered architecture in mass of Saturn’s satellites (see
Appendix A) if one assumes they all formed at the same mo-
ment (apart from doing a very fine, unlikely adjustment of the
initial positions, so that today they seem regularly ordered
while they were not in the past). Of course we have only very
few constraints on Q, and it might have changed with time.
We remind our reader that the canonical lower bound on Sat-
urn’s Q, is inferred from the orbital evolution of Mimas to its
current location based on four assumptions (and neglecting
the torque exerted by the rings) (Goldreich, 1965): Mimas
formed (i) just outside of Saturn’s synchronous orbit
(~113,000 km from Saturn’s center); (ii) 4.5 Gyr ago; (iii)
with its current mass and (iv) simultaneously with the other
satellites. Under these particular assumptions, k,,/Q, was
found to be lower than 2 x 10~ (Goldreich, 1965; Goldreich
and Soter, 1966). Examination of the Tethys-Mimas

resonance yields Q, > 18,000 (Sinclair, 1983) for kp, ~ 0.341
(Gavrilov and Zharkov, 1977) also under the four aforemen-
tioned assumptions. For comparison, Dermott et al. (1988)
finds Q, > 16,000. These assumptions are, in fact, poorly con-
strained and justified. We will show below, in particular, that
these assumptions are incompatible with formation of the sa-
tellite at the rings’ edge (because in this case the satellite’s
age increases with the body’s mass, see Section 3). Recently
Lainey et al. (2010) re-examined Saturn’s Q, on the basis of
astrometric observations of Saturn’s satellites spanning over
one century. They found Q, ~ 1680 (assuming ky, ~ 0.341),
implying a much stronger tidal dissipation in the planet’s
interior than previously thought, and in turn, a much faster
orbital expansion. In the present study both this value and
the “traditional” lower bound of Q, will be considered.

1.1. Linking moon formation to ring formation

1.1.1. How to form satellites?

The formation of Saturn’s satellites in Saturn’s sub-nebula has
been investigated by several authors exploring different struc-
tures of Saturn’s sub-nebula (see e.g., Mosqueira and Estrada,
2003a,b; Estrada and Mosqueira, 2006; Canup and Ward, 2006;
Barr and Canup, 2008; Estrada et al., 2010; Johnson and Estrada,
2009a,b; Mosqueira et al., 2010; Sasaki et al., 2010). Whereas
there is some understanding of the fact that Saturn’s moons
should be smaller than Jupiter’s and that the saturnian system
may be dominated by a single large moon (Titan) rather than
a collection of similar-sized moons (the galilean satellites), no
model self-consistently explains the origin of the mid-sized icy
satellites and, in particular, their varying silicate contents. For
example, models of moon formation in a gas-rich saturnian neb-
ula fed by planetesimals from the solar nebula (Mosqueira et al.,
2010) imply a monotonically increasing fraction of silicates
closer to Saturn (because the closer to Saturn, the denser the
nebula and thus denser material is more easily trapped there).
Otherwise, most satellite accretion scenarios occurring in
Saturn’s nebula, proposed up to now, simply do not address this
problem that is very specific to Saturn’s mid-sized moons and is
not easily tied to the Saturn’s nebula properties (see e.g., Canup
and Ward, 2006; Mosqueira et al., 2010). Mosqueira and Estrada
(20034a,b) suggested that stochastic collisions with planetesimals
may be at the origin of these peculiarities. However, this idea
has not been investigated so far.

Recently a new mechanism (Charnoz et al., 2010) was proposed
to explain the origin of Saturn’s smallest moons orbiting between
the outer edge of Saturn’s rings and below Mimas’ orbit (namely,
Atlas, Prometheus, Pandora, Epimetheus, and Janus): the spreading
of ring material beyond Saturn’s Roche limit, resulting in the for-
mation of clumps that coalesce to produce today’s moonlets. The
resulting orbital architecture of the small moons, as well as their
size distribution, was reproduced (see Figs. 3 and 4 of Charnoz
et al. (2010)). This mechanism of moon formation is in fact more
general than the sole case of Saturn’s small moons moons: the for-
mation of the Earth’s Moon can be described by the same process
(Charnoz et al., 2010), namely accretion of a proto-satellite at the
Roche limit of the proto-lunar disk, supporting the idea that satel-
lite formation at the edge of circumplanetary debris disks within
the planet’s Roche limit may be a general mechanism of satellite
formation. In this perspective, we need a disk to be the progenitor
of a moon system. So then comes naturally the question of the ori-
gin of Saturn’s rings. .. a long standing question!

1.1.2. How to form rings?
The destruction of a large satellite close to Saturn has long been
proposed as a possible origin for the ring system (Harris, 1984;
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Charnoz et al., 2009a,b; Canup, 2010). Recently, Canup (2010) has
shown, using Smooth Particles Hydrodynamics (SPH) simulations,
that a Titan-sized differentiated moon drifting toward Saturn (be-
cause of Type 1 migration in Saturn’s nebula) has its icy mantle
progressively “peeled off” by tides as it approaches the planet be-
low ~3 Saturn radii. The icy mantle is ground into small pieces and
remains in orbit while the silicate core is lost into the planet be-
cause of tides with the disk. This process may nicely explain the
apparent absence of silicates from Saturn’s main rings (Cuzzi and
Estrada, 1998; Poulet et al., 2003; Nicholson et al., 2005; Cuzzi
et al., 2009), however it may be still subject to questions concern-
ing its initial conditions (the possibility for a differentiated Titan-
sized satellite at this time, the nebula model that fuels inward
migration, Mosqueira and Estrada, 2011). However the main idea
- the tidal destruction of a differentiated satellite - still remains
the best model to date explain the very existence of silicate poor
rings. The ring’s progenitor must be sufficiently massive to suffer
type I migration in Saturn’s gas nebula (in order to penetrate inside
Saturn’s Roche zone), so its mass is intimately linked to the neb-
ula’s surface density. In Canup’s work this translates into a Titan-
sized satellite (see e.g., Canup and Ward, 2006; Canup, 2010),
whereas with different assumptions on Saturn’s nebula, a Rhea-
sized body may also undergo migration (see e.g., Mosqueira
et al,, 2010). In the present work we will simply assume that the
ring’s progenitor is at least a few times Rhea’s mass and we do
not make any particular assumption on Saturn’s nebula. Note that
we cannot exclude that the ring progenitor could be a massive
(>1000 km) unique heliocentric interloper. However, we tend to
disregard such a scenario as it has been shown that if Saturn’s rings
origin is linked to cometary implantation (during the LHB and
coming from an early massive Kuiper Belt) then all four giant plan-
ets may be expected to show massive ring systems (Charnoz et al.,
2009b) and they would have formed from the debris of a numerous
population of small bodies, in which ice and silicates could be inti-
mately mixed (see Section 4.1).

Canup (2010) also suggests that the same mechanism that
formed Saturn’s smallest moons may have formed all of Saturn’s
mid-sized moons up to Tethys (e.g., Mimas, Enceladus, and Tethys,
but not Dione and Rhea), extrapolating the work of Charnoz et al.
(2010) initially intended explain the small moons population, to
very high mass objects. In this scenario, the origin of Saturn’s
moons is intimately linked to the rings’ origin. However, the pro-
cess by which such large moons may accrete was not described.
Also, Canup (2010) does not provision any explanation for Dione
and Rhea, which suggests that in that framework, the inner moons
would stem from two different accretion processes.

Other scenarios have suggested that a differentiated satellite
close to Saturn may have been hit by a comet (coming from the pri-
mordial Kuiper belt) during the Late Heavy Bombardment, result-
ing in catastrophic disruption of the moon (Charnoz et al,
2009a,b). This scenario has the advantage of explaining naturally
why Saturn is the only planet to have massive rings (due to the rel-
ative position of its Roche limit to its synchronous orbit, Charnoz
et al., 2009a). A Mimas-sized satellite would be expected to suffer
about one catastrophic impact during the LHB (Charnoz et al.,
2009a) so any moon larger than 100 km radius present at the time
of the LHB close to Saturn’s synchronous orbit might have been de-
stroyed. Based on these arguments, Charnoz et al. (2009a,b) spec-
ulate that, if the moons were differentiated, their mantles would
be preferentially disrupted (because of shock-wave reflection at
the core/mantle boundary) and scattered into orbit (as was the
case for the proto-Earth during the impact that resulted in the for-
mation of the Earth’s Moon; see e.g., Canup, 2004) and might result
in the formation of an icy ring. In the current state of our knowl-
edge, this is still a speculative scenario and requires further study.

We also note that the survival of a large moon close to Saturn’s
Roche limit up to the onset of the LHB event, occurring about
700-800 My after Saturn’s formation, would require a high value
of Q, (Charnoz et al., 2009a) and is a strong constraint on this
model.

Whatever the process that formed Saturn’s rings, it is possible
that the rings were initially very massive (Salmon et al., 2010),
i.e.,, about 100-1000 times the present mass of Saturn’s rings
(which is thought to be about Mimas’ mass or perhaps a few times
larger - see e.g., Charnoz et al., 2009b; Robbins et al., 2010). Then
they would viscously evolve toward their present-day mass. In-
deed, Salmon et al. (2010) have recently shown that, due to gravi-
tational instabilities, the initial rings would initially spread very
rapidly and would lose most of their mass either through their in-
ner edge (to the planet’s atmosphere) or through their outer edge
(through the Roche limit). Progressively, the ring stabilizes into a
state of marginal gravitational stability (with the Toomre parame-
ter close to 2, see Salmon et al., 2010). The resulting asymptotic va-
lue of the disk’s mass would be about Mimas’ mass (as predicted by
the analytical calculation of Salmon et al., 2010; see their Egs. (22)
and (23)), in qualitative agreement with the estimates of the cur-
rent mass of Saturn’s rings (Charnoz et al., 2009b).

1.2. Purpose and structure of the paper

The purpose of this paper is to investigate the process of moon
accretion at the edge of an initially massive saturnian ring either
made of pure ice (Section 3) or containing some silicate chunks
(Section 4). We do not focus on a particular model of Saturn’s rings
formation (either in the Saturn’s nebula or during the LHB, either
through tidal destruction of a satellite or through a cometary im-
pact). We simply study the evolution of an initially massive disk,
giving birth to satellites through gravitational instability, in a
gas-free environment in order to understand the basic physical
properties of this process. We wish to answer the following ques-
tions: What is the mass of the moons that could be formed at the
rings’ edge? Is it possible to reproduce the current orbital architec-
ture and size-distribution? How old are Saturn’s satellites? Is it
possible in this framework to reproduce the current mass of Sat-
urn’s rings?

In Section 2 our model is briefly described, and in Section 3 our
results concerning the moon’s accretion and physical and chrono-
logical properties are discussed. Finally, in Section 4, we wish to
investigate the difficult problem of the variations in silicate con-
tent across the mid-sized moon system. Canup (2010) hypothe-
sized that the ring progenitor was fully differentiated and the
silicate phase was lost in the planet. However, in case of full differ-
entiation, only the water-dominated moons could be formed in
that context (e.g., Tethys, possibly Mimas), while a different ave-
nue needs to be considered for the rock-rich satellites. We demon-
strate that if the ring progenitor was only partially differentiated
(as suggested by some authors, see e.g., Mosqueira and Estrada,
2011), or if, about 1% of its silicate-core mass remained in the icy
debris disk after the tidal stripping, it becomes possible to devise
an accretion framework that explains simultaneously the existence
of (a) mid-sized moons with a variety of silicate content (b) small
moons and rings devoid of silicates. Indeed, in Section 4 we intro-
duce a scenario in which icy material accretes at the surface of
large silicate chunks (>10-100 km) inside Saturn’s Roche limit.
We call this process “heterogeneous accretion”. We show that het-
erogeneous accretion leads to moons that are already chemically
differentiated independently from radiogenic and tidal heating.
In this framework, the rock mass fraction may vary stochastically
between moons providing a potential explanation to this long-time
riddle.
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2. The model

We use a hybrid computer model called “HYDRORINGS” de-
scribed in Charnoz et al. (2010) and Salmon et al. (2010). HYDRO-
RINGS couples a 1-D hydrocode for the rings’ surface density
evolution using a realistic viscosity model (accounting for enhanced
viscosity when the disk s self-gravitating, see Daisaka et al.,2001) as
well as the moons’ gravitational torques (using the formalism of
Meyer-Vernet and Sicardy, 1987) that is considered for all first-order
mean-motion resonances. The 1-D ring density evolution is com-
puted with a second-order solver using a staggered grid. The disk
material grain density is always 900 kg/m?, compatible with an ice
composition. As described in Charnoz et al. (2010) satellites are
formed when any ring material crosses the planet’s Roche limit for
ice (computed as R, = 140,000 km). At every time step, all the ring
mass inside the grid-cells (of the simulation) that are located beyond
the R, are converted into satellites (one per grid-cell), while the cor-
responding grid-cells are emptied of their material content (see
Charnoz et al. (2010) for more details). Once a satellite is formed,
its mass, eccentricity and semi-major axis are tracked (ms, as and e
respectively). To compute the satellite’s radius, we assume that its
average density is always 1000 kg/m> for simplicity. Due to the
excessively short orbital periods of Saturn’s moons compared to
the age of the Solar System (from ~15 h at the ring’s edge to about
400 h for Titan), it is not possible to use a direct N-body simulation
of moon’s orbital evolution. As in Charnoz et al. (2010), we instead
use a very simple orbital model that accounts for tidal interactions
with the planet and with the rings. However, we introduce a new ef-
fect that was not treated by Charnoz et al. (2010): the satellites’
internal dissipation, which may be significant in moons on eccentric
orbits. The semi-major axes of satellites (as) expand because of the
ring’s torque I's; and planet’s tides but that evolution may be coun-
teracted by dissipationin the satellites. Then the satellites’ semi-ma-
jor axes and eccentricities, es evolve according to (Kaula, 1965; Peale
and Cassen, 1978):

- 2 11/2
dt QPM;:/ all/
de 57kypnsM R
sy Po.
dt Q,M,a3

da; 3k2pMSGl/2RZ { 516?} 2a;°T 21’(;1151\/17’? 2 (2)

N 4] MeM)? T QMad
21k5nM,r3 .
2Q.Mya>

+ Fme (3)

where R, and M, are the planet’s radius and mass respectively, and
M, rs and ng are the satellite’s mass, radius and orbital frequency,
respectively. Terms with k3/Q, account for dissipation inside the
satellites. F,,;. accounts for mutual satellite perturbations and is dis-
cussed below. Saturn’s “quality factor” Q, is canonically thought to
be >18,000 (assuming k,p, = 0.341, see Goldreich and Soter, 1966;
Sinclair, 1983). However, as we discussed in Section 1, this value
is very poorly constrained and a recent study (Lainey et al., 2010)
suggests Q, ~ 1680, implying a much faster evolution pace. We will
consider both values for Q,.

For the time being no N-body code is able to handle mutual
interactions between 10 and 20 bodies for 10!°-10'2 orbits as re-
quired here. As a consequence mutual interactions between satel-
lites are considered in a simplified way, in the form of a forcing
term (designated as F,. in Eq. (3)) that increases the magnitude
of eccentricities. In Charnoz et al. (2010), F,;,o was treated by using
an instantaneous-encounter formalism (Greenberg et al., 1978).
This technique is numerically stable for very small moons (as those
considered in Charnoz et al. (2010)), but leads to fast instabilities
for large satellites. So the previous method is not applicable for
the present study. Thus we designed a simple “toy model” for
the satellites’ eccentricity evolution. The main idea is the follow-
ing: the eccentricities of two perturbing moons increase, on aver-
age, by an amount ~Av/V} (where Av is the velocity perturbation

during an encounter and Vj is the orbital Keplerian velocity) on a
timescale comparable to the mutual synodic period of the two
moons. Let e; be the eccentricity of satellite i and Ty their synodic
period. Thus our “toy model” is as follows:

€qi — €
Fme = Z ( ﬁjTi‘ l) (4)
i#] y

where eg; is the average eccentricity forced by mutual encounters
between satellites i and j, defined as follows:

AV
g = Max{e. 1} (5)

where Vj; is the Keplerian velocity of satellite i. AVj; represents the
velocity kick induced during one conjunction between satellites i
and j, and is computed using the impulse approximation (Greenberg
et al., 1978). We force eg; to be always larger than e; so that eccen-
tricity cannot be damped during a mutual encounter. This crude
mathematical model leads to an exponential relaxation of eccen-
tricities toward an equilibrium value on a synodic timescale and
is numerically stable. It gives order of magnitudes for today’s eccen-
tricities of satellites out of mean-motion resonances (using current
positions and semi-major axes of Enceladus, Tethys and Dione and
Rhea), all in the range of 0.001 to a few 0.01.

We are fully aware that neglecting resonant interactions may
lead to large errors in the satellites’ orbital evolution (unaccounted
resonant trapping, eccentricity pumping, secular effects, etc.).
However we consider the current work as a first attempt to under-
stand the long-term evolution of Saturn’s system including moon-
ring-interactions.

3. Moon formation from a pure icy ring
3.1. Early evolution

In this section we investigate the possibility of accreting large
moons (from 100 to 1000 km radius) in an initially massive disk.
For now we aim to examine whether we can understand and
reproduce a simple and robust observation: the current mass ver-
sus distance relation of Mimas, Enceladus, Tethys, Dione and Rhea,
as displayed in Fig. 1. This will be our “guideline” throughout this
section. For the moment, we assume that the whole material is
made of ice. The case of a mixture of ice and silicates is treated
in Section 4.

All our simulations start with a narrow isolated ring, whose ini-
tial mass, M;, ranges between 1 and 10 Rhea masses (where Rhea’s
mass Mg = 2.3 x 10%' kg). As a typical example, the time evolution
of the system for M; =4 M is shown in Fig. 3 for three cases:

e Case A (Fig. 3a and b): Q, = 18,000 and no dissipation inside the
satellites.

e Case B (Fig. 3c and d): Q,=1680 and no dissipation inside the
satellites.

e Case C (Fig. 3e and f): Q, = 1680 with constant dissipation inside
the satellites (k3/Q3 = 0.01 constant for all satellites).

In all three cases, the ring starts spreading freely and a population
of satellites appears at the disk’s outer edge (i.e., Saturn’s Roche lim-
it). They grow due to mutual encounters, similarly to the small satel-
lite formation model presented in Charnoz et al. (2010). In just
10° years, moons with masses ~10'” kg up to ~8 x 10?! kg are
formed with the largest gathering about 80% of the disk’s initial mass
(see Figs. 3 and 6). Subsequent accretion modifies the mass distribu-
tion while keeping almost unchanged the mass of the largest moon,
Myig, which scales roughly linearly with M;, as indicated in the
semi-empirical formula derived from equilibrating the ring’s
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Fig. 3. Evolution of the rings’ surface density (solid line, left scale) and mass of proto-satellites (black solid dots, right scale) as a function of the distance to Saturn’s center.
Grey squares represent the current population of saturnian satellites. The initial disk mass is equal to 4 Rhea masses. In all simulation k,, = 0.341. The positions of the
satellites formed from Saturn’s rings are shown after 2.5 Gyr and 4.5 Gyr evolution. Two values of dissipation factor are tested for Saturn: Q, = 18,000 (a and b, Case A) and
Q, = 1680 (c and d, Case B). The dissipation in the satellites is included assuming k3/Q, = 0.01 for all satellites with Q, = 1680 (e and f, Case C).

viscous torque with the satellite’s gravitational torque (see Charnoz
et al.,, 2010 - supplementary information):

ouMl;
Me =522 ®)
and with o ~ 0.1 x (M,/m) x (k/(R?Q;))"/%, where m is the order of
the strongest resonance (m ~ 2 here) and ; the Keplerian fre-
quency at the distance of the Roche limit. S is the disk’s surface
and k is a numerical factor coming from the viscosity model (so that
the viscosity is given by v~ ko? where ¢ is the disk’s surface
density, see Daisaka et al, 2001), k~8 x 1078 m®kg?s~! here
(see supplementary information#4 in Charnoz et al. (2010)). From

Eq. (6), a 4-M disk extending from Saturn’s equatorial radius to Sat-

urn’s Roche limit would give birth to a moon with Mg ~ 0.8 M.
However, simulations show that My, ~ 3.2 Mg. Whereas our ana-
lytic estimate is smaller, the order of magnitude is correct. This dis-
crepancy with may be a consequence of accretion of the moons
with each other, which is not considered in Eq. (6).

3.2. Need for intense dissipation in Saturn

In Case A (with Q, = 18,000, see Fig. 3a and b, Case A) the mass
versus distance relation, M(a;), poorly reproduces the current con-
figuration (large differences between the black dots and grey
squares in Fig. 3). Only a single large moon ends beyond
250,000 km from Saturn, instead of the three moons currently in
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that situation. Varying the initial conditions (M; and the initial ring
location) does not provide any better match. This is not surprising
because in contrast to the assumptions chosen by Goldreich and Sot-
er (1966) the moons in our simulation (i) have not reached their final
mass at the time they emerge from the rings, (ii) have not formed at
the location of Saturn’s synchronous orbit and (iii) are formed at
different epochs due to the progressive spreading of the disk.
Conversely, for Q,=1680 (Case B) the resulting M(a,) function
shares striking resemblances with the current distribution and
qualitatively reproduces the current mass-distance distribution
(Fig. 3b-f) after 2.5 Gyr of evolution. In the resulting orbital architec-
ture, two distinct regions are discernable. Below 220,000 km satel-
lites interact strongly with the rings and experience a rapid
outward migration. This is the “ring-controlled regime.” Beyond
220,000 km, lies the “Saturn-controlled regime,” in which satellite
migration is slower, primarily driven by Saturn’s tides. We note that
the satellite systems obtained after 2.5 Gyr or 4.5 Gyr of evolution
are almost similar (compare Fig. 3¢ and d) apart from the final loca-
tion of the most massive satellite, which is highly sensitive to its
mass (Eq. (2)). We find that in Case B (in which Saturn’s dissipation
is included while the satellites are not dissipative, see Fig. 3c and d)
that satellites in the Saturn-controlled regime are significantly less
massive compared to the current configuration. In general, the sat-
ellites end up “too far” from their host planet (both for 2.5 Gyr or
4.5 Gyr), especially those located beyond 200,000 km. A possible
way to limit excessive orbital migration is to increase the value of
Q,. However, after performing multiple tests, increasing the value
of Q, does not seem do a good job. Instead it results in decreasing
the number of satellites formed beyond 220,000 km: the slower
the migration, the more effective the accretion process. To solve this
problem we have considered dissipation inside the satellites them-
selves in addition to a very dissipative Saturn (Q, = 1680, Case C, see
Fig. 3e and f). In this case the mass versus distance distribution
shows a much better agreement with the observations. Of course,
that process is time-dependent and a function of the satellites inte-
riors and compositions. By lack of constraints, we assume that k5 /Q;,
is constant. The large value adopted here (k;/Q5 = 0.01) is an ex-
treme case. For lower values of k3 /Q3 the fit to the current satellites
population gets worse, though.

Despite the simplicity of our model, the strong similarities we
obtain with the current orbital configuration of Saturn’s inner

moons suggest that the latter is the product of strong Saturn’s tides
(Qp ~ 1680) combined with strong dissipation within the satellites
(k5/Q5 ~ 0.01 here); the satellite system progressively accreted at
the edge of a massive ring, spreading beyond Saturn’s Roche limit.
We assume that Q, is constant over the age of the Solar System
which adds another degree of uncertainty to our simulations.As a
consequence of all these uncertainties, it is not possible to accu-
rately date Saturn’s inner satellite system. However, we can cer-
tainly note that our simulations are compatible with formation of
the most massive satellite, concurrent with the rings, at least
2.5 Gyr ago. This is compatible with both the birth of the Solar Sys-
tem (4.5-4.6 Gyr ago) and the date of the putative Late Heavy
Bombardment (3.8-3.9 Gyr ago; Cohen et al, 2000; Tsiganis
et al., 2005).

In conclusion, with a high tidal dissipation inside Saturn
(Qp ~ 1680 as suggested by Lainey et al. (2010)), and with dissipa-
tion inside the satellites, we find that the formation of all the sat-
ellites of Saturn until (and including) Rhea may be well explained
by the spreading of massive rings beyond the Roche limit.

3.3. Early high eccentricity episodes

A notable aspect of our simulations is the likely occurrence of
high eccentricity episodes early in the satellite’s histories (Fig. 4).
Since moons are formed in a compact orbital configuration (they
all first accrete at the Roche limit, but at different times), their mu-
tual perturbations induce high eccentricities (larger than 0.005 for
the most massive, for example). Some eccentricity “peaks” are also
expected (Fig. 4). They result from close encounters between pro-
to-satellites followed by sudden eccentricity decreases as a conse-
quence of enhanced dissipation following merging (due to the
enhanced dissipation of larger bodies visible in the second term
in Eq. (3), which is proportional to r? /ms, i.e., to r2). These early epi-
sodes of large eccentricity for the most massive satellites (Fig. 4)
may have had consequences for their geological activity. Positive
feedback between melt generation and enhanced tidal dissipation
may explain the signs of geological activity visible on some of the
most massive of Saturn’s mid-sized satellites (Porco et al., 2006;
Stephan et al., 2010; Wagner et al., 2010) This prospect bears
interesting implications that need to be studied through coupled
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Fig. 4. Satellites’ eccentricity as a function of time in Case C (see Section 3). Colors and numbers indicate the rank of the satellite by decreasing order of mass at the end of the
simulation ~4.7 Gyr (“1” is the most massive satellites, “2” is the second most massive one, . ..,“10" is the least massive satellite). (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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geophysical and dynamical evolution models, which are however
beyond the scope of this paper.

The mass distribution of satellites accreted in the simulations
shares similarities with the observed one (Fig. 5). Apart from the
smallest satellite (Atlas, mass ~ 10'® kg, Porco et al., 2007) the
mass distributions we obtain - either with or without satellite dis-
sipation - are somewhat similar to the current distribution (dia-
monds). A detailed check shows that the slope yielded by our
calculation is systematically steeper than the observed one. Inter-
estingly, there is a knee in the observed distribution at about 10'°
kg that we also obtain in our simulations. The knee may be related
to accretion processes occurring beyond 220,000 km and the “traf-
fic jam” effect at this location (see Section 3.4). We note that while
Saturn has four satellites interior to Titan’s orbit with mas-
ses >10%% kg, in our simulations only three such moons are formed
in general. Although we do not strictly reproduce the current dis-
tribution, similarities in the slope and the presence of a knee are
encouraging.

3.4. Accretion in several steps: the planetocentric impactors and the
satellites’ age

The accretion process does develop at a uniform pace and
shows a clear dependence on distance to Saturn (Fig. 6). During
their outward migration, satellites slow down around
220,000 km (Fig. 6a) where ring-satellite interactions cease (more
precisely when the satellite’s 2:1 inner Lindblad resonance leaves
the disk). As a consequence of satellites slowing down their orbital
expansion when they reach this distance, they trigger a sort of
‘traffic jam’ effect. All satellites massive enough to migrate beyond
220,000 km finish their accretion below 250,000 km (Fig. 6a and b).
So the region extending from ~200,000 km to ~250,000 km is the
nursery of the most massive satellites (i.e., those larger than Enc-
eladus). There, intense accretion occurs and may produce debris.
Satellite’s eccentricities at the time of accretion are in the range
1073-10"2 (Fig. 4), resulting in encounter velocities in the range
of only 20-200 m/s. These values are so low that the effective im-
pact velocities at the satellites’ surface will be dominated by the
escape velocities of the two colliding bodies (see Eq. (19.7) of
Dones et al. (2009)), ranging from ~600 m/s for Rhea-sized bodies
down to ~170 m/s for Mimas-sized bodies. The debris resulting
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Fig. 5. Cumulative mass distribution of moons formed in our simulations, assuming
Q, = 1680. Red: simulations including satellite dissipation (Case C); blue: without
satellite dissipation (Case B); black diamonds: current cumulative mass distribution
of Saturn’s satellites up to Rhea. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

from these mergers may be a source of planetocentric impactors
hitting the satellites’ surfaces at low velocity. This outcome of
our model may give support to the hypothesis that a population
of planetocentric impactors hit Saturn’s icy satellites with moder-
ate impact velocities in the past, as suggested by the icy moons’
craters records (see e.g., Smith et al., 1982; Zahnle et al., 2003;
Dones et al., 2009). We propose that this population would be sim-
ply the fragments of an intense post-accretional phase for those
satellites finishing their accretion beyond ~200,000 km from Sat-
urn’s centre.

In addition, differential orbital migration due to Saturn’s tides
favors impacts between objects of similar sizes, thus naturally pro-
moting the formation of large basins on Saturn’s mid-sized moons,
in qualitative agreements with observations (like Herschel, Odys-
seus or Tirawa basins on Mimas, Tethys and Rhea respectively).
We note however that it is not the sole scenario possible for the
origin of the planetocentric population of impactors. Mosqueira
and Estrada (2003b) suggest that satellitesimals may have im-
pacted the mid-sized satellites just after their accretion, if they
formed in Saturn’s nebula.

The satellites’ ages are plotted in Fig. 7. Age is (arbitrarily) de-
fined as the time elapsed since the satellite reached 80% of its final
mass. The oldest satellites (at about 530,000 km from Saturn) are
assumed to be 2.5 Gyr old, since at this time in the simulation
the satellite distribution matches pretty well the current distribu-
tion (see Fig. 3e). Fig. 7 shows that satellites beyond 220,000 km
have similar ages and are of the same generation, while the moons
below 200,000 km are at least 1 Gyr younger. This age difference
between the Mimas-like moons and the Rhea-like moons is sys-
tematically observed in our simulations.

The systematic age trend observed in our results (the age is an
increasing function of mass) may be qualitatively explained on
simple arguments: when the ring is young, its surface density is
high. Then, the flux of material through the Roche limit is also high.
Consequently massive satellites are formed early in the history of
the system (see Fig. 3). In addition, the more massive a satellite,
the faster its orbital expansion (due to Saturn’s tides). Hence large
satellites will efficiently sweep-up neighbouring satellitesimals on
their way outward, and grow even more rapidly. Conversely, later
in the history of the system, when the ring has significantly spread
(through the Roche limit and onto the planet’s atmosphere), the
material flux at the Roche limit is weaker due to the ring’s lower
surface density. Consequently, smaller satellites are formed that
will experience a slow orbital expansion. As a direct consequence,
small satellites are systematically younger and closer to the planet
than large satellites, as observed in Fig. 6.

These results imply that Mimas may have accreted after the puta-
tive LHB bombardment (about 3.8 Gyr ago). Indeed, The present sce-
nario offers an explanation for the existence of an object like Mimas,
which was likely to be disrupted during the LHB (Charnoz et al.,
2009a). Re-accreation of this object at a temperature of 70 K would
have likely led to a rubble-pile (e.g., as an analog, 24 Themis is an
example of rubble-pile reaccreted from a larger parent body in con-
ditions where planetary materials cannot easily flow and promote
shape relaxation, Castillo-Rogez and Schmidt, 2010). Quite the
opposite, Schenk (2011) pointed out that Mimas is surprisingly
spheroidal for an old satellite subject to a very long impacting his-
tory involving large interlopers (this author takes lapetus as a refer-
ence for the type of heavy cratering that one would expect to find at
Mimas). Thus Mimas’ very existence, as well as its peculiar cratering
properties not easily explained in the context of the LHB, may be
indirect evidence for a recent time of formation. In this context Mi-
mas’ craters, including the Herschel basin, may be largely due to pla-
netocentric impactors rather than heliocentric ones.

The inconsistency of the cratering records between lapetus and
Rhea (Smith et al., 1981; Lissauer et al., 1988; Dones et al., 2009)
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and Rhea’s apparent youth, might be understood if lapetus formed
jointly with Saturn while Rhea formed latter, for instance 2.5 Gyr
ago. However, our simplified dynamical model does not allow us
to construct an accurate chronology.

3.5. What about the rings?

The different panels of Fig. 3 show that the final density profiles
of the ring are very similar after 2.5 and 4.5 Gyr of evolution. The
ring profile is almost independent from the value of Q; or Q,. The
ring ends up with a total mass a few times Mimas’ mass, compat-
ible with current estimates (Charnoz et al., 2009b; Robbins et al.,
2010). The current surface density of Saturn’s rings is thought to
be ~400 kg/m? in the A ring (beyond 127,000 km, Robbins et al.,
2010) and perhaps greater in the B ring (but it is not well con-
strained), in qualitative agreement with our results. However, the
most obvious discrepancies with today’s ring are (i) the location
of the inner edge, around 75,000km today, rather than
60,000 km in our model (in contact with Saturn’s atmosphere)

while the densest region today is around 110,000 km (the B ring),
rather than 70,000 km and (ii) the absence of a Cassini division in
our simulation. Note however that no other model provides an
explanation for these two features. Salmon et al. (2010) have
shown that the final rings’ mass depends very weakly on the initial
conditions as the ring spontaneously tends toward a state where it
is marginally gravitationally instable everywhere (so that the so-
called Toomre parameter, Q, is everywhere close to unity). As a di-
rect consequence the final mass of the rings is always comparable
to Mimas’ mass whatever its initial mass (see Salmon et al. (2010)
for detailed explanations).

4. Forming the current inner moon system via heterogeneous
accretion

The absence of rocky material in Saturn’s rings contrasts sharply
with its occurrence (from ~6% to ~60%) inside the mid-sized
moons (Harris, 1984; Nicholson et al., 2005; Thomas et al., 2007;
Cuzzi et al., 2009; Matson et al., 2009; Thomas, 2010). This may
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Fig. 7. Age of the satellites assuming Saturn’s rings formed 2.5 Gyr ago (Case C). The age of a satellite is referenced to the time at it acquired 80% of its final mass.

appear in contradiction with any model attempting to form
Saturn’s icy moons from a ring that appears devoid of rock (Poulet
et al., 2003; Nicholson et al., 2005; Cuzzi et al., 2009). This discrep-
ancy may be seen as a weakness of the recent work by Canup
(2010) that invokes a fully differentiated Titan sized-satellite as
the ring progenitor to explain the pure composition of today’s
rings. However we think it is still possible to envision a scenario
of moon formation from ice dominated rings.

The following describes and simulates a scenario for producing
Saturn’s inner moons and provides a context for explaining the
variations in rock content across this system, while explaining
the eventual depletion of the rings in rock. This model requires that
large chunks of silicate (>10-100 km) were present in the rings,
post-formation. This could be possible, for example, if the ring’s
progenitor was only partially differentiated at the time of disrup-
tion, which is still a matter of debate. In this context it is possible
to create Saturn’s current icy moon system from the rings, with
stochastic silicates abundances, while the resulting ring system is
left largely devoid of silicates. The two key ingredients are:

e “Heterogeneous” accretion in the rings (i.e., silicate chunks
accreting an icy shell).

e Migration of proto-satellites in the young massive rings due to
tidal interactions with the disk.

4.1. Heterogeneous accretion: principles and model

Whatever the process that destroyed the icy mantle of the ring’s
progenitor (either by tides at the end of Saturn’s formation, as
investigated in Canup (2010), or after a cometary impact during
the LHB, as suggested in Charnoz et al. (2009a)) some silicates
may remain in the icy debris if the parent body was only partially
differentiated. While silicate grains condensed in the solar nebula
are expected to be intimately mixed with ice at the microscale le-
vel, several processes can be suggested to explain the presence of
large chunks of rocky material in the rings progenitor. For example,
this large progenitor could have accreted in Saturn’s nebula from
proto-satellites a few tens km in radius subject to early ice melting
and separation of a rock-rich core as a consequence of short-lived
radioisotope heating, and/or tides. These objects could have then
merged into a large satellite, or, as an alternative, been disrupted
as a consequence of collisional grinding into rock- or ice-domi-
nated debris. A second generation of larger satellites could have
then accreted silicate fragment now several tens of kilometres

large. In the Canup’s model, that proposes that the ring formed just
at the end of Saturn’s formation, a tight timing is necessary between
the formation of Titan and its differentiation, which is a matter of de-
bate (see e.g., Mosqueira and Estrada, 2011). On the other hand, in
case of full differentiation, the total silicate mass inside Saturn’s in-
ner moons represents only ~2% of the mass of Titan’s silicates. So,
even if the ring progenitor was fully differentiated, such a small mass
of silicates embedded in ice is a plausible assumption. Note that the
ring progenitor could also be a massive heliocentric interloper, but
its origin would have to be determined. However, Charnoz et al.,
(2009a) have shown that the flux of small and undifferentiated
bodies (<100 km) would overcome by far the flux of massive bodies
if this happened during the LHB. Then, the cometary shower on
giant-planets would create a debris disk surrounding the planet in
which ice and silicates would be intimately mixed, a situation that
does not appear compatible with the formation mechanism investi-
gated in this study (see below). So instead we assume that an almost
differentiated body was destroyed inside Saturn’s Roche limit,
where it left a collection of massive chunks of silicates embedded
in a ring of icy debris.

What is the fate of these silicate chunks embedded in the mas-
sive icy ring?

Assilicate chard is resistant to tidal shattering beyond 90,000 km
from Saturn whereas the tidal shattering of ice occurs at about
~130,000 km. Thus the location of the Roche limits R; depends
on the material density py through R; ~ 2.456 Ry(p,/pm)'" giving
R;; ~ 136,000 km for ice and R; s ~ 90,000 km for silicates.

As a direct consequence, between 90,000 km and 136,000 km
from Saturn, rock boulders can accrete and gather the surrounding
icy material, whereas the accretion of icy debris is impeded by tidal
splitting. As a direct consequence of three-body orbital dynamics,
the icy material coming from the icy debris disks flows around
the silicate chunk through its Lagrange points L1 and L2. The same
mechanism is responsible for the formation of Pan’s equatorial
ridge (Charnoz et al., 2007). In this context, a rock shard will pro-
gressively fill its Hill sphere with ice. This is somewhat the inverse
process as the peeling of a differentiated satellite larger than its
Hill sphere, as simulated by Canup (2010). A Hill sphere is the re-
gion of gravitational reach of a satellite in the potential field of its
planets. It is approximately a tri-axial ellipsoid with axes ratio
3:2:2 (Porco et al., 2007) centred on the body (Fig. 8). The long axis
joins the Lagrange points L1 and L2, and its radius is

Ry = as(Ms/3M,)""? (7)
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Fig. 8. Sketch depicting the process of heterogeneous accretion of icy material onto
a silicate chunk in Saturn’s rings. The icy material flows to the silicate body through
the L1 and L2 Lagrange points. The accretion stops when the body’s Hill sphere is
filled. The Hill Sphere is an ellipsoid with axes ratio 3:2:2 and with the longest axis
equal to the Hill Radius (Ry). (Top) View from above; X is the radial axis, while Y is
the orbital direction. (Bottom) front-view. The end-result of this process is the
formation of a differentiated proto-moon.

The volume of the Hill sphere V), is (Porco et al., 2007)

27In(2 +v3)
Vi ——>"_""2R 8
h 3\/§ h ( )
So substituting Eq. (7) into Eq. (8) simply gives:
M;
—ne (37:) )

With » = 27In(2+,/3)/(9+/3) ~ 0.53. A fraction of the Hill Sphere is
occupied by the rocky chunks while the empty space will be pro-
gressively filled in with icy debris, that will, in turn, increase further
the volume of the Hill Sphere (because they increase the body’s
mass). The icy particles accreted at the surface of the chunk will
form a random accumulation of ice, with a high degree of porosity
(Porco et al., 2007). Let p. represent the effective density of the ice
accumulated at the surface of the silicate chunks, and let my and m;
be the total mass of silicate and ice in the body, respectively. Since
M;=ms+m; and the total volume is V =m/ps+ m;/p. it is easy to
compute the asymptotic ice to silicate mass ratio (m;/m;s) of a pro-
to-satellite accreted at a distance as; on a rocky chunk of mass mj
by solving V = V,,. We find:

mi P, (Mp—1p,a;
ms B Ps (M - 7’/Pe“?> (]O)

Since the rocky chunk is not filling its Hill sphere we have

—np,a2 < 0. Thus, from Eq. (10) we see that m;/m; is positive
if the ice effective density (p.) is smaller than a critical density
P =M,/nad. If p. < p. then the icy material flowing on the silicate
chunk is underdense and will ultimately fill the body’s Hill sphere.
If p. > p. the constraint V =V}, has no solution with positive m;; in
fact, the Hill sphere grows rapidly as the material is accreted, so
that the accretion goes on without limit. In that case, we obtain a
proto-satellite mostly composed of ice. Thus in order to form
satellites with similar amounts of ice and silicate we must be in

the regime p. < p.. For 80,000 km < a5 < 140,000 km, p. decreases
from 2100 kg/m> down to 450 kg/m?>. This means that if the ice ac-
creted at the surface of the silicate chunk has a porosity greater
than 60% (i.e., p. <450 kg/m>) then proto-satellites with similar
rock-to-ice ratios (like Mimas, Enceladus, Dione or Rhea) may form
everywhere in the disk, provided that a silicate shard is initially
present. More precisely for p.< p. the silicate mass fraction
(f = mg/(m; + my)) is:

_ My —1p.a3)
f_ Mp(ps_pe) (11)

In Fig. 9 we plot f as a function of p, at a; = 130,000 km (near the
disk’s outer edge). A silicate mass fraction of about 50% is obtained
for p. ~ 260 kg/m°>, corresponding to an ice porosity about 70%.
This high porosity is comparable to the current porosity inferred
for Saturn’s smallest moons (Porco et al., 2007) and is also in agree-
ment with the outcome of N-body simulations of aggregate forma-
tion in Saturn’s rings at ~130,000 km from Saturn (Porco et al.,
2007). Hence, silicate chunks embedded in the disk may accrete
an icy shell until their Hill sphere is filled with porous ice, resulting
in the formation of proto-satellites with a silicate core, that is not
necessarily spherical.

What is the fate of these proto-moons? Do they stay in the disk
or are they expelled from the ring system?

4.2. Numerical simulation of heterogeneous accretion coupled with
migration

As the proto-moons grow within the disk they undergo tidal
interaction with the disk and may be expelled from it. Several re-
gimes of migration in the disk are:

o A “type I-like” migration, in which a proto-moon does not open
a gap: the migration regime in this case has been studied by Cri-
da et al. (2010). In contrast to gaseous protoplanetary disks,
there is no pressure buffer, so the classical type I migration isn’t
at play. In consequence, in Saturn’s rings, the motion is directed
in the local direction of decreasing density, because low density
regions exert a weaker torque on the satellite, than high density
regions (Meyer-Vernet and Sicardy, 1987).

e A type Il migration, in which a proto-moon opens a gap. Its
direction of motion is then controlled by the local viscous flow
of disk material. The moon is viscously “locked” in the disk, sim-
ilarly to standard type II migration in protoplanetary disks (Lin
and Papaloizou, 1986).

1o
0.8
0.6 .

0.4 .

Silicate Fraction

0.2 *

00 [ Qe T (R |
0 100 200 300 400 500

Ice shell effective density (Kg/m3)

Fig. 9. Silicate mass fraction (my/(ms+m;)) as a function the ice effective density
(pe) in the proto-moon’s outer shell, in order to fill a body’s Hill Sphere located at
as = 130,000 km.
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Note that in our numerical model (see Section 2) we do not use
any prescription either for type I or type Il migration. These two re-
gimes naturally appear as a consequence of our explicitly taking
into account the satellites’ torques onto the disk and the disk’s vis-
cous torque (see Section 2 or Charnoz et al., 2010; Salmon et al.,
2010). The two regimes are the following: when a satellite’s grav-
itational torque is stronger than the disk’s viscous torque, a gap
opens around the satellite (see e.g., Fig. 10) and the satellite is
locked with the disk’s viscous evolution (type Il migration). Other-
wise if a satellite is not able to open a gap, it still moves relatively
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Fig. 10. Evolution of a disk with 4 Rhea masses in which a large seed of pure silicate
is embedded (with initial mass 2 x 10?' kg), onto which icy ring material accretes
(see Section 4.2.1 for details). The disk’s surface density (solid line) is displayed on
the left ordinate, the total mass of satellites formed from the ring material (solid
circles) is displayed on the right ordinate. The silicate mass fractions of the newly
formed moons are color-coded after the scale displayed on the right. The silicate
proto-moon is initially implanted at 130,000 km. It rapidly accretes an icy shell (see
Fig. 11), and migrates outward as a consequence of tidal interactions (panels a and
b). During the same timeframe, moons form at the ring’s outer edge from pure
water ice (see panel b). The two populations of moons are bound to meet and
merge, as illustrated in panel c.

to the disk because of the disk’s gravitational torque (type I like
migration).

We have computed the migration of a proto-moon in the disk
and the action it exerts in return on the disk. In addition, we have
coupled this orbital evolution with the physics of heterogeneous
accretion (see Section 4.1), so that we can compute the position
as well as the silicate fraction of a proto-moon at each time step.
The algorithm is described below.

4.2.1. Heterogeneous accretion algorithm

An heterogeneous proto-moon contains a central silicate core
with mass my and density p,=3000 kg/m> (averaged between a
pure hydrated silicate and anhydrous silicate material) and an out-
er shell of porous ice with mass m; and effective density p. arbi-
trarily chosen as 450 kg/m> (equivalent to a porosity of about
60%). A body at location a; and mass m = mg+ m; can accrete, at
most, all the disk material located in a narrow ring extending radi-
ally from as; — Ry, to as + R, This mass is called Mp,.x. Because of ti-
dal forces acting on the proto-moon, Mp.x may actually not be
entirely accreted, and the condition for accretion is as follows:
the material accreted by the proto-moon must be contained be-
tween the volume of the body’s Hill sphere V,, and the physical
volume of the moon V (Canup and Esposito, 1995). So the mass
of icy material exchanged with the disk is Mexchanged =
Min{Mmax, Pe(Vh — V)}. If Mexchangea > O then there is a net accretion
of ice, and m; increases by the amount Mexchanged, While the disk
surface density decreases accordingly. If Mexchanged < O tides shatter
the icy shell and the icy material is fed back to the disk. Conse-
quently, m; decreases by an amount ||Mexchanged||, and the local disk
surface density increases accordingly.

4.2.2. Results: forming moons with varying silicate contents

Fig. 10 displays the moons masses (right ordinate) and the disk
surface density (left ordinate). The symbols are color-coded as a
function of the silicate mass fraction in the moons. We start with
a pure silicate chunk of mass 2 x 10?! kg (about Rhea’s mass) in
a disk of pure icy material of about 4 Rhea masses. The chunk ac-
cretes an icy shell on its surface (Section 4.1 and Fig. 11) while
migrating outward. It is massive enough to open a gap (Fig. 10)
and so undergoes type II migration. It is ejected from the disk in
a couple of years. While the moon starts as a pure silicate body,
it accretes a shell of ice representing about 25% of its total mass
(Fig. 11) so that its silicate mass fraction drops to ~65%. While
the moon migrates outward, its ice content slowly increases. As
the moon is ejected from the disk, it merges with another moon
made of pure ice that formed at the ring’s outer edge. After the col-
lision, the icy content of the larger moon jumps (Fig. 11). This de-
creases the silicate fraction of the moons further, down to about
40% (Figs. 10 and 11), which now approaches the current composi-
tion of Mimas, Enceladus, Dione and Rhea. On longer timescales,
this moon will migrate outward while additional pure-ice moons
will be assembled at the disk’s outer edge. These moons mostly
made up of ice are similar to Tethys (which contains from 7% to
10% of silicate, depending on the porosity). Unfortunately, since
computing the evolution of a moon embedded in the rings is very
numerically intensive, we could not model the evolution of a disk
populated with several moonlets, over the age of the Solar System.

4.2.3. Depleting the ring’s silicate content while forming Pan, Daphnis
and the propellers

Is the above example representative of the fate of any silicate
chunks starting in the primordial icy disk? We have verified
numerically (Fig. 12) that any silicate body larger than 10 km
(~10'° kg) is rapidly tidally expelled from the disk in the direction
of the local downward surface-density gradient. Bodies smaller
that 10> kg could not be considered because of computer
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Fig. 11. Mass evolution of a proto-moon initially made up of silicates, evolving in
an icy disk (Fig. 10): from 0 to ~6.8 years a shell of icy material is accreted while the
satellite remains inside the disk, which results in the opening of a gap (Fig. 10). At
6.8 years the proto-moon leaves the disk through its outer edge and fuses with a
nearby proto-satellite made of pure ice (visible in Fig. 10b). The fusion results in a
single object with ~30% silicate in mass. Blue line: total mass; red-dashed-line:
mass of silicate core. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

limitations. The ejection timescale depends on the silicate chunk’s
mass, its starting position and the initial density distribution of the
ring. These three parameters determine whether the moon is
evolving through type I or type Il migration. In addition, since
the disk’s surface density decreases with time, it is possible to
switch from Type I to Type II migration (because the viscosity is
an increasing function of density, Daisaka et al., 2001). Some
moons with masses greater than 10! kg are ejected in less than
10° years (Fig. 12) while lighter moons can take up to 108 years
to leave the rings depending on their initial positions and the disk

surface density. Whatever the migration regime the end result is
always an ejection from the disk as illustrated in Fig. 12. Most
remarkably, a recent analysis of Pan and Daphnis (two moons that
have opened gaps in their orbits in the Encke gap and Keeler gap,
respectively) has concluded that each may hide a central dense
shard surrounded by an underdense icy shell (Porco et al., 2007).
This result concurs with the scenario proposed in this study: Pan
and Daphnis could hide in their centres a chunk of silicate, rem-
nant from the ring’s progenitor, below an ice shell. It may be pos-
sible that Saturn’s rings’ buried moonlets (called “propellers”, see
Tiscareno et al., 2006; Sremcevic et al., 2007) may share a similar
origin: small pieces of silicates, coming from the ring progenitor,
covered with ice that failed to migrate out from the ring system be-
cause they are not massive enough for their migration to be fast
enough. Actually, the migration of such small bodies may not be
dominated by type I-like regime that we considered here (see Crida
et al. (2010) and Rein and Papaloizou (2010) for an analysis of the
migration of the “propellers”) but may be subject to some stochas-
tic (and so very inefficient) migration process due to random
encounters with nearby gravity wakes.

5. Conclusion: Summary of main results

In the present paper we have identified and modeled the mech-
anisms driving the accretion of proto-moons at the edge of an ini-
tially massive saturnian ring system initially embedded in Saturn’s
Roche limit. Our main conclusions are

e It is possible to form all Saturn’s mid-sized moons, from Mimas
to (and including) Rhea, provided that the primordial disk was a
few times Rhea’s mass.

e Migration of these moons toward their current locations
requires that Saturn’s average dissipation coefficient, Q,, is less
than 2000. This is compatible with the value of 1680 recently
suggested by Lainey et al. (2010) based on satellite’s ephemeris.
Qp ~ 18,000 is generally considered as a minimum value within
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Fig. 12. Evolution of semi-major axes for silicate satellites initially embedded in the ring, for a range of initial moon masses (right scale). The tidal interactions with the disk

systematically lead to the ejection of the embedded satellites from the disk.



548 S. Charnoz et al./Icarus 216 (2011) 535-550

to the four classical assumptions of the Goldreich & Soter work
(Goldreich and Soter, 1966, see discussion in Section 1). How-
ever, in the present work we find that (i) the satellites’ masses
progressively increase with time, (ii) the satellites are formed
at different epochs (iii) they appear at the Roche limit, and
not at the synchronous orbit (whereas this difference may play
a minor role). This departure from the framework assumed by
Goldreich and Soter explains why our dynamical model
requires a Q, much lower than 18,000 in order to implant the
satellites close to their current location.

Our results suggest a new chronology for the ages of the satel-
lites. In that framework, a Mimas-like satellite could be about
1-1.5 Gy younger than a Rhea-like satellite.

The satellites’ formation is tied to the ring’s formation, which
could have occurred anytime between 2.5 Gy and 4.5 Gy ago,
contemporaneously with Saturn’s formation or as a product of
the Late Heavy Bombardment some ~3.8 Gyr ago.

Episodes of large eccentricity increase might have triggered
intense tidal heating periods in the newly-formed satellites,
which might explain the visible signs of past geological activity
at the surface of Saturn’s satellites.

If the ring progenitor was only partially differentiated then it is
possible to simultaneously explain (a) the diversity of silicate
abundances among Saturn’s mid-sized moons and (b) a silicate-
free ring system, and potentially, the origin of Pan, Daphnis and
the propellers. The key idea is that within Saturn’s Roche limit sil-
icate material is dense enough to accrete its surrounding material,
while icy material cannot accrete:

o If chunks of silicate >100 km are initially embedded in the pri-
mordial massive disk they can rapidly accrete a shell of icy
material inside their Hill sphere, leading to the formation of
pre-differentiated proto-moons.

These proto-moons are then expelled from the disk due to grav-
itational interaction with the ring. Later on, they can coalesce
and merge their materials.

This process exports the silicates from the ring to the satellites,
leading to the progressive purging of the ring from its rock.

In this context, the final silicate mass fractions of these moons
are the result of stochastic accretion and of the stochastic initial
distribution of silicate chunks. This process may result either in
moons with high silicate fractions (about 50%), or down to 0%
(Fig. 10), in qualitative agreement with today’s configuration
(Fig. 2). A moon like Tethys, dominated by water ice, may sim-
ply indicate that the icy clumps it accreted from rarely encoun-
tered silicate chunks.

Depending on the long-term thermal evolution of satellites
interiors, the rocky chunks may remain irregular, potentially
explaining the departure from hydrostatic equilibrium of Enc-
eladus’ shape (Thomas et al., 2007), as explicitly suggested ear-
lier by Schenk and McKinnon (2008). This scenario can also
explain the discrepancy between global shape and gravity data
as observed on Rhea (Nimmo et al., 2010)

This model unifies under the same framework Saturn’s rings
and Saturn’s mid-sized moons. Moons currently orbiting below
Saturn’s Roche limit (like Pan or Atlas and the propellers) are inter-
preted as remnants of Saturn’s rings formation, compatible with a
dense core of silicate coated with ice (consistently with Porco et al.
(2007)). Satellites beyond Saturn’s Roche limit may have formed
jointly with, or after Saturn’s rings. During this process, the rings
progressively lost their silicate content explaining why the youn-
gest moons (those close to Saturn’s rings) are ice rich.

Strictly speaking the mechanism described here does not neces-
sarily implies that the ring progenitor was a large Saturn’s satellite

shattered by tides (as in Canup (2010)) however it is compatible
with it. It could also be a heliocentric interloper massive enough
to have reached a close-to-complete differentiation, with a mass
of about few Rhea’s mass that passed close to Saturn and was tid-
ally shattered. It could also be a large satellite destroyed by a com-
etary impact as suggested in Charnoz et al. (2009b). However the
probabilities of these last two possibilities still have to be
quantified.

This model complements and extends the work of Charnoz
et al. (2010) about the origin of the small moons while being
consistent with the recent suggestion that Saturn’s rings were
formed from the tidal splitting of a Titan-sized moon, and were
therefore initially very massive, which is in agreement with their
viscous evolution over a few billions years (Salmon et al., 2010).
However we emphasize that our scenario is somewhat indepen-
dent from the rings formation timeframe and would apply as
well if these formed during the LHB. While the current work
cannot discriminate between the two timeframes, it may be pos-
sible to address this question in the future from satellites’ geo-
logical evolution and from the value of Saturn’s Q,. On the one
hand, this work opens the door to new research on the geophys-
ical evolution of Saturn’s satellites for initial conditions very dif-
ferent from those considered in the classical formation scenario.
On the other hand an independent determination of Saturn’s Q,
based on observational arguments, would prove a critical test for
the scenario presented in the current paper that requires a low
value (typically under 2000) to implant the moons at their cur-
rent locations, whether the mid-sized moons formed 4.5 Gyr ago
or later, during the LHB.

This work emphasizes that planetary moons and rings are two
interconnected and genetically linked components of a fundamen-
tally unique system.
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Appendix A. Tidal ages of the current Saturn’s population of icy
satellites

Satellite evolution is dominated in a first stage by the torque
from the rings. Then, after the satellites reach the location of the
outer 2:1 mean motion resonance with the edge of the rings
(ay21 = 2% « R, = 222,236 km), this torque vanishes, and the tides
from Saturn dominate. When they reach a,,1, the satellites acquire
their final mass (see Section 3.4 and Fig. 6). From Eq. (1), taking
into account only the first term of the right-hand side (that is,
the term relative to the tides from Saturn), and assuming a con-
stant mass for the satellite, we derive the following relationship
between the mass of a satellite and its semi-major axis, expressed
as a function of the time t since it reached a,,;:

ms = (a*? —ag;?)/(Ct) (A1)

where C = (39/2)k;,G'?R}/Q,M"?. This relation defines isochro-
nes: all the satellites that fall on the curve my(as) defined by Eq.
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(A1) for a given t and value of a,»; were, in the past, at distance a,»;
from Saturn at time t ago. Put differently, using graphics, if we im-
pose t, Eq. (A1) defines a curve in the mass - semi-major axis dia-
gram, that is an isochrone: all satellites with different masses but
with a same birth date and location will evolve in the mass -
semi-major axis diagram along the same curve as defined by Eq.
(A1). Several isochrones are plotted on Fig. A1 assuming Q, = 1680
and ky, = 0.341. Conversely, one can estimate the “tidal ages” of
the satellites, by inverting this relation and finding t for given m
and as (see Fig. A2). We see that the tidal ages are an increasing
function of the semi-major axis, for the saturnian satellites located
beyond a,,;. This means that it is possible that they formed one
after another and then migrated outward, like in the scenario we
propose here. In this case, the outermost satellites are older than
the innermost ones. This chronology may be tested against more
detailed geological evolution models. The ages yielded by our mod-
eling (Fig. A2) indicate that all satellites up to Rhea could be formed
by this process over the age of the Solar System, while Titan could
not (assuming a constant Q, = 1680 in time and space).
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Fig. A1. Mass versus semi-major axis diagram of Saturn’s satellites today (red dots
and solid line). The dashed lines show isochrones defined by Eq. (A1) for various
values of t. We see for instance that the time needed for Dione to migrate to its
present semi-major axis (through Saturn’s tides) since it acquired its final mass (at
a,21 = 220,000 km) is 1.5 Gyr. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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