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Abstract

The magnetic data returned bythe Galileo mission suggest that deep oceans are present within the icy Galilean satellites
In addition, tectonic features on Europa are consistent with models of subsolidus convection within the outer ice I la
viscosity is a key parameter for modeling the thermal and orbital evolution of these large satellites. Using laboratory exp
and glacier measurements, this article shows that tidal heating is a strong source of internal heating which may explain
presence of a deep ocean within Europa. Another key parameter is the composition of ice. The presence of ammonia
likely in Saturn’s sub-nebula, decreases so much the melting point temperature of ice that it would inhibit the complete
of the ocean. Predictions for the internal structure of Titan are made and will be checked by the Cassini mission whic
orbiting Saturn on 1st July 2004.To cite this article: C. Sotin, G. Tobie, C. R. Physique 5 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Structure interne et dynamique des grands satellites de glace. Les données magnétiques de la mission Galiléo sont com
patibles avec l’existence d’un ocean à l’intérieur des grands satellites de glace de Jupiter. D’autre part, la tectonique d’Eur
suggère l’existence de mouvements de convection dans la cryosphère de glace I. La viscosité de la glace est un
clé pour modéliser l’évolution thermiqueet l’évolution orbitale deces satellites. Grâce aux données de laboratoire et à cell
obtenues sur les glaciers terrestres, ce papier montre que la dissipation de chaleur par effets de marée est si importa
permet d’expliquer la présence d’un océan à l’intérieur d’Europe. L’ammoniaque est un autre paramètre important car sa
sence abaisse tellement la température de fusion des hydrates qu’un océan ne peut totalement cristalliser. Un modèle de structu
interne est proposé pour Titan et cette prédiction sera confrontée aux données de la mission Cassini–Huygens qui e
autour de Saturne depuis le 1 juillet 2004.Pour citer cet article : C. Sotin, G. Tobie, C. R. Physique 5 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Ice is a major component of the outer solar system bodies which formed beyond the snow line, which is the lim
ice can condensate. The large amount of ice enabled the rapid formation of big planetary embryos, more than 10
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Table 1
Characteristics of the largest icy satellites and Io. The first column gives the planet (J for Jupiter, S for Saturn, U for Uranus and N for
This table provides the data for the biggest icy satellites. To assess the radiogenic power at present time, we assume that the density of sili
is 3528 kg/m3, a value equal to Io’s density. Values of the MoI factor come from the compilation of Sohl et al. [24]. A MoI factor of 0.4
that the satellite is not differentiated

ρ Radius Mass Eccen- Prot Mass of %mass Power M
(kg/m3) (km) (1022 kg) tricity (days) silicates of ice (TW) facto

(1022 kg)

J IO 3528 1822 8.938 0.004 1.77 8.938 0 0.536 0.377
EUROPA 2970 1569 4.805 0.010 3.55 4.448 7.4 0.267 0.346
GANYMEDE 1940 2634 14.850 0.0015 7.15 10.042 32.4 0.603 0.311
CALLISTO 1851 2403 10.759 0.007 16.70 6.903 35.8 0.414 0.355

S TITAN 1881 2575 13.453 0.029 15.95 8.793 34.6 0.528 ?
RHEA 1240 764 0.232 0.001 4.52 0.063 73 0.004 ?

U TITANIA 1710 790 0.353 0.002 8.71 0.205 42.1 0.012 ?
N TRITON 2054 1353 2.131 0 R5.88 1.526 28.4 0.092 ?

PLUTON 2050 1152 1.313 0.938 28.5 0.056 ?
CHARON 2020 593 0.176 <0.001 6.39 0.124 29.5 0.007 ?

Earth’s mass, which were then able to retain light gazes such as H2 and He, which are the main components of the giant pla
(e.g., [1,2]). The formation of the giant planets was accompanied by the formation of icy satellites with different sizes and m
fraction of ice (Table 1) within their sub-nebula [3,4]. The Voyager exploration of the outer planets from the late seventie
eighties revealed the diversity and the complexity of the different icy moons orbiting around the giant planet. Most of the icy
bodies, from few hundred to five thousand kilometers in diameter, exhibit tectonic features, indicating past and mayb
surface activities. Two of the most striking discoveries were the intense silicate volcanism on Io [5] and the complex s
on Europa’s surface [6,7]. Even small icy satellites like Mimas [8], a satellite of Uranus, or Enceladus [9], a satellite of
show endogenic surface features, witness for episodes of cryovolcanism and tectonism. The dense atmosphere o
the geysers of Triton indicate the possibility of the degassing process [10,11], and that volatile molecules such as am
methane are stored in their interior (e.g. [12]). The first detailed study of the Jovian icy satellites by a space mission, th
Galileo mission (1996–2003), has definitely proven that the icy bodies are complex worlds of great interest for exobiolog
and for understanding processes similar to those existing on Earth (tectonics, heat transfer, magnetism). From July
NASA-ESA Cassini–Huygensmission provides new data sets on Saturn’s icy satellites, notably Titan, the largest moon coate
by a dense methane rich atmosphere. The Huygens probe will penetrate this unique atmosphere in January 2005.

Models describing the formation of largesatellites (e.g. [13]) predictthat a large amount of the primordial ice melted dur
the accretion process, forming a liquid water layer in the outerpart of the satellite, which then progressively crystallizes
the satellite interior cools down. Surface images and magnetic data collected during the last six years by the Galileo
suggest that a liquid layer is still present within Europa, Callisto and Ganymede [14–18]. The presence of an ocean within
icy satellites is surprising since one may expect these satellites to be frozen due to the very cold surface temperatur
and their relatively small size. The crystallization rate depends on both the heat sources available within the satellite
transfer toward the surface, which is controlled by the properties of ice. Two processes mainly control the evolution o
satellite: (i) thermal convection in the ice layer, which is a very efficient cooling process; and (ii) tidal dissipation, whi
provide a large heating rate. In both processes, ice rheology is a key parameter. There is continually a competition be
convective transfer and the heat generation in the outer ice Ih layer, which are coupled through the viscous properties

After describing our present knowledge of the internal structure of the large icy satellites, this article addresses the
of their internal dynamics. The predictions from these models depend strongly on the viscous law which is used for de
the creep behavior of ice, and on the presence of salts and/or volatiles such as ammonia that modify thephysical properties o
ice. These effects are discussed in the last part of the article.

2. Internal structure

Interior models can be constrained from geophysical data. The interior models are one-dimensional because lateral
are considered to have second order effect. Additional constraints are obtained by incorporating equations of state (E
different materials which compose the satellite. These EoS link the density (ρ) to pressure (P ) and temperature (T ). Hydrostatic
equilibrium (dP/dr = −ρg whereg is gravity acceleration) provides the additional equation to get the pressure profile
transfer models provide the temperature profile (see Section 2). Since an icy satellites may contain ice, silicates and ir
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Fig. 1. Amount of internal radiogenic heating rate produced at present time within the largest icy satellites of the giant planets (24 TW for
Earth).

the EoS of each of those components must be known and laboratory experiments on ice have been important to develo
models of the icy satellite interior [19].

Gravity data were obtained during flybys of the Galilean satellites by the Galileo spacecraft. The gravity potential is de
mined by monitoring how the orbit of a spacecraft is modified by the mass of and the mass distribution within a plan
degree zero of the spherical harmonic decomposition of gravity potential provides the mass (M) of the satellite:

M =
∫
M

dm = 4π

R∫
0

ρ(r)r2 dr (1)

where radiusR is determined from limb images [20]. The mean density (|ρ| = 3M/4πR3) can give a rough idea of the ic
fraction. Assuming that the density of thenon-ice fraction (silicates and iron core)is that of Io, an ice-free satellite, and th
there is no other component than ice and silicates, one can estimate the silicate mass fraction and the amount of radiogen
power due to the decay of long-lived radiogenic isotopes (Table 1 and Fig. 1).

The degree 2 of the gravity potential can give access to the moment of inertia (C) [21–23]:

C =
∫
M

x2 dm = 8π

3

R∫
0

ρ(r)r4 dr (2)

wherex is the distance of any elementary mass dm to the rotation axis of the satellite. If the density does not vary with ra
(ρ(r) = const), the MoI factor (C/MR2) is equal to 0.4. The values for the Galilean satellites (Table 1) are smaller tha
which implies that they are differentiated.

Although the joint inversion of mass and moment of inertia does not lead to a unique solution, it allows for bound
thickness of each internal layer (Fig. 2). Thus, the thickness of the H2O layer on Europa has been roughly estimated at betw
100 and 200 km [22,24]. For Ganymede and Callisto, the H2O layer would range between 600 and 900 km [23,24]. The la
thickness of Ganymede and Callisto’s H2O layer makes its structure quite different from that of Europa. Due to the high pre
value reached at the bottom of the H2O layer, high pressure ice phases must exist below a depth of roughly 150 km (F
The H2O layer is subdivided in Ice Ih, Ice III, Ice V and Ice VI sublayers (Fig. 3). If a liquid layerexists, as suggested by th
magnetic data [15,17,18], it should be located between the ice I and the ice V layer (e.g. [25], Figs. 2 and 3). In the
Europa, the liquid layer should be directly incontact with the silicate interior. This particular configuration makes possible th
chemical interaction between the water and the hotter silicate mantle, which has many exobiological implications [26]

The gravimetric data also show that the deep interior of Ganymede and Europa are probably differentiated into
rich core and a silicate mantle [24,27]. Callisto, which has roughly the same size and density as Ganymede, is only pa
differentiated [23,24,28]. Within the latter satellite, a mixed ice and rock layer with a density intermediate between
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Fig. 2. Models of the internal structure of the Galilean satellites. The main difference between Europa and the two other icy satellites is tha
liquid layer may be in contact with the silicate shell within Europa whereas a high-pressure ice shell should be present in between the liqu
layer and the silicate shell within Ganymede and Callisto.

silicate, must still exist [24]. This suggests that the transfer of the radiogenic heat within Callisto has been sufficiently efficient
to prevent the melting of ice and the subsequent segregation of the silicate-H2O mixture [28].

For Titan, no data are yet available to constrain its structure. Thermal evolution models [10,29] predict a differ
structure similar to Ganymede [30]. This is suggested by the likely presence of ammonia in its interior, which redu
melting temperature of ice [19]. However, the possibility of a partially differentiated structure similar to Callisto cannot b
ruled out. Only the future measurements by the Cassini spacecraft [31] will provide very strong constraints on the present Tita
interior and the possible evolution that it has undergone.

Analysis of the magnetic data shows that Europa, Ganymede and Callisto have an induced magnetic field as they orbit wit
Jupiter’s magnetosphere [15,18]. One explanation is that these satellites have aconductive ocean under the icy crust [15,18]
was discovered that Ganymede has a dipolar magnetic field inaddition to theinduced one. The few flybys allowed only for th
determination of the degree 1 and 2 coefficients of the spherical harmonic decomposition of the magnetic field. By det
the lost of power between degree 1 and 2, the radius of a liquid iron core has been evaluated around 200 km [18].

The geophysical data give constraints on the present internal structure of the icy satellites.The next section describes mode
of the internal structure and thermal evolution models, which are compatible with these constraints.

3. Internal dynamics

Preliminary studies of the internal structure and thermal evolution of icy satellites were conducted prior to the Voyager m
sion in the late seventies (e.g. [32]). Subsolidus convection was not considered and the heat produced by the decay of radio
elements contained in a differentiated silicate core was supposed to be transferred by conduction. In an one-dimensio
the surface heat flux (qS ) is proportional to the temperature gradient (dT/dr)z=0:

qS = Q

4πR2
= k

(
∂T

∂r

)
z=0

(3)

whereQ is total power andk is thermal conductivity. The thickness of the ice crust can be estimated very simply
makes the following assumptions: (i) there is no heat production in the ice crust; (ii) thermal conductivity does not de
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Fig. 3. Phase diagram of ice (with density). Three temperature profiles,corresponding to different stage of the satellite’s evolution, are repre
sented.

temperature; (iii) there is equilibrium between the radiogenic heating rate (Fig. 1) and the total heat power released
the melting temperature is that of pure H2O. For the largest icy satellites, these assumptions lead to a present heat flux arou
8 mW/m2, which provides a thickness of the order of 50 km. Subsequent studies [33,30,29] showed that the ice la
unstable to convection for such large values.

3.1. Thermal convection

Up to the mid-nineties, thermal convection models were calculated using isoviscous scaling laws [30]. Recent prog
the modeling of thermal convection processes for fluids having complex viscosity have changed the scaling laws that
apply in order to investigate the cooling rate of a planet [34–39]. Ignoring the possibility of tidal heating (Section 2.3), the ice
crust can be modeled as a viscous fluid bounded by two isothermal boundaries: the surface (T = 100 K) and the ocean (T = Tm).
In the case of a fluid with only temperature-dependent viscosity, numerical simulations [38] and laboratory experime
suggest that the amount of heat that can be transferred by subsolidus convection is driven by theinstabilities which form in the
lower (hot) thermal boundary layer (TBL). Once stationary convection is reached, the thermal boundary layer is char
by a constant value of the thermal boundary layer Rayleigh number (RaTBL):

RaTBL = αρg(Tm − Tice)δ
3

κµ
(4)

whereδ is the thickness of the thermal boundary layer,α the coefficient of thermal expansion,µ the ice viscosity,κ thermal
diffusivity, andTice the temperature of the convective ice layer, which is the layer located between the two thermal bo
layers. The temperature difference (Tm − Tice) across the thermal boundary layer is proportional to a viscous temperature
(�Tµ) [38]:

Tm − Tice = 1.43�Tµ = 1.43

( −1

(∂Ln(µ)/∂T )

)
. (5)
T =Tice
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If one knows how ice viscosity depends on temperature, then one can calculate the temperature difference across t
boundary layer. Heat flux can be calculated using a law similar to Eq. (3):

q = Q

4πR2
m

= k

(
Tm − Tice

δ

)
(6)

whereδ is the TBL thickness determined by Eq. (4), andRm is the radius of the liquid-ice interface. Viscosity of ice is t
key parameter controlling the amount of heat which can transferred by subsolidus convection (Section 4). Taking values
1014 Pa.s for the viscosity of ice at its melting point and activation energies of 50 kJ/mol leads to a rapid freezing of the oce
in less than 1 Ga [38] for a simple model ignoring additional heat sources such as tidal dissipation,and presence of anti-freezin
material such as ammonia. The next part describes the effect of tidal dissipation on heat transfer processes and the e
state of H2O layer.

3.2. Tidal dissipation

The large icy satellites of the giant planets are subjected to a periodical forcing (several days) as they travel around the
respective giant planet, due to their orbital eccentricity (Table 1). Due to viscoelastic properties of their material,
dissipation occurs within their interior [41–44]. Tidal dissipation may represent a large internal energy source and it is
to explain the presence of an ocean within Europa [41,7,45–47]. This dissipation depends on the viscoelastic charact
each internal layer of the satellite [48], which are strongly temperature dependent.

Classically, the global tidal dissipation power in a planet is expressed as a function of the imaginary part of th
numberk2:

Qtide = −21

2
Im(k2)

(ωR5)

G
e2 (7)

wherew is the orbital angular frequency,G is the universal gravitational constant, ande the orbital eccentricity. The Lov
numberk2 describes the proportionality betweenthe amplitude of the tide-rising potential and the induced potential. It
determined by integrating the equation of motion from the center to the surface of the satellite, so that the viscoelastic p
of each layer composing the satellite contributes the globalk2 value.

In the icy satellite interior with an internal ocean, most of dissipation occurs in the outer ice shell above the oce
decoupling effect induced by the ocean creates a high amplitudedeformation of the ice shell, characterized by a maxim
dissipation rate at the poles and a minimum on the equator at the sub-jovian and anti-jovian points [45,48]. Assuming a
rheology, the dissipation rate strongly depends on the value of the effective Newtonian viscosity at tidal strain rates
value is found for viscosity values of 1014–1015 Pa.s depending on the orbital eccentricity. The viscosity of the ice Ih l
is a major parameter to determine the global tidal dissipation rate within Europa, Ganymede, Callisto and Titan (Fig

Fig. 4. Tidal heating in the Galilean icy satellites (after Tobie et al., [48]). Horizontal lines represent the present amount of radiogenic heatin
within the silicate core.
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exponent (Eq. (8)). This figure illustrates that the ice behaves as a Newtonian fluid at low differential stresses.

Fig. 6. Internal structure of large icy satellites. Europa (middle) may have an ocean in contact with the silicate shell. On the other hand
with a large amount of ice, such as Ganymede, Callisto or Titan, (right),have a high-pressure ice layer in between the hypothetical ocea
the silicate core.

simulations described in Fig. 4 assume that there is an ocean below an ice Ih layer 50 km thick and a deep interior
consistent with gravimetric data. Note that maximum dissipation occurs at viscosity values corresponding to the value
can expect from the extrapolation of laboratory and Earth’s ice sheet data for ice Ih near the melting point (Fig. 5).

In the case of Europa, the global dissipation generated in the outer ice shell is much larger than the radiogenic powe
by the silicate interior. Including tidal dissipation in thermal convection models modifies the geometry of convection and
of heat which can be transferred through the ice crust [47]. Tidal dissipation within Europa’s ice shell is so large tha
stabilize its thickness to a value of 20–25 km (Fig. 6). Tidal heating within Europa can also induce partial melting in convect
hot plumes [49,47]. The presence of partial melt has several consequences. First, its strong effect on viscosity mo
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amount of tidal heating. Second, liquid is denser than Ice Ih and the density change produces a force in a direction o
that induced by thermal variations. This force may eventually overcome thermal buoyancy leading to hot plume colla
Third, as water forms at the expense of ice, the volume contraction in the upwelling plume may produce subsidence of th
overlying outer rigid Ice Ih layer. This effect may explain the formation of chaotic terrains on Europa [49].

Although the current dissipation within Ganymede is low, one canexpect large dissipation in the past when the satellite cam
into the Laplace resonance [50,44]. For Titan, the absence of significant resonance with any other Saturnian satellite
progressive decay of the eccentricity with time [43], suggesting that the eccentricity and consequently the tidal dissipa
were higher in the past. A better knowledge of the ice mechanical properties is necessary, to describe accurately no
thermal evolution of the icy satellites, but also their orbital evolution, which are coupled via tidaldissipation.

4. Physical and chemical properties of ice in icy satellite conditions

Models of the internal structure and dynamics of the icy satellites depend strongly on two parameters: the viscosity a
phase diagram of ice. Viscosity controls the amount of tidal heating and the efficiencyof heat transfer. The melting temperatu
is obviously a key parameter to explain the presence of liquid layers within some of these satellites. It is therefore neces
to understand how phase diagram depends on the impurities which may be present in addition to H2O ice. The following parts
describe our current understanding on viscosityand phase diagram in icy satellite conditions.

4.1. Viscosity of ice Ih: extrapolation of laboratory and polar ice sheet data to icy satellite conditions

Viscosity describes the ability of a material to deform continuously under a constant differential stress (τ ). It can be described
as the ratio of the differential stress (or the second invariant of the stress tensor) to the strain rate (dε/dt , whereε is the
deformation). Stress conditions typical of tidal deformation (τtide = 0.01−0.1 MPa) and convection (τconv= 10−4−10−3 MPa,
[47]) cannot be reproduced by laboratory mechanical tests, so that an extrapolation of results from higher stresses is
Rheological data for crystalline material are usually described with a power-law relationship:

dε/dt = A
τn

dm
exp

(
−Q + P�V

RT

)
or µ = 1

A
τ1−ndm exp

(
Q + P�V

RT

)
(8)

whered is grain size,m is grain size exponent,n is the stress exponent, which varies according to the microscopic pr
responsible for creep (Fig. 5). At high stresses, the rheologyof ice is governed by intra-crystalline dislocation slip mainly
on basal planes with a stress exponentn ∼ 3 [51,52]. At lower differential stresses (τ < 0.1 MPa), the creep of ice may b
controlled by Grain Boundary Sliding in case of very small grain sizes [53], or by both Dislocation Slip and Grain Bo
Sliding [54], or by Dislocation Slip accommodated by Grain Boundary Migration [55]. Several creep experiments also
a stress exponent lower than 2 forτ < 0.1 MPa (see Table 4 in [53] for a review). The difficulty is to know how relev
are the extrapolation from experimental data to lower stresses (< 0.01 MPa), and how ice samples used in mechanical t
are characteristic of the icy crust of satellites such as Europa or Titan. Furthermore, numerous parameters may infl
creep of ice. At temperatures near the melting point (T > 240 K), normal grain growth and changes in the fabric significa
influence the creep mechanism. In addition, the cyclic straining experienced by ice on Europa over its 3.55 days orbit
may significantly modify its creep behavior. Thus, the rheological behavior of ice cannot be dissociated a priori from i
history. However, since most of these aspects are strongly constrained by thermally activated processes, we can, at fir
assume that the effective viscosity of ice mainly depends on temperature. In addition, the creep data inferred from
sheets [56] indicate that ice tends to behave like a Newtonian fluid (n ∼ 1) at very low strain rates (dε

dt
< 10−11 s−1) and that

the viscosity of ice near the melting point would be between 1013 and 1015 Pa.s.

4.2. Effect of partial melting

Partial melting in upwelling ‘hot’ ice plumes is predicted in some numerical simulations for Europa [49,47]. The occu
of partial melting is not due to adiabatic decompression of upwelling plumes as it is in the case of the partial melting of
in the Earth’s mantle. It happens becausethe viscosity at melting temperature chosen in these simulations is that producing
maximum tidal heating (µ = 1.5 × 1014 Pa.s, Fig. 4). If one takes into account someuncertainty on the viscosity at melting
temperature, the value could be as low as 1013 Pa.s or as large as 1015 Pa.s. Consequently, a value of 1.5× 1014 Pa.s is not in
disagreement with our present knowledge of ice rheology. With this value, tidal heating is maximum in the hot plumes
temperature is larger in hot plumes than in cold plumes (Fig. 4). The melting rate is determined by the ratio of tidal he
latent heat of melting.
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As the partial melt is produced, the viscosity of ice decreases [57]. It has been suggested that 5% partial melt pr
viscosity decrease of about one order of magnitude [58]. Such an effect is taken into account in the present numeric
tions [47].

4.3. Viscosity of high-pressure ice

In the large icy satellites which contain more than 25% mass fraction of H2O, the internal pressure is such that the prese
of high pressure (HP) phases of ice is predicted. Depending upon the presence of a liquid layer, two mechanisms are
to explain heat transfer through the HP ice. Ifa liquid layer is present, the equilibrium temperature profile lies along the melting
curve of HP ice and heat is transferred by melting of ice at the silicate/HP ice interface and freezing of HP ice at the liqu
layer/HP ice interface [50]. If there is no liquid layer, heat is transferred by subsolidus convection in the different ice lay
30]. In the latter model, viscosity of HP ice controls the efficiency of convection. In both models, the viscosity of H
determines the amount of tidal heating.

There are few data available to constrain the viscosity of HP ice. Laboratory experiments have been carried out on
ice VI using either a sapphire anvil cell [60,61] or Griggs-type apparatus [62,52]. As it has been discussed for Ice Ih (Fig
use of laboratory measurements is limited by our ability to extrapolate these results to conditions prevailing withinicy satellites.
As reported by previous studies [59,52], laboratory experiments have been carried out for differential stresses betw
100 MPa whereas convective stresses are on the order of 10−3 MPa. However, the viscosity of ice VI seems to be low enou
for convection processes to operate in the ice VI layer in a model where there is no ocean.

4.4. Phase diagram

The phase diagram of pure H2O (Fig. 3) has been investigated for a long time [63] and the liquidus of pure H2O is well
known in the pressure range of interest for the icy satellites (P < 2 GPa). However, other compounds such as methane o
ammonia may have been present during the formation of thesesatellites [64,4]. Ammonia is important because it is well kno
to be very effective in lowering the melting temperature of ice. At room pressure, the melting temperature of a mixture
and ammonia is about 100 K lower than that of pure H2O [65]. Methane exists in Titan’s atmosphere and must be ano
important compound of ice. Finally, alteration of silicates during accretion and subsequent differentiation may have prod
different compounds such as sulfates. One can note that magnesium sulfates such as epsomite are one candidate to
non-ice infrared absorption observed by NIMS/Galileo [66].

Laboratory experiments have been carried out to investigate the phase diagram of H2O-NH3 at pressures relevant to th
interior of icy satellites [67–70]. The main resultis the following: as the icy satellite cools, H2O ice freezes both on top o
the ocean (Ice Ih) and at the bottom (ice V). The ocean gets more and more enriched in ammonia and its tempera
eventually get much lower than the melting temperature of H2O ice. Because the viscosity of the outer Ice Ih layer beco
larger, the amount of heat that can be transferred by convection decreases and an equilibrium isreached [71,38]. The presen
of ammonia maintains a liquid layer in between the outer Ice Ih layer and the inner HP ice layers.

Methane is a minor component of Titan’s atmosphere but an understanding of its cycle puts constraints on the d
and structure of Saturn’s largest satellite. A source of methane is required in order to explain its presence in Titan’s atm
since it transforms irreversibly into ethane by photo-dissociation [72]. Several possibilities have been envisaged, includi
methane oceans at the surface [73], subsurface reservoirs [72], or cryovolcanism [10]. Recent laboratory experiments on
stability of methane clathrate at high-pressure [74] suggest that low pressuremethane clathrate transforms into a stable high
pressure phase at 1 GPa and remains stable up to at least 10 GPa. With such constrains, it becomes difficult to und
destabilization of methane and its migration to the surface. However, little is known for the system H2O-NH3-CH4. Because
theoretical models based on the calculation of free Gibbs energy for the different phases [75] have proven to not b
by laboratory experiments even for the simple H2O-NH3 system or H2O-CH4 system, laboratory experiments in the press
range of interest for the interior of Titan are required in order to understand and to model the methane cycle within Tit

5. Concluding remarks

The large icy satellites of Jupiter are fascinating objects which have been observed by the Galileo mission. Unde
the different sets of observation (gravity and magnetic field, surface tectonics and composition) requires models of the
structure and dynamics which include laboratory data on the physical and chemical properties of ice. Theoretical stu
have been carried out since the late seventies show the importance of heat transfer by thermal convection, of anti-freez
component such as ammonia, and of heat generation by tidal friction, in the modeling of interior evolution. New expe
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data on ice properties in a wide range of temperature and pressure are required to constrain these different aspects a
the quality of the models.

The next step in the exploration of this family of planetary objects will be provided by the Cassini–Huygens mission
will start orbiting Saturn in July 2004. The numerous flybys of Titan, its largest satellite, will provide us with some ne
observations on this class of objects. There is a strong need for laboratory experiments in order for the models t
laboratory data on the physical and chemical properties of clathrate hydrates. In a ‘far’ future, a mission to Europa is e
(JIMO) in order to demonstrate the existence of an ocean and to test the possibility of volcanism at the ocean-silicate
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