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Observations with the Cassini spacecraft have high-
lighted the extent of the complexity and diversity and
Saturn’s small satellites (radii between 200 and 800
km). Many observations indicate a discrepancy between
the satellites geological and orbital properties and pre-
Cassini geophysical models. To account for this dis-
crepancy, recent models have coupled the geophysical
and orbital evolution of these objects [e.g., 1, 2, 3, 4 ].
We present a coupled model that improves upon pre-
vious studies by calculating the orbits of the satellites
accuratly, by permitting key geological parameters of
the satellites to vary with time, and by using a new,
laboratory-based dissipation model. We discuss prelim-
inary results using the models for Mimas, Enceladus,
Tethys, Dione, Rhea, and Iapetus. The goals of our work
include quantifying the role of internal heating in the
evolution of the satellites, identifying the main thermal
events of the satellites, and inferring constraints on Sat-
urn’s average k2/Q, the ratio between the planet’s tidal
Love number and dissipation factor.

Modeling Approach

Our approach builds on previous work, especially
[1, 4]. The model is implemented in the software
SATORB/THERMALSAT, where SATORB, developed
by Sharp and Grazier, is the orbital evolution module,
and THERMALSAT, developed by Castillo, is the geo-
physical evolution module, based after [2, 5] and updated
with parametric convection.

THERMALSAT assumes satellites are spherically
symmetric from a compositional point and structural
point of view. Satellite models start as homogeneous
mixtures of ice and rock but with a gradient of porosity.
The geophysical model accounts for porosity evolution
and differentiation.

The internal state, stratification and temperature, is
fed into the calculation of the moment of inertia and com-
plex tidal number k2, which yield the degree-two gravity
coefficients J2 and C22 for each satellite. These updated
values are then fed into the module SATORB which in-
tegrates detailed orbital equations for the satellites until
the next update to the thermal properties. The interval
between updates depends on whether e-resonances are
present. When none are, the updates are every 10,000
years. This reduces to approximately 100 years when
satellites are involved in an e-resonance.

The orbital model consists of a core part which is
present in all simulations and an optional part of terms
that can be included or excluded as required. The core

part has terms for the interaction between Saturn and the
satellites when all bodies are treated as point-masses, and
between Saturn’s second zonal harmonic and the satel-
lites treated as point masses. The optional part has terms
for the planetary tide raised on the satellites by Saturn,
the satellite tides, the perturbation from Jupiter and Sat-
urn, the post-Newtonian effects caused by Saturn, and
the interaction between satellites’ J2 and C22 terms and
Saturn treated as a point mass. The effect of the rings
was approximated by adjusting J2 for Saturn.

In order to identify initial conditions at the time
of particular events (e.g., resonances) that we want to
model, we proceed with the modeling in two steps. First
we survey the space of possible input parameters to
the model by coupling THERMALSAT with analytical
equations for the evolution of satellites eccentricities and
semi-major axis. That approach being less computer-
intensive, we can range a large number of possible ini-
tial conditions and identify those that lead to the most
interesting models, e.g., models that appear more consis-
tent with observational constraints. This approach allows
evaluating the internal structure of satellites at the time of
resonances and their thermal states.

Main Features of the Geophysical Model

We summarize a few features of the approach used for
modeling the geophysical evolution of satellites with
THERMALSAT. These are especially about using com-
plex thermophysical properties supported by the JPL Ice
Physics Laboratory and Ice Factory.

The key difference with respect to previous model
is the application of new model of attenuation in plane-
tary materials developed in the JPL Planetary Tides Sim-
ulation Facility [6, 7]. Previous geophysical models as-
sume that planetary materials behave as Maxwell bodies.
However the Maxwell model does not include any com-
ponent accounting for ice anelasticity. First applications
[e.g., 8] show that these new laboratory measurements,
fitted by the Andrade model, promote more dissipation at
temperatures below ∼ −40 deg C than predicted by the
Maxwell model. They also indicate that within the same
object material may deform anelastically or viscoelasti-
cally depending on temperature and stress.

Some recent studies have explored the impact of
satellites dissipative properties on resonance crossing
events, but assume constant k2/Q values for satellites.
Increased tidal stress due to eccentricity pumping may
not only affect the amount of tidal heating produced in
the satellites but the regime of ice strain rate dependence
on stress. This in turn may affect tidal heat production
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and needs to be properly quantified.
Based on recent hints that at least part of the silicate

phase of some satellites might be hydrated [9] we will
test the impact of silicate composition on the evolution
of these satellites. Hydrated silicates are characterized
by a lower thermal conductivity but greater specific heat
than their anhydrous counterparts. Rocky cores domi-
nated by hydrated silicates are expected to remain warm
for a longer period of time, but due to their insulating
properties, they are less efficient at delivering heat to the
icy shell.

Numerical Solution

To ensure e-resonances are modelled reliably the orbital
equations must be integrated accurately. We quickly
found this requirement had two consequences. Most
of CPU time for simulation was spent performing the
integrations and the integrations required a significant
amount of CPU time for the time intervals we were inter-
ested in. The need to do simulations for different initial
conditions further increased the required amount of CPU
time.

We used several standard techniques for reducing the
CPU time. We fine-tuned the orbital equations by elim-
inating terms whose effect was below machine preci-
sion, one such elimination being the effect of Saturn’s
J6 term on Iapetus. We experimented with extrapolation
and multistep integrators with the aim of finding the most
efficient integrator. We found the choice depended on the
number of satellites and the terms included in the orbital
equations. When the full complement of satellites and
terms is included, the force term is expensive to evaluate
and multistep methods are more efficient than extrapola-
tion methods. We also performed hand optimisation of
the code.

Although the above techniques did lead to a signifi-
cant decrease in the amount of CPU time, the decrease
was insufficient, and we employed the technique of a
speed-up in the tidal term, see for example [1]. This in-
volves multiplying the tidal term by a factor λ > 1 and
can be viewed as scaling time for the tidal term. We ex-
perimented with different values of λ and found that it
was possible to reduce the CPU time to an acceptable
level without compromising the quality of our conclu-
sions.

Using λ also greatly reduces the number of arith-
metic operations and hence the accummulated round-off
error in the simulated solution. Without λ, the round-off
error at the end of a simulation of several hundred mil-
lion years could have made the simulation results mean-
ingless.

Applications

By using coupled thermophysical and dynamical evolu-
tion modeling, we expect to:

- Quantify the role played by internal heating in the
satellites’ evolution especially for the satellites involved
in resonances;

- Test for the initial conditions that are most favorable
for the satellites being captured into resonance;

- For the satellites that are currently in resonance, de-
termine what constraint this current situation provides on
the satellites’ thermal histories;

- Identify the main thermal events during the satel-
lites’ histories and thus infer from observations potential
constraints on thermal history;

- Infer constraints on Saturn’s average k2/Q by con-
sidering the evolution of the Saturnian satellite system as
a whole.

We will present preliminary results obtained for the
Enceladus-Dione resonance. This resonance is thought
to have started ∼ 150 My ago [4], about 1 Gy after
another resonance crossing of these satellites with Mi-
mas. Preliminary calculations indicate that Enceladus
and Dione were poorly dissipative at the time of reso-
nance crossing. They may have been close to freezing
if their eccentricities were approaching zero, a condition
increasing the capture probability, unless their icy shells
were enriched in antifreezing impurities and other com-
pounds decreasing the overall thermal conductivity of the
shell. We will present scenarios addressing how Ence-
ladus could achieve its current dissipative state, while its
dissipation factor at the time of resonance crossing with
Dione may have been relatively large.
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