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a b s t r a c t

We study the orbital behavior of Saturn’s satellites Enceladus and Dione during their passage through
the 2:1 mean-motion resonances to constrain their interior structures, parameterized by the quantity
k2=Q (assumed constant). Enceladus’ evolution after escape from the second-order e-Enceladus e-Dione
resonance requires that ðk2=QÞEnceladus < 8� 10�4, for that QSaturn > 18;000. This result is in agreement
with [Meyer, J., Wisdom, J., 2008b. Icarus 193, 213–223]. The present-day libration amplitude of Encela-
dus requires that ðk2=QÞEnceladus > 1:2� 10�4, assuming that QSaturn < 105. Dione’s present-day eccentric-
ity indicates that ðk2=QÞDione 6 3� 10�4 for QSaturn > 18;000. Assuming Maxwellian viscoelastic behavior,
we find that for Enceladus a convective ice shell overlying an ocean is too dissipative to match the orbi-
tal constraints. We conclude that a conductive shell overlying an ocean is more likely, and discuss the
implications of this result. Dione’s ice shell is also likely to be conductive, but our results are less
constraining.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The multiple orbital resonances present among the saturnian
satellites suggest that these bodies’ semi-major axes have evolved
significantly over time (Goldreich, 1965). Orbital resonances, either
current or ancient, have the potential to increase a satellite’s eccen-
tricity, and thus generate heating and deformation via tidal dissi-
pation (see, e.g. Peale and Cassen, 1978; Peale et al., 1979). The
surfaces of several saturnian satellites provide evidence for ancient
(e.g. Tethys, Dione) or ongoing (Enceladus) geological activity (Col-
lins et al., in press), and hence provide constraints on these bodies’
orbital evolution. Furthermore, since satellite eccentricities and
their tendency to get captured into resonances both depend
strongly on the degree of tidal dissipation, we can use their pres-
ent-day orbital characteristics to infer how dissipative these bodies
are. The amount of dissipation, parameterized by the quantity k2=Q
(see below), depends in turn on the internal structure of the body.
Thus, modeling the orbital evolution of these satellites also pro-
vides constraints on their internal structures.

The two most important structural characteristics of an icy sa-
tellite are whether it possesses a subsurface ocean, and whether
the ice shell is convecting. Subsurface oceans are known to exist
in the icy Galilean satellites (Zimmer et al., 2000; Kivelson et al.,
2002) and possibly Titan (Lorenz et al., 2008), and form potentially
habitable environments of great interest to astrobiologists. Addi-
tionally, an ocean decouples the ice shell from the underlying inte-
rior and thus permits much larger tidal deformation and
ll rights reserved.
dissipation (Moore and Schubert, 2003). Whether or not the mid-
sized saturnian satellites possess oceans is currently unknown,
although theoretical models permit such oceans to exist (Multhaup
and Spohn, 2007). Satellites possessing convective ice shells tend
to be much more dissipative than those with conductive shells.
Conductive shells have thicker lithospheres, suppressing tidal
deformation, while the interiors of convecting ice shells typically
have viscosities close to the value at which dissipation is maxi-
mized. Whether or not convection occurs depends mainly on ice
grain size, the temperature at the base of the ice shell and its thick-
ness. A small body like Enceladus with a relatively thin shell could
be either conductive or convective (Barr and McKinnon, 2007a).

In this work, we will explore the orbital evolution of Enceladus
and Dione as they evolve to their present-day 2:1 resonance. A
similar study was presented recently by Meyer and Wisdom
(2008b). We cover some of the same ground in this study, and note
similarities and differences as appropriate, but our main focus is on
using the orbital results to place constraints on the present-day
internal structures of these satellites.

The rest of the paper is organized as follows. In the remainder of
the Introduction we discuss pertinent characteristics of Enceladus
and Dione, and briefly describe previous work on their thermal and
orbital histories. Section 2 provides theoretical background and our
numerical approach. Section 3 discusses in some detail the reso-
nant interactions of Enceladus and Dione, and the resulting con-
straints on dissipation within the two bodies. Section 4 uses
these constraints to determine likely internal structures (e.g. con-
ductive vs. convective) for the two satellites. Finally, Section 5
summarizes our work and discusses some likely further
implications.

http://dx.doi.org/10.1016/j.icarus.2009.07.007
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1.1. Satellite characteristics

Dissipation within a body depends on k2=Q , where k2 is the de-
gree-two tidal Love number and Q is the dimensionless dissipation
factor. For icy satellites, a common assumption is that the different
layers of the body behave as Maxwell viscoelastic solids (Ross and
Schubert, 1986), in which case k2=Q depends on the viscosity, den-
sity and rigidity structure adopted (e.g. Moore and Schubert, 2000).
Maxwellian viscoelasticity may not provide a fully adequate
description of dissipation; for instance, it neglects frictional dissi-
pation (e.g. Nimmo and Gaidos, 2002) and is inconsistent with pre-
liminary ice deformation studies (McCarthy et al., 2008).
Nonetheless, it is the assumption that is commonly used in studies
of ice and silicate bodies, and we will adopt it here. We will also
assume spherical symmetry, although for some bodies (such as
Enceladus), this is unlikely to be fully satisfactory (Tobie et al.,
2008).

The manner in which gas giants dissipate energy is poorly
understood (Ogilvie and Lin, 2004), but bounds on the dissipation
factor Q may be obtained by consideration of satellite orbit evolu-
tion. For Saturn, a lower bound on Q S may be obtained by assuming
that Mimas originated outside the synchronous limit, resulting in
QS P 18;000 (Peale et al., 1980). Meyer and Wisdom (2008b)
derived an upper limit Q S 6 105 by assuming that either the 3:1
Mimas–Dione resonance or the Mimas–Enceladus 3:2 resonance
was responsible for the high present-day eccentricity of Mimas
(cf. Fig. 1).

The most important assumption that we will make is that k2=Q
is constant both for Saturn and for the satellites. In reality, this
assumption is likely to be an oversimplification. For gas giants, Q
may well be frequency-dependent (Ogilvie and Lin, 2004). For icy
satellites, the internal structure is largely determined by tidal
heating, which in turn depends on k2=Q . This feedback can lead
to complicated and non-monotonic behavior, with k2=Q varying
Fig. 1. Tidal migration of saturnian satellites. We integrate Eq. (B5) backward in time un
value determined by Peale et al. (1980)) and k2S ¼ 0:341 (Gavrilov and Zharkov, 1977)
horizontal line represents the synchronous orbit, and the vertical lines represent the com
the detailed structure of the 2:1 Enceladus–Dione resonances. The vertical axis is broken
location. Thick lines represent the stronger resonance triplets (ReD , ReE eD , and ReE ), while t
S3:1). We include only the pericenter precession rates due to Saturn’s oblateness in
interactions between satellites would shift these location slightly.
with time as well as frequency (Showman et al., 1997a). For the
time being, we will neglect such effects. Thus, the k2=Q values that
we derive should in all cases be viewed as time-averaged values.
The orbital evolution timescales that we are investigating are of or-
der 100 Myr. This timescale is shorter than the conductive time-
scale of a mid-sized satellite’s ice shell, but longer than likely
convective timescales. Thus, the appropriateness of this assump-
tion depends on the manner in which these bodies transport heat.

Enceladus is unusual in that it is emitting measurable heat
(3–7 GW) from a region centered on its South Pole (Spencer
et al., 2006). Radioactive and accretional heating are expected to
be minimal for such a small, low-density body, implying that the
observed heat flow is due to past or present tidal dissipation (Porco
et al., 2006). If this heat flow is due to dissipation at Enceladus’
current eccentricity, it implies that ðk2=QÞE is in the range
2—4:7� 10�3. However, as has been pointed out by Meyer and
Wisdom (2007), the tidal heat production for which Enceladus’
eccentricity is in steady state cannot exceed 1.1 GW. This estimate
depends on Saturn’s ðk2=QÞ but is independent of Enceladus’ pres-
ent-day eccentricity and internal structure. It therefore seems
likely that either Enceladus’ eccentricity is not in steady-state at
the current time, or that heat was generated at an earlier time
and is now being released.

Apart from a tentative mass-loading detection (Leisner et al.,
2007), there is no evidence that Dione is geologically active at pres-
ent. However, it is clear that it has undergone tectonic deformation
in the past (e.g. Moore, 1984; Collins et al., in press). In particular,
the smooth plains appear to be relatively young features, with esti-
mated lower bounds on absolute age of 1 byr (Wagner et al., 2006)
and 2 byr (Kirchoff et al., 2007). Ancient large impact basins on
Dione appear to be relaxed (Schenk and Moore, 2007), suggesting
a period of enhanced heat flux compared with similar-sized Rhea.

Other key characteristics of Enceladus and Dione are given in
Table 1.
til Mimas is fairly close to the synchronous orbit, assuming QS ¼ 18;000 (minimum
. For different values, simply multiply all times by the factor QS=18;000

k2S=0:341Þ. The dashed
mensurate locations of strong resonances between satellite pairs. The insert shows
to exaggerate the semi-major axes evolution. The dotted line is the commensurate

hin lines are the weaker higher-order ReE e2
D

and two secondary resonances (S2:1 and
calculating the displacements. Precessions resulting from secular and resonant



Table 1
Satellite properties.

ma ð1020 kgÞ Ra (km) �q ðkg m�3Þ g ðm s�2Þ n ð10�5 s�1Þ ab ðRSÞ eb

Enceladus 1.08 249 1610 0.11 5.30 3.95 0.0047
Dione 10.96 560 1490 0.23 2.66 6.26 0.002

a Jacobson (2004).
b JPL’s HORIZONS database, http://ssd.jpl.nasa.gov/?horizons.
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1.2. Previous work

Before the Voyager 2 fly-by, very little was known about Encela-
dus and Dione other than their orbits. Sinclair (1983) studied how
the two satellites evolved into the 2:1 resonance under the influ-
ence of tidal dissipation in Saturn. He concluded that tidal migra-
tion by itself might be unable to produce the Enceladus–Dione
resonance and suggested that dissipation inside satellites might
play an important role. On the other hand, Peale et al. (1980) esti-
mated dissipation in the saturnian satellites and suggested that ti-
dal heating might contribute little to the satellites’ thermal history,
although it could alter their orbital evolution. Following Voyager
2’s discovery of relatively uncratered regions on Enceladus, studies
focused on potential heating mechanisms. Various aspects of tidal
heat production have been investigated by Squyres et al. (1983),
Lissauer et al. (1984), Ross and Schubert (1989), Wisdom (2004).

Recent Cassini observations indicate that not only have parts of
Enceladus been resurfaced relatively recently, but it is still active
today (Spencer et al., 2006) and the current heat output exceeds
the equilibrium tidal dissipation rate (Meyer and Wisdom, 2007
also see Section 1.1 above). Meyer and Wisdom (2008a) applied
the oscillating model of Ojakangas and Stevenson (1986) to Encela-
dus and Dione, but concluded that this latter system does not un-
dergo oscillations. Meyer and Wisdom (2008b) carried out a
comprehensive study of the recent resonances among Mimas, Enc-
eladus, and Dione. They found that the large eccentricity of Mimas
(0.02) may have been excited by passage through the Mimas–Enc-
eladus 3:2 or Mimas–Dione 3:1 resonances (cf. Fig. 1), which in
turn places an upper limit on Q of Saturn: Q S < 105. They also dis-
cussed in some detail the orbital evolution into the Enceladus–
Dione 2:1 resonance and provided one scenario to produce the cur-
rent eccentricities of both satellites. More recently, Callegari and
Yokoyama (2007) conducted a similar study focused more on the
resonant structure of the 2:1 resonance, but their models were un-
able to produce the current orbital state of the two satellites.
2. Methods

2.1. Orbital Theory

The long-term evolution of a satellite orbit is determined by
body tides (Burns, 1986). If Saturn spins faster than a particular sa-
tellite orbits, as for Enceladus and Dione, the planetary tidal bulge
is carried ahead of the planet–satellite line and exerts a positive
torque on the satellite. Consequently, the satellite is accelerated
and its orbit migrates outwards, i.e., orbital semi-major axis ðaÞ in-
creases and mean motion ðnÞ decreases. Fig. 1 shows the trajecto-
ries of the major saturnian satellites except Titan. The migration
timescale is uncertain due to limited information on k2=Q of Sat-
urn. We have used the lower limit of QS ¼ 18;000 given by Peale
et al. (1980) and an analytical k2S ¼ 0:341 computed by Gavrilov
and Zharkov (1977). For smaller k2S=QS, the system undergoes less
evolution. The effect of satellite tides raised by Saturn is different
from that of planetary tides in that most natural satellites in the
Solar System are synchronized (see Appendix A for more details).
If the satellite’s orbit is eccentric, the tidal bulge librates about
the planet–satellite line. Additionally, the change of the distance
between the pair causes a radial oscillation. Adding together, these
two modes damp the orbital eccentricity rapidly. In addition to
these major effects, both type of tides affect other orbital elements,
but on much longer timescales.

Although all satellites of Saturn migrate away from the planet,
their orbits expand at different rates. Thus, the ratio between the
mean motions of a satellite pair changes over time and the pair
may encounter mean-motion resonances. Fig. 1 shows that all sa-
tellite pairs, except Enceladus and Tethys, have converging orbits.
If a resonance crossing occurs between two converging orbits,
there is a possibility of resonant trapping, in which the orbital ele-
ments are continuously excited. Here we focus on the Enceladus–
Dione 2:1 resonance and leave others for future study.

Because of orbital precession, the 2:1 resonance splits into
many individual resonances dispersed in a narrow region along
the time axis, as shown in the insert of Fig. 1 (see also, e.g. Sinclair,
1972). Only strong eccentricity-type resonances are shown in the
plot. Inclination-type resonances occur earlier in time, but they
are much weaker because of the tiny inclinations. Currently, Enc-
eladus and Dione are in the ReE resonance, which affects only the
eccentricity of Enceladus ðeEÞ and can be characterized by a reso-
nant angle /eE

¼ 2kD � kE �-E, where k and - are the mean longi-
tude and longitude of pericenter of an orbit. The subscripts ‘‘E” and
‘‘D” refer to Enceladus and Dione, respectively. Two other strong
resonances, ReD ð/eD

¼ 2kD � kE �-DÞ and ReEeD ð/eEeD
¼ /eE

þ /eD
Þ,

exist in the vicinity of ReE (cf. insert of Fig. 1 and Meyer and Wis-
dom, 2008b) and affect the orbital eccentricities. Both ReE and ReD

are first-order resonance, with perturbation strengths proportional
to eE and eD, respectively; ReEeD is a second-order resonance and its
strength is proportional to eEeD. For small eccentricities, ReEeD is
much weaker than the other two. But in term of resonant trapping,
as we will discuss in Section 3, it is far from negligible.

The relative locations of the three resonances are determined by
the orbital precession rates. For the saturnian satellites, as well as
most other satellites in the Solar System, orbital precession is
dominated by the perturbation due to rotational deformation
(flattening) of the primary. The precession rate depends on the
mass of a satellite, but more strongly on its distance from Saturn.
Thus Enceladus ð _-E � 88:4� yr�1Þ precesses much faster than Dione
ð _-D � 17:5� yr�1Þ. As a result, ReE is located further away from exact
commensurability than ReD , and ReEeD lies between them (insert in
Fig. 1). This configuration leads to an immediate problem: since
outwards migration results in the resonances being encountered
in the order ReD , ReEeD , and ReE , why are the satellites currently
trapped into ReE rather an earlier one (cf., e.g. Sinclair, 1983; Meyer
and Wisdom, 2008b)?

Resonant capture is a random process due to the uncertainty of
the initial orbits and the chaotic nature of three-body interactions.
Thus, one possible argument is that the two orbits avoided earlier
trapping and reached ReE by chance. However, Yoder (1979)
showed that the capture probability during a resonant encounter
increases dramatically as the orbital eccentricities decrease, and
when they are less than some critical value, resonant trapping is
certain during a converging encounter. Since tides on a satellite re-
duce its orbital eccentricity, the satellites are very likely to be
trapped into either ReD or ReEeD during the encounters. In order for

http://ssd.jpl.nasa.gov/?horizons


1 Orbital energy and angular momentum do change because of tidal dissipation and
associated torques, but over a much longer timescale than is relevant here.
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the current resonant configuration to occur, either: (i) the system
formed at a configuration after ReE and underwent very little evo-
lution during the history the Solar System; (ii) tidal dissipation is
much weaker in Dione than in Enceladus, allowing Dione’s eccen-
tricity to stay above the critical value for resonant trapping at ReD ;
or (iii) some mechanism exists to eject the satellites from the ear-
lier resonant trappings.

In scenario (i), no resonances occurred before the current ones.
This excludes the 3:2 resonance between Mimas and Enceladus,
which might be responsible for the 0.02 eccentricity of Mimas as
suggested by Meyer and Wisdom (2008b). In addition, this sce-
nario requires that the Q of Saturn be large, at least 100 times
greater than the minimum value given by Peale et al. (1980) (cf.
Fig. 1). A large QS is possible (Ioannou and Lindzen, 1993), but a
lack of tidal migration implies that Dione and Enceladus, as well
as Mimas and Tethys (in an inclination-type 2:1 resonance), had
to have formed in resonant orbits, which seems unlikely.

Below we will explore the other two possibilities. Dione has not
undergone recent deformation (Section 1.1). This suggests that the
interior is less dissipative than that of Enceladus, and makes an ini-
tially eccentric orbit more likely. Thus, if the eccentricity of Dione
were large before the ReD encounter, the resonance trapping could
have been avoided (Section 3.1). Meyer and Wisdom (2008b) made
an identical assumption in their simulations; we will further study
the effect of satellite dissipation on the capture probability of this
resonance. For the trapping at ReEeD , Meyer and Wisdom (2008b)
found that perturbation from nearby secondary resonances (reso-
nances between the libration frequency of /eEeD

and the circulation
frequency of /eE

or /eD
) would eventually force the resonance to

break. We identify similar behavior in our simulations and use this
information to constrain the k2=Q of Enceladus (Section 3.2). Final-
ly, we also examine Dione’s behavior following escape from ReEeD to
place bounds on its k2=Q (Section 3.3).

2.2. Numerical approach

Tidal dissipation during a resonant encounter can be studied
analytically (see, e.g. Yoder and Peale, 1981; Ojakangas and Steven-
son, 1986), but this approach is necessarily limited to only the low-
est-order terms in the disturbing function. An alternative is to
adopt a semi-analytical solution to Lagrange’s planetary equations
using the truncated disturbing function (Malhotra, 1991; Meyer
and Wisdom, 2008b). This approach is numerically fast, but is alge-
braically complicated, and may miss important physical effects if
the relevant terms of the disturbing function are not included.

We instead adopt an N-body approach, in which the effects of
the mutual gravitational forces are evaluated directly (cf. Sussman
and Wisdom, 1988; Quinn et al., 1991). This approach is slower (at
least a few hundred force evaluations per orbit are required, com-
pared to one evaluation every few orbits in the disturbing function
approach), but it is simpler to implement and automatically in-
cludes the relevant physics. Use of a symplectic mapping algorithm
to separate the Keplerian and perturbation potentials (Wisdom and
Holman, 1991; Duncan et al., 1998) can potentially reduce the
number of force evaluations to a few times per orbit for the N-body
approach, but it relies on the conservation of system energy. In our
model, energy is dissipated in both Saturn and the icy satellites,
making such an algorithm unnecessary.

The core of our orbital integration code is a variable-order Bul-
irsch–Stoer integrator based on Press et al. (2002) [Section 16.4].
Saturn and the satellites are treated as point masses with correc-
tions from tidal interaction and rotational deformation detailed
in Appendix A. Secular interactions among the satellites are auto-
matically handled in the N-body approach.

To explore parameter space efficiently, individual simulations
must take no longer than a few days to run. We adopt two methods
to meet this requirement: we run the simulations piecewise to
focus on individual resonance crossings; and we speed up tidal
evolution.

The first approach is justified by the fact that most of the orbital
evolution occurs during short periods of time when the two satel-
lites are in strong resonances. Orbital behavior during the much
longer off-resonance period can be predicted very well by Eqs.
(B5 and B6), although care must be taken if resonance capture
occurs (e.g. Peale 1999). Our simulations typically cover only one
or two individual resonances shown in the insert of Fig. 1, with
exceptions for a few long runs going through the whole 2:1 reso-
nance region as shown in Fig. 2. We assume that neither of the
satellites is in resonance prior to the 2:1 encounters.

The second technique has been used by many authors (e.g.
Malhotra and Dermott, 1990;Showman et al., 1997b; Meyer and
Wisdom, 2008b). A change of the tidal evolution timescale affects
how fast the two satellites approach a resonance, which may or
may not influence the resonant behavior of the orbits, depending
on the strength of the resonance (Malhotra and Dermott, 1990).
For strong resonances, which is the case with most of our simula-
tions, a large speed-up factor can be used without altering the phys-
ics. For weaker resonances, we must use a reduced factor to get
consistent results. In most cases, a speed-up factor of 1000 is safe,
but we have done a few long runs with a speed-up factor of 100
to verify our results. We achieve the speed up by increasing the Love
number k2 of both the planet and the satellites by the same factor.

We further assume that both satellite orbits are coplanar
although the code is capable of full 3D simulations, because (i)
the inclinations of these satellites’ orbits are small and their evolu-
tion is decoupled from eccentricity evolution (Murray and Der-
mott, 1999), and (ii) orbital inclinations have only weak effect on
tidel dissipation (Burns, 1977).

We tested our code against the analytical rate equations for
small eccentricity cases. We also compared our numerically-de-
rived equilibrium eccentricities with the analytical solution (Eq.
(B10) and Fig. 5). Our numerical results agreed with the analytical
values to within a few percent. As we discuss further below, we
were also able to reproduce the resonance behavior obtained by
Meyer and Wisdom (2008b) who used the semi-analytical disturb-
ing function approach. Our approach does generate at least one
minor numerical artefact, but its effect is probably minimal as
noted in Section 3.2.
3. N-body results

In our simulations, the system consists of Saturn, Enceladus,
and Dione. The orbits of the two satellites are initially near the
commensurate location, and they migrate across one or more of
the resonance triplet: ReD ;ReEeD , and ReE . Fig. 2 shows a typical run
through the whole 2:1 resonant region in which both satellites
are moderately dissipative. The behavior we obtain is similar to
that discussed in Figs. 10 and 11 of Meyer and Wisdom (2008b).

We start with a zero free eccentricity for Enceladus, as it would
damp away quickly due to satellite tides (Eq. (B8)). The initial free
eccentricity of Dione, however, is chosen to be 0.007 in order to
avoid resonant trapping at ReD (Section 3.1). As a result of these ini-
tial conditions, /eE

librates with near zero amplitude at the start,
while /eD

and /eEeD
circulate. The two orbits encounter the ReD res-

onance at about 25 myr after the start of the simulation (here and
elsewhere timescales are quoted assuming QS ¼ 18;000). Dione’s
eccentricity drops sharply, and eE and nE=nD change accordingly
to conserve orbital energy and angular momentum.1 The two



Fig. 2. The 2:1 Enceladus–Dione eccentricity resonances. We plot the mean motion ratio and eccentricities of the two orbits (left panels), as well as the resonant angles for the
three first- and second-order resonances (right panels). Enceladus starts with a zero free eccentricity, while Dione starts with 0.0065 to avoid trapping at ReD . We use
QS ¼ 18; 000; k2S ¼ 0:341; ðk2=QÞE ¼ 7� 10�4, and ðk2=QÞD ¼ 10�4; tidal evolution is sped up by a factor of 1000.
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satellites then cross the third-order resonance ReEe2
D

(with a resonant
angle 2/eD

þ /eE
) before becoming trapped into the second-order

ReEeD resonance. At this resonance /eE
becomes circulating while

/eEeD
starts to librate, and the mean motion ratio stops dropping to

keep the two in resonance. Enceladus’ eccentricity starts to oscillate
around the equilibrium value (see Appendix B) and Dione’s stops
damping and begins to grow. The large amplitude of the eE oscilla-
tion is forced by the ReE and other nearby resonances. As the two
evolve inside this resonance, nearby resonances force the libration
amplitude of /eEeD

to grow (as also noted by Meyer and Wisdom
(2008b) and Callegari and Yokoyama (2007)). Eventually the
libration amplitude grows too large so that the two satellites escape
the resonance and /eE

begins to librate again as they evolve deeper
into the current ReE resonance (Section 3.2). Enceladus’ eccentricity
eventually reaches its equilibrium value, while Dione’s damps
continuously due to internal dissipation. In this specific simulation,
eD has not yet damped to its observed value by the time eE

reaches 0:0047. Either Dione is more dissipative than assumed in
this model, or the initial eD chosen was too high (see discussion in
Section 3.3).

Trapping into the ReEeD resonance is almost assured although the
resonance is weaker than the first-order ReD and ReE , because Enc-
eladus is dissipative and the two orbits encounter the resonance
with an initial free eccentricity efr

E � 0. In fact, of the 312 runs that
we carried out, all but two showed temporary trapping into this
resonance. In these two cases the free eccentricity of Dione right
before the encounter was less than 0.0003. The resonance is extre-
mely weak for such small eD, and thus no capture occurs. A similar
capture frequency was also observed by Meyer and Wisdom
(2008b).

Temporary trapping into the third-order ReEe2
D

resonance before
the ReEeD resonance is likely to occur for slow migration rates, espe-
cially when the initial eD is large. Meyer and Wisdom (2008b) also
noticed this resonance and concluded that trapping into this reso-
nance did not occur because of the lack of an escaping mechanism.
In contrast, we find that the orbits escape this resonance shortly
after being captured even at slow migration rates, presumably
due to perturbations from other resonances not included in the
disturbing functions of Meyer and Wisdom (2008b). This third-or-
der resonance capture, however, does not affect the subsequent
trapping into ReEeD .

There is also a chance of temporary capture at the 2:1 and 3:1
secondary resonances (see, e.g. Malhotra and Dermott, 1990) after
the two satellites escape trapping at ReEeD , but, again, none of these
captures lasts long; their impact is discussed in Section 3.2.
3.1. The ReD encounter and capture probability

Based on present-day observations, Enceladus should have a
relatively large k2=Q , that is, it is dissipative (Section 1.1). If Dione
is not as dissipative as Enceladus, it is possible for the former to
have a non-zero eccentricity before encountering the ReD resonance
and thus to avoid being trapped into it, as for the case shown in
Fig. 2. The probability of capture into a first-order eccentricity res-
onance in the absence of dissipation has been thoroughly studied
(see, e.g. Peale, 1976; Yoder, 1979; Henrard and Lamaitre, 1983).
These authors found that resonant trapping is certain if the initial
eccentricity before the resonance encounter is below some critical
value. Borderies and Goldreich (1984) devised a simple analysis of
the capture probability for different initial eccentricities. Following
their derivation, we calculate the critical initial free eccentricity of
Dione to be 0.004 for the ReD resonance. To verify the analytical re-
sult and explore the effects of tidal dissipation, we carried out a set
of numerical simulations with results shown in Fig. 3.

In Fig. 3, we plot, as functions of pre-encounter eD, the capture
probability at ReD , the change in the eccentricity of Dione DeD dur-
ing the encounter, and the post-encounter eD for three different
cases: no dissipation in either satellite; dissipation in Enceladus
only ððk2=QÞE ¼ 7� 10�4Þ; and dissipation in both satellites
ððk2=QÞD ¼ 10�4Þ. Each data point in Fig. 3 is collected from 22
simulations with the same initial condition, except that the initial
difference between the two pericenters is varied evenly between 0�
and 360�. The capture probability is represented by the ratio
between the number of trapping cases and the total number of
simulations; DeD and the post-encounter eD are averages over all
non-trapping cases.

Our simulations suggest a critical capture eccentricity of 0.0022,
which is somewhat smaller than the analytical value based on
Borderies and Goldreich (1984). The difference is partly due to fac-
tors missing from their linear theory, and partly because we speed
up the tidal evolution. Generally, the outcome of a resonance
encounter is not affected by the rate of migration as long as it is
slow enough that changes in mean motions meet the adiabatic lim-
it (Henrard, 1982). Thus, for example, simulations with a speed-up
factor 10 times larger (i.e. 105) lead to a DeD curve very similar to
that shown in Fig. 3. However, for systems near the capture/non-
capture separatrix, i.e., with initial eD between 0.002 and 0.0025
in Fig. 3, the adiabatic limit requires slower migration rates. With
a 105 speed-up factor, the critical eccentricity is 0.0015, implying
that the true critical value should be somewhat larger than our
numerical value of 0.0022, as is indeed suggested by the analytical



Fig. 3. Capture probability and excitation of Dione’s eccentricity during the ReD

passage. The pre-encounter eD is measured immediately before the ReD encounter,
and the post-encounter eD right after it; DeD is the difference between the two. Each
data point is collected from 22 simulations with slightly different initial conditions.
We assume QS ¼ 18; 000 and k2S ¼ 0:341, and speed up tidal evolution by a factor of
104. Three cases are shown: no dissipation in either satellite, dissipation in
Enceladus only, and dissipation in both satellites. There is no significant difference
between this three cases, except that capture probability in the dissipative Dione
case is statically lower than the other two.

Fig. 4. Evolution after the ReE eD resonance. This simulation starts when the two
satellites are in the ReE eD resonance, but the libration amplitude of /eE eD

are large so
that the resonance is broken soon. The gray area is where the current eE ¼ 0:0047 is
allowed; measuring UeE in this area gives the range of the libration amplitude.
Enceladus has ðk2=QÞE ¼ 7� 10�4 and Dione is non-dissipative. Tidal evolution is
sped up by 1000. Similar runs with different ðk2=QÞE are used to produce Fig. 5.
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result. This is consistent with the work by Callegari and Yokoyama
(2007), who found the critical capture eccentricity to be 0.0035 for
non-dissipative satellites.

The three different dissipation scenarios in Fig. 3 show no sig-
nificant difference: both the critical eccentricity for capture and
DeD are roughly the same. The capture probability in the dissipa-
tive Dione case is somehow lower, implying that it is easier to
avoid the ReD trapping if Dione is dissipative for a given initial value
of eD. In any event, Dione must have had an eccentricity J 0:003
before the ReD encounter since there is no way of breaking the res-
onance once trapped (Meyer and Wisdom, 2008b). We will return
to this resonance when discussing Dione’s evolution in Section 3.3.
3.2. The current ReE resonance and constraints on Enceladus’ k2=Q

Currently Enceladus and Dione are trapped in the ReE resonance,
the strongest of all the 2:1 resonances. Enceladus’ eccentricity is
0.0047, and the resonant angle /eE

librates with a small amplitude
UeE ¼ 1:5� (Sinclair, 1972). In the previous section we showed that
temporary trapping into the ReEeD resonance is almost certain, but
the trapping is eventually broken by nearby resonances. We now
look at Enceladus’ subsequent orbital evolution.

Fig. 4 shows a typical run. The simulation starts when the two
orbits are trapped in ReEeD , but the libration amplitude of /eEeD

has grown fairly large so that they escape the resonance shortly
into the simulation. As mentioned above, the two orbits soon
encounter the 2:1 secondary resonance. This resonance occurs
when /eD

circulates twice for every libration of /eE
. Higher-order

secondary resonances (e.g., 3:1, 4:1,. . .) follow the S2:1, but they
are too weak to be noticed in Figs. 2 and 4.

When the eccentricities of the satellites before the resonant
encounter are sufficiently large, we observe trapping into the
S2:1 in some simulations, and in very few cases, S3:1 as well. How-
ever, these trappings are only temporary and they are soon broken
the same way as ReEeD is. We have run about 200 simulations at
1000 speed-up factor with ðk2=QÞE ranging between 4� 10�4 and
9� 10�4, and Dione being non-dissipative with initial eD � 0:004.
When ðk2=QÞE < 6� 10�4, temporary capture at S2:1 occurs in
about 20% of the simulations. A higher capture frequency is ex-
pected for slower satellite migration. No capture occurs when
ðk2=QÞE > 6� 10�4, because in these cases the free component of
eE before the S2:1 encounter damps to such a small value that
the resonance is weakened.

Fig. 4 shows that, neglecting the minor effects of the secondary
resonances, escape from the ReEeD resonance is followed by evolu-
tion into the present-day ReE resonance. As this occurs, Enceladus’
eccentricity eE and libration amplitude UeE both evolve. Although
the timing of the escape from the ReEeD resonance is unknown, a
successful model of Enceladus’ evolution must pass through the
present-day orbital parameters (eE and UeE ) subsequent to the es-
cape. This in turn allows constraints to be placed on k2=Q of
Enceladus.

First, after exiting the ReEeD resonance, the component of eE for-
merly forced by the second-order resonance, eb

E, damps away, and
eE becomes solely forced by ReE . This forced eccentricity, ea

E, in-
creases steadily towards the equilibrium value eeq

E . Thus, eeq
E must

equal or exceed the current observed eccentricity of 0.0047. The
equilibrium eccentricity in turn depends on ðk2=QÞE=ðk2=QÞS. Thus,
for a given ðk2=QÞS, an upper bound on ðk2=QÞE may be determined:
if dissipation were stronger, eeq

E would be small and eE would be
unable to reach its current value. We determine the equilibrium
eccentricity as a function of ðk2=QÞE both numerically and analyti-
cally (Eq. (B10)), and depict the results in Fig. 5. This shows that the
current eccentricity of Enceladus implies ðk2=QÞE < 41ðk2=QÞS.
Since ðk2=QÞS itself has an upper bound (<1.9 � 10�5), we have
ðk2=QÞE < 8� 10�4, identical to what Meyer and Wisdom (2008b)
obtained by assuming that the current eE is at equilibrium.

We can also derive a lower bound on ðk2=QÞE as follows. After
the two bodies escape the ReEeD resonance, as eb

E decreases while
ea

E increases steadily, the libration amplitude UeE decreases since
sin UeE ¼ eb

E=ea
E (cf. Eq. (B9)). The current UeE is small, so eb

E must
damp quickly enough that when eE reaches its current value of
0:0047, UeE can reach its observed value of 1:5�. Fig. 5 also plots
UeE for the present-day eccentricity as a function of ðk2=QÞE, where
the range of values for each point is measured as indicated in Fig. 4.
Only the lower bound on each point provides a useful constraint,
because the libration amplitude would be increased by temporary
capture into, or even passage through, one of the secondary



Fig. 5. Constraints on the k2=Q of Enceladus. This plot shows the equilibrium eccentricity of Enceladus after the pair is finally captured into the ReE resonance (solid lines, left
axis) and the libration amplitude of the resonant angle /eE

when eE reaches its current value of 0.0047 (dashed lines, right axis). The gray area shows the allowed values for
ðk2=QÞE . Data points are measured from simulations similar to the one shown in Fig. 4. Analytical curve for the equilibrium eE is based on Eq. (B10).
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resonances. Fig. 5 shows that the current value of UeE requires
ðk2=QÞE > 34ðk2=QÞS. If Enceladus is less dissipative (smaller
k2=Q), then the libration damping timescale is long and the
libration does not damp sufficiently by the time the current
eccentricity value is reached. Taking the maximum QS to be 105

(Meyer and Wisdom, 2008b), this implies that ðk2=QÞE >
1:2� 10�4. Putting these two results together, we infer that
1:2� 10�4 < ðk2=QÞE < 8� 10�4, and discuss the implications in
Section 4 below.

Subsequent captures into the secondary resonances does not af-
fect the above constraints, since the evolution of eE is similar upon
exiting the last trapping. But because the secondary resonances are
closer to ReE than ReEeD is, additional trappings allow less time for
the orbits to settle to the current state, thus requiring dissipation
greater than the lower bound. In fact, if trapping into a secondary
resonance occurs, UeE might not be reduced to 1.5� until eE reaches
equilibrium. Thus, eE is most likely very close to equilibrium today,
in which case ðk2=QÞE � 41ðk2=QÞS. A similar conclusion was drawn
by Meyer and Wisdom (2008b).

As mentioned earlier in this paper, a source of error may be
introduced by the artificial oscillations in the numerical quantities
due to the conversion between Cartesian coordinates and Kepleri-
an orbital elements (see Greenberg, 1981 for more details). We
have corrected for the effect of Saturn’s oblateness, but tidal and
secular effects are untreated. These errors would artificially in-
crease the width of the gray zone in Fig. 4. Thus, the constraints
we derive here are likely to be conservative.

3.3. Eccentricity and k2=Q of Dione

Assuming that QS is near its minimal value and the orbits of the
saturnian satellites have undergone substantial tidal migration,
our results require that dissipation in Dione is relatively small.
More specifically, the satellite must maintain an eccentricity
> 0:003 when it encounters the 2:1 ReD resonance with Enceladus
to avoid trapping into this resonance (Section 3.1).

If dissipation in Dione is very low ððk2=QÞD K 10�5Þ so that eccen-
tricity damping during the resonance crossing is negligible, the cur-
rent eccentricity of Dione (0.002) gives a hint of its value before the
ReD encounter. In this case, the ReD crossing decreases eD by an
amount shown in the middle panel of Fig. 3, but eD is also increased
during subsequent temporary resonance trappings (Fig. 2). The
probability of Dione having passed through the ReD resonance with
a final eccentricity close to zero is very small (see the lower panel
of Fig. 3). Thus, eD is likely to be significantly greater than zero before
any subsequent resonant trappings. The increase of eD during the
temporary resonant trappings depends on the duration of the reso-
nances, which we find to decrease with increasing pre-encounter
eD. In our simulations with a non-dissipative Dione, DeD due to the
trappings ranges from 0.003 when post-ReD eD0 ¼ 0:002, to 0.002
when eD0 ¼ 0:011. We do not have sufficient data for eD0 < 0:002 be-
cause of the high capture probability of ReD , but a value of DeD greater
than 0.003 is expected, which leads to a current eD greater than its
observed value of 0.002. For large eD0, multiple trappings are possi-
ble, but the duration of each trapping is short, and thus results in
small increases in eD. In any case, since eD0 is already large, eD cannot
be reduced to 0.002 in the absence of dissipation. These results sug-
gest that a very low-dissipation Dione is not consistent with its cur-
rent observed eccentricity.

We next study the case of a moderately dissipative Dione with
ðk2=QÞD ¼ 10�4. During the ReEeD resonance, Dione’s eccentricity
will approach the equilibrium value of 0.0055. This value depends
on the dissipation within Dione, and may be estimated for different
ðk2=QÞD based on the relation ðeeq

D Þ
2 / 1=ðk2=QÞD (cf. Appendix B). A

moderately dissipative Dione is unlikely to have a very large eccen-
tricity prior to entering the collection of 2:1 resonances since any
early eccentricity would have been damped. Thus, eD after the ReD

encounter is expected to be small (Fig. 3), leading to a pre-ReEeD

eD less than the equilibrium value for that resonance. Conse-
quently, Dione’s eccentricity on exiting the ReEeD resonance is unli-
kely to exceed the equilibrium value. Fig. 6 plots the equilibrium
eccentricity as a function of ðk2=QÞD, showing that it decreases as
Dione becomes more dissipative, as expected.

After exiting the ReEeD resonance, the eccentricity of Dione will
damp on a timescale depending on ðk2=QÞD. The libration damping
timescale for Enceladus suggests that at least 50 Myr have elapsed
since exiting the resonance (for the upper bound value of ðk2=QÞE;
see Fig. 4). Given this timescale and the present-day value of eD, the
minimum required value of eD immediately after exiting the reso-
nance may be derived using Eq. (B6). Fig. 6 also plots this minimum
value of eD, which increases with increasing dissipation within
Dione.



Fig. 6. Constraint on k2=Q of Dione. Plot shows the equilibrium eccentricity of
Dione during the ReE eD resonance trapping and the minimum eD after the ReE eD

encounter required by the current observations as function of ðk2=QÞD . The later
must be less than the former, which raises an upper limit for ðk2=QÞD .
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If the equilibrium eccentricity is indeed an upper bound after
exiting ReEeD , as we argue, then it must not be less than the mini-
mum eD on exiting the resonance which is required to explain
the present-day value. This requirement implies that
ðk2=QÞD < 15ðk2=QÞS (Fig. 6), or ðk2=QÞD < 3� 10�4. Physically, a
Dione that was too dissipative would result in a lower value of
eD at the present day than is actually observed. In summary, Dione
must be moderately dissipative in order for eD to damp to its ob-
served value, but ðk2=QÞD must not exceed 3� 10�4.

Temporary capture into a later secondary resonance does not
change this upper bound. The equilibrium eccentricity of either
Enceladus or Dione is nearly the same for any resonances, since
it depends only on dissipation in Saturn and the satellites, and
the mass and orbital mean motion ratios between the two satel-
lites (cf. Eq. (B10)). Thus Dione’s orbit is in the same state after
exiting the last resonant trapping, leading to the same upper limit
for ðk2=QÞD.

On the other hand, ðk2=QÞD is probably much less than the
upper limit because of the lower bound on Dione’s eccentricity
ðeD J 0:003) prior to the ReD encounter. The origin of this eccentric-
ity is unclear, but it was likely excited by an earlier resonance,
either the 5:3 resonance with Rhea, or the 2:3 one with Tethys.
These two resonances are located near the Mimas resonances used
by Meyer and Wisdom (2008b) to constrain the upper limit of Q S

(cf. Fig. 1). Thus, if Mimas were excited through the resonances,
Dione likely would have been as well. If this is the case, even a
small ðk2=QÞD ¼ 10�4 requires eD after these resonances to have
been greater than 0.1. At such a high eccentricity, the orbit of Dione
would probably be unstable in the compact saturnian system.
Hence, ðk2=QÞD may be well below 10�4.
4. Internal structures

We may summarize the results of the last section as follows.
The present-day eccentricity of Enceladus provides an upper bound
on the time-averaged ðk2=QÞE of 8� 10�4 (Fig. 5), in agreement
with Meyer and Wisdom (2008b). Furthermore, taking Q S 6 105

we obtain a lower bound on ðk2=QÞE of 1:2� 10�4 based on the
present-day libration amplitude of /eE

. Similarly, by considering
the damping rate and equilibrium value of Dione’s eccentricity,
we obtain an upper bound on ðk2=QÞD of 3� 10�4 (Fig. 6). Here
we consider the structural implications of these values.

We will assume that Enceladus and Dione are Maxwell visco-
elastic bodies and will use the approach of Moore and Schubert
(2000) to determine their k2=Q values given a particular density,
rigidity and viscosity structure. As noted in the Introduction, our
orbital results assume that k2=Q is constant during the resonance
crossing, which is likely an oversimplification. This assumption is
important to remember when interpreting the structural results
that we obtain below.

Following Nimmo and Pappalardo (2006), we assume a simple
two-component composition for both satellites, in which a silicate
mantle (density 3.5 g/cc) is overlain by an ice/water shell (density
0.95 g/cc). Using the values given in Table 1, the ice/water shell
thicknesses are 91 km and 229 km for Enceladus and Dione,
respectively. Based on the results of Roberts and Nimmo (2008b),
we assume that dissipation within the silicate portion is negligible,
and set the silicate rigidity and viscosity to 100 GPa and 1021 Pa s,
respectively. If an ocean is present, it will lie between the silicate
mantle and the ice shell. The temperature and hence viscosity
structure of the overlying ice shell depends on whether it is con-
ductive or convective. The propensity for the ice shell to convect
depends on the Rayleigh number Ra, where

Ra � 1:6� 107 g
0:11 m s�2

� � d
91 km

� �3 1014 Pa s
gb

 !

Here d is the ice shell thickness, g is the acceleration due to
gravity, gb is the viscosity at the base of the ice shell. We have as-
sumed that the temperature difference across the ice shell is 200 K,
appropriate if there is a pure water ocean beneath, and that the
thermal expansivity and diffusivity of ice are 10�4 K�1 and
10�6 m2 s�1, respectively. For a strongly temperature-dependent
substance such as ice, the critical Rayleigh number Racr for convec-
tion to occur depends on the activation energy (Solomatov, 1995).
Under the circumstances relevant to Enceladus and Dione,
Racr � 2:5� 107 (Barr and McKinnon, 2007a). We may therefore
determine the maximum basal viscosity for convection to occur:

gb 6 6� 1013 Pa s
g

0:11 m s�2

� � d
91 km

� �3

ð1Þ

The maximum viscosities for convection to occur on Enceladus
and Dione are thus 6� 1013 Pa s and 2� 1015 Pa s, respectively.
The Enceladus viscosity bound is slightly more restrictive than
the numerical results of Roberts and Nimmo (2008b), who found
that a basal viscosity of 1014 Pa s required a shell 70 km or thicker
for convection to occur. The difference is probably due to the fact
that the numerical results included the effect of internal heating.

Since typical ice viscosities at 270 K are roughly in the range
1013—1015 Pa s (see below), these results suggest that convection
on Dione is likely (unless the base of the shell is very cold), while
on Enceladus it is marginal (Barr and McKinnon, 2007a). Although
the current geological activity and heat flow at the south pole of
Enceladus is generally interpreted as suggesting convection, at
least locally (e.g. Grott et al., 2007; Mitri and Showman, 2008b;
Barr, 2008; Roberts and Nimmo, 2008a), we will argue below that
a conductive ice shell is more consistent with the observations.

A convecting ice shell consists of a roughly isothermal interior,
overlain by a stagnant lid which is cold and essentially elastic
(Solomatov, 1995). For Enceladus, several lines of evidence (Nim-
mo and Pappalardo, 2006; Bland et al., 2007) suggest that the elas-
tic part of this stagnant lid is thin, Te � 1 km. For Dione, the
thickness of the stagnant lid is much less well constrained. The
lid thickness is �100 dRa�1/3, where the numerical constant incor-
porates the strongly temperature-dependent rheology of ice (Solo-
matov, 1995). For likely basal viscosities Dione’s stagnant lid
thickness is thus expected to be a few tens of km. We assume
Te ¼ 10 km; increasing Te by a factor of four reduces k2=Q by about
25%. The rigidity of the ice layer is varied from 1 to 10 GPa (Moore,
2006); the viscosity of the stagnant lid is set to 1019 Pa s (effec-
tively elastic), while the viscosity of the isoviscous convecting inte-
rior is treated as a free parameter. In reality, this convective
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viscosity will depend mainly on the temperature of the underlying
ocean (if present), and the ice grain size.

For conductive ice shells, we solve the steady-state spherical
diffusion equation within the ice shell (Turcotte and Schubert,
2002), assuming no internal heat generation, surface and basal
temperatures fixed at 80 K and 270 K, respectively, and treating
the basal viscosity as the free parameter. We discretize the shell
in 3 km increments and determine k2=Q as for the convective case.
Here the ice shell rigidity is kept constant at 3 GPa and the viscos-
ity varies with temperature assuming an activation energy of
59.4 kJ/mol (Goldsby and Kohlstedt, 2001).

Fig. 7 shows how k2=Q for Enceladus and Dione vary as a func-
tion of the basal ice shell viscosity for situations without and with a
10 km thick ocean. Solid lines indicate situations in which the ice
shell is assumed to be convecting, and dashed lines indicate con-
ductive cases. In general, higher viscosities and higher rigidities re-
sult in lower values of k2=Q (less dissipation). The presence of even
a thin ocean increases the dissipation significantly. Conductive
cases are less dissipative than convective cases because the former
have a thicker high viscosity near-surface ice layer. The curves for
Dione are shifted rightwards relative to those for Enceladus be-
cause Dione has a longer orbital period and therefore the maxi-
mum dissipation occurs at higher viscosities. For both Dione and
Enceladus, conductive cases with an ocean yield k2=Q values sim-
ilar to those for convecting cases without an ocean.

Fig. 7 also plots the inferred bounds on k2=Q for Enceladus and
Dione from Section 4 (gray shaded regions), and the upper bound
on basal viscosity required for convection to occur (Eq. (1)). For
Enceladus, these different bounds yield an interesting conclusion:
a shell overlying an ocean with a viscosity low enough to be con-
vecting yields a k2=Q at least a factor of three too large to be con-
sistent with the orbital constraints. Increasing Te to 10 km (thin
solid line) does not alter this conclusion. A higher viscosity ice shell
would yield a lower k2=Q , but would not allow convection to take
place (Eq. (1)). Physically, a convective Enceladus with a subsurface
ocean is too dissipative to meet the orbital constraints. Conversely,
a convective ice shell sitting directly on the silicate mantle, or a
conductive ice shell above an ocean, are both compatible with
the orbital constraints. A conductive ice shell without an ocean
yields k2=Q values that are too small.

At first glance, the Enceladus results appear paradoxical, in that
they require either an ocean, or convection, but not both. Of these
two possibilities, we conclude that the more likely scenario is that
Fig. 7. (a) Log10ðk2=QÞ of Enceladus as a function of ice shell viscosity, with and without
given in the text and Table 1, and uses the method of Moore and Schubert (2000). Solid
convective cases, the dark gray shading gives the variation in k2=Q when the ice shell rig
thin solid line (Te ¼ 10 km, rigidity = 10 GPa). For conductive cases, the rigidity is set to 3
take place from Eq. (1) (see text). Vertical dotted lines give ice effective viscosity for diff
Kohlstedt 2001). Horizontal shaded region denotes orbital constraints on k2=Q (see text
a conductive ice shell sits atop an ocean. There are three reasons
for this. First, in the absence of an ocean, the temperature at the base
of the ice shell is determined by the heat flow out of the silicate core.
Radiogenic heat production is only 0.3 GW, while tidal dissipation in
the silicates is expected to be negligible (Roberts and Nimmo,
2008b). A surface heat flow of 0.3 GW can be maintained by a 20 K
temperature drop across the ice shell, neglecting dissipation within
the shell. In this case, the base of the ice shell would have such a high
viscosity that convection could certainly not take place. A similar sit-
uation would apply if a cold subsurface ocean were present (e.g. an
ammonia-rich case). A conductive ice shell without an ocean results
in values of k2=Q that are too small (Fig. 7). Thus, a relatively pure
water ocean appears necessary for a self-consistent solution.

Second, assuming that diffusion creep is the dominant deforma-
tion mechanism ((Moore, 2006), though see also (Barr and McKin-
non, 2007b)), the ice grain size required to produce a particular
viscosity may be derived. Fig. 7 also indicates the effective viscosity
assuming diffusion creep and grain sizes of 0.1 mm and 1 mm for a
temperature range of 260–270 K, appropriate to a convective inte-
rior overlying a pure water ocean. We find that a grain size less
than �0.2 mm is required to allow convection in Enceladus, in
agreement with Barr and McKinnon (2007a). This grain size is
much smaller than the expected range of 1–100 mm derived by
Barr and McKinnon (2007b) based on terrestrial observations and
models of pinning grain size by impurities.

Third, it has been shown that a liquid water ocean beneath a
convecting ice shell on Enceladus is expected to freeze on a time-
scale of a few tens of Myr (Roberts and Nimmo, 2008b) for the cur-
rent eccentricity. Because it is very difficult to remelt an ocean
once frozen using tidal heating, any present-day ocean is probably
a long-lived feature. Freezing also likely takes place for a conduc-
tive shell, but the timescale is a factor of 2–3 longer. This is not a
huge difference, but an ocean beneath a conductive shell has a
slightly longer lifetime.

There are two main observation-based arguments that convec-
tion is happening at the present day. The first is that a convective
diapir is responsible for reorienting the heat flow anomaly to the
south pole (Nimmo and Pappalardo, 2006). While possible, this
mechanism is not required, especially since tidal heating is maxi-
mized at the poles anyway. The second is that the high heat fluxes
and low surface ages demand some kind of convective mechanism
(e.g. Grott et al., 2007). In fact, the local heat fluxes at the south pole
are so high that stagnant lid convection is incapable of supplying
an ocean. Model assumes a multi-layer, Maxwell viscoelastic body with parameters
lines are for convective cases, dashed lines are for conductive cases (see text). For

idity is varied from 1 to 10 GPa; the elastic thickness Te is set to 1 km except for the
GPa. Vertical solid line gives upper bound on basal viscosity to allow convection to

erent grain sizes (in mm) and temperatures, assuming diffusion creep (Goldsby and
and Fig. 5). (b) As for a), but for Dione with Te ¼ 10 km throughout.
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them (Barr and McKinnon, 2007a; Roberts and Nimmo, 2008b),
though mobile lid convection could do so (Barr, 2008). Alternative
mechanisms, such as volatile condensation and latent heat release
(Spencer et al., 2006; Nimmo et al., 2007), are also capable of explain-
ing the young surface ages and high local heat flows without requir-
ing convection. Thus, at present we find no compelling observations
which require the ice shell of Enceladus to be convective, while the
orbital constraints suggest that it is in fact conductive.

To summarize: for Enceladus, a convective ice shell overlying an
ocean generates too much dissipation to be compatible with the
orbital observations, while an ocean-free, conductive ice shell gen-
erates too little. An ocean-free, convecting ice shell is unlikely on
rheological grounds, while a conductive ice shell overlying an
ocean is compatible with the existing constraints.

For Dione, a marginally convecting ice shell overlying an ocean
results in k2=Q that is a factor of �2 larger than the orbital upper
bound, while a convective ice shell without an ocean or a conduc-
tive ice shell with or without an ocean are compatible with the
orbital bound. For a likely ice grain size of P1 mm (Barr and
McKinnon, 2007b), Dione is only marginally convective. As with
Enceladus, ice shell convection is only likely to take place if an
ocean is present. We therefore conclude that the ice shell of Dione
is more likely to be in a conductive than a convective state at pres-
ent, though this conclusion is less robust than that for Enceladus.
Whether or not an ocean is present beneath the shell is unknown,
but such an ocean cannot be ruled out from orbital considerations.
5. Discussion and conclusions

Tidal dissipation in Saturn drives Enceladus and Dione through
a series of 2:1 mean-motion resonances. We studied how dissipa-
tion inside the satellites affect this process numerically and found:

(i) The capture probability of the early e-Dione resonance is not
significantly affected by dissipation in either Enceladus or
Dione. In order to evolve to the current orbit, however, trap-
ping into this resonance must be avoided, which requires the
pre-encounter eccentricity of Dione to be J 0.003, in agree-
ment with Callegari and Yokoyama (2007).

(ii) Because tides in Enceladus damp its free eccentricity, trap-
ping into the second-order e-Enceladus e-Dione resonance
is certain for any pre-encounter eccentricity of Dione greater
than 0.0003. But this resonant capture is soon broken by
nearby resonances, as also observed in the simulations by
Meyer and Wisdom (2008b).

(iii) For slower migration rate and more eccentric orbits of Dione,
temporary trapping into the third-order e-Enceladus e2-Dione
resonance and the 2:1 and 3:1 secondary resonances are
likely, but with no significant impact on the overall evolution.

The current observation of the satellites’ orbits, combined
with our evolution model, provides constraints on the satel-
lites’ thermal properties:

(iv) An upper bound on the k2=Q of Enceladus is obtained by
requiring the tidal equilibrium eccentricity to be greater
than or equal to the current observed value, which gives
ðk2=QÞE < 8� 10�4 for Q S > 18;000. A lower bound is pro-
vided by the current small libration amplitude of the reso-
nant angle: ðk2=QÞE > 1:2� 10�4 for QS < 105.

(v) The current eccentricity of Dione also place an upper limit
for the k2=Q of the satellite: ðk2=QÞD < 3� 10�4 for
QS > 18;000. Stronger dissipation would result in a more
circular orbit for Dione than is currently observed.

We then interpreted these constraints on k2=Q using a
simple Maxwell viscoelastic model for dissipation in the
interiors of these satellites and conclude:
(vi) For Enceladus, the most likely configuration is a conductive
shell overlying a relatively pure water ocean: a convective
shell overlying an ocean generates too much dissipation,
while a convective shell lacking an ocean is rheologically
implausible.

(vii) For Dione, conduction is again more likely than convection,
though this conclusion is less robust.

There are several caveats which should be borne in mind when
interpreting our results. Perhaps the most important is that our orbi-
tal models assume constant k2=Q . In reality, this quantity is likely to
change as the thickness and temperature structure of the ice shell
changes (c.f. Showman et al., 1997a). For both conductive and con-
vective Enceladus models, k2=Q decreases as the shell thickens. Thus,
the time-averaged model k2=Q would be greater than the present-
day value, moving the convective model results further away from
agreement with the orbital constraints. For the conductive model,
the diffusion timescale of a thick ice shell is comparable to the orbital
evolution timescale. Since we favor the conductive case, our
assumption of a constant k2=Q can be at least approximately justi-
fied a posteriori. Further investigation of the effect of time-varying
k2=Q requires development of a coupled thermal–orbital code,
which is beyond the scope of this present work.

A second important caveat is that our models assume spherical
symmetry, which particularly for Enceladus is unlikely to be a good
approximation. With the exception of Tobie et al. (2008), little
attention has so far been paid to this issue. However, it is certainly
possible that localized upwelling (Mitri and Showman, 2008a),
perhaps driven by near-surface shear heating (Roberts and Nimmo,
2008a), takes place at the south pole without causing significant
dissipation or deformation elsewhere. This lateral variability may
satisfy the requirement for relatively low global dissipation despite
the strong local deformation observed.

Quite apart from the spherical symmetric assumption, our inte-
rior structure models are almost certainly too simplistic. With one
exception, however, more complex models are unlikely to change
our conclusions significantly. For instance, changing the elastic
thickness Te by an order of magnitude makes essentially no differ-
ence to our conclusions (Fig. 7). For the convective case, increasing
the ocean thickness by a factor of 3 (to 30 km) increases k2=Q by
50%, making it even harder for convective models to match the
orbital constraints. Our biggest concern is that Maxwell viscoelas-
ticity may not provide an adequate description of dissipation in ice
(see Section 1.1), but as yet there are insufficient experimental data
to develop a better description.

A final important issue is the current heat output of Enceladus,
which significantly exceeds the equilibrium value. During tempo-
rary resonant trappings, the eccentricity of Enceladus may be
greater than the equilibrium value in part of its orbit, but the aver-
age heat production is still less than the amount that can be pro-
duced at equilibrium. The most likely resolution to this problem
is either that Enceladus has a time-variable k2=Q , similar to that
proposed by Ojakangas and Stevenson (1986) for Io, or that tid-
ally-generated heat can be stored and then rapidly released.
Although Meyer and Wisdom (2008a) showed that the heat flux
of Enceladus does not oscillate in the Ojakangas–Stevenson model,
this model assumes convection, not conduction, and may therefore
not be appropriate to Enceladus. Alternatively, Enceladus may un-
dergo some kind of episodic activity, in which it alternates be-
tween quiescent and mobile-lid behavior, thus releasing its
accumulated heat in geologically short intervals. Similar mecha-
nisms have been proposed for both Mars (Loddoch and Hansen,
2008) and Venus (Turcotte, 1993), but neither alternative has yet
been investigated in any detail for Enceladus. It is clear that much
further work will be required to determine the true history of this
interesting body.
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Appendix A. Tidal and rotational deformations

In our numerical code, tidal forces on the planet and satellites
are computed based on the second-order potential of a prolate
spheroid (Murray and Dermott, 1999):

VT ¼ �
Gm

r
R
r

� �5

k2P2ðcos WÞ;

where m is the mass of the tide-raising body; R is the mean radius of
the deformed body; k2 is its tidal Love number; r is the distance be-
tween the two; W is the angle between the major axis of the elon-
gated body and the planet–satellite line; G is the gravitational
constant; and P2 is the second-order Legendre polynomial.

Since the tidal bulge lies in the orbital plane, there is no pertur-
bation in the direction perpendicular to this plane. In a polar frame
ðr;wÞ, the component forces per unit mass are:

fr ¼ �
@VT

@r
¼ �6

Gm
r2

R
r

� �5

k2P2ðcos WÞ; ðA1Þ

fw ¼ �
1
r
@VT

@W
¼ �3

2
Gm
r2

R
r

� �5

k2 sin 2W: ðA2Þ

We use Cartesian coordinates in our code. The direction vec-
tor associated with the polar angle w can be easily computed
using the relative location and velocity vectors ð~r;~vÞ of the two
objects:

~w ¼ ð~r �~vÞ �~r ¼ r2~v� ð~r �~vÞ~r:

Finally, the vector form of the force per unit mass of the tide-
raising body is

~f ¼ fr
~r
r
þ fw

~w
w
:

Planetary tides: The angle W is determined in different way for
planetary and satellite tides. For a planet which is not spin-syn-
chronized with the satellite orbit, it is sufficient to assume that
the tidal bulge always lags behind (W > 0, for satellites inside the
synchronous orbit) or leads ahead of (W < 0, for satellites outside
the synchronous orbit) the planet–satellite line by the same angle
(e.g. Kaula, 1964; MacDonald, 1964). This angle is related to the
planet’s tidal dissipation factor Q (usually Q � 1) by

sin 2W ¼ � 1
Q
:

Satellite tides: The lag angle W for satellite tides is more compli-
cated to determine because a satellite’s spin is nearly synchronized
with its orbital motion so that the tidal bulge leads the planet–sa-
tellite line in the part of the orbit when it orbits faster than it spins,
but lags behind in the other part. Here we assume that the tidal
bulge responds to the planet with a constant time lag s (e.g. Singer
(1968), Hut (1981), but see also Efroimsky and Lainey (2007)).
Assuming a satellite spin rate X equal to its orbital mean motion
n, this time lag s can be related to the Qð� 1Þ2 of the satellite by
2 Q of the icy satellites can be as low as a few. According to Efroimsky and Williams
(2009), however, Eq. (A3) introduces an error of about 25% for Q as little as 2. This is
acceptable given the uncertainties in other parameters.
s ¼ 1
2Qn

: ðA3Þ

The assumption of X ¼ n for satellite is slightly inaccurate. If we
average the tangential force (Eq. (A2)) over one orbital period
based on this assumption, we get a non-zero net torque, which will
then change both the orbital mean motion and the satellite spin
until the averaged net torque is zero. The new mean motion, how-
ever, is only slightly different from the synchronous value, and
thus the change in radial force component (Eq. (A1)) is minimal.
It is also possible that the satellite is indeed synchronized
ðX ¼ nÞ, but an additional mechanism must exist to offset the tidal
torque (Greenberg and Weidenschilling, 1984), such as an internal
asymmetry of the satellite body. In any case, it is safe to assume
that the tangential force due to satellite tides vanishes and include
only the radial force in our computation.

Saturn’s rotation: The rotational deformation of Saturn is treated
similarly with the fourth-order oblate potential (Murray and Der-
mott, 1999):

VR ¼
GmS

r
J2

RS

r

� �2

P2ðcos WÞ þ J4
RS

r

� �4

P4ðcos WÞ
" #

;

where mS and RS are Saturn’s mass and radius, respectively; W is the
direction of the satellite measured from Saturn’s spin axis; P4 is the
fourth-order Legendre polynomial; J2 and J4 are two constants mea-
suring the strengths of the second- and forth-order harmonics. The
odd-order harmonics are zero for giant planets due to axisymmetry.
For Saturn, J2 ¼ 0:01629 and J4 ¼ �0:00093 (Jacobson, 2004).

Appendix B. Equilibrium eccentricity at the ReE resonance

This derivation uses the disturbing functions and Lagrange’s
planetary equations as laid out in Murray and Dermott (1999).
Greenberg (1982), Yoder and Peale (1981) used similar approach
in discussing the Laplace resonance among the Galilean satellites.
The disturbing functions for the two satellites associate with the
ReE resonance are:

RE ¼ n2
Ea2

ElDaCeE cos /eE
;

RD ¼ n2
Da2

DlECeE cos /eE
;

where lE and lD are the satellite–planet mass ratio of Enceladus
and Dione, respectively, a ¼ aE=aD, and C ¼ �1:19049 is the
strength constant of this resonance. Substituting them into the La-
grange’s planetary equation (see, e.g. Hamilton, 1994), we get

_nE ¼ _nT
E � 3n2

ElDaCeE sin /eE
; ðB1Þ

_nD ¼ _nT
D þ 6n2

DlECeE sin /eE
; ðB2Þ

_eE ¼ �nElDaC sin /eE
� cEeE; ðB3Þ

_/eE ¼ mE �
nElDaC

eE
cos /eE

: ðB4Þ

Here _nT
E and _nT

D are the migration rates of the two satellites due
to tides (Greenberg, 1982):

_nT
i ¼ �cinið1� 7Die2

i Þ; ðB5Þ

where the subscript ‘‘i” represents parameters for each of the two
satellites. The parameters

ci ¼
9
2

k2

Q

� �
S

RS

ai

� �5

lni;

Di ¼
1
l2

i

ðk2=QÞi
ðk2=QÞS

Ri

RS

� �5

;

with Ri and RS being the radius of the satellite and Saturn,
respectively.
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The tidal eccentricity damping rate

cE ¼
7
3

cEDE ðB6Þ

Yoder and Peale (1981), and mE ¼ 2nD � nE � _-nr
E with _-nr

E being the
precession rate of the pericenter due to non-resonant perturbations,
which is usually dominated by the effects of Saturn’s oblateness.

Letting hE ¼ eE expði/eE
Þ, Eqs. (B3) and (B4) can be rewritten as

_hE ¼ ðimE � cEÞhE � inElDaC; ðB7Þ

which has the solution

hE ¼
nElDaC
mE þ icE

þ AE exp½ðimE � cEÞt	; ðB8Þ

where the complex coefficient AE is determined by the initial condi-
tions. We assume that nE;a; mE, and cE are all constant in solving Eq.
(B7) since they vary only slowly compared to the resonant oscilla-
tion of eE and -E.

The solution for hE has two parts. The first term in Eq. (B8) is
forced by the resonance, and the second term is the free compo-
nent. The forced and free eccentricities are thus

efc
E ¼

nElDaC
mE þ icE

����
���� ¼ nElDajCjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
E þ c2

E

q ; ðB9Þ

efr
E ¼ jAEj:

For fixed planetary and satellite physical parameters, the forced
eccentricity depends only on the semi-major axes, or mean mo-
tions, of the two satellites; tides in Enceladus do not damp it away.
The free eccentricity, on the contrary, damps with time as indi-
cated by Eq. (B8). Assuming there is no free component left in Enc-
eladus’ eccentricity (e.g., later in Fig. 4), we may now calculate the
equilibrium eccentricity at which the resonant forcing and dissipa-
tion balance each other.

In the absence of a free component, Eq. (B8) implies

eE expði/eE
Þ ¼ nElDaC

mE þ icE
:

In the case of a non-dissipative Enceladus ðcE ¼ 0Þ, /eE
¼ 0�.

With dissipation, /eE
shifts slightly from 0�. In either case, /eE

is
constant and thus

_/eE ¼ 2nD � nE � _-E ¼ 0:

In order to stay in resonance, we must have 2 _nD � _nE � 0 as
well. Substituting the eE sin /eE

term in Eqs. (B1) and (B2) with:

eE sin /eE
¼ Im

nElDaC
mE þ icE

� 	
¼ � cEe2

E

nElDaC
;

we obtain

3 1þ 4
lE

alD

nD

nE

� �2
" #

nEcEe2
E þ _nT

E � 2 _nT
D � 0:

And the equilibrium eccentricity

ðeeq
E Þ

2 � 1
7DE

1
2�

lD
lE

a8ð1� 7DDe2
DÞ

1þ 2a2 lE
lD

¼ 9:14� 10�4 ðk2=QÞS
ðk2=QÞE

: ðB10Þ

The second equality assumes no dissipation in Dione. If Dione is
dissipative, eeq

E is larger since less energy is dissipated in Enceladus,
and there is thus less damping of eE. This equation is depicted in
Fig. 5.

Meyer and Wisdom (2007) derived a similar expression for the
equilibrium eccentricity based on first principles. Despite the dif-
ferent forms, their result gives nearly the same prediction as ours:
their equivalent of the numerical factor in Eq. (B10) is 9:15� 10�4.
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