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Summary
This article consists of three sections. The first discusses how we determine satellite internal structures,
and what we know. The primary probes of internal structure are measurements of magnetic induction,
gravity and topography, and rotation state and orientation. Enceladus, Europa, Ganymede, Callisto, Titan
and (perhaps) Pluto all have subsurface oceans; Callisto and Titan may be only incompletely
differentiated. The second section describes dynamical processes that affect satellite interiors and
surfaces: tidal and radioactive heating, flexure and relaxation, convection, cryovolcanism, true polar
wander, non-synchronous rotation, orbital evolution and impacts. The final section discusses how the
satellites formed and evolved. Ancient tidal heating episodes and subsequent refreezing of a subsurface
ocean are the likeliest explanation for the deformation observed at Ganymede, Tethys, Dione, Rhea,
Miranda, Ariel and Titania.The high heat output of Enceladus is a consequence of Saturn’s highly
dissipative interior, but the dissipation rate is strongly frequency-dependent and does not necessarily
imply that Saturn’s moons are young. Major remaining questions include the origins of Titan’s
atmosphere and high eccentricity, the regular density progression in the Galilean satellites, and the orbital
evolution of the Saturnian and Uranian moons.
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Main text
The icy bodies of the outer solar system present a fascinating and diverse picture (Figure 1). From tiny,
active Enceladus, to Titan with its unique atmosphere, to Pluto’s nitrogen glaciers, there is an astonishing
variety on display. The aim of this article is to describe some of that variety, and to attempt to explain
how it came about.
This article will focus in particular on the interiors of these bodies: what their internal structures are
(Section 1), what processes are operating (Section 2), and how they have evolved over time (Section 3).
Particular attention is paid to bodies which are thought to have subsurface oceans, because these
potentially-habitable environments are high-priority targets for future spacecraft missions. Although Pluto
is not a satellite, it is an icy world and as such it is included; but Ceres, a volatile-rich asteroid, is not.
At the start of each section some review articles which go into greater depth than this article are noted.
There are also entire books devoted to particular icy satellites, notably Europa (Pappalardo et al. 2009),
Titan (Muller-Wodarg et al. 2014) and Enceladus (Schenk et al. 2018).

Figure 1. (Mostly) icy worlds of the outer solar system, with the Earth’s moon to scale. Names in blue
are bodies likely to possess subsurface oceans. From Nimmo & Pappalardo (2016).
1. Interior Structure
Deducing the internal structure of a body from remote observations is a challenging task. This section will
first discuss how it is done (Section 1.1), and then describe what we have learnt (Section 1.2). One key
question is whether the icy satellites are differentiated, i.e. separated into silicate-dominated and icedominated layers. This is important because it places constraints on how they originally formed (Section
3.2). Another important topic is sub-surface oceans – how they are detected, and how they are maintained.
Many review articles cover similar topics, including Hussmann et al. (2006) and Nimmo & Pappalardo
(2016) for generic satellites, and chapters by Schubert et al. (2004) for the Galilean satellites, Tobie et al.
(2014) for Titan, and Hemingway et al. (2018) for Enceladus.
Before describing how interior structures are deduced, two topics are introduced – the physical properties
of ice, and the role of tides - because they are fundamental to everything discussed below.
Ice properties. Just like rock, ice at the surface is cold and will respond to stresses in a brittle or elastic
fashion (Section 2.1.3). At higher temperatures and depths, it will flow viscously, potentially leading to
convection (Section 2.1.4). Unlike rock, the low-pressure phase of water ice (ice I) is less dense than its
liquid equivalent, while the same is not true of the ice polymorphs that form at higher pressures (Sotin et
al. 1998). As a result, a generic large satellite will consist of an “ice sandwich”: ice I on top, water in the
middle, higher-pressure ice polymorphs beneath. A progressively freezing ocean in this situation will
freeze simultaneously from the top and bottom. Smaller satellites will not have high-P ice phases, because
these only appear above ~0.2 GPa. In the absence of high-P ices, the volume change of water to ice
results in expansion of the surface (potentially causing extensional surface tectonics; Nimmo 2004) and
pressurization of the ocean (potentially causing eruptions; Manga & Wang 2007). Although the freezing
point of water is not very sensitive to pressure, it is quite sensitive to the concentration of contaminants:
salts can lower the freezing point by tens of K, and in the presence of NH3 the freezing point may be as

low as 176 K (Kargel 1998, Leliwa-Kopystynski et al. 2002). Because freezing excludes contaminants,
the remaining liquid becomes progressively more contaminated and thus harder to freeze.
Tides. Tides dominate much of satellite dynamics; an accessible introduction to them is found in Chapter
4 of Murray and Dermott (1999). Almost all satellites are synchronous, rotating once per orbit. The mean
shape of such a satellite is an ellipsoid elongated towards the primary; this shape results from tidal and
rotational distortions. If the orbit is non-circular with an eccentricity e, from the satellite’s point of view
the primary executes an ellipse in the sky (Figure 2). The changing distance and direction of the primary
exert torques on the satellite. They also cause small periodic changes to the equilibrium ellipsoidal shape,
resulting in so-called diurnal tides. This diurnal tidal deformation is much smaller (by a factor of 3e) than
the equilibrium ellipsoidal shape, but its time-varying nature causes stresses, and for a non-rigid body can
also generate heat. A similar process arises if the satellite has a finite obliquity (i.e. its spin pole is at an
angle to its orbit pole). This tidal heating is the prime driver of geological activity on the icy satellites
(Section 2.1.2). The heating rate is strongly dependent on satellite interior structure, orbital eccentricity
and distance to the primary, and varies spatially over the satellite. Eccentricity tidal heating progressively
circularizes a satellite’s orbit, so that there is an intricate feedback between orbital and thermal evolution
(Section 3.1.2).

Figure 2. Schematic of satellite tides. Viewed in the satellite’s reference frame the primary executes an
ellipse; the diurnal component of the tidal bulge tracks the position of the primary.
1.1 How do we know?
For the icy satellites there are several kinds of observations which can place constraints on their internal
structures.
1.1.1 Bulk density. Even a single flyby of a moon will usually yield its mass (by measuring perturbations
to the spacecraft) and its volume (via images). The resulting bulk density gives no information on how
mass is distributed within the satellite. Nonetheless, it can still be useful, because rock/metal mixtures
have densities of 3-4 g/cc, much higher than those of water or low-pressure ice polymorphs (~1 g/cc). For
instance, the high bulk density of Europa (Table 1) requires that the observed surface ice layer cannot
extend very deep into its interior. Conversely, Tethys’ extremely low bulk density suggests that it is
almost entirely made of ice and thus any heating via radioactive decay will be very limited. For small
bodies, a low density could be explained by high ice fraction or high porosity, but because pores close
under pressure this effect is less important for the larger moons (e.g. Matson et al. 2009).
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Table 1. Basic data for satellites. Distance is given in planetary radii (Rp), eccentricities are from Murray
and Dermott (1999) except for Charon (Buie et al. 2012). Here a,b,c denote the three axes of the best-fit
ellipsoidal shape. Sources of shape data are as follows: Europa – Nimmo et al. 2007, Ganymede &
Callisto – Davies et al. 1998, Saturnian satellites except Titan – Thomas 2010, Titan – Hemingway et al.
2013 (Table S1), Uranian satellites – Thomas 1988, Triton – Thomas 2000, Pluto & Charon – Nimmo et
al. 2017. Quantities in brackets were derived subject to the assumption of hydrostatic equilibrium.
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1.1.2 Induction. An electrically-conductive body in a time-variable magnetic field will experience
induction currents, which generate a secondary magnetic field. This is the basis of the successful
detection of subsurface oceans on Europa, Ganymede and Callisto by the Galileo spacecraft (Zimmer et
al. 2000, Kivelson et al. 2002). These satellites experience a time-dependent magnetic field because
Jupiter’s magnetic pole is offset from its rotation pole, so the field changes on Jupiter’s orbital period.
Europa and Callisto exhibited internal magnetic fields which varied with the external field - evidence for
induction. The magnitude of the induced field places bounds on the depth and conductivity of the layer
responsible; the most parsimonious explanation is a salty ocean. At Ganymede, in addition to the induced
field a constant field was also detected, indicating that Ganymede (uniquely) has an active dynamo.
Unfortunately, because Saturn’s magnetic field is co-aligned with its rotation pole, this technique cannot
be used by Cassini.

1.1.3 Shape and Gravity. If a planet has no long-term strength, its surface will conform to an equipotential
determined by the body’s rotation, tidal distortion and internal mass distribution (Murray & Dermott
1999). The dominant feature of the resulting shape is described by a spherical harmonic of degree l=2.
Remarkably, this shape can be used via the so-called Darwin-Radau approximation (e.g. Stacey 1969) to
deduce the mass distribution as described by the moment of inertia or MoI, denoted C. Equivalently, the
l=2 gravity coefficients can likewise be used to deduce C. It is thus straightforward to measure C for a
strengthless body. The normalized MoI given by C/MR2 is usually quoted, as it can be compared directly
with that of a uniform body (for which C/MR2=0.4).
Unfortunately, icy satellites are not obviously strengthless – for instance, Iapetus famously has a
rotational bulge that “froze in” early in its history (Castillo-Rogez et al. 2007). One way of checking
whether the shape or gravity conform to the strengthless (“hydrostatic”) ideal is to measure the ratio of
the two principal spherical harmonic coefficients, C20/C22. For a slowly-rotating hydrostatic body, this
ratio is -10/3 (e.g. Tricarico 2014). Even if the shape and gravity are not hydrostatic, it is sometimes
possible to separate out the hydrostatic and non-hydrostatic components, and establish a moment of
inertia (e.g. Iess et al. 2014).

J2 (x106)
Inferred C/MR2 Reference
J2/C22
Europa
435.5 ± 8.2
[10/3]
[0.346]
Anderson et al. 1998
Ganymede
127.5 ± 2.9
[10/3]
[0.312]
Anderson et al. 1996
Callisto
32.7 ± 0.8
[10/3]
[0.355]
Anderson et al. 2001
Enceladus
5435.2 ± 34.9
3.51
0.335
Iess et al. 2014
Dione
1454 ± 16
4.00
0.32-0.34
Hemingway et al. 2016
Rhea
946.0 ± 13.9
3.91
n/a
Tortora et al. 2016
Titan (Sol 1a)
33.6 ± 0.3
3.32
0.343
Iess et al. 2012
Titan (Sol 2)
31.9 ± 0.6
3.20
0.344
Iess et al. 2012
Table 2. Summary of gravity moments and inferred normalized moment of inertia for icy satellites. Here
J2=-C20. Values in brackets indicate the ratio J2/C22 was fixed at 10/3. For Titan two independent
solutions are given; also see Section 1.2.1.
1.1.4 Geodesy. There are several ways in which precise measurements of a satellite’s orientation and
surface position can be used to deduce its internal structure. One is to measure the amplitude of the
satellite’s diurnal tides (Wahr et al. 2006), either by tracking its surface deformation (yielding the socalled tidal h2 Love number; Stacey 1969), or by measuring the resulting time-variable gravity (yielding
the tidal k2 Love number). A satellite lacking an ocean will typically exhibit lower tidal h2 and k2 than a
satellite possessing an ocean; this is because the ocean decouples the deep interior (which is typically
rigid and resistant to deformation) from the ice shell above (Moore & Schubert 2000).
A second approach is to look for librations, small periodic departures from a constant rotation rate
(Tiscareno et al. 2009). An ellipsoidal rigid satellite in an eccentric orbit will experience periodic torques
as it orbits its primary. These torques cause the satellite to spin up and spin down over the course of an
orbit. The amplitude of the resulting librations depend on the (known) shape and orbital characteristics of
the satellite, and also its moment of inertia. Thus, if the libration amplitude can be measured, the moment
of inertia can be deduced. For a non-rigid satellite things become more complicated (Van Hoolst et al.
2013), but the basic principle remains the same.

A final approach is to measure the obliquity: the tilt of the satellite’s rotation axis from the normal to its
orbit plane. Both the orbit pole and the rotation pole will precess; dissipation in the satellite drives these
two poles to remain coplanar with the mean orbit-pole location, a so-called Cassini state. In a similar way
to librations, the obliquity depends on the known shape, the orbital inclination, and the moment of inertia.
So if the obliquity can be measured, the moment of inertia can be deduced (Bills & Nimmo 2011). Note
that, in contrast to the libration approach, an additional assumption (that the satellite is in a Cassini state)
has to be made.
1.1.5 Other approaches. In some cases, information from other measurements can help to deduce interior
structure. For instance, chemical measurements of the erupted materials at Enceladus helped determine its
internal state (Section 1.2.4), and similar comments apply to measurements of Titan’s atmosphere
(Section 2.1.5). Direct measurements of the heat emitted at Enceladus’s south pole (Section 2.1.2) have
proven important in understanding its evolution. Telescopic observations of Europa suggest the presence
of eruptive plumes there (Section 1.2.4) and Earth-based measurements of its obliquity may ultimately
help determine its internal structure.
1.2 What do we know?
Having discussed the general techniques available, each satellite will now be described in turn. Figure 3
summarizes the inferred internal structures of the moons which have been subject to most scrutiny.

Figure 3. Inferred internal structures for selected moons. Question marks indicate regions of particular
uncertainty. Note the lumpy core of Mimas, and that Mimas and Enceladus are plotted at three times the
scale of the other moons.

1.2.1 Titan. Titan is a particularly complicated satellite, possessing as it does a thick atmosphere and
liquid hydrocarbons at the surface. Because of its size, a subsurface ocean was thought likely even prior
to the Cassini mission (e.g. Sohl et al. 2003).
Cassini measurements of Titan’s obliquity (Stiles et al. 2008) provide the strongest evidence for a
subsurface ocean. The obliquity of Titan is about three times larger than would be expected for a solid
body; this large difference can be explained if the near-surface shell is decoupled from the interior by an
ocean (Bills & Nimmo 2011, Baland et al. 2014). Alone of the icy satellites, Titan’s tidal response has
also been measured, yielding k2 ≈ 0.4-0.7 (Iess et al. 2012). This is higher than theoretically predicted
values (Sohl et al. 2003), and suggests a highly deformable interior in addition to a shallow decoupling
ocean. It also makes Titan’s high eccentricity hard to explain (Section 3.1.2 below).
Early Cassini flybys showed that Titan’s l=2 gravity was approximately hydrostatic (Iess et al. 2010),
while its topography was not (Zebker et al. 2009). One likely explanation for this is that Titan experiences
spatial variations in shell thickness, which are expected owing to spatial variations in tidal heating, and
which result in a topography signal but no corresponding gravity signal (Nimmo & Bills 2010). The
inferred shell thickness variations can be explained by mild tidal heating, but require that the ice shell be
conductive rather than convective (Section 2.1.4). Absence of convection can be explained if the base of
the shell is cold (e.g. because the ocean is NH3-rich).
Taking Titan’s degree-2 gravity to be hydrostatic, an MoI of 0.34 was inferred (Iess et al. 2012; Table 2).
More recently, measurements of l=3 gravity and topography have been used to identify a non-hydrostatic
component, likely resulting from a rigid near-surface layer ~100 km thick (Hemingway et al. 2013).
Subtracting this non-hydrostatic component from the l=2 gravity and topography yields a normalized MoI
which is model-dependent but might be as large as 0.36. Unfortunately, different interpretations of this
number are possible (Tobie et al. 2014). It might mean that Titan really is incompletely differentiated,
containing an intimate mixture of rock and ice; or it might mean that the silicates are hydrated and thus
relatively low-density (Castillo-Rogez and Lunine 2010).
1.2.2 Europa Europa’s bulk density indicates that it is mostly rock (Table 1). Because of the limited
number of flybys, Europa’s degree-two gravity coefficients are not independently determined (Table 2),
so they cannot be used to test whether the body is hydrostatic (Anderson et al. 1998). Europa’s shape is
close to hydrostatic, but the uncertainties are large (Nimmo et al. 2007). Nonetheless, assuming
hydrostatic behaviour, the gravity coefficients can be used to deduce a normalized MoI of 0.346, which is
consistent with a thin (~100 km) H2O layer above the silicates.
The induction technique constitutes the strongest evidence for a subsurface ocean on Europa (Zimmer et
al. 2000). The existing data only reveal the induction effect at a single period (Jupiter’s rotation), so there
is a tradeoff between the inferred conductor thickness and conductivity (Khurana et al. 2002).
Nonetheless, a near-surface liquid water layer seems inescapable. In contrast, the thickness of the ice shell
is currently quite uncertain. If Europa’s silicate interior were Io-like, the tidal heat generated could
maintain a shell only a few km thick (Greenberg et al. 2002). Lower tidal heating levels, probably
concentrated in the ice shell, would result in a shell thickness of a few tens of km (Hussmann et al. 2002,
Tobie et al. 2005). The largest impact features on Europa are more consistent with a thicker shell (Turtle
& Pierazzo 2001, Schenk 2002), but most surface observations cannot distinguish between thin and thick

shells. Unlike Titan, the limited topographic data show no evidence for lateral shell thickness variations
(Nimmo et al. 2007).
1.2.3 Ganymede & Callisto For Ganymede and Callisto, the same basic techniques were applied as at
Europa. Induction revealed a subsurface ocean beneath Callisto (Zimmer et al. 2000), and a probable one
at Ganymede (Kivelson et al. 2002), with interpretation at the latter being complicated by the presence of
an internally-generated permanent field. As at Europa, the degree-two gravity coefficients could not be
determined independently, so hydrostatic equilibrium had to be assumed. Under this assumption,
Ganymede and Callisto have normalized MoI’s of 0.312 and 0.355 (Anderson et al. 1996, Anderson et al.
2001). Interpretation of Ganymede’s gravity is complicated by the presence of apparently local
anomalies, similar to the “mascons” on the Moon (Palguta et al. 2006).
The MoI for Ganymede suggests a differentiated interior. This is consistent with its apparent ability to
generate an internal magnetic field, implying a liquid iron core in which convection – driven by thermal
or compositional buoyancy – is occurring (Hauck et al. 2006). For Callisto, the MoI value indicates an
incompletely-differentiated body. This is surprising, because the inferred subsurface ocean implies some
degree of differentiation. Although scenarios have been constructed in which these two apparently
discrepant observations can be reconciled (Nagel et al. 2004), it may be that Callisto is cold enough that
the hydrostatic assumption (and thus the derived MoI) are simply incorrect (McKinnon 1997).
1.2.4 Enceladus One of the biggest surprises of the Cassini mission was that tiny Enceladus was
geologically active, venting water vapour and heat into space at its South Pole (Porco et al. 2006, Spencer
et al. 2006). Measurements of the eruption products revealed salty ice grains (Postberg et al. 2011),
immediately suggesting the presence of subsurface water. More recently, measurements of its
anomalously large librations have proved that this subsurface water is a global ocean, not just a regional
sea (Thomas et al. 2016).
The gravity and topography of Enceladus have been analyzed in a similar manner to Titan, decomposing
them into hydrostatic and non-hydrostatic components and taking into account the effects of rapid rotation
(Iess et al. 2014). By combining these results with the measured libration amplitude, a fairly precise
picture has emerged (Hemingway et al., 2018), with an ice shell 20-30 km thick, overlying an ocean of
comparable thickness and a low-density, presumably porous, silicate core with a radius of about 190 km.
The ice shell is thinned to perhaps only a few km at the South Pole, presumably reflecting enhanced tidal
heating there.
In situ measurements of the plume chemistry have been used to deduce high-temperature chemical
reactions between the water and silicates (Hsu et al. 2015, Waite et al. 2017). Coupled with the low
inferred density of the core, these observations suggest that water flushes through the core and is heated
there, likely because the core is deformable and tidally-heated (Roberts 2015, Choblet et al. 2017).
1.2.5 Other mid-sized Saturnian satellites For the other Saturnian satellites, fewer constraints are
available. Their bulk densities indicate varying rock:ice ratios (Table 1); Tethys in particular must be
almost pure ice. Mimas, Enceladus, Iapetus, Titan and (arguably) Tethys all have degree-2 shapes which
are not hydrostatic (Thomas et al. 2010, Nimmo et al. 2011); the other satellites are less distorted, so the
uncertainties in their shapes are too large to be sure. Iapetus is distinguished by its large rotational bulge,

characteristic of a rotational period of ~16h and acquired long before it attained its present-day
synchronous spin state (Castillo-Rogez et al. 2007).
Rhea’s gravity is non-hydrostatic; combined with the uncertainties in its topography, this makes the
interior structure hard to constrain (Tortora et al. 2016). By contrast, although Dione’s gravity is also nonhydrostatic, an Enceladus-like analysis reveals a moment of inertia of ~0.33 (Hemingway et al. 2016) and
the existence of a compensated ice shell, suggesting a subsurface ocean (Beuthe et al. 2016). No gravity
moments are available for Mimas, Tethys or Iapetus.
As with Enceladus, librations have been measured at Mimas and have a slightly larger amplitude than
would be expected for a rigid body of Mimas’s shape (Tajeddine et al. 2014). There are two possible
interpretations: either Mimas has a subsurface ocean, or it has subsurface mass anomalies that provide a
larger torque than would be expected based on the surface shape. Given Mimas’s small size and absence
of geological activity, the latter explanation is much more likely, and might be due to a “lumpy” rocky
core.
1.2.6 Uranian satellites Almost no information is available for these bodies. Although their shapes are
approximately known (Thomas 1988), their masses (and thus bulk densities) are in some cases poorly
constrained. Ariel, Miranda and Titania all show substantial surface deformation (Collins et al. 2009),
most likely because of ancient tidal heating.
1.2.7 Kuiper Belt Objects Triton, with its retrograde orbit round Neptune, is generally thought to be a
captured Kuiper Belt object (Agnor & Hamilton 2006). The capture and subsequent orbital circularization
would have led to intense tidal heating and the expectation of complete differentiation (Goldreich et al.
1989). Triton’s size and density make it a close cousin to Pluto. The New Horizons mission recently
determined accurate shapes for both Pluto and Charon, revealing that Charon is about 10% less dense
than Pluto (Nimmo et al. 2017). The bulk densities of all three objects suggest they consist of roughly
two-thirds rock by mass (McKinnon et al. 2017).
Triton’s ellipsoidal shape is slightly more distorted than would be expected for a fully-differentiated body
(Thomas 2000), but the uncertainties are sufficiently large that this result may not be meaningful. There is
no evidence for any rotational flattening of either Pluto or Charon (Nimmo et al. 2017), and no gravity
data. Pluto is presumed to be differentiated, mainly because if it was undifferentiated, high pressure ice
phase changes would have resulted in substantial contraction (McKinnon et al. 2017). Instead, the surface
is peppered with extensional faults, consistent with a refreezing subsurface ocean (Moore et al. 2016).
2. Dynamics
Various dynamic processes are likely to have operated on the icy satellites and modified their surfaces. In
some cases, surface observations can allow us to infer with confidence that a particular process has
operated (e.g. impact craters, Section 2.2.3). In other cases, however, the surface observations can be
ambiguous or controversial. For instance, surface fractures can arise through various different
mechanisms, such as ice shell thickening, tidal stresses or polar wander. Images alone are generally
insufficient to definitively identify “cryovolcanic” deposits (Section 2.1.5).
Below these processes are categorized as either internal or external. Internal processes on generic icy
satellites are reviewed in McKinnon (1998), Matson et al. (2009) and Collins et al. (2010). For external

processes, impacts are covered by Melosh (1989) and tides and orbital evolution by Murray and Dermott
(1999) and Peale (1999).
2.1 Internal processes
2.1.1 Radioactive decay and long-term cooling Decay of long-lived radiogenic elements (K,U,Th) can
keep large satellites warm (Hussmann et al. 2006). For example, Pluto, which was never tidally-heated,
could easily have maintained a subsurface ocean to the present-day purely by radioactive heating, as long
as the ice shell above did not convect (Robuchon & Nimmo 2011). Similar conclusions apply to Titan,
Callisto and Ganymede; Europa’s ice shell is inferred to be so thin that some degree of tidal heating is
required in addition (see below).
The present-day chondritic heating rate is about 3.4x10-12 W/kg, with the rate being almost ten times
higher at 4.5 Ga. For a typical satellite which is two-thirds rock by mass and has a radius of 200 km or
2000 km, the resulting present-day heat fluxes would be about 0.3 and 3 mW m-2, respectively (neglecting
any stored heat).
The slow decrease in radioactive heat means that subsurface oceans will tend to re-freeze over time.
Because of the volume changes involved, near-surface extensional stresses will result (Nimmo 2004),
unless high-P ice phases are present. This process probably explains the ubiquitous extensional tectonic
features observed on mid-sized icy bodies – Dione, Rhea, Tethys, Ariel, Titania and Charon (Collins et al.
2009).
2.1.2 Tidal heating As mentioned above, a satellite experiences tidal heating at a rate given by (Wisdom
2008)

[

3 n5 R5 k2
H =
7e 2 + sin 2 θ
2 G Q

]
(1)

where n is the mean motion, R is the satellite radius, G is the gravitational constant, e is the eccentricity
and θ the satellite obliquity. The quantity k2 is the tidal Love number (Section 1.1.4) and Q is the
dimensionless dissipation factor, where a high Q implies a low dissipation and a small phase lag between
the applied potential and the tidal response. The quantity k2/Q can also be written as Im(k2), where k2 is
now a complex number (Tobie et al. 2005). A perfectly elastic or perfectly inviscid satellite would have
k2/Q=0. A viscoelastic satellite will have a k2/Q that depends on the viscosity and rigidity of the individual
layers and the forcing frequency (Tobie et al. 2005). The presence of an ocean increases k2 (Moore &
Schubert 2000) and also usually results in a larger k2/Q (more dissipation).
For an isolated satellite, the torques associated with tidal heating tend to circularize the orbit (Murray and
Dermott 1999). As a result, the tidal heating rate decreases. Thus, one would expect an isolated satellite to
be in a circular orbit experiencing no tidal heating. Triton comes close to fulfilling this expectation, but
other bodies (Europa, Enceladus etc.) are in orbital resonances which continually pump up the
eccentricity and counteract the effect of circularization. A satellite with a larger inclination will typically
have a higher obliquity (Section 1.1.4), so that inclination-type resonances can also lead to enhanced tidal
heating. These issues are discussed in more detail below (Section 3.1.2).

The local rate of tidal heating depends on the local material properties. Ice near its melting point has a
viscoelastic response timescale comparable to satellite orbital periods, which results in a large k2/Q and
high tidal heating (Moore & Schubert 2000). Solid rocky cores have much longer response timescales,
resulting in much less heating. Tidal heating also varies laterally (Beuthe 2013); in thin ice shells, the
heating rate is a factor of ~2 higher at the poles than at the equator and can result in shell thickness
variations (Ojakangas & Stevenson 1989).
Subsurface oceans also respond to tides, and could in principle dissipate heat (Tyler 2008). The physics
differs to that of solid regions, because oceans are almost inviscid and turbulent. Obliquity tides turn out
to be more effective at driving ocean tidal heating than eccentricity tides, but it now seems that the total
power dissipated in subsurface oceans is most likely too small to matter, except perhaps for Triton (Chen
et al. 2014). The presence of a rigid shell on top of the ocean further reduces the dissipated power (Beuthe
2016).
Tidal heating is most evident at Enceladus, where the 5-15 GW heat being emitted at the South Pole
(Spencer et al. 2018) must ultimately come from tides. Although it was originally presumed that the heat
was being generated in the ice shell, the shell is now thought to be so thin (Section 1.2.4) that a
deformable core seems a more likely location of the heat (Roberts 2015). This is also consistent with
presumed products of hydrothermal circulation detected in the erupted materials (Choblet et al. 2017).
The asymmetry between the north and south poles of Enceladus is hard to explain, because tidal heating is
symmetric about the equator.
The existence of a relatively thin ice shell on Europa (Section 1.2.2) is also explicable by tidal heating.
Ganymede and Callisto are not significantly tidally-heated at the present day, owing to their greater
distances from Jupiter. Titan is probably mildly tidally-heated, with lateral heating variations likely
responsible for inferred shell thickness variations (Section 1.2.1). How Titan’s high eccentricity can be
reconciled with its high measured k2 (Section 1.2.1) represents an open question: presumably Titan’s Q is
high (low dissipation), though how this arises is uncertain.
Triton was almost certainly violently tidally-heated in the past (Section 1.2.7); it doesn’t experience
significant eccentricity tides at present, but might experience heating from its predicted obliquity (Chen et
al. 2014). Charon may have been tidally-heated previously (Rhoden et al. 2015), but its orbit is currently
circular (Buie et al. 2012). Further discussion of other possible ancient tidal heating episodes will be
deferred to Section 3.1.2.
2.1.3 Flexure & relaxation The viscosity of ice is expected to decrease with depth (Section 1). This
rheology structure can be approximately described by assuming an elastic layer with a thickness defined
by a particular isotherm. Thus, if the thickness of the elastic layer can be determined, the temperature
structure at the time of loading, and thus the heat flux, can be approximately inferred (e.g. Nimmo et al.
2002). This is very useful for inferring thermal histories (see Section 3.1). In practice, different regions of
a satellite sometimes show differing elastic thicknesses: this might either be because of spatial variations
in heat flux, or because the loads were emplaced at different times.
Topography derived from altimetry or (more usually) stereo imaging is available for most of the icy
satellites. Using topography, it is often possible to identify individual loads and the resulting surface
deformation. At its simplest, the characteristic wavelength of the response, known as the flexural

parameter α, can be inferred from the topography and related directly to the thickness of the deforming
elastic layer, Te:
(2)
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where here E is the Young’s modulus of ice (nominally 9 GPa), ν is the Poisson’s ratio, g is the surface
acceleration and ∆ρ is the density contrast between the material beneath the shell and the overlying
material (in this case vacuum) (Turcotte and Schubert 2002)
Roughly speaking, the transition from elastic to viscous behaviour is expected to occur at about half the
melting temperature, or about 130 K. At these temperatures, ice thermal conductivity is about 5 Wm-1K-1
(Ross & Kargel 1998) so for Enceladus (surface temperature 80 K), a 1 km elastic thickness would imply
a heat flux of roughly 250 mWm-2, comparable to what is observed at the South Pole.
Table 3 gives a selection of inferred elastic thicknesses for different bodies. For Europa, a wide range of
Te values has been obtained, depending on the feature examined (Billings & Kattenhorn 2005). This
might be due to high spatial variability in heat flux; for instance, the ubiquitous double ridges (which give
low Te values) might be being heated in some fashion (Dombard et al. 2013). Table 3 shows typical Te
values of a few km, compared with the tens or hundreds of km obtained for silicate bodies. The implied
heat fluxes are tens to hundreds of mWm-2, much higher than the anticipated present-day radiogenic heat
flux (see above).
Body
Enceladus
Ganymede
(bright, young)
Miranda

Te (km)
0.3
0.9-1.7

Reference
Giese et al. 2008
Nimmo et al. 2002

2

Pappalardo et al. 1997

Body
Dione
Ariel

Te (km)
2.5-4.5
3.8-4.4

Reference
Hammond et al. 2013
Peterson et al. 2015

Tethys
5-7
Giese et al. 2007
Iapetus
50-100* Giese et al. 2008
Table 3. A selection of flexurally-derived elastic thicknesses for icy bodies. *The Iapetus value is an
over-estimate because the authors ignored the effect of membrane stresses.
An alternative approach to inferring ancient heat fluxes is to look for anomalously shallow (relaxed)
impact basins. An impact feature exerts stresses on the ice beneath; if the ice is sufficiently warm, it will
flow in response to these stresses and gradually erase the basin (Melosh 1989). The rate of relaxation
depends on the crater dimensions and the subsurface temperature gradient. On some parts of Enceladus
and Ganymede, heat fluxes were sufficiently high that even quite small craters are relaxed (Bland et al.
2012, 2017). Impact basins on Dione, Rhea and Tethys are shallower than comparable basins on Iapetus,
implying heat fluxes of at least a few tens of mWm-2 operating over at least a few Myr (White et al. 2013,
2017). These high inferred heat fluxes are generally consistent with independent estimates obtained from
flexural studies (see above) and are almost certainly caused by tidal heating.
2.1.4 Convection A thin ice shell will remove heat generated in the interior by conduction. The resulting
temperature profile is not linear, however, because the thermal conductivity of ice goes as roughly 1/T
(Ross & Kargel 1998). If the ice shell is thick enough, heat will instead by transferred by convection.
Convection is important for three reasons. First, it increases the rate of cooling, which means that it is

harder to sustain a subsurface ocean. Second, it alters the viscosity structure of the ice shell, and thus the
amount and distribution of tidal heating. And, third, it can give rise to features visible at the surface.
The viscosity of ice near its melting point is probably around 1014 Pa s, depending on grain size (Goldsby
& Kohlstedt 2001). As a result, even moderately thin ice shells are likely to undergo convection. Whether
ice shell convection occurs is determined by the Rayleigh number Ra, defined as (Solomatov 1995):

Ra =

ρgα∆Td 3
κηb

(3)

where ρ is the density, g the gravity, α the thermal expansivity, ∆T the temperature contrast between top
and bottom of the ice shell, d is the shell thickness, κ the thermal diffusivity and ηb the viscosity at the
base of the ice shell, temperature Tb. In reality, this viscosity is probably dependent on the stress applied,
in which case equation (3) needs modification (see Barr et al. 2004, Solomatov 1995).
For convection to occur, Ra must exceed a critical Rayleigh number, Racr. For strongly temperaturedependent materials like ice, the critical Rayleigh number is typically ~107 and is given by

Racr = 20.9( xγ∆T ) 4

(4)

Here x is a geometrical factor (see below) and γ describes the sensitivity of the viscosity to temperature:

η(T)=ηb exp(-γ [T-Tb])

(5)

and is related to the activation energy Ea by γ=Ea/RgTb2, where Rg is the gas constant. The geometrical
factor x arises from the fact that it is harder to initiate convection in a spherical shell than a flat plate. For
the Cartesian (flat-plate) case x=1 and for an Enceladus-like situation, x ≈ 2 (Appendix B of Robuchon &
Nimmo 2011). Application of these equations to the case of Europa suggests that an ice shell thicker than
about 15 km is expected to undergo convection.
Deducing whether convection is occurring from surface observations is challenging. One problem is that
near-surface ice is so cold that even if convection occurs, a “stagnant lid” which remains undeformed is
expected (Solomatov 1995). This may not be true in practice – real geological materials typically have a
“yield strength” beyond which convection can cause the surface layer to deform (e.g. Tackley 2000). It
has been suggested that some landforms on Enceladus and Ganymede may be the resulting of convectiondriven yielding (Showman & Han 2005, Barr & Hammond 2015), but this is uncertain. Small-scale
“domes” and “pits” on Europa might be the result of convection, but are more plausibly caused by the
intrusion of liquid water (Manga and Michaut 2017). The most convincing example of convection in the
outer solar system is the nitrogen plains of Sputnik Planitia, Pluto, which display a cellular pattern almost
certainly indicative of convection (McKinnon et al. 2016). The strange “cantaloupe terrain” of Triton
might be the result of convection, but with the motion driven by compositional rather than thermal
buoyancy (Schenk and Jackson 1993). The enigmatic coronae at Miranda may have arisen in a similar
fashion (Pappalardo et al. 1997).
Because convection reduces the viscosity relative to a conductive situation, it tends to enhance tidal
heating, which can further enhance the convective motion and thus produce a feedback cycle and

(potentially) local melting (Sotin et al. 2002, Behounkova et al. 2012). The high-pressure ice layers in
Titan, Callisto and Ganymede likely undergo convection (McKinnon 1998) and are subject to similar
feedbacks, but have not been much studied.
2.1.5 Cryovolcanism Cryovolcanism – the eruption of low-temperature liquids or gases to the surface – is
a somewhat controversial subject. Explosive cryovolcanic eruptions are now known for sure at Enceladus,
with some confidence at Europa, and possibly at Triton. Effusive eruptions of low-viscosity liquids,
however, have never been caught in action but only inferred, based mainly on imaging.
Cryovolcanism suffers from the theoretical problem that, unlike silicate volcanism, the melt is denser than
the solid. This makes it hard for eruptions to happen, although many solutions have been proposed,
notably exsolution of gaseous species (Crawford & Stevenson 1988), ocean compression (Manga &
Wang 2007), topographic forcing (Showman et al. 2004) or “tidal pumping” (Greenberg et al. 2002).
The only cast-iron example of cryovolcanism is at Enceladus (Porco et al. 2006). What appears to be
happening is that water-filled fractures are periodically exposed to vacuum, boiling the water off into
space (Spencer et al. 2018). The fractures must open and close in response to diurnal tidal stresses
(Hurford et al. 2007), because the resulting eruption plume is seen to be modulated on a tidal period
(Hedman et al. 2013, Nimmo et al. 2014).
Two different Earth-based imaging approaches have captured apparent eruptive plumes at Europa (Roth
et al. 2014, Sparks et al. 2017). If real, these are larger than their counterparts at Enceladus, but do not
appear to exhibit the same kind of diurnal modulation. Eruptive geysers were imaged at Triton, but there
is still debate as to whether these are driven by surface heating, or subsurface processes (Kirk et al. 1995).
Emplacement of low-viscosity cryovolcanic surface flows has been suggested for various icy satellites.
But these claims should be viewed cautiously: Moore & Pappalardo (2011) document how hard it is to
definitively identify cryovolcanic deposits, and how past identification of such features has been proven
incorrect when higher-resolution images were returned.
The most contentious case is Titan. One reason that cryovolcanism is favoured there is that Titan’s
atmosphere suffers from gradual photochemical destruction of CH4, on a timescale of tens of Myr. The
surface hydrocarbons are insufficient to replenish what is lost, so some deeper CH4 source must be
invoked. Similarly, the 40Ar detected in the atmosphere must ultimately be produced by 40K decay in
silicates. Both these observations suggest transport from the interior to the surface (Tobie et al. 2014).
Whether this transport has to involve cryvolcanism of the kind invoked based on images is an open
question. A recent summary of potential cryovolcanic features on Titan may be found in Lopes et al.
(2013).
Low-viscosity cryolavas may also have been responsible for some landforms on Triton (Croft et al. 1995),
Miranda & Ariel (Schenk 1991), Ganymede (Schenk et al. 2001) and Europa (Fagents 2003), although in
all cases the evidence is somewhat equivocal. Higher-viscosity flows might be responsible for the smooth
plains of Charon and the two large, enigmatic mounds imaged at Pluto (Moore et al. 2016). Cryovolcanic
intrusions are even harder to identify, although Manga and Michaut (2017) make a strong case that the
pits, spots and domes seen on Europa are likely of intrusive origin.

2.1.6 True polar wander & non-synchronous rotation The diurnal component of a satellite’s tidal bulge
will produce torques which, in the absence of other torques, will cause the satellite to rotate slightly faster
than synchronous (Greenberg & Weidenschilling 1984). In practice, these torques are likely to be
counteracted by tidal torques on permanent mass anomalies (e.g. the Ganymede mascons) or the effects of
an overlying elastic shell (Goldreich and Mitchell 2010), but the uncertainties are large. Thus, nonsynchronous rotation (NSR) of a satellite is theoretically permitted. One important consequence of NSR is
that it can result in much larger stresses than those generated by diurnal tides (Collins et al. 2009).
There is very little direct evidence for NSR. A radar detection of NSR at Titan was claimed (Lorenz et al.
2008) but this turned out to be a software error. Comparisons of images of Europa taken at different
epochs have only succeeded in placing upper bounds on the NSR rate (Hoppa et al. 1999a). Attempts to
use geological features to infer the presence or absence of NSR have not been successful (Rhoden &
Hurford 2013). One possible line of evidence for NSR is the longitudinal distribution of impact craters,
discussed in Section 2.2.3.
If mass is added to (or subtracted from) a satellite, tidal and rotational torques will cause the satellite
surface to move relative to its fixed rotation pole, a situation referred to as True Polar Wander (TPW).
The amount of TPW which occurs depends on how large the mass change is compared with the frozen-in
tidal and rotational bulges, which oppose any motion (Nimmo & Matsuyama 2007). The importance of
TPW is that, like NSR, it generates a global pattern of stresses which can be compared with the observed
distribution of tectonic features (Matsuyama & Nimmo 2008).
It has been shown that, at least at Europa, shell thickness variations caused by tidal heating (Section 2.1.2)
could result in TPW (Ojakangas & Stevenson 1989). Remarkably, Europa exhibits a global network of
troughs with orientations which agree fairly well with the predicted TPW (Schenk et al. 2008). The active
region of Enceladus may be at the South Pole because of TPW (Nimmo & Pappalardo 2006), with the
presumed warm ice acting as a negative mass anomaly and driving polewards motion. Something similar
may have happened to the coronae at Miranda. Conversely, at Pluto the deep basin of Sputnik Planitia
may have moved towards the equator, driven by nitrogen deposition in the basin (Nimmo et al. 2016,
Keane et al. 2016). Large impact basins on other satellites may also have caused TPW episodes (Nimmo
& Matsuyama 2007), though direct evidence is lacking.
2.2 External
As noted above, the main source of energy driving icy satellite dynamics is tides. As a result, there is a
strong coupling between internal dynamics and how a satellite orbit evolves. Below both short-period
(days-years) and long-period (~Myr) orbital effects are discussed; further details can be found in Section
3.1.2 below and in Murray & Dermott (1999). The effects of impacts, which not only leave visible traces
but can potentially affect orbital evolution as well, are also reviewed.
2.2.1 Short Period Orbital Effects As noted above, diurnal tides result in heating and generate stresses
which may lead to formation of surface features. A possible example of the latter phenomenon is the socalled “cycloids” on Europa (Hoppa et al. 1999b). Diurnal tides also modulate eruptive behaviour on
Enceladus (Section 2.1.5); longer-period variations in orbital characteristics may be responsible for the
decadal modulation observed there (Ingersoll & Ewald 2017).

2.2.2 Long Period Orbital Effects The evolution of satellite orbits on long timescales is dominated by the
competing effects of dissipation in the primary, and dissipation in the satellite. Dissipation in an isolated
satellite drives the eccentricity towards zero, truncating tidal heating. By contrast, dissipation in the
primary results in torques which push the satellite outwards and spin the primary down. Because the
torques are a strong function of semi-major axis, the result is usually that inner satellites migrate outwards
faster (Figure 4). This is important, because it may cause a pair of satellites to pass through an orbital
resonance, in which the ratio of their periods is a simple integer ratio (2:1, 3:2 etc.). If captured into a
resonance, the mutual orbital perturbations cause the satellite eccentricities (or inclinations) to grow and
thus boost tidal heating (with the ultimate energy source being the primary’s rotation). The reason that
tidal heating is so apparently common is because of the existence of ancient or present-day resonances.
More detailed discussion of the consequences is deferred to Section 3 below.
2.2.3 Impacts and disruption Outer solar system bodies suffer bombardment from comets, exemplified by
the collision of Shoemaker-Levy 9 with Jupiter. These impacts are useful to two main reasons: first, they
provide a way of estimating surface age; and second, impacts can probe the subsurface structure.
An ancient surface will have experienced more impacts than a younger surface, so relative age-dating is
fairly straightforward. Obtaining an absolute surface age requires a knowledge of the impact flux, and
how it has changed over time, which is very far from straightforward. Zahnle et al. (2003) provide a
comprehensive discussion of the issues involved, and estimates of the surface ages of various outer solar
system bodies (all of which are subject to large errors). Some lightly-cratered surfaces, such as Europa,
Triton and the South Pole of Enceladus, are probably less than 100 Myr old. Ganymede is divided into
dark terrain (which is about as old as the solar system), and bright terrain which is perhaps ~1-2 Gyr old.
Iapetus is heavily cratered and in particular has an anomalously large number of big impact basins,
suggesting a bombardment history that is qualitatively different to that of the inner moons (Dones et al.
2009). Titan displays few impact craters, because of erosion and sediment deposition.
Zahnle et al. (2003) assume that the impactor population is dominated by heliocentric comets. A
consequence of such impacts is that the leading side of a satellite should be more heavily cratered than its
trailing side (Zahnle et al. 2001). Although there may be subtle leading-trailing asymmetries on some
bodies (Hirata 2016), the size of the observed effect is much smaller than predicted. There are two
possible explanations. Either the satellites have experienced NSR (or some other reorientation), smearing
out the asymmetry. Or the population of impactors has a strong planetocentric component, since these
bodies would not preferentially hit the leading hemisphere.
The Zahnle et al. (2003) age estimates assume a steadily declining impactor population. But at least on
the Moon, there is some evidence for an impact “spike” at 3.9 Gyr B.P. (Morbidelli et al. 2012).
Dynamical explanations for this spike typically result in a large flux of impactors throughout the solar
system. For the inner Saturnian moons, this kind of impact would have had a catastrophic effect, breaking
them apart many times over (Charnoz et al. 2009, Movshovitz et al. 2015). The moons would have
subsequently re-accreted rapidly (Marzari et al. 1998), with their internal structures scrambled and
subsequent crater production dominated by planetocentric impactors. A more recent, catastrophic
collision has been suggested as a potential explanation of the Saturnian system architecture (Sekine &
Genda 2012, Asphaug & Reufer 2013). And Charon may have formed via a giant impact with Pluto
(Canup 2005), in a manner similar to the formation of the Earth’s moon.

Impact craters on icy satellites undergo a regular progression in morphology as they increase in size.
Small craters are bowl-shaped, larger craters develop a central peak, and the transition diameter depends
on gravity (Melosh 1989). Crater appearance can in principle be related to subsurface structure: for
instance, the multi-ringed basins on Europa, Ganymede and Callisto probably indicate a reduction in
strength with depth (Melosh 1989), and the shallowness of large Europan impact structures may be a
result of a thin ice shell underlain by an ocean (Schenk 2002).
3. Evolution
In terms of satellite evolution, we are interested in how they formed, and how they subsequently evolved.
The latter will be discussed first, because it is somewhat better constrained by observations, and is closely
related to orbital dynamics as discussed above. Papers reviewing these topics include Canup & Ward
(2009), Tobie et al. (2014), Castillo et al. (2018) and Nimmo et al. (2018).
3.1 How did they subsequently evolve?
Satellite evolution – and especially the development and survival of subsurface oceans – is largely
governed by energetics, though chemistry (e.g. ammonia) can also play a role. The largest sources of
energy (by far) are radioactive decay and tidal heating.
3.1.1 Radioactive decay Radiogenic heating can occur via short-lived or long-lived nuclides. The most
important short-lived nuclide is 26Al, which has a half-life of only 0.7 Myr. If satellite accretion happened
before this nuclide was exhausted, all regular satellites should have differentiated. So if Titan and Callisto
are not differentiated, this places a limit on how fast they could have accreted (see below). The role of
long-lived nuclides is discussed in Section 2.1.1.
At least for the Saturnian satellites and beyond, ammonia may have played an important role in sustaining
subsurface oceans (Hussmann et al. 2006). Because it is excluded from ice, NH3 concentrations in the
remaining liquid increase as freezing proceeds, and so the freezing temperature drops. This slows the
freezing rate. Perhaps even more important, the decreasing temperature at the base of the ice shell
increases the viscosity there. As a result, the Rayleigh number (eq. 3) drops, and at some point convection
shuts off. Since conduction is less efficient at cooling than convection, this effect further prolongs the
ocean lifetime.
3.1.2 Tidal heating and orbital evolution For most satellites, especially small ones, tidal heating is
dominant. Its effects are tricky to assess, however, because it depends on the internal structure of the
satellite, and the evolution of the satellites’ orbits. As a result, unlike radiogenic heating, tidal heating can
be non-monotonic.
Tidal heating normally arises when satellites are trapped in a resonance (Section 2.2.2). At present,
Enceladus and Dione are in a 2:1 eccentricity resonance, Io, Europa and Ganymede are in a 1:2:4
eccentricity resonance (the Laplace resonance), and Mimas and Tethys are in a 2:1 inclination-type
resonance. These resonances probably arose because of the outwards drift of the satellites driven by
dissipation in the primary (see 3.2.2 below). This outwards drift also means that other resonances may
have existed in the past. Figure 4a shows a model of the outwards evolution of the Saturnian satellites,
highlighting some of the possible paleo-resonances which may have occurred. Similar diagrams can be
constructed for the Jovian and Uranian systems.

Figure 4. Outwards evolution of Saturnian satellites. a) Evolution driven by dissipation in Saturn with Qp
set to a constant value. The same plot applies to any constant Qp, with the timescale scaled by Qp/16000.
Vertical lines denote selected resonances with orbits on converging (green) and diverging (red)
trajectories. b) As for a), but using the “resonance-locking” approach of Fuller et al. (2016) in which the
effective Qp is higher for satellites with shorter periods (see text). Modified from Nimmo et al. (2018).
The details of whether capture into resonance occurs, and whether the resonance persists, are complicated
and depend on the satellites’ internal structures (k2/Q). But in many cases there is observational evidence
suggesting that some paleo-resonance must have occurred. One good example is Ganymede, which
appears to have undergone a dramatic heating episode mid-way in its history, creating the tectonicallydeformed bright terrain (Section 2.2.3). The leading explanation for this event is that the satellite was
tidally heated when it was trapped in a “Laplace-like” resonance, prior to attaining its present-day orbital
configuration (Showman & Malhotra1997). Similarly, the high ancient heat flux inferred at Tethys may
have been due to passage through a 3:2 resonance with Dione (Chen & Nimmo 2008), and something
similar may also have happened at Ariel (Peterson et al. 2015). The Uranian satellites almost certainly
experienced paleo-resonances, but there are no resonances at the present day. The reason appears to be
that the resonance widths are sufficiently large that they overlap, and are therefore unstable (Dermott et
al. 1988). Although some paleo-resonances break spontaneously when eccentricities grow large enough,
others are sufficiently stable that escaping from them is very difficult (e.g. Meyer & Wisdom 2008, Cuk
et al. 2016). In some cases impacts may have been responsible for breaking such resonances (Zhang &
Nimmo 2012).
As if all this were not complicated enough, there are two additional effects which require discussion.
Equilibrium & Feedbacks. In a resonance, dissipation in the primary increases e, while dissipation in the
satellite decreases it. As a result, there is a competition between these two effects. One possible
consequence is that the eccentricity evolves towards an equilibrium value. In this case, the rate of tidal
heating in the satellite is independent of the satellite k2 /Q (Meyer & Wisdom 2007) and depends only on
the rate of dissipation in the primary (see below).
An alternative is that the eccentricities of the satellites exhibit periodic behaviour. This can happen
because dissipation in the satellite depends on its interior structure, as described by k2/Q. Tidal heating
changes the satellite’s internal temperature, modifying k2/Q; if this changes, so too will the rate of change
of eccentricity. There is thus a feedback loop between eccentricity and k2/Q, and if the characteristic
evolution timescales of these two quantities are similar, periodic behaviour can arise (Ojakangas &

Stevenson 1986, Hussmann & Spohn 2004). Periodic behaviour is quite likely for Europa-Io, and possible
for Enceladus-Dione (Shoji et al. 2014).
Dissipation in the Primary. Dissipation in the primary is parameterized by the quantity Qp, where the
phase lag between the perturbing potential and the primary’s response is ~1/2Qp. Thus, for example, the
equilibrium tidal heating rate for Enceladus is 1.1 GW (18,000/Qp) (Meyer & Wisdom 2007), so that a
more dissipative Saturn has a lower Qp and generates a higher heating rate. Assuming that Enceladus’s
current heat output of 5-15 GW is due to current tidal heating, the implied Qp for Saturn is 1300-4000.
Recent astrometric studies of the long-term orbital evolution of the Saturnian satellites (Lainey et al.
2017) suggest that Qp at the Enceladus period is indeed about 1300, and that at Rhea’s period it is even
less.
These Qp values produce an immediate problem. Outwards satellite migration happens at a rate
proportional to Qp, so if Qp for Saturn really is 1300, then Figure 4a implies that Mimas is less than 0.5
Gyr old! Although Mimas is heavily cratered, this suggestion is not as outlandish as it seems at first. If the
inner moons were broken apart by some recent catastrophic event, the appearance of Mimas could be
reconciled with a young age (Section 2.2.3).
However, there is an alternative explanation which is perhaps more promising. Figure 4a is calculated
assuming that the Qp of Saturn is constant. But the astrometric results themselves show that Qp is different
at different periods. Recently, Fuller et al. (2016) have proposed that the effective Qp of Saturn is strongly
frequency-dependent, and is ultimately controlled by Saturn’s evolution timescale. This is termed the
“resonance locking” scenario, and results in a Qp that is higher (less dissipative) at shorter periods. The
effect of this scenario is shown in Fig 4b. By construction, it matches the astrometrically-derived presentday Qp values, but it results in much less outwards satellite migration. This approach can thus explain the
present-day heat output of Enceladus without requiring Mimas to be young.
For the Jupiter system, the effective Qp is larger than for Saturn (Lainey et al. 2009), so outwards
evolution of the Galilean satellites is less rapid. Note, however, that their detailed orbital trajectories will
still differ from those obtained assuming a constant Qp.
3.2 How did they form in the first place?
3.2.1 Accretion scenarios Broadly speaking, there are two scenarios for how the icy satellites might have
formed. The first scenario assumes that all the mass which ultimately went into the satellites was present
in orbit round the primary at the same time. This is identical to the assumption made for planet formation.
But because satellite orbital timescales are days rather than years, accretion is expected to have proceeded
much faster than for planets, taking perhaps 102-105 years to complete (Squyres et al. 1988, Mosqueira &
Estrada 2003). This scenario is hard to achieve unless the proto-satellite disk has a very low viscosity,
which seems unlikely (Ward and Canup 2010). The second scenario assumes that mass was fed in
gradually, so that the solid surface density was never as high as in the first case (Canup & Ward 2002). As
a result, satellite accretion takes longer. If pairs of satellites are captured into mean motion resonances,
they may be prevented from colliding with each other (Ogihara & Ida 2012) and growth will thus stall.
In both cases, satellite accretion probably takes place in a gaseous background. As a result, proto-satellite
material experiences an inwards drift, potentially resulting in some satellites being absorbed into the

primary (Canup & Ward 2006). The presence of gas can also strongly affect the behaviour of cm-scale
particles (“pebbles”). If a larger proto-satellite is already present, the gas drag experienced by the pebbles
can cause them to be very efficiently captured by the proto-satellite, resulting in rapid growth (Ronnet et
al. 2017). This style of “pebble accretion” is the leading explanation for why wide binaries are so
common in the Kuiper Belt (Nesvorny et al. 2010).
3.2.2 Observational Constraints Unfortunately, there are limited observational constraints available to
distinguish between the competing scenarios. One intriguing constraint is the regular progression in
density and bulk composition in the Jovian system - from Io (100% rock) to Europa (~90% rock) to
Ganymede and Callisto (~65% rock) – and its absence in the Saturnian and Uranian systems. A second
constraint is that Titan and (perhaps) Callisto may only be incompletely differentiated (Sections 1.2.1,
1.2.3). A third comes from chemistry: the ratio of noble gases to N2 in Titan’s atmosphere suggests that
the volatiles were not acquired directly from the proto-Saturn nebula (Tobie et al. 2014). But why Titan,
and not Ganymede and Callisto, retained a thick atmosphere is currently unknown (Griffith & Zahnle
1995).
Collisions deliver mass and energy to the target. If the energy is delivered in small objects, only the nearsurface is heated, and that heat can be radiated away. If the energy is deeply-buried, however, radiative
cooling is ineffective. The internal temperature during accretion thus depends on the size-distribution of
impacting material, and the rate at which mass is delivered (Squyres et al. 1988). Crucially, if a satellite
gets too hot, the ice will melt and differentiation will take place. Thus, if Titan and Callisto really are only
partially differentiated, constraints can be placed on how they formed (Barr et al. 2010, Barr & Canup
2010). Unfortunately, given the uncertainties associated with the internal structures of both bodies, it is
hard to draw definitive conclusions.
In principle, the regular density progression of the Galilean satellites could be due to an initial
temperature (and thus compositional) gradient in the proto-satellite disk, or later preferential ice loss in
the inner regions driven by impacts or tidal heating (both of which are distance-dependent). As discussed
in Dwyer et al. (2013), efficient radial mixing destroys any initial compositional gradient, while impacts
do not appear capable of causing the required effect. While tidal heating is a possible answer, the massive
tidal heating inferred for Triton evidently failed to remove the ice present on that moon.
So the cause of the radial density gradient for the Galilean satellites is obscure. Moreover, neither the
Saturnian nor the Uranian moons show any such consistent pattern (Table 1). At least for the Saturnian
case, the scattered densities have been attributed to the effects of a catastrophic collision (Sekine & Genda
2012, Asphaug & Reufer 2013), but direct evidence of such an event is lacking.
3.2.3 When did they form? It is usually assumed that the satellites formed at the same time as their
primaries did. Triton and Charon are possible exceptions – Triton’s capture could have occurred later, and
if Charon formed in a giant impact it too may be a relative late-comer. However, it is possible to create
scenarios in which other satellites are younger. For instance, Canup (2010) and Charnoz et al. (2011)
show that if a dense ring of material is formed (e.g. by a pre-existing moon being pulled apart by tides),
that ring will spread outwards. Once it spreads beyond the “Roche limit” (where tidal disruption occurs),
the ring particles will coalesce to form proto-satellites. Torques from the ring will evolve these protosatellites further outwards, possibly causing collisions and further growth. Formation of the Saturnian

satellites within the last 1 Gyr has also been suggested on dynamical grounds (Cuk et al. 2016), but in this
scenario a constant Qp for Saturn was assumed, which is probably not correct (Section 3.1.2).
At present, there seems little prospect of distinguishing between “old” and “young” satellite scenarios.
Although impact craters are used to date surfaces, to do so requires a model impact flux – and that will
change drastically depending on which scenario is adopted. Other measures of absolute age are currently
lacking, largely because samples of outer satellite materials are not available for analysis.
4. Summary and Outstanding Questions
Icy satellite dynamics is a hard problem, partly because of the absence of samples compared with silicate
bodies, and partly because thermal-orbital feedbacks make their histories intrinsically more complicated
than the terrestrial planets. Nonetheless, enormous progress has been made over the last 25 years, thanks
particularly to the Galileo, Cassini and New Horizons missions.
Many outstanding questions remain, however. A few specific ones that have been mentioned above are
tabulated here:
Question
How thick is Europa’s ice shell?
Does Europa really produce cryovolcanic plumes?
Why is Ganymede the only satellite with an internal dynamo?
Is Callisto really undifferentiated?
Why do the Galilean but not the Saturnian satellites show a regular density progression?
Are the Saturnian satellites young?
Why is Titan the only satellite with an extensive atmosphere?
How has Titan maintained a high orbital eccentricity?
What caused the activity on Miranda and Ariel?
Does Pluto have a subsurface ocean?
:Table 4. Selected outstanding questions concerning icy satellite dynamics.

Section
1.2.2
2.1.5
1.2.3
1.2.3
3.2.1
3.2.3
3.2.2
2.1.2
2.1.3
1.2.7

Planning for spacecraft missions to Europa and Ganymede by NASA and ESA, respectively, is quite
well-advanced, so some of these questions should be definitively answered in the next decade or two. A
future spacecraft mission to the Uranian satellites would vastly increase our knowledge of these enigmatic
moons. And follow-up missions to both Titan and Enceladus are under active consideration.
As well as these specific questions, there are various areas of enquiry in which further study would be
helpful. The dynamics of tidally-forced, ice-covered oceans (Section 2.1.2) is one such obvious topic,
though what observations could be used to distinguish between different models is not clear. A closelyrelated topic - the rotational behaviour of bodies with subsurface oceans (Section 1.1.4) – is also ripe for
more work and can potentially be tested using Earth-based radar (e.g. Margot et al. 2013). A broad – and
difficult – topic is coupled thermal-orbital evolution (Section 3.1.2). The trick here is to integrate both
geological and orbital observational constraints, and to try to develop a scenario which satisfies both. The
main problem is the size of the parameter space (satellite k2/Q, planetary Qp, initial conditions . . .) which
has to be explored. But only by considering both kinds of constraints together are answers likely to
emerge. Lastly, it is likely that the next few years will herald the first “exo-moon” discovery, at which
point all the expertise painstakingly developed in this solar system can be applied elsewhere.
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