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Introduction (Journaux / All)

One unique and intriguing aspect of large ocean-worlds is the rising influence of
pressure on their hydrosphere physical state. Pressure induced phase transitions is
a crucial and long known effect inside Earth and other planetary bodies interiors.
On larger bodies like Ganymede, Callisto and Titan, as its thickness of becomes
larger, the hydrosphere’s pressure can far exceed the one found at the bottom of
Earth deepest oceans and rise up to Earth’s lower crust - upper mantle range .
This is the range at which pressure starts to play a major role into phase stability,
as well as phase physical properties. The occurence of high pressure water ice
polymorphs as well as other high-pressure phases and the higher pressure and
temperature in their rocky mantle and possibly their iron cores are a few of the
main aspects that differentiate large ocean-worlds with smaller water-rich bodies.

High-pressure ices in Ganymede, Callisto, and Titan offers the prospect of
geophysical phenomena not occurring on Earth, at least not in water. From what
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2 Journaux et al.

has been revealed by spacecraft missions—Voyager, Galileo, and Cassini, mainly—
these similarly sized worlds differ in composition and have had drastically different
thermal histories. The occurrence and geodynamic behaviors of ices II, III, V, and
VI have affected the thermal evolution of these worlds. Processes in high-pressure
ices also determine the conditions that may or may not permit life.

This chapter is covering the complex physical, thermodynamic and dynamical
aspects rising from the existence of thicker hydrospheres containing high pressure
ice polymorphs and the resulting effects of larger mantle and iron cores in large
ocean-worlds.

1 State of the art on Ganymede/Callisto/Titan (Steve)

Section lead/contributors: Steve, Christophe, Joachim,

1.1 Induction at Ganymede and Callisto (Joachim)

The tilt of Jupiter’s magnetic moment with respect to its spin axis causes time-
periodic magnetic fields at Jupiter’s moons. These time-variable fields generate
in electrically conductive layers secondary magnetic fields. Observations of these
secondary, i.e., induced magnetic fields, thus provide diagnostic information on the
electrical conductivity structure in the interior (75; 150; 109). Because frozen water
is a very poor conductor, measurements by the Galileo spacecraft near Europa,
Ganymede and Callisto provided evidence for saline subsurface oceans (75; 100; 80;
150; 110). Magnetic field measurements by the Galileo probe at Ganymede were
however non-unique due to Ganymede’s internal dynamo with its unknown higher
order moments (81). Observations of the oscillation amplitudes of Ganymede’s
auroral ovals with the Hubble Space Telescope could overcome the non-uniqueness
issue and led to minimum conductivity of 0.09 S/m for an ocean located between
150 and 250 km depth (108). A recent study at Callisto (56) showed that induction
in its ionosphere is exceptionally strong at Callisto and might be able to explain
the observed magnetic field perturbations by the Galileo spacecraft. Thus the
existence of an ocean within Callisto should be considered an open question based
on the existing observational evidence.

This section focuses on the occurrence and properties of high-pressure ices in
the large icy moons. The underlying spacecraft data interpretations and further
details of the workings of these worlds are described in the chapter by Soderlund
et al.

– This is what we currently know - review of the papers
– Ask ISSI graphic team for a figure of interior structures of different deep icy

worlds

1.2 Occurrence of High-pressure Ices in the Solar System

A discussed below, convection within the ices should proceed near the solidus
temperature, leading to melt at the high-pressure ice and rock interface, and within
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Table 1 Properties of high-pressure ocean worlds

Radius (km) Density (kg m−3) Moment of Inertia

Titana 2574.73±0.09 1879.8±0.004 0.3438±0.0005
Ganymedeb 2631±1.7 1942.0±4.8 0.3115±0.0028

Callistoc 2410.3±1.5 1834.4±3.4 0.3549±0.0042
a(66; 64)
b(111), revised from (4)
c(1)

the upper parts of the high-pressure ice (27; 72). Briny fluids under pressure can
have densities exceeding those of high-pressure ices and thus may occupy the
interface between rock and ice (61; 67; 135) or between the different layers of
high-pressure ice (68; 138). Dissolved ions incorporate into high-pressure ice VI
(and possibly also in ice phases II, III, and V). The incorporation in ice VI, based
on studies of RbI, is 3x that in ice Ih (68).

1.2.1 Titan

The climate cycle and lakes in Titan’s hydrocarbon hydrosphere hide an icy litho-
sphere and thick water ocean. Titan’s mean ice Ih thickness is interpreted from
Cassini-Huygens data to be 50-200 km based on topography and admittance (59);
less than 100 km based on shape, topography, and gravity (93); and 55-80 km
based on the observed Schumann resonance (8). This entire range of thicknesses is
consistent with an ice VI layer at the base of the ocean, atop a low-density silicate
interior. If Titan’s ice is indeed thin and if the ocean has a low salinity, high-
pressure ices may be minimal or absent entirely. Among the large icy satellites,
only Titan is expected to have only ice VI in the current era. Models of Titan’s
thermal evolution indicate that high-pressure ice formed in the most recent 2 Ga
or even less (131).

1.2.2 Ganymede

Ganymede’s intrinsic magnetic field participation in a tidal resonance with Io
and Europa suggest it has experienced high heating. In the recent epoch of the
≈500 Myr surface age, high heat flux and ice Ih as thin as ∼10 km are in accord
with the formation of grooved terrains on the surface (54). The tidal heating
required for these may be negligible today (12). The thickness of the H2O layer
probably exceeds 800 km (141). Ice III forms at the base of the ocean and atop
ices V and VI for a cold model Ganymede (≈ 1 mW−2 at the surface) with a
high-salinity ocean containing 10 wt% of MgSO4 (Fig. ??). Warmer oceans within
the likely limits of Ganymede’s heat (14) can eliminate ices III and V, but even
just after its formation Ganymede seems likely to have had some amount of ice V.

1.2.3 Callisto

The evidence for an ocean at Callisto is not as strong as the evidence for oceans
in Ganymede and Titan. Callisto’s bulk MoI is larger than that of Titan (Table 1)
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Fig. 1 Inferred internal structures for Ganymede. The radii where high-pressure ices form
are computed based on published values of radius, bulk density, and gravitational moments of
inertia (Table 1). Such solutions are non-unique, subject to the uncertainties in bulk properties,
and to assumptions about the composition of oceans and minerals. The two depicted structures
are consistent with additional geological and geophysical constraints on bulk heat flow and on
the thickness of the ice Ih lithosphere. The existence of stable liquid regions between and
beneath high pressure ices (left) depends on the transport of materials within the different
ices. Modified from (141).

suggesting an even less differentiated interior (1) and a thinner hydrosphere. The
existence of an ocean has been inferred from the detection of an induced magnetic
field (74; 151), but the strength of the induced field might also be explained by
plasma in the space environment near Callisto’s surface (57). The value of the
MoI as reported in Table 1 assumes hydrostatic equilibrium. If this assumption is
not verified by future missions such as ESA’s JUICE mission, then the error on
the MoI could be very large (49) and Callisto may be more differentiated than
presently thought.

The poor constraints on Callisto’s density structure mean that an ocean there
could be less than 250 km deep (Fig. 2—not so different from Europa—with little
or no high-pressure ice. Or it could be more like Titan, with a seafloor at pressures
approaching 800 MPa covered in ices V and VI. The inactive surface suggests weak
or no differentiation; if Callisto has differentiated, it is difficult to conceive of how
it would have cooled within a few hundred Myr to retain its cratering record.
In either case, the fully stagnant upper lithosphere (91) suggests the ocean is
nearly frozen and so has a near-eutectic composition. Buoyant ice II or III may be
present, unless the ocean contains strong freezing suppressants such as ammonia
or methanol.

Because of the greater uncertainties in the characteristics of Callisto’s hydro-
sphere and the likelihood that Callisto has experienced less heating Ganymede,
most studies of the dynamics of HP ice layers have focused on Ganymede and
Titan.
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Fig. 2 Inferred internal structures for Callisto. Modified from (141).

1.3 Effects on Potential Habitability

The global fluxes of chemical energy must be understood in terms of a world’s
interior structure and evolution (140). Such a global picture is necessary for quan-
tifying the types of life and amounts of biomass that might be supported (114).
This is also required for interpreting any potential indications of life that might be
found through in situ sampling, as, for example, by a lander on Europa’s surface
(55). In light of recent progress on the occurrence and potential stability of fluids
within and underneath high-pressure ices (28; 72), it no longer seems to be the case
that the presence of such ices impedes water rock interactions altogether. A more
dire concern for the availability of chemical energy where high-pressure ices occur
may be that the surface areas available for water-rock exchange are limited. High
pressures at the water-rock interface (> 250 MPa) may force the elastic closure of
fractures (139) and prevent tectonic opening (22).

In future exploration missions, geophysical measurements can reveal the prop-
erties of high-pressure ices in large ocean worlds. This creates the prospect for un-
derstanding geophysical phenomena analogous to processes on Earth—solid-state
and heat pipe convection, multi-phase flow, porosity waves—in materials with dif-
ferent material behaviors from silicates. Geophysical measurements of processes in
high-pressure ices are key to constraining heat flows and redox fluxes, and thus to
identifying potential niches for life (141).
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2 High-pressure physical chemistry of ices, aqueous solutions and
relevant solids (Baptiste, Mike, Olivier)

Section lead/contributors: Baptiste, Mike, Olivier,

As described in the previous section, the pressures and temperatures expected
in large icy moons hydrospheres (200−400K and 0−1.6 GPa) is such that high
pressure ice polymorphs could be present, along with aqueous solutions, as well
as hydrates and salt solid possibly. All of these phases have different structures
and sometime very contrasted thermo-physical properties. Studying realistically
the complex hydrosphere of water-rich planetary bodies is a challenging tasks as
it requires to take into account the pressure, temperature and chemical (PTX)
dependencies of all presents phases physical properties (e.g. aqueous solutions, ice
polymorphs, salts and hydrates). These phases properties can be roughly classi-
fied as equilibrium thermodynamic properties (e.g. density, heat capacity, thermal
expansivity, entropy, chemical potential) and transport properties (e.g. thermal
diffusivity, viscosity, electrical conductivity). The first can be directly derived from
underlying thermodynamic potential like the Gibbs free energy equation of state
(EoS) [Brown, 2018]. These can be determined from experimental data or first-
principle calculation (e.g. density functional theory, molecular dynamic modeling).
Transport properties are not directly derivable from Gibbs-energy and therefore
needs to be determined in-situ of from calculations, which are both challenging in
that range of PT conditions.

This section aims at providing an overview of the known PTX dependency of
important physical properties of relevant ice polymorphs, aqueous solutions and
other solids found in the hydrosphere of ocean-worlds.

2.1 Water phase diagram at high-pressure

The water phase diagram, and more particularly its solid phases have been a rich
and fruitful object of research since the discovery and description of its polymor-
phism in the beginning of the 20th century (18). There is, to this day, 18 crystalline
polymorphs that have been characterized experimentally (92) and many tens of
thousand predicted theoretically using exploratory first principle calculations(37).
Many of these ice structures are stable or meta-stable above room pressure in
a dense configuration (i.e. denser than liquid H2O at similar along their melt-
ing curve). The more complex range of the phase diagram is arguably between
1 and 20.000 bar (2GPa), below room temperature where most of its stable and
metastable polymorphs have been found (i.e. Ih, *Ic, II, III, *IV, V, VI, *IX, XI,
*XII, *XIII, *XIV and XV; metastable phases noted with an asterisk) as well as
a suite of clathrate hydrates structure and host molecules. This is the range of in-
terest for icy moons’ hydrospheres, and if metastable are theoretically possible in
natural environments, it seems more likely that only the most stable phase will be
present in their high pressure mantles. We will therefore focus this section on only
the stable phases, ice Ih, II, III, V, VI for icy moons and VII and X for water-rich
exoplanets.

Figure 3 represent the different stability fields of relevant stable high-pressure
ices with the schematic region of interest for water-rich planetary bodies up to 3
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GPa. Above that pressure cubic ice VII (and its possible variants VII’ and VII”)
dominates the range of stability, with a gradual second order transition to ionic
ice X above 50-100 GPa (60) and super-ionic ices above 2000K(92).

Ih
II

V

III
VI

VII

Melting curves

Solid-solid transition

Europa HRB

(150-200 MPa)

Ganymede HRB

(1500-1700 MPa) 

Titan HRB

(650-850 MPa) 

Melting curves with 1 mol/kg NaCl

Liquid

Earth HRB

(100 MPa)

Fig. 3 Phase diagram of water showing stable ice polymorphs relevant to water-rich planetary
body interiors. Melting curves from (144)and solid-solid phase transition from experimental
data by (18; 19). The pressure range of the hydrosphere-rock boundary (HRB) is also reported
for Earth, Europa, Titan and Ganymede.

2.2 Aqueous solutions at high-pressure.

2.2.1 Pure water thermodynamics

The physical and thermodynamic properties of aqueous solutions over this large
range of pressure and temperatures is still a very active research area. The most
advance model for liquid water thermodynamics was, up to recently, the IAPWS-
95 formulation (143), that extended to 1GPa, with a large lack of data above
100 MPa leading to uncertainties at high pressures up to 20% in heat capacities,
0.2% in densities and 0.3% in sound speeds. New recent measurements have have
enable to significantly extend the range of accuracy, and a new Gibbs energy
representation based on local basis functions in the form of tensor B-splines enables
easy and derivation of major equilibrium thermodynamic properties (including
density ρ, heat capacities CP & CV , bulk moduli KT & KS , thermal expansivity



8 Journaux et al.

α, chemical potentials µ, sound speed, entropy S and enthalpy H) using Python,
Matlab and Fortran function implementations (20); Bollengier et al., 2019]. This
modular framework, called SeaFreeze, also has the advantage over many other
previous thermodynamic code, to be able to represent chemistry dependence (e.g.
solute concentration effects), as well as representing any solid phases and their
equilibriums over the entire range of hydrosphere existing in our solar system.

Figure 4 left panel illustrate the variation in thermodynamic properties (ρ, α,
CP ,KT and sound speed) for pure water and 1 mol·kg−1 NaCl at 270, 300 and
350K extracted using SeaFreeze. This permits to illustrate how pressure has the
largest effect overall on properties of aqueous solution that necessarily needs to
be taken into account when integrating over the entire ocean. Temperature has a
strong visible effect on density, thermal expansivity and heat capacity, but limited
to negligible on bulk modulus and sound speed.

2.2.2 Aqueous solution thermodynamics

Quantifying the effects of chemistry at high pressure remains a more challenging
endeavor as solvation interactions (and therefore the resulting effect on thermo-
dynamic properties of solutions) strongly depends on the solute species and the
pressure and temperature conditions. Therefore until molecular dynamic compu-
tation reach the adequate level of accuracy, one needs to experimentally measure
these properties in-situ. Expected main planetary solutes includes salts species
such as NaCl, MgSO4 and Na2SO4, as well organics NH3, CH4 and CO2. Here
we only represent the effect of 1 mol·kg−1 dissolved NaCl (approximately twice
sea-water concentration) for clarity, but other species, and ternary mixtures, will
be included the SeaFreeze framework (e.g. MgSO4, Na2SO4, MgCl2, NH3 and
CO2). Otherwise, scarce thermodynamic data and models currently exists for the
pressure range found in large ocean worlds.

Thermodynamic representations exists for ammonia up to 2.3 GPa, including
HP ices equilibria and based on experimental data (30) and for MgSO4 (137; 136).
Nevertheless, if the effects at low pressures have been extensively studied for most
of these solutes, the >100MPa range remains largely unconstrained to this day
(46; 117; 136; 142). For NaCl aqueous solutions, the results presented here are from
the SeaFreeze Gibbs-every representation, based on sounds speed measurements
under final development (Fig. 4, left panel) [see Bollengier et al. 2019 for approach
details] . We can see from these results that the largest effect of chemistry change
is visible for density, thermal expansivity and heat capacities. The bulk moduli
and sound speeds remain less influenced by dissolved NaCl.

As reported in the previous section of this chapter, concentrated brines can
become denser than the high pressure ices (61; 67; 135), potentially creating in-
termediate melt pockets at ice polymporphs interface or at the hydropshere-rock
boundary (67; 135). It should be noted that concentration expected for density
inversion to happen is generally above 1-1.5 mol/kg depending on the solute molar
mass and the ice polymorphs density. These kind of concentrations are above the
bulk amount expected in planetary oceans (152), but local pockets of dense brine
could be possible.
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Aqueous solution Ice polymorphs

Density Thermal expansivity

Isobaric heat capacity Isothermal bulk modulus

Isobaric heat capacity

Isothermal bulk modulus

Density Thermal expansivity

Sound-speed

VI

V

III

Ih Ih

III

V

VI

V

V

VI

III
III

Ih

IhVI

Thermal expansivity (0-200 MPa)

Pure H2O
1 molal NaCl

GanymedeTitanEuropa

Fig. 4 Left panel: Aqueous solutions (pure H2O and 1 mol·kg−1 NaCl) equilibrium thermo-
dynamic properties evolution with pressure at 270, 300 and 350K extracted from the SeaFreeze
framework (20); Bollengier et al., 2019]. High pressure ices freezing temperature are reported
for pure water as dark asterisks, with ice V freezing at 270K and ice VI at 300 and 350 K.
The estimated pressure range of icy moon hydrospheres are reported for Europa, Titan and
Ganymede. Right panel: ice polymorphs thermodynamic properties evolution with pressure at
250 and 260K for all polymorphs and 270 and 300K for ice VI only.

2.3 High pressure ice polymoprhs

High pressure ice polymorphs have different crystallographic structures, hence con-
trasted thermodynamic and physical properties (see section for viscosities here-
after). The first discovery of ice polymorphism was reported by (126)and then
further-explored by (18; 19). The pure water melting curves and solid-solid phase
transitions (see Fig. 3) remain, to this day, mainly constrained by these old datasets
(29; 33; 144).

2.3.1 Equilibrium thermodynamic properties

The gold standard for ice Ih equation of state is currently the Feistel and Wagner,
)2006) parametrization (43) that provides a way to derive all important equilibrium
thermodynamic properties from pressure and temperature derivatives of the Gibbs
potential. High-pressure ices have remained sparsely studied until recently as they
were only the interests of the physical chemistry community.

Melting curves and triple points of pure compound are usually described by
Simon curves and parametrization for all the ices have been derived by (29) and
(144). (29) also provides ad-hoc parametrization of chemical potentials and heat
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capacities for ice Ih, II, III V and VI enabling to also compute solid-solid phase
transitions. One issue with this representation is that the heat capacity is derived
from (127)parametrization, itself based on an ill-chosen Debye model for the vibra-
tional energy that cannot realistically reproduce molecular solids density of state,
which tend to overestimate by more than 20% the heat capacity of high pressure
ices [see Journaux et al. 2019].

Recent pressure-volume-temperature measurements by [Journaux et al. 2019]
has enable to derive a full Gibbs energy representation for ice III, V and VI.
The right panel in Figure 4 illustrate the evolution with pressure of the main
equilibrium thermodynamic properties (density, thermal expansivity, heat capacity
and isothermal bulk modulus), from 250 to 300 K, computed using the SeaFreeze
package. Phase transition and the pressure variation have significant influence for
all thermodynamic parameters represented here. The relativly small temperature
range of interest for planetary hydrospheres represented here (250-300K) has an
important effect on the thermal expansivity and heat capacity of all polymorphs.
The density and bulk modulus remaining mainly influenced by pressure and phase
transitions. Ice II is not represented here as its Gibbs energy representation is still
investigated. General values can be found in (29; 30; 142).

It is also worth discussing the effect of chemistry on high pressure ices. Ice VI
is the only high pressure polymorph with ice VII to have been investigated for salt
incorporation (RbI as a NaCl analogue) (69). Ice VI seems to behave in a similar
manner to ice Ih by mostly rejecting salts out of its structure during growth at
equilibrium. Nonetheless, the very small amounts incorporated can have a signif-
icant effect on lowering its density (69). The possibility of solute incorporation
of other expected planetary solute species (e.g. MgSO4, MgCl2, Na2SO4, etc.)
for ice VI and if any incorporation is possible in other polymorphs still remains
unconstrained to this day.

Ice VII has probably been the most studied after ice Ih due to its large stability
field over 2 GPa and 300K. Furthermore, ice VII is a more complex phase as it
seems to have several state of proton ordering (60) and is able to incorporate large
amounts of ionic species while retaining its structure (82; 69; 16). Many pressure-
volume-temperature data points and equations of state (EoS) are available for the
pure H2O. The most recent and common in the planetary science literature for ice
VII up to 50GPa and below 1000K are the one from (10) and (83). For pressures
above 50 GPa and temperature above 1000K, in the range interesting for ocean
exoplanets, the evolution of thermodynamic properties and the location of phase
transitions into plastic phase, ice X or super-ionic ice, remains an active field of
experimental and theoretical study (47; 60; 92).

2.3.2 transport properties

TO FINISH

2.4 Other important solids

TO FINISH
salt hydrates
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Clathrates

2.5 Final table with main properties

3 Dynamics of HP ice layer and exchange processes (Klara)

Section lead/contributors: Klara, Christophe
To include:

– HP ices Viscosity (Christophe)
– Dynamic and exchange processes through HP ices layers (Klara)

The main difference between the small to medium sized moons such as Ence-
ladus or Europa, and the large moons Titan, Ganymede, and Callisto, is a much
thicker hydrosphere in the case of large moons which results in the presence of a
high-pressure ice layer between the silicate core and the deep ocean. Even though
they have similar mass and radius, the large moons have different degrees of dif-
ferentiation inferred from the values of the reduced moment of inertia (Table 1).
As a result, Titan’s hydrosphere is about 500 km thick (25), much thinner than
Ganymede’s which is about 800 km in thickness (135). In addition, Ganymede’s
gravity is higher than that of Titan. Combined with the hydrosphere thickness, this
creates pressures at the silicates-hydrosphere interface twice as high on Ganymede
(1.6 GPa) as on Titan (0.8 GPa). This has two important implications. First, in
the case of Ganymede, most of the HP ice layer is composed of ice VI, while in
the case of Titan, more phases are probably present - ice V if the HP ice layer is
more than 80 km thick and ice III for HP ice layers over 250 km thick (Figure 5).
Second, it indicates that Titan’s ocean may have been in contact with the silicate
core during a longer period of time compared to Ganymede (71).

0.0

0.5

1.0

1.5

2.0

P
 [
G

P
a
]

250 300 350

T [K]

0.0

0.5

1.0

1.5

2.0

P
 [
G

P
a
]

250 300 350

T [K]

Ganymede Titan

ocean ocean

silicates

VI

V

III

I

silicates

VI

V

III

I

0

100

200

300

400
0

100

200
300

H
 [
k
m

]

H
 [
k
m

]

Fig. 5 Comparison of the P-T conditions within the HP ice layers of Ganymede (left) and
Titan (right). The thick black line is the melting curve of pure ice (146; 145), the dashed
lines indicate the phase transitions between the different ice phases, and the dotted line marks
the interface between the hydrosphere and the silicate core. A possible range of HP ice layer
thicknesses is indicated on the left axes.
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The thermal/chemical evolution of the whole hydrosphere, including the HP
ice layer, has been investigated by several authors for both Ganymede and Titan
(77; 52; 115; 129; 44; 53; 11). In the majority of these studies, heat transfer through
the HP ice layer was not explicitly treated and the temperature profile within the
HP ice was assumed to follow the melting curve. Another approach is to describe
the thermal state and heat transfer of the HP ice layer using scaling laws based on
the instability of a hot thermal boundary layer at the interface with the silicates
- this strategy was adopted by (53) for Titan and (101) for water-rich exoplanets.

As described above, several HP ice phases are likely present in the interior of
large moons. To infer the effect of transitions between the different ice phases on
convection in large satellites, (9) have performed a linear stability analysis con-
sidering a model consisting of two layers with the same viscosity and thickness.
They found that an exothermic phase change can either impede or enhance the
whole-layer convection, depending on the ice viscosity. For the endothermic tran-
sitions, they show that phase change always inhibits whole-layer convective over-
turn and tends to enforce two-layer convection. An extension of their approach
was presented by (121) who found that taking into account different thickness
and viscosity results in whole-layer convection for a much larger range of phase
transitions parameters than previously thought.

Recently, Choblet et al. (28) performed numerical simulations of convection in
the HP ice layer in 3D spherical geometry. They showed that melting can occur
in the HP ice layer for a wide range of model parameters, especially at the top
boundary with the deep ocean and possibly also at the bottom boundary with the
silicates. In their model, they monitored the melt production and assumed that
the generated melt is instantaneously extracted into the overlying ocean. Thus the
matrix compaction associated with the volume change due to melting did not have
to be taken into account.

To understand the fate of water within the HP ice layer, a numerical model
must handle a mixture composed of two phases: solid ice and liquid water. The
only studies on the topic have been conducted by Kalousova et al. (72; 70) for
Ganymede and for Titan (71) using a 2D Cartesian model of convection of a
two-phase mixture. This formalism allows a self-consistent treatment of both the
melting process and the water flow within or through the convecting solid ice
(depending on the ice permeability).

Independent of the particular treatment of melt, these studies have shown that
the heat coming from the silicate core is transferred by convection through the HP
ice layer and that the HP ice viscosity controls the layer dynamics. In the following,
we summarize what is known about the HP ice viscosity before describing the
results obtained with the two-phase models for Ganymede and Titan.

3.1 HP ice viscosity

Viscosity, the ratio of shear stress to strain rate, is a critical parameter that controls
dynamics of the HP ice layer. For the very differentiated Ganymede that has a
thick hydrosphere, the main HP ice phase is ice VI (Figure 5), while for Titan,
which is less differentiated and has thinner HP ice layer, the main HP ice phases
are ice VI and ice V.
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The viscosity of HP ices has been measured by two groups. Sotin et al. (120)
used a sapphire anvil cell to observe the deformation of ice VI at large values of
shear stress (light blue rectangle in Figure 6). For values of 108 Pa, they have
found a deformation rate of 10−2 s−1 (viscosity of 1010 Pa s, blue dots). They
investigated the variations in a limited range of shear stress and temperatures
close to the melting curve and found that the dependence of ice VI viscosity on
the shear stress (value of the stress exponent) is small, which is interpreted as a
result of temperature being close to the melting temperature. Extrapolation to
typical convective shear stresses (gray rectangle) gives viscosities on the order of
1012 to 1014 Pa s, similar to the viscosities of ice I at its melting point, which are
also very close to field measurements on glaciers (yellow rectangle) (62).

Another group led by Durham measured the viscosity of ice VI in a gas-medium
high-pressure deformation rig (35; 34). The confining pressure was lower than that
of Sotin et al.’s experiments (light red rectangle in Figure 6) and they found a
much stronger stress dependence as expected at high values of shear stress and
temperatures further from the melting point (red dots). Note however that their
experimental strain-rates fall very closely to the extrapolation of the laboratory
experiments of (120). Extrapolation of measurements of (34) suggests values of
viscosity at the melting temperature on the order of 1017 to 1023 Pa s at typical
convective stresses, which is orders of magnitude larger than values extrapolated
from (120). Both studies (120; 35) suggest that viscosity is close to constant along
the melting curve, which justifies the use of Arrhenius law (28; 72). Extrapolation
from laboratory experiments (high stresses) to natural conditions (small stresses)
can add large uncertainties, so numerical simulations usually consider a large range
of viscosity values (28; 72; 70).

The relative viscosity of ice V compared to ice VI can be determined at the
transition between the two phases. Figure 6 also shows the values of ice V viscosity
(lines) at the triple point ice V - ice VI - water. (122) (blue lines) noticed that
ice V is harder to deform than ice VI and that their viscosity ratio is close to
two orders of magnitude at the experimental conditions. On the other hand, (35)
found that ice V and ice VI have a similar plastic behavior. To accommodate this
discrepancy in experimental results, Kalousova et al. (71) investigated viscosity
ratios of up to 100 in their study tailored to Titan’s HP ice.

3.2 Dynamics and exchange processes through the HP ices layers

The HP ice layer that is squeezed between the silicate core and the ocean is likely
to be convecting according to the values of viscosity described previously. The
presence of the above lying ocean implies that there is no cold thermal boundary
layer (the temperature close to the ocean follows the melting curve) and thus
the dynamics is driven by the upwelling thermal and compositional plumes that
form at the bottom boundary. The results of simulations performed by (72) and
(70; 71) have shown that the HP ice layer of thickness H can be divided into
three parts (Figure 7): (1) a layer of temperate ice, i.e. ice whose temperature
equals the melting temperature (T=Tm) at the top interface with the ocean -
the thickness of this layer is Ht and melting always occurs in this layer, (2) a
thick layer of convecting ice where some melting may occur depending on the
efficiency of convection - its thickness is Hc, and (3) the bottom interface with the
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silicates where another temperate layer of thickness Hb may be present - melting
may or may not occur at the silicates interface depending on the presence of this
temperate layer. Based on the thermal structure of the HP ice layer, four different
regimes of exchange between the silicates and the ocean were defined in (70) (cf.
also Figure 7): (1) direct exchange (melting within all three regions, Hb, Hc,
and Ht), (2) indirect exchange (melting at the bottom and top interfaces, Hb

and Ht, but freezing within the convective domain Hc), (3) limited exchange
(only limited melting at the bottom, Hb∼0, but melting within Ht), and (4)
no exchange (no melting at the bottom, but melting within Ht). Note that no
significant water is accumulated at the silicate interface.
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Table 2 Values of scaling parameters α and β (eq. 1) for Ganymede and Titan and different
HP ice viscosities µ0.

Ganymede Titan
µ0 [Pa s] α β α β

1014 0.112 3.031 0.089 0.353
1015 0.060 2.059 0.046 0.420
1016 0.032 1.467 0.024 0.400

The occurrence or not of bottom melting depends on the efficiency of thermal
convection in the HP ice layer - for high Rayleigh number, the heat transfer by
solid-state convection is very efficient, the temperature at the silicates interface
is below the melting temperature and thus no melting occurs - this corresponds
to exchange regime #4. On the other hand, for small Rayleigh number, the heat
transfer by convection is not very efficient, the whole layer warms and melting
occurs at the silicates interface. This corresponds to regimes #1 and 2, while regime
#3 is a transition between these two end members. Rayleigh number increases with
the HP ice layer thickness H and decreases with the ice viscosity µi. Therefore, for
a fixed viscosity, the increase in the HP ice layer thickness in time (crystallization
of the sandwiched ocean) leads to increase of Rayleigh number and the transition
from exchange regimes with bottom melting towards the regime without bottom
melting. The exchange between the silicates and the ocean due to melting and
water transport through the HP ice layer is thus more likely early in the moon’s
evolution when its HP ice layer is thin enough.

Based on the results of the numerical simulations, scaling laws were derived
for Ganymede (70) and Titan (71). First, the occurrence of melt at the silicates
interface was investigated and a scaling for a critical silicates heat flux qcs was
found as a function of the HP ice layer thickness H which can be written as:

qcs [mW m−2] = αH[km] − β (1)

Here α and β depend on the HP ice reference viscosity µ0 and the particular values
for Ganymede and Titan are given in Table 2. If the heat flux from the silicates
is larger than the critical value qcs for a given HP ice layer thickness, melting
occurs at the silicates interface. Figure 8 shows these scaling laws together with
the estimate of the current heat fluxes from the silicate core assuming the CV and
CI chondrites composition. Comparing these two informations, the critical values
of HP ice layer thickness for the present-day melting at the silicate core can be
inferred, depending on the ice viscosity. As discussed in Section 1.1.1, the thickness
of Titan’s icy crust is between 50 and 200 km and thus does not provide a strong
constraint on the thickness of the HP ice layer that can be anything between 50
and 300 km in thickness. The scaling law predicts melting at the silicate interface
for the lower bound of 50 km even for viscosities as low as 1014 Pa s. For the
upper limit of 300 km, melting at the silicate interface would not occur unless
the viscosity is larger than 1016 Pa s for CV abundances of radioactive elements
and 1015 Pa s for CI abundances. For Ganymede, the presence of large impact
craters suggests a thick icy crust which leads to a large thickness of the HP ice
layer around 400 km suggesting that melting at the silicate interface is less likely
than for Titan.
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Scaling laws were also derived for the amount of melt produced at the silicates
interface and the outflowing water velocity at the ocean interface. For both, the
controlling parameter is the heat flux that comes from the silicate interior (70; 71).
On the other had, the thickness of the top temperate layer Ht is mainly governed
by the ice viscosity (70; 71).

The presence of melt at the interface between the silicates and the HP ice
layer which facilitates the transfer of volatiles from the silicate core to the ocean
is predicted by the two-phase models for large heat flux and thin HP ice layers.
Ganymede’s HP ice layer is believed to be thicker than Titan’s for two reasons.
First, Ganymede is more differentiated which leads to a thicker hydrosphere. Sec-
ond, Ganymede’s icy crust is likely thicker than Titan’s based on the presence
of large impact craters, which makes the ocean thinner and therefore the HP ice
layer thicker. Consequently, melting at the HP ice/silicates interface is predicted
to have occurred longer in Titan’s interior and it may be ongoing.

One pending question is the effect of a cold ocean which freezes in the presence
of salts. Preliminary results (71) suggest that the transfer to the ocean is limited
by the presence of a cold boundary layer at the interface between the ocean and the
HP ice layer. In addition, the exchange processes may be affected by the presence
of salts in the melt produced at the interface between the silicates and the HP
ice layer. Future work on this topic is required to fully appreciate the exchange
between the silicate interior and the ocean through the HP ice layer.

Future missions such as the ESA JUICE mission for Ganymede and Callisto
and the NASA Dragonfly mission, still in competition for the selection in the New
Frontiers program, could provide additional constraints on the characteristics of
the HP ice layer of these large icy moons.
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4 Origin, differentiation and evolution

4.1 Accretion, impact-induced melting and ocean formation

Most of the icy moons of Jupiter and Saturn formed in a disk that was the out-
growth of the formation of planet itself. The conditions under which the giant
planet formed therefore had a direct impact on the formation of their moons (e.g.
39; 107). The evolution of the circumplanetary disk is controlled by the accretion
rate of the gas and dust from the surrounding solar nebula and the growth rate of
the giant planet. A variety of models has been proposed to describe the evolution
of the disk and growth of icy satellites from it (e.g. 23; 97; 98; 39; 107). The evo-
lution of this disk determined the composition and architecture of the whole giant
planet system as well as the final assemblage that led to the formation of regular
icy moons. For instance, it has been proposed that the fact that Saturn has only
one big moon (Titan) while Jupiter has four ones could be explained by difference
in gas-dust infall from the solar nebula onto the subdisk (107). According to this
model, Jupiter’s formation and its subsequent migration into the disk may have
resulted in a slower gas infall onto Saturn and subsequently to less available mass
to accrete large icy moons.

A critical aspect concerns the way solids were incorporated into the disk. Dif-
ferent processes have been advocated (see for instance (39) and (24) for more
detailed discussions): (1) direct transport of small particles into the disk with the
inflowing gas, (2) ablation and gas drag capture of planetesimals orbiting the Sun
through the gas-rich circumplanetary disk, (3) break-up, dissolution and recon-
densation of planetesimals in the extended envelope of the forming planet, (4)
collisional capture of planetesimals. These various mechanisms result in difference
in impactor size and velocity distribution, which has major consequences for the
satellite accretion (94).

The size and velocity distribution of the impactors, as well as their composi-
tion, have probably varied in space and time within the subdisk (e.g. 104), which
may explain the difference of composition between the icy satellites. Two reservoirs
of primitive bodies may have contributed to the satellite growth: bodies in orbit
around the planet, formed or captured within the circumplanetary disk, and bodies
in orbit around the Sun, colliding directly with the growing satellite (e.g. 124). The
contribution of each of these two reservoirs probably varied as the circumplanetary
disk evolved. When the accretion sequence started, centimeter-sized planetocen-
tric particles were probably pre-dominant, while kilometer-sized and larger bodies
became more and more frequent during the late-stage of accretion.

By modeling the satellite accretion in 3D from a swarm of impactors of various
size, Monteux et al.(94) tested the influence of impact size distribution on the
thermal evolution of growing satellite. They showed that for satellites exceeding
1500-2000 km, surface melting can be avoided only if the satellite accreted rel-
atively slowly (> 1Myr) from small impactors ( < 1 km) and if the conversion
of impact energy into heat is unrealistically inefficient (< 1015%), confirming the
first estimations of (7). However, as soon as a small fraction (> 10%) of the im-
pactor exceeds 1 km, global melting for large bodies like Titan or Callisto cannot
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be avoided. Global melting results in the formation of an surface ocean in equi-
librium with a massive primitive atmosphere generating by the release of volatile
brought by the icy impactors (132; 89) (see Figure 9).

The post-accretional structure of a large icy moon like Titan or Ganymede thus
consists of an inner undifferentiated ice-rock interior overlaid by a layer of sedi-
mented rocks a thick liquid water ocean, resulting for melting of the icy impactor
(78; 132). A primitive atmosphere potentially exceeding 10 bars can be maintained
in equilibrium with the water ocean as long as the surface temperature exceeds
the crystallization point. During this post-accretional period, the pressure at the
base of the ocean is not large enough to lead to the formation of a high-pressure
layer and the water ocean directly interacts with the sedimented rock layer, po-
tentially promoting large-scale water-rock interactions and potential production
of CH4 and other gas compounds (50).

4.2 Heat budget and water-ice-rock segregation

During the early stages of the satellite history, in addition to impact heating, three
main sources of energy may have contributed to the internal thermal budget: radio-
genic heating, tidal heating associated with despinning and viscous heating due to
ice-rock separation. Difference in accretion rate and/or heat sources may explain
the difference in term of differentiation state between Ganymede, Callisto and
Titan. Difference in the efficiency of heat and mass transfer from mixed ice-rock
layer, owing to difference in post-accretional structure configuration, may further
accentuate the differentiation dichotomy. These various processes which we briefly
review in the rest of this section may explain the divergence in term of ice-rock
segregation and internal melting between the three moons.

Impact heating results from the deposition of impactor kinetic energy dur-
ing satellite accretion and subsequent intense bombardment periods. It therefore
depends on the velocity and the mass of the impactor as well as the way kinetic en-
ergy is converted into heat. The impact creates a shock wave that compresses the
satellite beneath the impact site. As shock compression is an irreversible process,
the entropy below the impact site increases, leading to a temperature increase.
Barr et al.(6) proposed that difference in impact energy received by Ganymede
and Callisto during the late heavy bombardment event may potentially explain
the dichotomy between two moons. As Ganymede is closer to Jupiter than Cal-
listo, it is expected to experience twice as many impacts as Callisto. The impact
velocity at Ganymede would have been also larger than at Callisto (∼ 20 km.s−1

vs. ∼ 15 km.s−1). This difference may have created a large scale melting of the
outer envelop leading to runaway differentiation in the case of Ganymede, while
impact-induced melting would have been more moderate at Callisto (7).

The heat sources may also significantly vary between these three large moons,
due to difference in composition and orbital configuration. Internal heating due
to short-lived radioactive isotopes (mainly 26Al) probably does not play a role on
these large moons. As the half-time of these short-lived elements is of the order
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of 1 million years, they are probably already negligible at the end of accretion of
these big moons. The main heat source is then provided by the decay of long-lived
radiogenic elements, mostly 40K, 235U during the first billion of years. Chondrites
can be used to provide some estimate of the heat power generated by the radio-
genic decay of the rocky phase in the moons. For Titan, carbonaceous chondrites,
which are believed to be the dominant types of chondrites beyond Jupiter (84), are
commonly assumed as good proxy of the rocky phase (45; 128; 50). For Jupiter’s
moons, LL-type ordinary chondrites have been proposed as possible rocky phase
candidates (85; 86). Depending on the assumed chondritic composition, the ini-
tial radiogenic power may vary between 2.8 and 4.6 TW for Ganymede, and 1.9
and 3.2 TW for Callisto (63), a difference that could lead diverging evolution. For
Titan, if we assume a composition dominated by CI chondrites, the total power
should not exceed 2.5 TW (63).

Difference in tidal heating might also explain the dichotomy between these
moons. Due to its closer distance to Jupiter and its interaction with Io and Eu-
ropa through the Laplace resonance, Ganymede have likely experienced much more
tidal heating than Callisto during its evolution (116; 13). In particular, it has been
proposed by Malhotra(88) and Showman et al.(116) that the Galilean satellites
may have passed through one or more Laplace-like resonances before evolving into
the current Laplace resonance, resulting with prolonged periods with enhanced
eccentricity and tidal dissipation in Ganymede (13; 15). By contrast, Callisto’s
eccentricity has probably remained rather small (0.007 at present) during its evo-
lution, resulting in very small tidal forcing due to the distance to Jupiter (63).
Tidal forces on Titan raised by Saturn are comparable to those experienced by
Callisto. However, as Titan’s eccentricity is much larger (0.0294 at present), this
leads to large time variations of tidal forces, resulting in more tidal energy poten-
tially dissipated. The existence of an elevated eccentricity for Titan in absence of
orbital resonances similar to the Laplace resonance suggests that the eccentricity
was larger in the past and that the present-day value is the remnant of a larger
primordial value (130; 133). This implies that Titan may have experienced early
during its evolution tidal heating rate comparable to Europa (130; 133). Simulta-
neously to accretion, the moons also experienced strong tidal dissipation resulting
in despinning on the moons to tidally-locked spin-orbit resonance. Although the
associated dissipation rate is very large, it lasted short periods of time, of the
order of 100,000 years (63), resulting in a moderate temperature increase barely
exceeding 25-50 K (132).

A last source of energy resulted from the release of gravitational energy asso-
ciated to internal differentiation (48; 63; 132). The increase of temperature associ-
ated to change of gravitational energy between an initially homogeneous interior
and a differentiated interior with a full separation of rock and ice phases is of the
order of 100-150 K. If the ice-rock separation is fast enough (< 0.5 Gyr), the dis-
sipation of potential energy may induce runaway melting and thus may create a
catastrophic differentiation, as it has been proposed for Ganymede (48; 78). If the
differentiation process is slow and more gradual (> 1 Gyr), the convective heat
transfer should be able to transport this additional energy, preventing internal
melting, as proposed for Callisto (99). O’rourke and Stevenson(102) showed, by
using Titan as an example, that double-diffusive convection in ice/rock interior
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can delay internal melting and ice/rock separation, but cannot prevent it, even if
a reduced radiogenic power is assumed. This indicates that it seems very difficult
to prevent full ice-rock separation, and therefore Callisto remains a mystery on
this regard. We should, however, keep in mind that the process of ice-rock separa-
tion strongly depends on the rheology of ice-rock mixtures, which is poorly known
at high pressure. Future experimental and modeling efforts are required to better
understand the differentiation processes of large icy moons.

All along the differentiation process, internal melting may occur and also con-
tribute to the efficiency of heat transfer, which has not been quantified so far. Melt
migration is an efficient way to transport heat and to favor chemical exchanges.
The composition of internal ocean has been likely conditioned by this leaching
processes. Even though some studies have been focused on this topic, especially
for Titan (38; 26; 45), lot of works still need to be done to understand the in-
terplay between ice-rock segregation, fluid generation and transport and leaching
processes.

4.3 Iron core formation and core-mantle-hydrosphere evolution

The existence of an iron core in the deep interior depends vitally on the degree of
differentiation. As mentioned previously, Callisto and Titan seem to be only mod-
erately differentiated, i.e. the rock+metal and ice phases may have been separated
only incompletely (e.g. 3; 65). Furthermore both satellites lack an intrinsic mag-
netic field (73; 5), which is consistent with their partial differentiation. In contrast,
Ganymedes low moment of inertia factor (MoI) (e.g. 2) and its intrinsic magnetic
field Kivelson et al. (79) suggest a fully differentiated interior, i.e. further differ-
entiation of the rock+metal primordial core into a metallic core and an overlying
rocky mantle. Characterized by five flybys of the Galileo spacecraft, the magnetic
field is predominantly dipolar with an equatorial surface field of 719 nT and a
tilt away from the spin axis of 4o(79). This unique magnetic field is most likely
driven by a core dynamo, where kinetic energy is converted to magnetic energy.
Core flows are likely driven by convection (e.g. 58) since libration-driven elliptical
instability is likely absent (87) although precession-driven flows may still be pos-
sible. The existence of this magnetic field implies that the central iron alloy core
must be at least partially liquid. The core size, however, is not well constrained
with estimates ranging from one-quarter to one-third of the satellites radius (119).
Core composition is similarly an open question with sulfur often assumed as the
dominant light element (e.g. 113; 111) although other elements such as oxygen are
also likely present (103).

Mckinnon (90) and Spohn et al. (123) show that, once ice and rock-metal
phases are fully separated, radiogenic heating in the rock+metal phase is suffi-
cient to raise the temperature to the Fe-FeS melting temperature. Such heating,
however, may take several hundred million years assuming heat is not (or ineffi-
ciently) lost during the process (123). If enough melt is generated, it may permeate
downwards to form a metal-rich core (e.g. 148). The slightly lower rock fraction of
Callisto and Titan and therefore lower radiogenic heating compared to Ganymede
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could be another reason for only partial differentiation of these two (111).

The thermal state of the satellites over time is strongly linked to radiogenic
heating in the rocky part of the satellite as well as tidal heating. The latter,
however, does not contribute significantly to the heat budget at present day for
neither Callisto, Titan nor Ganymede. While tidal heating has never played an im-
portant role during Callistos history, it might have for Ganymede and Titan (e.g.
116; 118; 13; 134). Transfer of heat in the icy satellites is dominated by heat con-
duction and convection. Thermal convection occurs if the Rayleigh number – the
ratio between diffusive and advective heat transport – exceeds a critical value.
While convection is likely to occur in the putative liquid reservoirs of icy satellites
like an ocean or a metallic core, it can be harder to achieve in the solid parts like
the rocky mantle or the ice I crust (or high pressure ice phases). The onset of
convection depends vitally on the viscosity, the thermal properties, and the size
of the satellite. Different scenarios illustrating the basic mechanisms have been
calculated by Ellsworth et al.(36) for the small Saturnian satellites. If convection
occurs in the rocky mantle or the ice I crust it most likely operates in the so called
stagnant lid mode due the strongly temperature-dependent viscosity of silicates
and water ice (e.g. 112). Convection than takes place below a rigid shell across
which heat is transported less efficiently via conduction.

If a metal core exists, which is the case for Ganymede, cooling of that core
presents another heat source to the overlying rocky mantle and hydrosphere. Even
though heat transport within the core is efficient due to convection, cooling of the
core is limited to the amount of heat that can be extracted by the much more
slowly convecting rocky mantle. The rocky mantle and metallic core are coupled
via the temperature at the core-mantle boundary (cmb). If the core temperature
has cooled sufficiently to drop below the melting point of the core alloy, the core
will start to freeze. The latent heat released during freezing slows down cooling of
the temperature at the cmb thereby temporarily increasing the heat flux into the
mantle until heat transport in the mantle has adjusted to the new conditions (e.g.
125).

Based on experimental work on low-pressure Fe-FeS alloys, core differentiation
in such small planetary bodies like Ganymede has been suggested to substantially
differ from inner core growth (41; 40; 42; 32; 95; 96; 21). Instead of freezing from
the inside out, the core likely solidifies from the top to the bottom (90; 58; 147).
Thermal evolution models of metallic cores are important when it comes to esti-
mating the power available to a potential dynamo. Given that Ganymede possesses
an intrinsic, self-sustained magnetic field, considering the evolution of its metal-
rich core is inevitable when it comes to global evolution models.

Thermal evolution models have largely focused on understanding how a satel-
lite with such a small iron core could have an active magnetic field at present day.
Although thermal convection has been considered (76), the majority of studies
rely on thermo-compositional convection (58; 13; 105; 106). Here, compositional
buoyancy is associated with the sinking of Fe snow assuming top-down core so-
lidification for an iron-rich composition or with the upward flotation of solid FeS
if the core is more sulfur-rich than the eutectic (17). Ruckriemen et al.(106), for
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example, argue that both of these regimes can explain Ganymedes magnetic field,
although dynamos driven by iron snow are generally young (less than 1 Byr) while
FeS flotation dynamos can be up to 3.8 Byr.

Dynamo models simulating convection and magnetic field generation processes
in the core are complementary to these studies. Zhan and Schubert (149) show
that dynamo properties differ depending on the core crystallization regime and
conclude that FeS flotation is most consistent with a dipole-dominated magnetic
field, while Christensen et al. (31) show that convection driven by iron snow can
reproduce Ganymedes observed dipole moment as well as its anomalously low
quadrupole component. The contrasting conclusions of these studies is primarily a
consequence of their different assumed source regions for compositional buoyancy
(i.e. volumetric versus boundary origins) and the absence/presence of an outer
stably-stratified layer in the model.

There are many directions for future work, given our limited understanding of
core formation, evolution, and processes in icy ocean worlds. Future missions, in
particular the ESA JUICE mission (51), will provide additional constraints on the
core size and composition as well as magnetic field characteristics of Ganymede,
while laboratory measurements that better characterize phase diagrams and trans-
port properties in combination with thermal evolution and dynamo models would
facilitate a more advanced interpretation of these measurements and answer fun-
damental questions such as what supplies the energy to drive the dynamo and for
how long.

5 Discussion points and perspectives (Christophe)

Section lead/contributors: Christophe, Gabriel, Baptiste, Klara
To include:

– Does the presence of HP ice prevent the existence of hydrothermal vents ?
(Steve)

– Exo-Ocean worlds (Lena, Baptiste, Christophe)
– Implications for large icy world habitability (All)
– Why are Ganymede Titan and Callisto so different ? (Steve + Christophe)
– What should be the future measurements (Gabriel, Tim)

– Space mission (Gabriel, Tim, Joachim)tw
– Experimental (Steve, Baptiste, Mike)
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