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Abstract

Tapetus has preserved evidence that constrains the modeling of its geophysical history from the time of its accretion until now. The evidence
is (a) its present 79.33-day rotation or spin rate, (b) its shape that corresponds to the equilibrium figure for a hydrostatic body rotating with a
period of ~16 h, and (c) its high, equatorial ridge, which is unique in the Solar System. This paper reports the results of an investigation into the
coupling between lapetus’ thermal and orbital evolution for a wide range of conditions including the spatial distributions with time of composition,
porosity, short-lived radioactive isotopes (SLRI), and temperature. The thermal model uses conductive heat transfer with temperature-dependent
conductivity. Only models with a thick lithosphere and an interior viscosity in the range of about the water ice melting point can explain the
observed shape. Short-lived radioactive isotopes provide the heat needed to decrease porosity in lapetus’ early history. This increases thermal
conductivity and allows the development of the strong lithosphere that is required to preserve the 16-h rotational shape and the high vertical relief
of the topography. Long-lived radioactive isotopes and SLRI raise internal temperatures high enough that significant tidal dissipation can start,
and despin Iapetus to synchronous rotation. This occurred several hundred million years after Iapetus formed. The models also constrain the time
when lapetus formed because the successful models are critically dependent upon having just the right amount of heat added by SLRI decay in
this early period. The amount of heat available from short-lived radioactivity is not a free parameter but is fixed by the time when lapetus accreted,
by the canonical concentration of 26 A1, and, to a lesser extent, by the concentration of 60Fe. The needed amount of heat is available only if Iapetus
accreted between 2.5 and 5.0 Myr after the formation of the calcium aluminum inclusions as found in meteorites. Models with these features allow
us to explain Iapetus’ present synchronous rotation, its fossil 16-h shape, and the context within which the equatorial ridge arose.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction We have revisited this anomaly using coupled thermal-
and dynamical-evolutionary modeling. We used recently deter-
mined parameters for material properties and lapetus’ charac-
teristics (see Tables 1 and 2). The most recent lapetus data were
obtained by the Cassini mission during the close flyby of Iape-
tus on December 31, 2005.

Section 2 of this paper is a discussion of the three outstand-
ing geophysical properties of lapetus that constrain its origin:
its rotation state, its shape, and the presence of the equatorial

Iapetus is the most distant, regular satellite of Saturn. Peale
(1986) noted that Iapetus’ synchronous rotation period of 79.33
days is unexpected considering its large distance from Saturn
(i.e., an orbit with a 3.51 x 10° km semi-major axis, or ~60 sat-
urnian radii, R). Recent measurements by Cassini of lapetus’
low density and disequilibrium shape have made this satellite’s
dynamical state even more anomalous.

ridge.
Section 3 describes the model and assumptions. We discuss
* Corresponding author. Fax: +1 818 393 4217. the main constraints, which are imposed by initial composition
E-mail address: julie.c.castillo@jpl.nasa.gov (J.C. Castillo-Rogez). and structure. The effects of possible compositions are tested by
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Table 1

Tapetus’ physical properties

Parameter (unit) Value Reference

Mean radius (km) 735.6 3.0 km Thomas et al. (2007)

Biaxial ellipsoid T47.4+3.1 x712.4+2.0 Thomas et al. (2007)

radii (km)

Min—max radii (km) 35.0+£3.7 Thomas et al. (2007)
GM (km3 /s2) 120.5117 £0.0173 Jacobson et al. (2006)
Density (kg/m3) 1083 £ 13 Thomas et al. (2007)

Note. Gravitational constant: G = 6.672(59 4+ 84) x 10— 11 kg*l m3s—2,

Table 2

Tapetus’ dynamical properties

Parameter (unit) Value Reference
Semi-major axis (km) 3.5613 x 100 Yoder (1995)
Semi-major axis (Rsaturn) 59.09 Yoder (1995)
Orbital period (days) 79.330183 Yoder (1995)
Orbital rate (rad/s) 9.1670093 x 10~/ Yoder (1995)
Rotation period (days) Synchronous Yoder (1995)
Rotation rate (rad/s) 9.1670093 x 10~7 Yoder (1995)
Eccentricity 0.0283 Yoder (1995)
Inclination (degrees) 7.52 Yoder (1995)

Note. Rsapurn: Saturn’s radius = 60,268 km (equatorial radius).

varying the starting conditions: differing amounts of radionu-
clides and a range of volatile content. In terms of structure, we
find that porosity is very important and its evolution must be
included in the models.

Section 4 discusses the results of the modeling. We find self-
consistent models, which lead to Iapetus’ present-day rotation
and shape. All of these successful models require formation of
Tapetus early and inclusion of significant amounts of short-lived
radioactive isotopes (SLRI). The main difficulty in modeling
Tapetus is a shortage of heat. Without including SLRI we were
not able to find realistic models that despin and still have the
correct shape. Since the amount of SLRI heat needed for a par-
ticular model maps directly to formation time, one obtains the
time of accretion for that model.

The models do not explicitly tell us about the formation of
the equatorial ridge. However, through the prediction of de-
creasing surface area on lapetus during despinning to synchro-
nous rotation they provide a possible rationale as to why the
ridge formed. Tracking surface area versus time provides some
times when the ridge may have been formed.

Section 5 is a discussion of the broader implications of the
models. Included are modeling techniques, convection, ridge
formation, comparison with other satellites, the origin of Iape-
tus, and absolute chronometry and its implications.

Tapetus is a very intriguing object. Due to its circumstances,
it did not have enough heat to evolve as far as other satellites. In
this sense, it only partially evolved. It is this state of “suspended
animation” that provides a unique opportunity for geophysical
investigations.

2. The data

Three features of Iapetus’ current state provide critical con-
straints for our models, which in turn yield information about

Iapetus’ past. These features are described in the next three sec-
tions.

2.1. Spin and orbit

Today, Iapetus’ rotation period is 79.33 days and synchro-
nous with its orbital period. Despinning to reach synchronicity
is a result of tidal dissipation, a process that has occurred for
all the regular jovian and saturnian satellites (except chaotic
Hyperion). However Peale (1986) noted that Iapetus’ synchro-
nous spin was unexpected, because of its large semi-major axis
(D =3.51 x 10° km, i.e., ~60 R;) and the very strong (D79
dependence of the rate of despinning on distance to the planet.

Tapetus has a mean density of 1083 & 13 kg/m? (Thomas
et al., 2007). This means that it has a radiogenic bearing rock
mass fraction of ~20%, assuming the body is not porous. la-
petus’ mean density indicates that it is most likely composed
of water ice and chondritic carbonaceous chondritic material
(from the kronian subnebula) with an enrichment in volatiles
and, possibly, light hydrocarbons (Johnson and Lunine, 2005).
Its composition and current orbital state are fully consistent
with formation in its present place (Ward, 1981) as part of the
saturnian system. (This will be discussed further in Section 5.)

lapetus is “dynamically frozen” (to use a phrase from
McKinnon, 2002). Its eccentricity is 0.0283, which suggests lit-
tle dynamical evolution. Its orbital inclination is ~7.49 degrees
and its Laplace plane is inclined 14.968 degrees with respect to
Saturn’s equator.

2.2. Shape

Cassini images show that Iapetus is an oblate spheroid with
a difference between its equatorial, a, and polar radii, ¢, of
35.0 & 3.7 km (Thomas et al., 2007) (see Fig. 1). The equa-
torial radii a and b are the same to within 2 km, i.e., less than
the uncertainty in the measurements. The residuals to limb fits
over the wide range of longitudes and latitudes available, have
an rms of 4.0 km (0.54% of the mean radius), and show, as does
inspection of the images, that this shape is indeed an ellipsoid
with superposed craterform topography. A symmetric differ-
ence of 34 km with such small residuals could not form by ran-
dom cratering by large impacts. Nor is modification of a triaxial
equilibrium form possible for two reasons. First, the difference
of observed and predicted intermediate axes is over 26 km,
a value not allowed by the measurement uncertainty. Second,
to maintain an (a — c¢) of 34.5 km with its slow rotation and ob-
served mean density, lapetus would have to be largely hollow
with a high density, thin shell, clearly not physically plausible.
The predicted a — ¢ for a homogeneous Iapetus is only ~10 m
for hydrostatic equilibrium for the current spin period, as illus-
trated in Fig. 1. Thus, lapetus has the largest non-hydrostatic
anomaly known for a satellite larger than 1000 km in radius,
with the Moon being a distant second (Garrick-Bethell et al.,
2006).

If Tapetus’ interior is homogeneous, the observed figure is
only plausibly explained as the shape for a body in hydrostatic
equilibrium with a rotation period of ~164+1 h. A differentiated
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Fig. 1. Flyby picture of Iapetus by Cassini Imaging Sub-System (ISS) on December 31, 2004. The solid curve shows the large-scale shape of the satellite. The
dashed curve indicates the shape the satellite would have if it were in hydrostatic equilibrium today. Given lapetus’ present rotation period and semi-major axis,
a deviation from spherical of no more than 10 m is expected. The actual deviation is 33 km. At 9 o’clock on the limb of the disk the equatorial ridge is seen standing

well above the other topography.

body with a core of density 3510 kg m~> would need to have a
spin period about 1.3 h less. In either case, this is far from the
79.33-day period.

This information suggests that Iapetus has a fossil shape that
has been frozen when the satellite’s lithosphere became strong
enough to resist continued deformation at a time when the satel-
lite was still despinning.

Similar scenarios have been proposed for the Earth (Mound
et al., 2003), Moon (Lambeck and Pullan, 1980; Garrick-
Bethell et al., 2006) and Mars (Zuber and Smith, 1997; Mat-
suyama et al., 2006).

This also suggests a constraint on the initial rotation period
of the satellite. It should have been less than 16 h.

2.3. Equatorial ridge

A nother surprising feature of Iapetus’ topography is a
prominent equatorial ridge (Fig. 2) running most of the way
around the equator. Where visible, this sits right on top of the
equatorial bulge. The ridge is abundantly cratered, indicating
that it is comparable in age to any of the terrains on lapetus. It
is clearly older than the large basins that overlap it. Anything

this large, and this long, suggests global rather than local or re-
gional control.

Data for estimating the volume of the ridge are sparse.
Cassini observations (e.g., Fig. 2; Porco et al., 2005) cover only
one side of the satellite. Denk et al. (2000) have detected this
feature in Voyager data and conclude that it continues in the
other hemisphere. They see the illuminated tops of equatorial
peaks that lie on the nighttime side of the terminator as evidence
for the continuation of the ridge. The ridge generally appears to
be single, but in some places it is double or triple. The flanks
are steep with slopes in some sections greater than 30 degrees.
The volume of material involved in the ridge is very large. It
spans at least half of the equator and is well developed over a
length of ~1600 km. A typical (triangular) cross-section has a
base of 200 km and a height of 18 km, or a cross-sectional area
of 1800 km?, for a volume of ~3 x 10° km?. This estimate does
not include any allowance for roots or folds.

We do not know how the ridge was formed. Porco et al.
(2005) suggested that it is associated with Iapetus’ despinning.
This idea is based, in part, on the fact that the ridge is located
at the equator. Denk et al. (2005) proposed that it resulted from
volcanic activity. Giese et al. (2005) suggest that the morphol-
ogy of the ridge indicates upwarping of the surface due to a
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Fig. 2. Iapetus equatorial ridge as observed by Cassini ISS (Porco et al., 2005). Toward the left the ridge appears to have splayed into several approximately parallel
components. The available images do not have enough detail to reveal how the ridge was formed.

tectonic (rather than a volcanic) event. We know little about the
ridge’s geological evolution.

If the ridge was created by folding, then its spatial wave-
length of ~200 km implies that the lithospheric thickness was
~15-20 km, according to the relationship between the wave-
length of folds and the thickness of the lithospheric shell that
formed them (Turcotte and Schubert, 2002). Thus, the mini-
mum lithospheric thickness required to preserve a 20-km high
feature is about 15-20 km. However, the ridge could have been
somewhat higher and subsequently relaxed to its present height.
It is also possible that it resulted from faulting. Obviously, fur-
ther imaging and interpretation are needed in order to better
constrain the lithospheric thickness and the possible formation
processes.

It should be emphasized that this feature is small compared
to the global equatorial bulge. Removal of the ridge from limb
data reduces the equatorial ellipsoid fit axes by only ~1 km.
The volume of the ridge is less than 5% of the equatorial bulge,
and is clearly a surimposed form. Although the formation of
the ridge and bulge may be related (see below), the significance
of the oblate spheroid shape is independent of the formation
mechanism and morphology of the ridge.

2.4. Objectives of this paper

The present paper reports our effort to find a scenario or sce-
narios that can explain both the present shape and rotational
state of Iapetus, while being compatible with the preservation
of the equatorial ridge. This scenario is based on the assump-
tion that the shape’s oblateness is a fossil from a period when
lapetus was spinning more rapidly than present.

Solving this problem requires simultaneous modeling of the
thermal and orbital evolution of the satellite. Indeed, despin-
ning, shape, and lithospheric evolution are functions of the
thermal structure of the satellite (dissipation factor and Love
number k;). Thermal events determine the rotational and geo-
logical events leading to the present condition. For the satellite
to despin while preserving its shape, it is necessary for the in-
terior to still be dissipative after a lithosphere thick enough
to support the equatorial bulge has developed. This provides
constraints on the internal evolution chronology and suggests
a period during which the body was spinning rapidly and its
global rigidity was low enough for hydrostatic equilibrium to
be achieved. Despinning must continue as the lithosphere be-
comes thick enough to freeze its shape, i.e., warm temperatures
are reached in the deep interior of the satellite. We believe that
external heat sources (such as impact energy) are not important

since they would disrupt the overall ellipticity of the shape and
lead to its relaxation, contrary to Iapetus’ current state.

In the following sections we explain our models and test the
possible scenarios meeting these requirements.

3. Internal evolution modeling

In this section we describe and justify the initial condi-
tions used in the models. Then we explain the algorithms
used for handling coupled thermal, dynamical, and geological
processes.

3.1. Initial conditions

3.1.1. Composition

For the rock component we use an ordinary chondritic com-
position based on Wasson and Kalleymen’s (1988) elemental
abundances (Table 3). The corresponding density (used for the
calculation of the rock-metal fraction) is 3510 kg/m?>. Radionu-
clide data for the long-lived radioactive isotopes (LLRI) are
gathered in Tables 4 and 5.

Tapetus’ icy component is assumed to be primarily water on
cosmochemical grounds (e.g., Lewis, 1971), but it is likely that
it also contains various volatile “contaminants.” Carbon diox-
ide has been detected in small quantities by the Cassini Visual
Infrared Mass Spectrometer (VIMS) (Buratti et al., 2005), but
its origin is not established. Based on models of the properties
and evolution of satellite-forming disks around giant planets, it
is possible that ammonia is present at amounts relative to water
of up to 11 wt% (Mousis et al., 2002). Recent measurements by
Cassini RADAR (Ostro et al., 2006) identify ammonia as a con-
taminant that could explain RADAR observations at different
wavelengths. The various “contaminants” may affect geophys-
ical models (through the depression of the ice melting point)

Table 3
Initial isotopic abundances for the compositional model, ordinary chondrite,
considered in this study

Property (unit) Value
Density (kg/m3) 3510

26 A] (ppb) 600
60Fe (ppb) 22.5-225
53Mn (ppb) 25.7
40K (ppb) 1104
232Th (ppb) 53.8
235U (ppb) 8.2
2331 (ppb) 26.2
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Table 4

Decay information for the LLRI (adapted from Van Schmus, 1995)

Element Potassium Thorium Uranium

Isotope 40K 2321 LSy B8y

Isotopic abundance (wt%) 0.01176 100.00 0.71 99.28

Decay constant (yr—!) 5.54 x 10710 495 x 10~ 9.85 x 10710 1.551 x 10710
Half-life A (Myr) 1277 14,010-14,050 703.81 4468

Specific heat production (W/kg of elements) 29.17 x 1070 26.38 x 1070 568.7 x 1070 94.65 x 1070
Table 5

Decay information for the SLRI (Kita et al., 2004; Tachibana et al., 2006; Chen et al., 2007)

Parent nuclide 2671 60Fe 53Mn

Daughter nuclide 26Mg 60N 3cr

Initial isotopic abundance 20A1/2TAl=5x 1073 60Fe/50Fe = 0.1-1 x 1070 3Mn/A5Mn =14 x 1073
Half-life A (Myr) 0.716-0.73 1.5 3.7

Specific heat production (W /kg) 0.146 0.068-0.074 0.027

by as much as at about 220 K in the case of CO, and 176
K in the case of NH3 (see Section 4.4). Other possible con-
taminants, such as methane (CHy), will not measurably lower
the melting point but could—through the formation of clathrate
hydrate—alter the thermal conductivity of the interior. The res-
olution of these issues is not possible with the current laboratory
data. Thus, we use the properties of pure water and then discuss
how the results might be perturbed by other volatiles.

3.1.2. Physical structure

Porosity can have a significant effect on the internal evo-
lution of a satellite, affecting the relationship between the bulk
and the mineralogical densities, the strength of the material, and
the thermal properties. Porosity varies with time due to thermal
evolution.

When hydrostatic pressures exceed the strength of ice, com-
paction takes place due to brittle facture and reorganization
of the material (e.g., Durham et al., 2005). Laboratory mea-
surements by Durham et al. (2005) on pure water ice show
that porosities of up to 15% can be sustained at pressures up
to 150 MPa when the temperature is less than 120 K. Such
a situation is encountered in lapetus at the end of accretion
(max pressure is ~125 MPa). These conditions are realized at
some time in most medium-sized satellites. Porosity decreases
with depth. There is an abrupt change between a few MPa and
10 MPa, due to brittle fracture and reorganization of the ma-
terial. For pressures of less than 1 MPa the porosity can be as
large as 40% (e.g., Durham et al., 2005). Under suitable condi-
tions, especially temperature, ice creep and sintering produces
further structural evolution, and porosity becomes vanishingly
small. Leliwa-Kopystynski and Kossacki (1995) have recog-
nized the importance of for these mechanisms. For example,
the presence of rocky material impedes the decrease of porosity
by compaction. On the other hand, these laboratory experiments
indicate that the presence of NH3 (and perhaps other “contami-
nants”’) increases ice creep and compaction.

Porosity has consequences not only for the structural evo-
lution of the satellites (and resulting thermal conductivity, see
Section 3.2.1), but also has a direct effect on interpreting the

measured densities. This has consequences for assessing the ra-
dionuclide content, and thus upon thermal evolution. While it is
possible to determine the evolution of porosity with time, and
quantify the density changes associated with this effect, there is
a reciprocal coupling between porosity and the ice-to-rock ra-
tio (i.e., the specific concentrations of radionuclides). In order
to set the correct initial ice-to-rock ratio the present porosity of
the body must be known. However, in many cases the porosity
today for a given model is determined by the relative abundance
of rock (i.e., radioactivity) initially present in the model and
how much porosity it destroyed by “baking.” Therefore, in this
regard, we must be careful that our models are self-consistent
and it may be necessary to use the model iteratively in order to
converge upon a solution for porosity.

3.1.3. Initial dynamical parameters

The initial rotation periods of the giant-planet satellites are
not known. Data available for spin rates of asteroids (Dermott
and Murray, 1982) range from 5 to 12 h. The asteroidal spins
are unlikely to have been slowed by tidal dissipation as can oc-
cur for satellites. Thus these statistics give a better indication of
reasonable initial spin rates for satellites. Conservation of an-
gular momentum in the satellite-forming gas/dust disk suggests
that Iapetus should have followed this statistical trend and ac-
creted like other satellites, with a rapid initial spin period of a
few hours (Pravec et al., 2002; Lissauer and Safronov, 1991).
From Roche’s limit, we know that the initial period for Iapetus,
Ty, cannot be less than 3.8 h.

Our assumption that lapetus was despinning from a high rate
and had a spin rate of ~16 h when its present shape was frozen
is consistent with the considerations in the previous paragraph.

We assume a 7-h initial rotation period for all of the models
in this paper. It turns out that as long as this initial period is less
than 16 h, its exact value has little effect on the calculations
presented here.

Iapetus has a high eccentricity, e = 0.0283, and is so far
away from Saturn that it suggests that the body is “tidally
frozen” (McKinnon, 2002). This is further indication that the
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Fig. 3. Schematic diagram of the calculation scheme. The connections between the modules and the flow of some of the parameter values are shown.

object is old and underwent relatively little tidal dissipation over
most of its history.

3.1.4. Initial shape

Shape is treated as a dependant property. We compute lape-
tus’ rotational oblateness using Chandrasekhar’s (1969) formu-
lation. The theoretical shape, as a function of spin period and
mean density for a homogeneous object, is a MacLaurin spher-
oid. This is a reasonably accurate representation for spin peri-
ods as low as a few hours. For both homogeneous and two-layer
models, we employ numerical methods modified from Thomas
(1993) and Thomas et al. (2005) that determine equilibrium
shapes, or departure there from, to accuracies of 1.3 x 1074
for shapes appropriate for spin periods down to 10 h, and some-
what less accurately for the more elongate forms at faster spin
rates. The equatorial and polar radii as a function of the rotation
period are presented in Fig. 4.

3.1.5. Time of formation

Short-lived radioactive isotopes are known to be present in
the early Solar System on the basis of meteoritic analysis. Their
presence is inferred primarily from their stable daughter prod-
ucts in some of the oldest refractory, calcium—aluminum inclu-
sions (CAls), found in carbonaceous meteorites (Wasserburg
and Papanastassiou, 1982). The decay of SLRI, such as 26 A1,
%OFe, and >>Mn has been proposed to be potentially important
for the evolution of the early Solar System (Urey, 1955), and
for the thermal evolution of asteroids and icy bodies (Prialnik
and Bar-Nun, 1990). The initial concentration of 2°Al1/27 Al is

assumed to be the ‘“‘canonical” maximum value (Co =5 X
1073 ) (Wasserburg and Papanastassiou, 1982). For the initial
%0Fe/5%Fe isotopic ratio we have taken an order of magnitude,
range based on numbers in the literature (see Chen et al., 2007
for a review), i.e., 1 x 1077-1 x 107°. The lower bound is
based after Tachibana and Huss (2003) and the upper bound
is set based on measurements by Mostefaoui et al. (2005) and
Tachibana et al. (2006). The initial concentration of >*Mn/>3Cr
ranges between 1 and 4 x 1075 (Kita et al., 2004). Note that
the contribution of 3*Mn to the total heat budget is significantly
less by two orders of magnitude than the contributions of 2°Al
and %'Fe.

Work in progress (McKeegan et al., 2006) has identified
CAIs in samples from the comet Wild 2 obtained by the Stardust
mission. This is the first evidence that CAls were present in the
outer Solar System. However, at this time it has not been shown
that the concentrations of the SLRI obtained from the analy-
sis of meteorites apply to the outer Solar System (as predicted
by the supernova model). Some lateral heterogeneities in >*Mn
and 2°Al concentration have been identified by Gounelle and
Russell (2005a, 2005b). This is presently a matter of debate as
it depends on the origin of the elements and the spatial scale of
the heterogeneities (the scale sampled by the CAls-chondrules
vs scale of planetary systems).

As we investigate the potential effect of SLRI on our models,
we use the formation of CAls as our time reference. The initial
level of SLRI activity in lapetus is set by the time at which
Tapetus accreted. For our models of Iapetus the thermal effect
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Fig. 4. Equatorial and polar radii for a satellite with a mean radius of 735 km, as a function of the rotation period.

of SLRI becomes insignificant when the time of formation be-
comes larger than ~6 Myr after CAls.

3.1.6. Initial temperature

The initial temperature is a function of (a) the temperature
of the accreting planetesimals, labeled 7; and (b) accretional
heat from the kinetic energy of the planetesimals. The tempera-
ture of the accreting planetesimals is related to the composition,
temperature and pressure of the subnebula at lapetus’ distance
from Saturn. We consider 7; = 90 K as a reasonable upper
bound corresponding to the temperature in equilibrium with
sunlight at lapetus 4.5 byr ago, when the luminosity of the Sun
was about 70% its present value (Endal, 1980).

We model accretion following Squyres et al. (1988). The
parametric ratio of mechanical energy turned into heat, /,, can
range from 0.1 to 1.0. The higher value is justified by the pos-
sible formation of a greenhouse during very rapid accretion
(Lunine and Stevenson, 1982). We treat accretion as rapid with
respect to SLRI decay (Mosqueira and Estrada, 2005) and as a
result we do not consider the effect of SLRI on the initial tem-
perature profile.

Accretion does not contribute significantly to warming the
interior because most of its heat is deposited close to the sur-
face where it is conducted upward and then radiated to space
(Squyres et al., 1988). The maximum increase in accretion tem-
perature AT, ranges from AT, = 10 K for h, = 0.1 to AT, =
130 K for h, = 1. Halfway down in Iapetus, this temperature
increase is AT, =2 K for h, = 0.1 and AT, =30 K for h, = 1.
Thus, accretional heat cannot raise the internal temperature to
the ice melting point, unless ammonia or other “contaminants”
are mixed with the water. If h, > 0.6, accretional heat can play
a role in decreasing the porosity of the satellite’s outer layer.
These assumptions are consistent with previous studies of icy
satellite accretion (e.g., Ellsworth and Schubert, 1983). We test
different values of %, in our models, as will be discussed later.

3.2. Algorithms

Our coupled thermal evolution model is comprised of three
“modules.” The relationships between these modules are il-
lustrated in Fig. 3. The thermal module calculates the one-
dimensional temperature field and the resulting heat flows. The
dynamical module calculates the change in the rotation rate and
the eccentricity. Material properties are updated at each time
step based on the current temperature and dynamical state. The
geologic module keeps track of size, shape (e.g., changes in
volume and surface area) and structure. Temperature is the pa-
rameter common to the different modules. The radial grid size
is 5 km. The time step is 10* yr.

3.2.1. Thermal module

The thermophysical module accounts for all of the known
sources and sinks of energy. It calculates the one-dimensional
temperature field and the resulting heat flows and phase
changes. For example, the models take into account tidal heat-
ing resulting from despinning (after Burns, 1976) and sub-
sequent eccentricity decay (after Peale, 1999). We consider
one-dimensional models corresponding to the situation at the
equator. Details on the equations used in the algorithm are
presented in Appendix A. Two-dimensional thermophysic—
dynamical evolution models are discussed in Section 5.

Heat transfer first occurs by conduction (e.g., Hillier and
Squyres, 1991; Appendix A). We present conductive models
under the assumption that subsolidus convection could not take
place before despinning is complete. We address in the discus-
sion (Section 5) the arguments supporting this scenario.

Differentiation is modeled as a quasi-instantaneous process
(short compared to time scales related to heat generation and
heat transfer) that starts when the melt fraction becomes larger
than 2% (De La Chapelle et al., 1999). This assumption relies
on the fact that fluids migrate quickly in comparison with the
other physical processes modeled in the present study.
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Table 6
Thermal parameters as a function of composition and temperature (after McCord and Sotin, 2005) (x; is the silicate mass fraction)
Silicate Ice Mixture of ice and silicates
Thermal conductivity (k in W/m/K) 4.2 0.4685 +488.12/T Ssks + (1 — fo)kr
Heat capacity (C in J/kg/K) 920 185+ 7.037T xsCs + (1 —x5)C

Thermal parameters (thermal conductivity and specific heat)
are temperature-dependent (see values in Table 6). Porosity
can have a significant effect on the thermal conductivity (see
McKinnon, 2002 for a review). The effect is difficult to as-
sess accurately as it is a function of the microstructure of the
material. Indeed, depending on porosity, the thermal contacts
between the grains will be more or less efficient in transfer-
ring heat. We follow the approach of McKinnon (2002) who
defines two bounds for thermal conductivity. The upper bound
is a function of the effect of void volume fraction on the equa-
tion of the thermal conductivity of a mixture of ice, silicate,
and voids. The lower bound is a rough assessment of the effect
of structural arrangement and grain contact. McKinnon (2002)
notes that lack of knowledge of this parameter means that we
should consider the effects of a decrease in thermal conductiv-
ity of a rock-ice-void mixture by up to one order of magnitude.
However, some constraints on this factor are available from lab-
oratory measurements and theoretical studies of grain assem-
blages. Ross and Kargel (1998) show that this structural effect
is a function of pore size and shape. From their Fig. 5 we infer
that in the upper, high porosity layer (i.e., regolith) conductivity
can be decreased by a factor of about 10 with respect to solid
ice. This roughly corresponds to laboratory measurements per-
formed on lunar regolith samples (Langseth et al., 1976) and
telescopic constraints on the values for Europa’s surface con-
ductivity selected by Matson and Brown (1989). In the interior,
where the porosity is in the form of closed pores, this thermal
conductivity is lessened at most by a factor of two.

Thermal conductivity is also a function of the composition.
Ross and Kargel (1998) and Lorenz and Shandera (2001) have
measured thermal conductivity for different mixtures of water
and ammonia or methane. Lorenz and Shandera (2001) show
that when 15% ammonia is mixed with ice, the thermal con-
ductivity is about 1.5 WK~ m~!, and is barely dependent on
temperature. This value is 2 to 3 times lower than pure ice ther-
mal conductivity. Thus ammonia can play an insulating role
especially at very low temperatures when solid water ice ther-
mal conductivity can be as large as 4.5 WK ™! m~!. There are
few data available for mixtures containing less than 15% am-
monia.

3.2.2. Dynamical evolution module

This module calculates changes in the spin of lapetus as it
proceeds along its evolutionary track. For most of the time,
and before synchronicity is reached, this amounts to adjusting
the instantaneous rate at which despinning takes place due to
dissipation within the body. There is also a small increase in
spin during the times when the models experience a decrease
in porosity, thus in volume. This effect is relatively small com-

pared to other sources of modeling uncertainty and is not in-
cluded in the present evolutionary calculations.

When the body has despun, tidal friction is then employed
to evolve the orbital semi-major axis and eccentricity.

Details on the equations used in the algorithm are presented
in Appendix B.

3.2.2.1. Despinning (Appendix B.1) The evolution of Iape-
tus’ spin (w, in rad/s) as a function of time, ¢, is governed by

do _ 3k()GMya’ (1)
dr — C(0DOQ)

where G is the universal constant of gravity, M Saturn’s mass,
a lapetus’ equatorial radius, C the polar moment of inertia, and
D the semi-major axis. The dissipation factor Q and the tidal
Love number k» are functions of the frequency-dependent vis-
coelastic properties of the satellite and thus vary as a function
of time. The difficulty in despinning a distant satellite results
directly from the strong (inverse sixth power) dependence on D
in Eq. (1).

A major difference between our present study and previous
work is that the time-dependent parameters are recomputed for
each computational time step. This is especially the case for Q
and kj that are functions of the tidal (excitation) frequency w.

Parameters that are well constrained (well known or derived
from the combination of known parameters) are My, G, a,
and C. Regarding D, a small amount of semi-major axis evo-
lution would not matter much because lapetus is so far from
Saturn. Parameters that are the most influential in determining
the spin history, but also are the least constrained, are the initial
rotation period Ty, the dissipation factor Q, and the tidal Love
number kj.

, 6]

3.2.2.2. Eccentricity evolution (Appendix B.2) There is little
constraint on the tidal parameters k, and Q, for Saturn be-
sides indirect constraints based on Mimas’ orbital evolution,
e, kp=0.341and Qp, =1.6106x 10* (Gavrilov and Zharkov,
1977; Peale et al., 1980; Dermott et al., 1988). The eccentricity
damping due to the effect of Iapetus on the planet is ~10726 s~!
and the contribution to the eccentricity damping due to inter-
nal dissipation in Iapetus is ~107! x k/ Qs s~!. Whether the
ratio kg/ Qs is maximum (i.e., ks/Qg = 1) or minimum (i.e.,
ks/ Qs = 0), the time needed for the eccentricity to evolve is
much larger than the age of the Solar System, unless the initial
eccentricity is very close to its present value. Similar reason-
ing based on Peale (1999) indicates that the semi-major axis
evolution has been negligible over lapetus’ lifetime. Thus, little
dynamical evolution has taken place post-despinning and Iape-
tus’ present semi-major axis and eccentricity are indicative of
its initial state.
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3.3. Geological module

The geological module calculates size, shape and structure
during the evolution of Iapetus. Calculation details are pre-
sented in Appendix C.

The different processes handled by it are functions of the
conditions of the mechanical lithosphere, i.e., of the tempera-
ture distribution and mechanical properties. The latter are ad-
dressed in Section 3.4.

Two processes act to change volume: phase changes and
porosity decrease. Also volume redistribution occurs during the
change in shape as lapetus despins and becomes less of an
oblate spheroid. This is always accompanied by an adjustment
of the surface area, which can result in tectonic processes such
as folding, faulting, etc., that are functions of the properties of
the mechanical lithosphere (although these mechanical effects
of surface area change are not modeled in the current version
of the program). Also, the shape surface area evolves as a func-
tion of the spin period. Details of the calculation are presented
in Appendix C. Values of a and c are plotted as a function of
rotation period in Fig. 4.

We compute the evolution of internal porosity when condi-
tions are suitable for ice creep. Porosity removal is computed
after Nimmo et al. (2003). We use the compaction rules devel-
oped by Leliwa-Kopystynski and Kossacki (1995, 2000). They
have different rules depending on composition, silicate mass
fraction, and ammonia content (or other “contaminants’).

3.4. Material rheology

The rheological properties of the material, i.e., rigidity and
viscosity, are a common thread between the different processes
investigated. For despinning, Eq. (1), this is accomplished
through the degree-two tidal Love number k;, and dissipation
factor Q. For the assessment of the strength to preserve the
large-scale shape over the long run, it is through Young’s mod-
ulus (Eq. (2)) and the relaxation time (Egs. (4) and (5)).

3.4.1. Rigidity

Rigidity u is a material property that is a function of compo-
sition, temperature, and structure. It is formally defined as the
real part of the shear modulus .

In practice we use Young’s modulus E, which is directly
related to the shear modulus u by

2u
E= 1+v’ @
where v is Poisson’s ratio taken as its average value for icy
materials (i.e., v ~ 0.33).

Young’s modulus of solid water ice is well known for tem-
peratures higher than 250 K. Nimmo (2004a) showed agree-
ment, within a factor of two, between laboratory measurements
and field measurements obtained for terrestrial glaciers. Nimmo
(2004a) proposed E = 9 GPa, as a representative value for
Young’s modulus for water ice at temperatures greater than
250 K.

Fewer data are available for the situation of most medium-
sized icy satellites, in which the temperature can be as low as

40 K. We use Nimmo’s (2004a) value as an upper bound for
computing the mechanical lithospheric thickness required for
supporting nonhydrostatic topographic anomalies. [Note: there
are several values of E in the literature (e.g., Lorenz and Shan-
dera, 2001)].

Durham et al. (1998) and Lorenz and Shandera (2001) have
also measured the elastic modulus for water—-ammonia mix-
tures. For 16% ammonia mixed with water, assuming that
the corresponding Poisson’s ratio is ~0.33, Young’s modulus
varies between 9 GPa at 100 K and 9 MPa at 170 K. Data for
other mixtures are scarce. Increasing the amount of rock tends
to increase the rigidity (e.g., Durham et al., 1989).

Porosity also weakens the material. This is particularly so
when the microscale rigidity of the material is applied to cases
where we need to calculate the intrinsic rigidity of the satellite.
This satellite-wide-scale rigidity can be affected by the develop-
ment of faults, open pores, closed pores, and other effects that
greatly weaken the lithosphere. Porosity can decrease rigidity
by up to 50% (e.g., Berryman, 1995) depending on the size
and organization of the pores. Measurements on laboratory-
prepared, porous, “sea” ice by Cole (1998) show a relaxation
of compliance and a rigidity decrease of one order of magni-
tude when the porosity increases from 1 to 15%.

3.4.2. Viscosity

Viscosity plays significant roles in tidal dissipation and in
convection, and hence is important in calculating despinning
rates. Its value is also critical for starting convection. Viscos-
ity is primarily a function of temperature, but is also dependent
on other parameters such as stress, grain size, partial melt, and
impurities. While the latter parameters are less important in de-
termining the value of viscosity, they can play a role in starting
convection as discussed in Section 5.1.2. For the present calcu-
lation we use an Arrhenius’ law to describe the viscosity 7 as a
function of temperature (after Deschamps and Sotin, 2001):

n=mnoexp[Q(1/Tm —1/T)] 3)

with 7 the reference viscosity at the ice melting temperature
Tn.

Further discussion of the link between tidal dissipation and
convection is found in Section 5.1.2.

3.4.3. Frequency-dependent viscoelastic behavior

The theoretical value of k, for an undifferentiated elastic Ia-
petus is 0.001. We take this as our lower bound for k. It is
possible to increase the value of ky by decreasing the intrin-
sic rigidity of the body. This can be done, for example, by
global-scale fracturing, say by a massive impact. This has been
studied for the Moon (Pritchard and Stevenson, 2000). How-
ever, for Iapetus such shattering of the lithosphere runs counter
to the necessity of building a stiff, strong lithosphere capable of
supporting large-scale topography. To support such topography,
a low rigidity would require an implausibly thick lithosphere,
approximately thirty times thicker than for the non-fractured
case, greatly exceeding the radius of the satellite. To be con-
sistent with this constraint, the rigidity cannot vary by more
than a factor of three from the theoretical value for solid ice.
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Commonly used viscoelastic models have different responses
to frequency, and different mechanisms for dissipation. We use
Maxwell rheology in this study. This model is primarily depen-
dent upon temperature and is not very dependent upon struc-
tural effects (Zschau, 1978).

At the low temperatures (<200 K) in the early history of the
satellite, a Maxwell model tends to greatly overestimate the dis-
sipation factor whereas other models might be more accurate
(Tobie et al., 2005). Other rheology models that were estab-
lished for the Earth include Burgers (e.g., Reeh et al., 2003) or
Cole (Cole, 1995, 1998), which involve a structural component
and several relaxation times. These models globally agree with
the Maxwell models for temperatures greater than 240 K. How-
ever there are not yet enough data available for extrapolation to
Tapetus’ cold temperatures to be able to use any of these models.
Recent studies have shown that it is possible to have materials
with high attenuation/high rigidity (McCarthy et al., 2006), al-
though insufficient data are available to incorporate materials
with such properties into our models. It has been suggested that
the ice dissipation factor at temperatures below the ice creep
temperature should not be greater than 10* (Showman et al.,
1997). We use this value as an upper bound to avoid severely
overestimating Q due to the characteristics of the Maxwell rhe-
ology at low temperatures.

3.5. Summary—constraints on the algorithms

The output from each of our model runs is tested to see if it
despins Iapetus to synchronous rotation. At the time the rotation
period is 16 h the lithosphere is tested to see if it has sufficient
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thickness and strength to support the 16-h shape. We use a sim-
ple criterion to test whether a model can support the equatorial
bulge over the long term. We apply the equations in Appen-
dix C.1 in a static way, i.e., we do not consider possible relax-
ation while the lithosphere is thickening. The validity of this is
discussed in Section 5.3. For supporting a 13-km topographic
excess at the equator (i.e., difference between hydrostatic and
observed radius), it is necessary that the lithospheric thickness
be more than 230 km for a Young’s modulus of 9 GPa. This is
a lower bound because it is for a pure water-ice lithosphere. If
the lithosphere is porous, then this minimum lithospheric thick-
ness must be increase in order to compensate for the decrease
in material strength.

4. Iapetus model results

Our models differ from earlier ones in the published litera-
ture via one or more of (1) temperature-dependent parameters,
(2) the presence of ammonia (or other “contaminants”), (3) an
initial porosity profile (Section 3.1.2), and (4) SLRI.

We assume that the conditions are such that convection does
not start. If it did, it would efficiently remove internal heat. If
convection starts before despinning can be achieved, then the
modeling problem is not solvable. We discuss interior condi-
tions under which our approach is valid in Section 5.1.2. As
a result we present models whose heat transfer is governed by
conduction.

For each case we present, we will discuss the resulting
temperature and porosity as a function of equatorial radius,
and time after accretion (Figs. 5-8). Temperature contours are

Time (My)

M —
100 200 300 400 500 600 700 800
Temperature (K)

Fig. 5. Thermal evolution for a conventional model of Tapetus. We have updated the parameters in the Ellsworth and Schubert’s (1983) model using current data
for ice. The composition is pure water ice and rock with no initial porosity. The heat sources are accretion and the decay of long-lived radioactive isotopes (LLRI).
Temperature is plotted as a function of equatorial radius and time (on a log scale) since accretion. The time at the extreme left is the start of the model. The time at
the extreme right is the present. The temperature contours are every 25 K. Numerical call-outs are temperature in Kelvin. The color scheme indicates geophysically
significant temperatures. This model serves as a baseline with which to compare the other models presented in this paper.
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Fig. 6. Same model as in Fig. 5 but with the addition of an initial porosity profile based on Durham et al. (2005) and Kossacki and Leliwa-Kopystynski (1993).
(a) Thermal evolution plot (as in Fig. 5); (b) the corresponding porosity evolution; (c) enlargement of the temperature plot for the outer 350 km, and (d) the
corresponding enlargement for the porosity evolution. Note the adjustment of radius as the porosity collapses.

drawn every 25 K, and important temperature regions are color-
coded (with a nonlinear, recursive palette). The decreases in the
radius as a function of spin evolution and porosity are repre-
sented by the decreasing ordinate range of the data. A magnified
view of the outer shell is also featured in Figs. 6 and 7. The plot
of the global dissipation factor versus time is shown in Fig. 9.
We now discuss these results.

4.1. Conventional model

We take the Ellsworth and Schubert’s (1983) model as rep-
resentative of the published state of the art in modeling Iapetus
with LLRI heat sources. We apply to it the updated parame-
ters as just described in Section 3. We call this updated version
the conventional model. Comparison with this model gives us a
way to check the accuracy of our calculations. It also provides
a frame of reference within which to compare our new results
with previous discussions.

The assumption that convection does not start allows us
to assess the maximum temperature reached in the interior of
the conventional model. The resulting thermal evolution is dis-
played in Fig. 5. We observe that the maximum temperature
reached inside the body is less than the water ice melting point
for most of the evolution. Although the results are qualitatively
similar to Ellsworth and Schubert (1983), the high thermal con-
ductivity of ice at low temperatures used in our model results
in colder temperatures. Temperatures are not high enough for

starting and sustaining significant evolution of the satellite. Un-
der such conditions, despinning is not even triggered, and hence
models of this type cannot explain the present state of Iapetus.

4.2. Model with long-lived radiogenic isotopes (LLRI) and
initial porosity

The initial conditions for this model differ from the conven-
tional model by starting with a porosity profile (Fig. 6, upper
right panel). At ~200 Myr after the start of the model, deep
seated porosity begins to collapse as a result of an increase in
the internal temperature and the radius decreases. At ~1.1 Gyr
the temperature reaches the ice melting point and rapid despin-
ning takes place. The rotation period at the time of despinning is
between 13 and 17 h (see Section 5.1.2 for more discussion). At
this stage, porosity remains high in the outer 80 km of the satel-
lite. The internal temperature is at the water ice melting point
out to a radius of 350 km. That creates the conditions needed
for completely despinning lapetus. This is an interesting result
because the despinning is, in effect, brought about by the insu-
lating action of porosity. However the mechanical lithosphere,
whose base is defined as the water-ice creep temperature, is at
a depth of only ~70 km, and its rigidity is significantly less
that of solid ice due to its porosity. This makes it too weak to
support the 16-h hydrostatic shape. In such a situation the equa-
torial bulge will relax by ~6 km (if porous material rigidity is
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Fig. 7. Same model as in Fig. 6 but with an initial complement of short-lived radioactive isotopes (SLRI) appropriate for accretion 3 Myr after the formation of the
calcium aluminum inclusions (CAI). (The surface steps between 4 and 10 Myr after the model formed are an artifact due to the granularity of the calculation.)

decreased by 50%) up to full relaxation (if rigidity is decreased
by one order or magnitude with respect to porous ice). Also note
that since this model results in remnant porosity today, it is nec-
essary to iteratively update its composition to properly balance
porosity, rock, and ice fractions. The zero-porosity equivalent
density of this model is 1150 kg/m?3, which gives a rock mass
fraction of 0.25.

In summary porosity and LLRI allow Iapetus to despin, but
at the time of despinning the crust would be weak and the cur-
rent shape would be partially to fully relaxed to the 79.33-day
spin period.

4.3. Porous model with short-lived radioactive isotopes (SLRI)

This model differs from that of Section 4.2 by including
SLRI in its early history (Fig. 7). As a first example, we take an
initial concentration of ®°Fe/5°Fe equal to 1 x 1076, h,=0.5,
and a time of formation after CAISs, fy.cai, of 3 Myr. This
choice of parameters is based on a previous estimate by Castillo
et al. (2005) of a starting time, which would lead to despinning.

Rapid heating from SLRI results in the early collapse of
porosity, about 1.5 Myr after the end of accretion. This collapse
starts from near the surface due to the initial effect of accre-
tional heat. Most of the porosity, except for that in the outer
~5 km of the regolith, is removed by ~15 Myr. During this
period the combined contribution of accretional heat and SLRI
results in thinning the lithosphere to a thickness of less than

~20 km. After the porosity has been removed the thermal con-
ductivity approaches the value of conductivity for solid ice. The
lithosphere continues to cool and thicken while temperatures at
depth continue to increase due to LLRI.

Conditions for despinning are reached at ~800 Myr after
formation. Despinning is a rapid process achieved in a few My,
when the rotational period reaches ~16 h (see Fig. 9). At that
time the porosity is negligible and the lithosphere has a thick-
ness of ~240 km. The total relaxation of the lithosphere fol-
lowing despinning is less than 2 km. Some differentiation may
occur when temperatures at depth reach the ice melting point.

In summary, models with porosity and SLRI are successful
models, which allow full despinning and are theoretically able
to support the non-hydrostatic topographic anomaly.

4.4. Models with ammonia

Ammonia is a potential contaminant for Solar System ices.
It can play a significant geophysical role since it can depress
the melting point of the water—-ammonia mixture. At the present
time, the amount of ammonia that accreted in lapetus is poorly
constrained as is the amount needed to produce full differen-
tiation. This problem has not been studied in detail. The issues
involved are how does ammonia—water liquid percolate through
a water—ice matrix, and how does the rock separate from the ice,
all at a time when the water ice is just approaching a tempera-
ture at which creep can start. Note that there is a major differ-
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Fig. 8. Same models as shown in Fig. 6 but with enough ammonia to produce early melting and differentiation. (a) Thermal model without SLRI, and (b) the
corresponding porosity evolution (compaction of the water ice—rock mixture is computed after Leliwa-Kopystynski and Kossacki, 1995). (c) Thermal model for
t9-cAIs = 2.5 Myr; (d) Thermal model for 7y ca1g = 5 Myr. In all of these three cases, hy = 0.5 and the initial concentration of 60Fe/50Fe is 0.5 x 1076,

ence in the effects between small versus large icy satellites. In
the latter, it is expected that accretional heat will produce par-
tial to full melting of the volatile component. In our models, to
treat the effects of ammonia we assume that ammonia is present
is sufficient quantity to trigger early differentiation.

The major effect of including ammonia is that porosity de-
creases at a significantly lower temperature, ~100 K, and this
temperature is reached early in Iapetus’ history. As a result
the body effectively eliminates porosity almost from the start.
Depending on the time of formation with respect to CAls, melt-
ing of the interior occurs between a few Myr and 1 byr after
formation (for the no SLRI case). In that case (Fig. 8a) only
the inner region reaches the ammonia—water eutectic while the
outer 400 km remains at lower temperatures. Indeed, if ammo-
nia results in a decrease in thermal conductivity (by a factor 1.5;
Lorenz and Shandera, 2001), the outer shell is less insulating
than when it had 25 to 40% porosity. This means that the model
gets colder than the one described in Section 4.2. In a few hun-
dred Myr the water—-ammonia ocean freezes. The 150-km radius
core is too small to trigger any significant low viscosity, hot up-
welling in which tidal dissipation could become significant (as
has been described for Europa, e.g., Sotin et al., 2002).

If SLRI accreted in the satellite, then full melting of the
interior can be complete a few Myr after formation. A rocky
core up to 350 km in radius (Fig. 8b) can form. It is possi-
ble that some serpentinization of the rock occurs as a result of

hydrothermal circulation at the surface of the core but the de-
tails of such processes are beyond the scope of this paper. The
ocean is frozen by about 100 Myr after formation. The condi-
tions need to be further studied for the case in which the core
triggers heating-from-the-bottom type of convection which, in
turn, develops hot plumes that go upward through the ice shell
effectively all the way up to the surface (e.g., Deschamps and
Sotin, 2001).

At the interface between the icy shell and the rocky core an
ammonia-rich layer can have a viscosity as low as 10'* Pas at
temperatures close to the ammonia—water melting point, as has
been experimentally measured by Arakawa and Maeno (1994).
Depending on the amount of ammonia accreted in the satellite,
this ammonia—hydrates layer can have a thickness of a few km
(if 1 wt% NH3 with respect to the total volatile amount) to sev-
eral tens of kilometers (if >5 wt% NH3). As such, it could rep-
resent a significant volume in which tidal dissipation, leading
to despinning, would take place. However, experiments such as
the ones carried out by Arakawa and Maeno (1994) are scarce
and, thus, the lack of data prevents the meaningful modeling of
such a scenario.

In summary, the addition of ammonia in models with LLRI
only yields models too cold to match Iapetus’ current state. Am-
monia alone is not sufficient to produce successful models. The
addition of SLRI may create conditions for despinning, but they
are not modeled in detail.
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Fig. 9. Evolution of parameters versus time for different models that include
SLRI. The ordinates are (a) the dissipation factor Q, (b) the rotation period in
hours, (c) the equatorial radius in km. The time scale on the abscisses is linear.
There is no significant change after 1 byr. The dissipation factor is fixed to
10% when the Maxwell body predicts greater values for this parameter (dashed
curve).

4.5. Model summary

We have described models of Iapetus that despin in a rea-
sonable time compared to the age of the Solar System. A subset
of these models become stiff enough so that they preserve the
16-h shape until present. Successful models include SLRI in
the accretion of Iapetus. Two major properties distinguish mod-
els with and without SLRI. First, SLRI play a “strategic” role
by decreasing porosity early in the history. As a result in the
long-run the lithosphere should be stronger than in the models
without SLRI. Second, porosity plays a significant role in insu-
lating the interior and reducing heat loss. Interestingly, models
with SLRI and no porosity can get colder than porous models
without SLRI.

In our models despinning is a highly non-linear process since
the despinning rate is a function of the volume of material con-
ducive to dissipation. This is accomplished by decreasing QO

and increasing k, both of which are a function of time and tem-
perature. For most of the models, despinning is negligible for
most of their history. However, when the dissipative properties
reach the critical values, the despinning process itself takes only
a few millions years.

In the next section, we discuss the conditions for explaining
some of lapetus’ major characteristics, i.e., the non-hydrostatic
equatorial bulge and the equatorial ridge.

5. Discussion

We have found models that successfully explain Iapetus’
present spin rate and shape. These models include SLRI, whose
initial amount is a function of the constraints imposed by obser-
vations. This has consequences for dating the time of formation
of Tapetus with respect to the creation of CAls. This result im-
plies that the satellite formed in less than 5 Myr after CAls were
formed.

In this section we consider whether it is possible to refine the
determination of the time of formation of Iapetus with respect
to CAls. First we discuss the influence on the results of the
assumptions on the modeling (Section 5.1). In the remainder of
the discussion we address the implications of these results.

5.1. Modeling constraints and assumptions

5.1.1. One-dimensional modeling

In our models we have considered the situation at the equa-
tor. However in the early part of the evolution, the model bodies
are highly oblate. The primary consequence of this is for heat
transfer. This is especially true just after formation, when the
rotation period is small and there is a ratio of at least 1.5 be-
tween the equatorial radius and the polar radius (Fig. 4). This
also produces latitudinal variations of insolation, thus in the sur-
face temperatures. This means that the timings given for the
evolution of porosity will have some variation with latitude.
Other consequences, for example, on surface relaxation, are
addressed in Section 5.3. Compared to our models, an early,
oblate Iapetus would lose somewhat more heat than we calcu-
late. This affects the calculation of the amount of initial heat
that comes from accretion and SLRI. Since the dependence of
accretion date on heat is steep, these effects move the solutions
only slightly toward earlier times. Since our range is relatively
large (2.5 < fo.cars < 5.0 Myr) we have not refined the preci-
sion further for the present paper.

5.1.2. Convection

There are two periods during which convection might start:
(a) in the early history (<10 Myr after formation), as a result of
the sudden heat production due to SLRI decay; (b) later, while
LLRI decay progressively warms up the deep interior (e.g., the
central 400 km) at temperature larger than 240 K in the suc-
cessful case displayed in Fig. 7. Discussing the likelihood of
convection is important because convection may stop the tem-
perature increase required to get a viscosity low enough for
despinning. As mentioned earlier, our main model assumption
is that early convection, before despinning, did not occur.
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In models such as the one illustrated in Fig. 7, the onset of
convection derived from laboratory experiments and numerical
work occurs when convective instabilities start as the viscos-
ity becomes lower than 101 Pas (Sotin et al., 2006). With the
viscosity law used in the present study, this viscosity trans-
lates into a temperature larger than 240 K. This temperature
is reached before despinning for radii less than about 400 km.
In 3-D Cartesian coordinates convection of a volumetrically
heated fluid is driven by fast, cold downwelling plumes and
slow upwelling of the relatively hot bulk material (Parmentier
et al., 1994). There has been very little work in 3-D spherical
geometry to date. For example, the work by Vangelov and Jarvis
(1994) considered Rayleigh—Benard convection in a spherical
shell. There are two main issues that may stop the downwelling
plumes from moving down to the center of the satellite. First,
for a given solid angle, the spherical geometry for such a small
sphere implies surface shrinking that would very quickly limit
the relative amount of hot bulk material compared to the amount
of cold plume material. Second, gravity decreases toward zero
as the center is approached. For radii between 400 and 200 km,
the gravitational acceleration decreases by a factor of 2, result-
ing in a severe decrease in the buoyant force. These two effects
may constrain any convection to a shell between about 200 and
400 km from the center, leaving the center of the satellite free
of convection. It must be noted that in order for despinning to
proceed, it is necessary to have a core of about 200 km at a low
viscosity (high temperature).

If the accretion time is short (Fig. 12a), then temperatures
larger than 240 K are attained at shallow depths. A recent study
(Sotin et al., 2006) has shown that the onset of convection in a
volumetrically-heated fluid cooled from above can be estimated
using the predictions for a hot fluid as described by Korenaga
and Jordan (2003). Convection starts once the internal viscosity,
which is strongly temperature-dependent, reaches the critical
value for the cold-fluid-above to become unstable. The scaling
rules that govern the onset of convection have been studied in
the case of a hot fluid cooled from above (Davaille and Jaupart,
1994; Choblet and Sotin, 2000; Korenaga and Jordan, 2003;
Solomatov and Barr, 2006; Zaranek and Parmentier, 2004). We
have conducted several numerical runs that have investigated
this question in Cartesian coordinates with a viscosity that is
only temperature-dependent. The temperature-dependence of
viscosity is critical to initiating the onset of convection. As
the fluid cools from above, a relatively dense cold layer builds
up but its viscosity is too large for convective instabilities to
start immediately. A conductive lid forms. At its base is lo-
cated a thermal boundary layer where instabilities can grow.
The convective instability begins once the thickness of the
thermal boundary layer and its Rayleigh number reach critical
values and the viscosity contrast across the thermal boundary
layer is less than one order of magnitude (Solomatov and Barr,
2006). These rules have been applied to convective instabili-
ties in large icy satellites (Barr et al., 2004), instabilities of the
oceanic lithosphere (Korenaga and Jordan, 2003) and the on-
set of convection for Mars (Choblet and Sotin, 2000). Although
these models can be applied to instabilities at shallow depth,
they are designed to describe what happens much deeper in the

satellite where curvature and gravity variations must be taken
into account.

There are at least two additional complexities that need to
be discussed. First, the viscosity used for convection is not
the same as that used for tidal dissipation, which is frequency-
dependent. At temperatures above 240 K, the dissipation factor
varies by a factor of 2 to 10 between different models. As a
result the situation can be favorable to both despinning and
convection. In such a case, because despinning is a very rapid
process with respect to the time needed for convection to set in,
despinning will be complete before convection reaches steady-
state.

Second, the onset of convection is further delayed by the ac-
cretional temperature profile, which is coldest at the center and
warmest near the surface. This is not conducive to convection
and must be overcome before convection can start. According
to our modeling this takes 10 to 300 Myr.

Application to models

(a) Early history: Depending on the temperature at which con-
vection starts, it takes from 2 Myr (at 250 K) to 20200 Myr
(at 220 K) to reach steady-state (Sotin et al., 2006). How-
ever, the heat pulse due to SLRI decay lasts less than
10 Myr and cannot sustain the development of convection.
Numerical simulations suggest that convection would ex-
ist for a few million years. As soon as convection starts,
the amount of heat that can be removed exceeds radiogenic
heating. Convection cools the interior down to a tempera-
ture at which viscosity becomes too high for convection to
continue. With the viscosity law used in the present study,
convection stops when the temperature is equal to 220 K.
Then, the LLRI are the only heat source. The heating rate
is such that high temperature can be attained only at large
depths. It is then possible that convection may have existed
very early in lapetus history, preventing high temperature
(i.e., low viscosity) from being achieved and not permitting
despinning during these first several millions of years.

(b) Late history: In the late stage, the time needed for LLRI
to heat the deep interior up to 240 K (the temperature for
the onset of convection), can be several hundred Myr years.
The arguments developed above on the effect of sphericity
and the lack of numerical work on convection in an infinite
Prandtl number, volumetrically heated, self-graving sphere,
lead us to assume that an inner core about 200 km in radius
could be left free of convection and provide the low viscos-
ity volume where tidal dissipation leads to despinning.

This information can be used to constrain the amount of
SLRI needed in Iapetus, as discussed in Section 5.7.

5.2. Context for forming the ridge

From Iapetus’ thermal evolution models we have identified
two periods when significant changes in surface area occur:
when porosity decreases as a result of internal warming, and
when oblateness evolves as a result of despinning. These mod-
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Fig. 10. Surface gravity as a function of latitude, and as a function of rotation rate (in hours) while lapetus despins toward synchronous rotation. The initial rotation

period assumed in our models is 7 h. The Roche’s limit is 3.8 h.

els also provide the evolution of the lithospheric thickness. Be-
cause despinning is highly non-linear, the changes in radius and
associated surface area reduction (thus the strain rate applied to
the lithosphere) also vary non-linearly with time. Times when
large decreases in surface area occur are optimum times for
tectonic activity. The amount of material available to be redis-
tributed is a function of the initial rotation period. If we take
an initial rotation period of 5 h, the net change in surface area
while despinning to 16 h is —0.23 x 10° km?. Using the thin
shell approximation and taking the lithosphere as 15 km thick,
the volume of material theoretically available for redistribution
would be ~3.5 x 10% km?>. This compares well with the volume
of the ridge of ~3 x 10° km? estimated in Section 2.3. Thus, the
change in surface area associated with despinning can yield the
correct order of magnitude for the volume of material needed
for ridge building. The greatest uncertainty in the above cal-
culation is likely to be that the lithospheric value should have
been thicker, yielding more volume. However, this is only one
possibility.

Another source of volume change and stress development is
compaction. Decreasing porosity builds stress in the lithosphere
and enhances the conditions for tectonic activity while the
lithosphere is very thin. While this remains to be modeled in
two dimensions, we anticipate that compaction starts at the
equator, then spreads to progressively higher latitudes until the
poles are reached. This is governed by the subsurface tempera-
tures.

In all models including SLRI, the lithosphere becomes thin-
ner than 20 km within 10 Myr following accretion. This period
is also accompanied by compaction of the material. When de-
spinning occurs, later, the lithosphere is much thicker.

The formation of the ridge at the equator might occur at this
stage because this is the locus and time of the maximum area
change and hence the largest volume of material available for
ridge construction. This location is also favored from an energy

point of view: it was easiest to lift mass at the equator due to the
reduction of gravity by the maximum available centrifugal force
(Fig. 10). Here, the restraining forces on the upward buckling
of the plate were minimal.

At this stage, it is not possible to conclude how and when
the ridge formed. Either it was within the first 10 Myr after ac-
cretion when the lithosphere was of the order of 15 km thick, or
later as a result of the decrease in radius resulting from despin-
ning.

5.3. Why a “16-h shape”?

The fossil 16-h shape marks a critical crossing point of the
dynamical model and the thermo-physical model for the evo-
lution of the interior. As lapetus despins, its hydrostatic figure
becomes more spherical. We have calculated that the mechani-
cal lithosphere must be at least 230 km thick when the rotation
period reaches ~16 h, assuming the lithosphere is made of pure,
solid water ice. This conjunction of processes depends upon
the cooling of the lithosphere, whose thickness increases with
time. Thus, at the first moment when its stiffness becomes suf-
ficient to resist the relaxation of the global hydrostatic figure,
continuous relaxation ceases and the shape becomes “frozen.”
As mentioned earlier, we have used a static criterion, based on
the intrinsic strength of the satellite, without modeling the po-
tential effect played by relaxation.

The relaxation as a function of time is given by (e.g.,
Turcotte and Schubert, 2002)

w=wne "7, 4
where 7 is the characteristic relaxation time given by
4y
T=—0rf
PEA
where A is the wavelength.

®)
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Fig. 11. Tidal dissipation factor versus rotation period for three different ice viscosities. The ordinate, 11, is the imaginary part of the shear modulus. The curves are
for global dissipation in a homogeneous satellite. The first two curves from the left bracket water ice at its melting point. The curve on the right shows the dissipation
for a temperature 5 K below the melting point. T is the 7-h period with which the models were started.

Because of the long wavelength of the shape of the non-
hydrostatic deviation, the viscosity has to be at least 10?° Pas
for relaxation to operate on time scales longer than several tens
of millions of years. The problem is obviously more compli-
cated as relaxation is a function of the viscosity gradient, as
described by Nimmo (2004b).

All of the models in this paper employ Maxwell rheology. In
a Maxwell body dissipation is strongly dependent on rotation
frequency for a given viscosity. Fig. 11 shows the evolution of
the shear modulus imaginary component, which is proportional
to tidal dissipation shown for three viscosities. In our calcu-
lation both rotation rate and viscosity change with time. The
path followed by the dissipation factor during Iapetus’ thermal
evolution is shown in Fig. 9 for several cases. At temperatures
greater than 240 K the Maxwell rheology is a good approxima-
tion for modeling the material behavior (Tobie et al., 2005).

For rotation periods between 10 and 100 h, the viscosities at
which maximum dissipation is achieved are less than 10> Pas.
For greater viscosities, the time scale for despinning from the
initial rotation period of less than 10 h, to the periods that are
optimum for dissipation is much longer than the time scale for
warming the satellite as a result of LLRI decay and reducing its
viscosity. As a result the viscosity reaches values between 10'3
and 1013 Pas, which is ideal for dissipation while the rotation
period is between 13 and 17 h.

The fact that despinning is such a sudden process is key to
maintaining a frozen shape, since the relaxation of the shape
would take several hundred Myr. During this period the body
freezes.

5.4. Comparison with other satellites

Why are there not other satellites like lapetus? The processes
we have used in explaining lapetus are perfectly general and

should be applicable everywhere. The answer lies in the nonlin-
earity of these processes. Consider Rhea, which is about Iape-
tus’ size. Rhea differs from Iapetus by: (1) its distance to Saturn
that significantly reduces the time needed for despinning it to its
present synchronous rotation period of 4.51750 days (Eq. (1)),
and (2) its rock mass fraction that is 50% greater than that of
Iapetus’ (Thomas et al., 2007). If we use Rhea’s parameters in
our models, we find that the despinning takes ~10* yr. Thus, it
took place during the heating by SLRI decay at a time when the
lithosphere would have been too thin (<5 km) to support any
significant non-hydrostatic loads such as Iapetus’ shape. In fact
Rhea’s shape is within a few km from its hydrostatic shape for
its current spin rate. Also, if a ridge formed in association with
despinning, it should have relaxed and there would be nothing
to be seen today.

Iapetus is indeed a special case due to its unique location on
the edge of the regular saturnian satellite system. Other satel-
lites are either too close to Saturn or have a larger rock fraction,
or both.

5.5. Origin of lapetus

It has been previously concluded that despite its distance
to Saturn, lapetus’ origin is compatible with that of a regular
satellite (Ward, 1981). Further evidence can be inferred from
its composition, which, compared to Phoebe, indicates an en-
richment in volatiles and organics (Johnson and Lunine, 2005).
We can now add geodetic and geological evidence to further
support this conclusion. The despinning of Iapetus can only
take place in the presence of a massive primary object. This
despinning history, together with thermophysical evolution, is
required to explain the non-hydrostatic shape and the equato-
rial ridge. These can only occur as they did at approximately
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values of the accretional parameter /5. See Section 5.7 for discussion.

Iapetus’ position in the gravity field of a large planet like Sat-
urn.

5.6. Implications for cratering and age

Iapetus’ surface is the most heavily cratered among the sur-
faces of the saturnian satellites (Porco et al., 2005) and presum-
ably has a crater age relatively close to its time of accretion.

From thermal evolution modeling (e.g., Fig. 7) it is possi-
ble to infer constraints on the time at which the lithosphere was
able to record craters. We apply Appendix C.1 equations to de-
termine that the lithosphere was able to record craters a few tens
of millions of years after the satellite’s formation, and the large
basins about 100 Myr after formation.

Despinning took place between 200 and 900 Myr after for-
mation, which opens the door to constraining the time of de-
spinning vs the end of late heavy bombardment (which took
place between 600 and 800 Myr after formation) if it occurred at
Saturn. Indeed, the fact that a large, old, non-hydrostatic topo-
graphic anomaly was not seriously affected by cratering holds
clues about the characteristics and impact chronology in the sat-
urnian system.

Also, a direct result of our models is that the lithosphere did
not undergo any endogenic activity (such as volcanism) later
than 200 Myr after formation. As mentioned in Section 3.2.2.2,
little orbital evolution and tidal dissipation took place that could
have played a significant role in the geophysical evolution of the
satellite after it became synchronous.

Thus Iapetus’ surface may be the oldest in the Solar System,
as close to an initial post-accretionary surface as we are likely
to see.

5.7. Absolute chronometry

Our successful models include SLRI. For these models we
find that the thermal evolution is effectively determined by the
heat from accretion and SLRI decay. We use this constraint on
the amount of SLRI to set the time of Iapetus’ accretion relative
to the time of formation of CAls.

While the initial porosity is not well constrained, it does not
play a significant role in the long-term evolution because the
collapse of porosity throughout the model occurs within a few
Mpyr after accretion. Thus, the main, variable parameters are £,
fo.cals, and the initial concentration of ®Fe. We have performed
a parametric study to test the effect of these three parameters.
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small and, we believe, that they are covered by the width of the light grey band shown in this plot.

We considered an order of magnitude uncertainty in the initial
concentration of ®Fe; we took h, =0 to 1; we varied fy.caxs
between 1 and 7 Myr. Endmember results are discussed below
and displayed in Fig. 12.

The early decrease of porosity is the combined result of ac-
cretional and SLRI heating. In the few Myr following accretion,
temperature must reach values high enough for porosity to de-
crease, while avoiding the development of a warm interior in
the long term. As a result, we do not find any successful models
if K, is less than 0.15.

For SLRI to play arole in Iapetus’ despinning, it is necessary
for #o.cars to be less than 5.0 Myr (Figs. 12c and 12d). How-
ever, for the shape to be preserved, the satellite cannot form
before 1.5 Myr after CAls, otherwise despinning occurs within
a few Myr after formation while the body is still very warm and
the lithosphere is thin (Fig. 12a). For #y.cays less than 2.5 Myr,
convection starts and effectively stops the despinning before
synchronous rotation can be achieved. For times between 1.5
and 2.5 Myr, successful models may exist, as we stated in Sec-
tion 5.1.2. In the range 2.5 < ty.cars < 5.0 Myr convection does
not play a significant role. Thus, between these dates we have
an infinite set of successful models (e.g., Fig. 12b).

Since the amount of heat needed for our successful mod-
els is available only over a relatively small range of the SLRI
decay curve, this requirement ties the Iapetus models to the
“26 Al-decay chronology.” This chronology is also a function of
the initial abundance of ®°Fe, for which there is no consensual,
“canonical” value in the literature, as this is an area of current
research. We have used a large range, which includes the con-

centration values published over the last four years (see Chen et
al., 2007 for a review).

While different studies conclude that ®°Fe must be produced
from supernova injection, there are two contending models for
the origin of 2°Al: the X-Wind model (Shu et al., 1996), which
was formulated to match the available 26Al data from inner
Solar System objects (e.g., meteorites), and the supernova in-
jection model (Vanhala and Boss, 2002). Simulations of this
model by Boss (2006) indicate that the distribution of 2°Al and
%0Fe should be quasi-homogeneous in the Solar System. If the
initial concentrations measured for 2°A1/>’ Al and ®*Fe/>°Fe are
homogeneous throughout the Solar System, it is possible to
constrain the time of formation of Iapetus with respect to the
formation of CAls (Fig. 13). Analysis of the parameter space
yields bounds on Iapetus’ time of formation between 2.5 and
5.0 Myr after CAls. If we accept the Pb—Pb age of CAls mea-
sured by Amelin et al. (2002) of 4567.2 & 0.6 Myr, then the
age of Iapetus is between 4562.2 and 4564.7 Myr. Systematic
uncertainties in this estimate include the actual distribution of
26 Al and %°Fe in the solar nebula.

Since lapetus is almost certainly a regular satellite of Sat-
urn, rather than a captured object (Canup and Ward, 2006), the
absolute chronology obtained sets a limit of five million years
for the formation of Saturn after the appearance of CAls. This
is consistent with the independent evidence that the time scale
for giant planet formation is millions, rather than tens of mil-
lions, of years. Recent astronomical observations suggest that
the lifetime around Sun-like stars of sufficient gas to make giant
planets may be typically only two to five million years (Najita
and Williams, 2005). Models for the formation of giant planets
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by direct collapse can easily meet this time constraint (Mayer et
al., 2002). The nucleated instability model of giant planet for-
mation may be more relevant to the giant planets of our own So-
lar System, with their supersolar heavy element abundances and
regular satellite systems, but only under certain restricted con-
ditions do they seem able to produce gas giant planets within a
few million years (Lissauer and Stevenson, 2007).

A somewhat weaker constraint on giant planet formation
time scales comes from dynamical calculations that show the
presence of Jupiter and Saturn to be important determinants of
the final architecture of the terrestrial planet orbits and masses
(O’Brien et al., 2006), coupled with the fact that much of the
growth of the Earth was completed within 10-30 million years
after CAls based on the Hf—W isotopic system. Our time scale
result provides an additional indication that giant planet forma-
tion was relatively rapid in our own Solar System and gives
impetus to the further development and elaboration of the nu-
cleated instability models for giant planet growth.

The precision of the Iapetus modeling result will help sup-
port a better understanding of the links between the different
chronological scales such as those derived from nucleosynthe-
sis, formation of the first solids, meteorites, crater counting, and
radiometric dating.

6. Conclusions

We have modeled the geophysical history of Iapetus based
upon discoveries from the Cassini-Huygens mission, modeling
of several interconnected physical processes, and updated prop-
erties for materials and the processes that operate upon them.
We have considered a range of different initial assumptions, i.e.,
the initial porosity distribution in the satellite, initial tempera-
ture profile at the end of accretion, the presence or absence of
SLRI, the presence or absence of significant amounts of ammo-
nia, and the date of accretion with respect to CAls.

We show that despinning is a non-linear process, and that
it has significant effects on lapetus’ geology. Depending upon
the initial conditions, synchronous rotation is achieved between
200 Myr and 1 Byr after formation. At the time of despinning
the lithosphere must have become strong enough to preserve
the non-hydrostatic figure seen today. It is important to note
the key role played by SLRI in decreasing the porosity early
in Iapetus’ history. This allows heat to escape faster and leads
to the development over the long run of a thick, mechanically
strong, lithosphere, suitable, just in time, for preserving the 16-
h figure.

We found that there were two large reductions in surface area
that took place in Iapetus’ history. The first was due to a de-
crease in porosity and the second was due to despinning. We
note the potential geological role of either or both of these two
events in the formation Iapetus’ equatorial ridge.

Models without SLRI do not work no matter what the ammo-
nia concentration. With SLRI we have a range of models that
work, although such models including ammonia require more
study.

Another general result is that in all of the models where con-
vection may be an issue, the onset of convection in the outer

layer acts to frustrate early despinning. Since lapetus demon-
strably did despin to synchronous rotation, we conclude that
convection, if it occurred, did not prevent the formation of a
low-viscosity core.

Given the scope and importance of the conclusions that have
come out of this study, further modeling and investigation is
definitely warranted. We have taken care throughout the paper
to point out the various uncertainties, limits on our knowledge,
and paths not pursued. All of these are worthy topics for future
research.

The notion that a high precision, absolute chronology of the
outer Solar System can be obtained through the properties of
the natural satellites is truly novel.
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Appendix A. Thermal evolution
This appendix refers to Section 3.2.1 in the text.
A.l. Conduction equation

Heat is transferred by conduction using

IKTIT()/dr) g(k(T) 8T(r))
ar r ar
ar
- p(r>cp<r>< di”) —H),

where T is temperature (in Kelvin), r local radius, k£ thermal
conductivity, o material density, Cp, specific heat, # time, H in-
ternal heating (e.g., radiogenic, tidal dissipation).

A.2. Accretional heat
Accretional heat is computed after Squyres et al. (1988). The

temperature increase due to accretion is small. It can reach up
to 90 K in the largest medium-sized satellites Rhea and Iapetus,
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but represents only a few tens of degrees in the smallest satel-
lites (Ellsworth and Schubert, 1983). Accretional temperature
profile is computed from

_hy [Am 5, (v)? '
T(r)_CP(T)[?pGr +T:|+T1,

where (v)? is proportional to the Safronov parameter, /i, is
the fraction of mechanical energy turned into heat, Cp, is the
temperature-dependent material specific heat. 7; is the tem-
perature of the planetesimals at the time of accretion. The
Safronov parameter ranges between 3 and 5 (Safronov, 1972).
The value of /1, depends on the characteristics of the accretional
processes, especially the accretion duration.

A.3. Gravitational energy

The shrinking (e.g., porosity collapse) and differentiation of
the satellite result in converting potential gravitational energy
into heat. This phenomenon has been studied and modeled by
Leliwa-Kopystynscki and Kossacki (2000).

The specific gravitational energy of self-compaction (i.e.,
closing of pores is modeled using the equation from Leliwa-

Kopystynscki and Kossacki (2000):
Eg=RZ[1-(1-¥)"*] x0.87Gp (inJ/kg), (A.1)

where p is the satellite’s mean density, and ¥ is porosity.
A.4. Despinning heat

Despinning produces heat and is calculated using (Burns,
1976):

1 R?
T=_—yoi—,
Cp(T)

2

where y is the mean moment of inertia and wy is the initial spin
rate.

Appendix B. Tidal evolution
This appendix supports Section 3.2.2 in the text.
B.1. Despinning evolution

Spin rate evolution (w, in rad/s) as a function of time, ¢, is
given by
do  3k()GMZa (1)

dt ~  C@)DSQ()

where G is the universal constant of gravity, M}, Saturn’s mass,
a lapetus’ equatorial radius, C the polar moment of inertia, and
D the semi-major axis of the orbit. The dissipation factor Q
and the tidal Love number k; are functions of the frequency-
dependent viscoelastic properties of the satellite and thus vary
as a function of time. The difficulty in despinning a distant
satellite, such as lapetus, results directly from the strong (in-
verse sixth power) dependence on D.

B.2. Eccentricity evolution

Eccentricity evolution is computed after Peale (1999). The
time scale for eccentricity damping is a function of

e(t) = epexp(tt),
where e is the initial eccentricity, ¢ is time and the damping
time scale 7 is defined by

_ 5Tmg Ry ky

with m, mass, Ry radius, n lapetus’ mean orbital motion, e la-
petus’ eccentricity at a given time, k, dynamic potential Love
number; Qy dissipation factor; x = s or p refers to lapetus or
Saturn, respectively. The first term expresses the effect on the
planet and the resulting contribution that it makes to the time
scale for eccentricity dampening. The second term is the con-
tribution to the eccentricity damping time scale due to internal
dissipation in Iapetus.

B.3. Love number and dissipation factor calculation

To obtain the tidal Love number and the dissipation factor
directly we solve for values of the complex tidal Love num-
ber kp, which is computed using a numerical integration of
spheroidal eigenfunctions for a multilayered body (Takeushi
and Saito, 1972; Castillo et al., 2000; Tobie et al., 2005). The
dissipation factor is equal to Q = —k>/J(k2) with J(k2) being
the imaginary part of k.

For the Maxwell rheology, the shear modulus is a function
of the excitation frequency, w (i.e., mean orbital motion), the
rigidity, ©, and the viscosity, n:

nw’u nw?
HR= o M= o
The subscripts R and I indicate the real and imaginary parts,
respectively.

Appendix C. Geological module

This appendix refers to Section 3.3 in the text.
C.1. Large non-hydrostatic anomaly preservation

The capacity of a lithosphere of thickness § to retain topog-
raphy can be described by how much it relaxes, w, under the

topographic load A (Turcotte et al., 1981) of spherical harmonic
degree n:

wﬂ:<L)
Rum Pm — Pc
m—(1—v) i|

X

|:a(m3 —dmH+tm=2)+m—(1—v)

with t the spherical shell rigidity if bending resistance is ne-
glected:

ES

T=
R2g(pm — pc)
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and o the bending rigidity

()
o=——],
12(1 —v2)\ R

m =n + 1; E is Young’s modulus; v is Poisson’s ratio.
The compensation degree C at the harmonic degree 7 is ex-
pressed as

2n+Dp

om® —4mH +tm—=2)+m— (1 —v)
X[ m—(—v)

_L]_l
Qn+ )p

For an icy interior such as Iapetus, the base of the mechanical
lithosphere has been defined by Deschamps and Sotin (2001) as
the temperature at which ice-creep is reached (e.g., 170 K).

C.2. Shape evolution due to despinning

The initial shape was discussed in Section 3.1.5. In this mod-
ule we recompute the change in surface area that results from
the change in shape with despinning. The surface area is given
by

A =2ra*+m(c*/a®)In[(1 +e)/(1 —e)].
where ¢ is the shape eccentricity:

e=[1-(c/a)?*]

Notation: a equatorial axis, ¢ polar axis.
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