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Abstract: The exploration of potential life on other celestial bodies within the
Solar System is one of the key questions in planetary science. In this work, we
focused on determining the hydrosphere of the icy moons Ganymede and Europa
in order to determine possible obstacles in habitability due to the presence of
the high-pressure ices. We used known thermodynamic properties and satellite
parameters to create an algorithm that determined their structures. We found
that on Ganymede high-pressure ices are present in a wide range of pressure and
temperature conditions, which may prevent the transfer of minerals between the
silicates and the subsurface ocean. For Europa, we found that the occurrence of
high-pressure ice phases is very unlikely in its hydrosphere. However, the latest
data for Europa complicates the exact determination of its structure and Europa
may contain thinner hydrosphere and ocean than originally thought.
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Abstrakt: Sktimanie potencidlneho zivota na inych nebeskych telesach v ramci
Slnec¢nej Sustavy je jednou z klucovych otazok planetarnej vedy. V tejto praci
sme sa zamerali na urcenie hydrosféry ladovych mesiacov Ganymede a Europa,
aby sme urcili mozné prekazky v obyvatelnosti v dosledku pritomnosti vysokot-
lakovych fazy ladu. Pouzili sme zname termodynamické vlastnosti a parame-
tre satelitov na vytvorenie algoritmu, ktory urcil ich struktiru. Zistili sme, ze
na Ganymede st vysokotlakové Tady pritomné v Sirokom rozsahu tlakovych a
teplotnych podmienok, ktoré mézu branit prenosu mineralov medzi silikatmi a
podpovrchovym oceanom. Pre Eurdépu sme zistili, ze vyskyt vysokotlakovych
ladovych fazy je v jej hydrosfére velmi nepravdepodobny. Najnovsie udaje pre
Eurépu vsak komplikuji presné urcenie jej struktiry a Eurépa moze obsahovat
tensiu hydrosféru a ocean, ako sa povodne predpokladalo.
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1. Introduction

The investigation of habitability beyond the Earth serves as a driving force
for the exploration of planetary bodies within our Solar System. Among the
biggest candidates for extraterrestrial life in the Solar System (e.g., Taubner et al.,
2020) are the moons of the giant planets (see Fig. . Jupiter’s Galilean moons
Europa, Ganymede, and Callisto are notable candidates with a large habitable
potential. Similarly, Saturn’s moons Titan and Enceladus have been discussed
in this context. In the last few years, the possible existence of life even on the
moons of Uranus and Neptune has been discussed (Bierson and Nimmo, 2022;
Castillo-Rogez et al.,2023)). One of the main criteria, by which candidates for the
existence of life are determined, is the assumption of the existence of a subsurface
ocean in their structure.

The existence of a global inner ocean in large icy moons (Ganymede, Europa,
Callisto) was suspected since the early 1970s (Lewis, [1971)). The extent of the
ocean depends on many factors, such as thermal state, ocean and hydrosphere
composition, as well as satellites’” material properties. Voyager 1, Voyager 2, the
Galileo mission, the Cassini mission and the New Horizon mission improved our
knowledge of the internal structure of these satellites, however in the case of
Uranus and Neptune’s satellites only in a limited amount.

The water-rock interaction plays an essential role as a component in the origin
of life, during which important, necessary minerals are released (e.g., Vance et
al., [2016). Within larger icy moons, such as Ganymede, Titan and Callisto,
however, these interactions may be impeded or even completely prevented due to
the presence of high-pressure (HP) ice layers, i.e., HP ice phases, which arise due
to high pressures inside the satellites.
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Figure 1.1: Satellites of outer Solar System compared to Earth’s Moon. Adapted
from Nimmo (2018)).



These layers would be located between the liquid layer and the silicates, thus
preventing their direct contact with each other. However, if the HP ice layer were
to melt, it may allow direct or indirect water-rock interaction (Kalousova et al.,
2018).

In this thesis, we will concentrate on the hydrosphere structure, its extent, and
the possible existence of HP ices. In the first chapter, we will introduce the basic
knowledge and equations for the interior structure of bodies in general, and we
will take a closer look at the two icy moons of Jupiter: Ganymede and Europa. In
the second chapter, we will approach thermodynamic theory and equations used
in our calculations, such as phase transitions of ice, Gibbs free energy, and other
thermodynamic variables necessary for determining the structure of satellites.
The third chapter will present the algorithm, used in our code, with the help of
which we determined the structure of the icy moons. In the last chapter, we apply
our code, and we summarize and discuss the specific results of the calculations
for Ganymede and Europa.



2. Interior structure of icy
satellites

Due to a lack of direct data, understanding and modelling the interior struc-
ture of icy satellites can be challenging. The main characteristics used for assess-
ing interior structures are mass and radius, shape, gravity and magnetic fields,
observed activity on the surface, surface temperatures and heat flow and compo-
sition of the surface and atmosphere of the specific satellite. In our work, we will
mainly focus on the gravity field, mass and radius of the satellites.

2.1 Planetary radius, mass and moment of in-
ertia factor

For many bodies, the average radius R and shape of the satellite can be ob-
served directly, whether from ground-based telescopes or images produced by
close-by flying spacecraft. Close flybys of spacecrafts, as well as the interaction
of the satellite with other bodies, can determine multipole expansion of the grav-
itational field. The information about the gravitational field is, however, limited
for icy satellites; only moments for degrees [ = 0 and [ = 2 are usually available.
Degree | = 0 provides information about the mass of the planet M

GM
g:

o (2.1)
where G represents the Newtonian constant of gravitation, » > R is the radius,
g is the gravitational acceleration at r. Assuming hydrostatic equilibrium, the
gravitational coefficients on degree [ = 2, allows us to assess the polar moment
of inertia C. Both the mass M and polar moment of inertia C' provide essential
information on the internal structure and density distribution.

Usually, when modelling the interior structure, the polar moment of inertia C'
is translated into a moment of inertia factor (Mol). It’s a dimensionless character-
istic sensitive to radial mass distribution inside the satellite. The lower the Mol
value, the more is mass concentrated towards the centre of the satellite. Values
of Mol for many icy satellites are determined. All the acceptable models of the
density profile inside the interior structures must match these values. Mol can
be obtained from the polar moment of inertia C', mass M and surface radius R:

C
MR?*

Mol = (2.2)

With the help of the material properties, we use these observations to assess
the internal structure of satellites. Assuming a spherically symmetric body, or
body in hydrostatic equilibrium, the total mass of a satellite can be derived from
equation (Vance et al., 2014])):

M =4r /OR p(r)ridr, (2.3)



where p(r) is the density, dependent on the radial distance from the satellite’s

interior.
Polar moment of inertia C' is calculated as (Hussmann et al., 2010):

8t (R
C=—
3 Jo

p(r)rdr, (2.4)
where p(r) is the density, dependent on the radial distance from the satellite’s
interior.

2.2 Icy satellites

We chose Ganymede and Europa as representative moons for assessing the
structure because they both represent different types of icy moons (Fig. [2.1)).
Ganymede is the largest moon in the Solar System. It is certainly differentiated
and the presence of high-pressure ice phases in its hydrosphere is very likely.

On the contrary, the exact structure for Europe is not certain from the latest
measurements. Its hydrosphere is probably small, and the presence of a high-
pressure ice phase is very unlikely.
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Figure 2.1: Internal structure for few satellites. Our interest lies in the structure
of Europa and Ganymede. Adapted from Nimmo (2018)).



2.2.1 Ganymede

Ganymede is one of the four Galilean moons, orbiting Jupiter, with a radius
of 2634 km, and a mean density of 1940 kg/m? (Lissauer and Pater, 2013). It
is the largest satellite in our Solar System. Assuming hydrostatic equilibrium,
with gravity data from Ganymede provided by the Galileo mission, Ganymede’s
moment of inertia factor (Mol), which characterizes the radial distribution of mass
inside the satellite, was calculated. With a value of 0.3115 4 0.0028 (Schubert
et al., 2004), Ganymede has the lowest Mol value among solid satellites, and also
terrestrial planets, in our Solar System.

Ganymede’s size and low Mol, however, are not the only thing distinguishing
it from other satellites. As Galileo’s magnetometer discovered, Ganymede has its
own internal magnetic field, strong enough to form its own mini-magnetosphere
inside the magnetosphere of Jupiter. The most reasonable interpretation of its
existence is a magnetic dynamo located in Ganymede’s liquid metallic core, most
likely a Fe-FeS core (Schubert et al., [1996). However, a dipole magnetic field
of Ganymede cannot fully explain the magnetic data obtained by Galileo’s mis-
sion. In order to explain the remaining signal, Kivelson et al. (2002) proposed
two models. A model representing the internal field as the sum of dipole and
quadrupole terms of the magnetic field, and a model presenting the magnetic
field as an induced magnetic dipole in conducting layer. The latter model places
a conductive layer at a depth of 170 km to 460 km, therefore suggesting that
Ganymede may have a subsurface salty liquid layer in its hydrosphere. Kivelson
et al. (2002)) states that both models fit the data, but prefers the induced mag-
netic field model, due to the less amount of parameters needed to describe the
internal sources of magnetic fields (the quadrupole model requires 8, while the
induced magnetic field model only 4).

Small values of Mol for Ganymede and the existence of its internally gener-
ated magnetic field suggest enough heating for differentiation of liquid, metallic,
iron-rich core and silicate mantle (Journaux et al., [2020b)). The model used for
describing Ganymede’s internal structure is a three-layer model, which best suf-
fices the gravity, density and magnetic field data (Lissauer and Pater, 2013). The
innermost layer is constructed of a liquid metallic core surrounded by a silicate
mantle layer, where each layer is predicted to be around 900 km thick. Above
these layers is then located a thick HyO layer, or in other words, hydrosphere.
The thickness of Ganymede’s hydrosphere is assumed to exceed 800km. Because
of high-pressure values at the bottom of the hydrosphere, the existence of HP ice
layers is inevitable below a depth of around 150km (Hussmann et al., 2010). The
temperature in this depth corresponds to the minimal melting temperature of
H>0. Data states, Ganymede’s hydrosphere was subdivided into layers of Ih-ice,
[II-ice, V-ice and VI-ice (Hussmann et al.,2010). The hypothetical layer of liquid
H>0O would be located between Ih-ice and Ill-ice, V-ice and VlI-ice layer, which
would prevent significant water-rock interactions. However, if heat transfer is
efficient enough, high-pressure ice layers could be melted, enabling therefore, a
direct water-rock interface. The efficiency of the transfer is determined by the
thermodynamic and rheological properties.

The liquid layer does not need to consist only of pure HyO, however. In
general, it has been broadly assumed, that the ocean composition of icy satellites
consists of HoO-MgSO, solution (Vance et al., 2014).



2.2.2 Europa

With respect to distance from Jupiter, Europa is the second of the Galilean
moons, with a radius of 1560 km. Its mean density is 3018 kg/m?3, placing it
between those of icy satellites, such as Ganymede or Callisto, and rock satellites
such as Io or Earth’s Moon (Hussmann et al., [2010). The value of Europa’s
mean density indicates a rock/ice composition, where the rock layer provides
more than 90% of the mass, meaning less than 10% of mass is contributed by the
hydrosphere. The top of the hydrosphere is covered by solid water ice. The proof
was provided by Voyager and Galileo imaging and infrared spectroscopy (Sohl
et al.,[2002). The thickness of the ice layer is uncertain (Howell, 2021)). It can be
only a few kilometres or tens of kilometres. The existence of a subsurface liquid
H50 ocean in Europa’s hydrosphere is indirectly proven by the satellite’s surface
topology, but mainly by measurements of Jupiter’s magnetic field near Europa
(Khurana et al., |1998).

Comparing Ganymede and Europa, it is obvious Europa is a significantly
smaller satellite with a higher value of mean density. This indicates that Europa
has a higher representation of silicates than Ganymede, and therefore smaller
hydrosphere. The pressures inside it will not reach such high values as in large
icy satellites, therefore the presence of high-pressure ice phases in its hydrosphere
is very unlikely. The liquid layer, therefore, lays directly between the ice shell
and rock interior, meaning interactions at the water-rock interface are present.

As in the case of Ganymede, thanks to data from close flybys of the Galileo
mission, the Mol for Europa was determined, the value of which is 0.34054-0.0022
(Jacobson et al.,2000). This value leans towards a model, where Europa’s interior
is fully differentiated into metal core, silicate mantle and H,O layer, as is the case
of Ganymede. The size of the core in this model corresponds to roughly half of the
total radius of the satellite (Sohl et al., [2002)). However, more recent additional
data from the Juno mission offered a new value for Mol that was significantly
larger than the previous one, 0.3547 +0.0024 (Gomez Casajus et al., [2021)). This
new value may question the assumption on the three-layer model for Europe and
may suggest the use of a two-layer model, consisting of a HyO layer and a silicate
core. The chemical composition introduces yet another complexity if carbon-rich
icy satellites are considered (Reynard and Sotin, 2023)).



3. Thermodynamic properties

Understanding the thermodynamic properties of ice (Fig. , particularly
its high-pressure phases plays a vital role in gaining insights into the structure of
the hydrosphere. To date, experimental studies have confirmed the existence of
twenty distinct crystalline polymorphs of ice (Komatsu, , and the number is
still growing. Moreover, about three orders of magnitude more are assumed via

calculations (Engel et al., 2018]).

The pressure-temperature (PT) conditions ranging from 0.1 to 2000 MPa,
below room temperature, are of particular interest when studying icy satellites.
Under these PT conditions, most polymorphs (i.e., Ih, *Ic, II, III, *IV, V| VI,

X, XT, *XII, *XIII, *XIV and XV; metastable phases marked with an asterisk)
was found. While exploring the icy moons, the attention is focused mainly on

stable ice phases Th, II, 111, V, VI (Journaux et al., 2020b).

Pressure

Figure 3.1: Phase diagram of water with temperature up to 650 K and pressure
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3.1 Gibbs free energy

Ices thermodynamics and the ice/water phase diagram are commonly repre-
sented through Gibbs free energy G, a thermodynamic potential depending on
pressure P and temperature 7. Gibbs free energy is classically used for equilib-
rium calculations in chemical reactions and phase transitions. Furthermore, all
equilibrium thermodynamic properties, including specific volume, specific heat,
and thermal expansivity, can be derived from analytical derivatives of the Gibbs
free energy for a system in thermodynamic equilibrium (Journaux et al., [2020al).

Gibbs free energy, as a function of pressure and temperature, can be calculated
from equation (Journaux et al., 2020a)):

P
G(P,T) = / V(P T)dP' + G(Py, T), (3.1)
Py
where G(P,, T) it the temperature-dependent Gibbs free energy at ambient pres-
sure and V(P,T) is the specific volume. Temperature dependence of G(P,,T)
can be parameterized by:

ar’,

(3.2)
where Go(Py, Tp) is the reference Gibbs free energy and Sy is the reference en-
tropy, usually representing values at the temperature of absolute zero and ambient
pressure or some specific thermodynamic invariant, such as triple point. Cp rep-
resents the specific heat for constant pressure. For calculating specific volume in
Equation , Journaux et al. (2020a)) suggest using Mie-Griineisen equation of
state, which gives values of specific volume for a wide range of temperature and
pressure values.

The chemical potential p is frequently used as an alternative to Gibbs free
energy. The relationship between Gibbs free energy and chemical potential is
straightforward: the chemical potential of a substance represents the Gibbs free
energy per mole. In other words, the molar Gibbs free energy is equal to the
chemical potential (Callen, 1985).

Here, we will use two different parameterizations of the thermodynamic prop-
erties (Journaux et al., 2020a; Choukroun and Grasset, [2010)) and their imple-
mentations.

r / / T CP(T/)
G(Po,T) = GQ(P(),T()) - SO(P[),T())(T - To) —|— T CP(T )dT - T T T/

3.2 SeaFreeze

The first method we used for determining thermodynamic properties is the
SeaFreeze library (Journaux et al., 2020a; Bollengier et al., 2019). SeaFreeze is
an open-source library hosted on GitHub. Its purpose is to calculate the thermo-
dynamic (and elastic) properties of water and ice polymorphs Ih, II, III, V, VI
for temperatures in the range 220 - 500K and pressures from 0 - 2300 MPa, using
Gibbs parametrization given in Equation (3.1)).

The library is readily available for use and contains the most recent data,
with continuous updates being added. However, alongside its advantages, it also
possesses certain limitations. The first drawback is the computational time re-
quired for calculations. In comparison to the second method (Section , the
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calculations are several times slower. The second limitation is that the provided
relationships in the library only apply to liquid layers with zero salinity, in con-
trast to the work by Vance et al. (2014), where salinity values ranging from 0 to
10 wt% are considered. However, as part of the planned updates for SeaFreeze,
information will be incorporated into the usage of aqueous solutions, specifically
for solutions containing NaCl, MgSO,, and NHj.

3.3 PhaseDiag

Pure water

The second approach in this study is based on the works of Choukroun and
Grasset (2007)), Choukroun and Grasset (2010)), Vance and Brown (2013) and
Vance et al. (2014)) for the composition of pure water. It uses the chemical
potential p to determine the stable phase (x4 minimization), through Equations
and rewritten per mole.

Choukroun and Grasset (2010) used a set of equations and parameters that
allowed calculating all the values for all the polymorphs with a single formulation
using chemical potential . Moreover, they describe chemical potentials of phases
,ufbo relatively to the liquid chemical potential ,uﬁQO phase

A:U’Hzo - MEIZO(PJ T) - MI%QO(P7 T) (33)

In this formulation, the reference term in Equations (3.1)) and (3.2)) are ex-
pressed as the enthalpy difference

AHy = TyAS,, (3.4)

where T is a reference condition of temperature; ASy, defined as a difference of
entropy of solid and liquid phase. The values for reference pressure Py, reference
temperature Ty and reference entropy variation of liquid and solid phase ASy are
stated in Choukroun and Grasset (2010).

For our calculation, heat capacities are temperature-dependent. Choukroun
and Grasset (2010) suggests using for heat capacities at constant pressure C), of

solid ice phases:
C2

T2’
Coefficients c¢g, ¢; and ¢y are constants. Their values are listed in Choukroun and
Grasset (2010)).

Calculating heat capacities for the liquid phase is more complicated. Defini-
tions are divided by temperature: below the temperature of 231 K is used a 7%
degree polynomial approximation, and over 231 K an exponential approximation.

Co(T) =co+arT + (3.5)

7
T < 231K : CHT)=>_ T, (3.6)
n=0
T > 231K : CH(T) = co + c1exp(ca(T — Trep)). (3.7)

Coefficients ¢; of 7" polynomial approximation, coefficient cy,c;,co of exponential
approximation and reference temperature 7,..; are constants.

10



Their values together with the coefficients for the solid phases are listed (Choukroun
and Grasset, 2010).

For specific volume, Choukroun and Grasset (2010)) derived a new formulation,
which is accurate, effective and easily used:

V(P,T) = VoGu(T)G(P), (3.8)

where V| represents an arbitrary volume of reference, and (; and (, are functions
describing relations of specific volume on temperature and pressure.

G(T) =1+ agtanh(ay (T — Trer)), (3.9)
Go(P) = bo + by (1 — tanh(byP)). (3.10)

Coefficients ag ,a1 ,by ;b1 ,bo and T are again constant. Values of coefficients
ag ,ai ,bo ,bi ,ba and T, for liquid and each ice polymorphs used in equations
are listed in Choukroun and Grasset (2010)).

Thermodynamic theory for H,O—-MgSO, solution

The aforementioned approaches do not consider the influence of salt or any
anti-freezing agents on phase stability. In the presence of a specific salt concen-
tration, phase equilibrium occurs at the PT point, where the chemical potential
of the solid phase (S) is equal to that of the liquid phase (L): u¥ = p*. Using the
general formulation for a non-ideal solution, the chemical potential of aqueous
MgSO, can be expressed as (Vance et al., [2014)):

MﬁzO(P, T7 XI{IIQO) - MﬁzO(P, T7 1) + RT ln<7§20X§2o)7 (31]‘)

where X} is the mole (or molar) fraction of liquid water; v, is the activity
coefficient of liquid water, which can be defined as:

RTIn(vh,0) = W1 = X,0)% (3.12)
Coefficient W, called the Margules coefficient, is expressed as:
W = wy(1 + w; tanh(wy P)) (1 + w3 /(T — Tp)?), (3.13)

where w;—; 23 and T} are constant and they are stated in Vance et al. (2014).

To describe the thermodynamic properties of the MgSO, solution as func-
tion of pressure P, temperature 7" and concentration C' («a(P,T,C), C,(P,T,C),
p(P,T,C)), we use the tables in Vance and Brown (2013) and the linear interpo-
lation contained in the Scipy library in Python.

Implementation

All the above equations, together with the coefficients and with the equa-
tion for Aup,o0, and with the preparation for drawing the corresponding phase
diagrams, were taken from a library PhaseDiag (Kosikovd, 2022) created for
SFG. The validity of parameterization is up to 2.2 GPa for pure water and ice
(Choukroun and Grasset, [2010). The properties (p, C,, o) of aqueous MgSO,

11



is valid up to 800 MPa at temperatures 250 — 370 K. In our calculations for
Ganymede, however, it was necessary to find a corresponding pressure value of
up to 1.5 GPa. For higher pressure, we can afford the extrapolation for salin-
ity values up to 10wt% because in this case, it is smooth in all thermodynamic
properties.

Remarks on concentration

Using Equation can be determined chemical potential p, taking into
account the effect of the salt concentration in the ocean. In the calculations,
the value of wt% could not be used directly. It had to be converted to a molar
fraction X. Here, we state their mutual relations used in this work.

The salinity value is given in wt%, the percentage of the mass fraction w;
(McNaught and Wilkinson, 1997)).

m;

(3.14)

w; = )
Mot

> w =1, (3.15)
=1

where m; equals mass of the substance (MgSQOy,), and my,; represents total mass
of the mixture. Limited by the fact that at salinity values higher than 10wt%,
the occurrence of high-pressure ices is small, we chose to work with values Owt%,
3wt%, 5wt% and 10wt% in our model.

A mole fraction is defined as a unit of the amount of a component, divided
by the total amount of all components in a mixture (McNaught and Wilkinson,
1997).

For two-component solution, the conversion of wt%, or more precisely, mass
fraction w to the mole fraction X is mediated by the formula:

X, = MB’UJA
A wA(MB—MA)-l—MA’

(3.16)

where w4 is the mass fraction, M4 is the molar mass of the substance, which w4
is known, and Mp is the molar mass of the remaining substance in the mixture.
However, when we calculated the adiabatic gradient in the ocean Equation
, or the values of p, ¢,, and a in the ocean, molality was used instead of the
mole fraction X. Molality, or molal concentration, is defined as the amount of
substance of solute (in moles), divided by the mass of the solvent (McNaught and
Wilkinson, (1997). The conversion of mole fraction X to molality b is mediated

by the formula:
Xa

by = — A
AT M1 = X)

(3.17)
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3.4 Phase diagrams

As described in Sections and to calculate thermodynamic parame-
ters, and thus to draw phase diagrams, we used two approaches. In the figures
Fig. 3.2(a) and Fig. 3.2(b), the diagram is plotted using the method described
in Section for an ocean salt concentration of Owt% and 10wt%. Figure
Fig. (C) shows the phase diagram for zero salt concentration using the method
described in Section 3.2

Comparing Fig. B.2(a) and Fig. [3.2|c) we see that the phase diagrams differ
slightly. Figure Fig. [3.2]c) also includes II-ice, which is turned off in Fig. [3.2(a).
However, as will be shown in Chapter [T-ice does not even appear in our
results, so this difference is not significant for our purposes. In addition to the
phase II difference, the diagrams also differ in the size of phase III and V, but
this difference is not drastic and is probably due to SeaFreeze working with more
recent data and different parameterization.

a) PhaseDiag- Owt% b) PhaseDiag- 10wt%

Vi

Pressure [MPa]
Pressure [MPa]

T T T T T T T T 1 T T T T T T T
240 250 260 270 280 290 300 310 320 330 240 250 260 270 280 290 300 310 320 330
Temperature [K] Temperature [K]

c) SeaFreeze- 0Owt%

Pressure [MPa]

240 250 260 270 280 290 300 310 320 330
Temperature [K]

Figure 3.2: Phase diagrams, using method PhaseDiag for Owt% and 10wt%, and
SeaFreeze for Owt%. Note different colour schemes for PhaseDiag and SeaFreeze.
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4. Interior model

Our objective was to develop a model of the hydrospheres of icy moons by
utilizing information about their size, mass, and moment of inertia factor, along
with experimental data on water/ice properties. To describe the interior of the
satellite’s deeper layers (the silicate mantle and iron-rich core), we employ sim-
plified properties characterized by their respective constant densities (see Section
).

In the case of the hydrospheres, we consider the thermodynamic properties
of water and ices, which may also contain dissolved MgSO, as discussed in the
previous chapter. These properties are dependent on both pressure P and tem-
perature 1. As a first step, we need to determine the temperature and pressure
profiles as functions of depth (see Sections [4.2]and [4.3). Subsequently, we outline

the iterative procedure employed to obtain the structure of the hydrosphere (see

Section [4.4)).

4.1 Two-layer and three-layer models of interior
structure

When discussing models of interior structures of icy satellites, two simplified
layered models are considered. A two-layer model, consisting of a silicate-metal
core and HyO layer, and a three-layer model, consisting of metal core, silicate
mantle and HyO layer. Note that the hydrosphere (HyO layer) is divided into
sublayers with varying densities and properties. The core and mantle are simpli-
fied and we assume to have a constant density.

Two-layer models, consisting of the hydrosphere and silicate-metal core, may
be reasonable to use with medium-sized ice satellites of Jupiter, Saturn, and
Uranuswhen the conditions are not favourable for full differentiation. For larger
icy satellites, assuming they are fully differentiated, the two-layer model is not
sufficient anymore. In the case of Ganymede, it possesses the internally generated
magnetic field (Kivelson et al., [2002)), which can be generated in a fluid iron core.
For a description of its internal structure is used three-layer model, consisting of
the hydrosphere, rock mantle and metal core.

For the N-layer model (N > 2), the value of Mol can also be used to describe
the internal structure, provided that the value is determined from close spacecraft
flybys, using the expression for the mass Equation and moment of inertia
Equation ([2.4)).

We are generally interested in values for the hydrosphere, so we can split M and
C' into contributions from the hydrosphere and the solid interior of satellites. For
the three-layer model, the equations for the calculation are (Vance et al., 2014):

41
M = MHQO + ?[pmzmtle(Rmantle - Rcore)3 + pcoreRgore]a (41>
R
Mp,o = 47?/ p(r)ridr, (4.2)
Rsil
8 5 5
C= C’HZO + E[pmantle(Rmantle - Rcore) + pcoreRcore]a (43)
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8w i 4
Ch,0 = — p(r)ridr, (4.4)
3 JR.
where My, o denotes the total mass of the hydrosphere, Cy,o the moment of iner-
tia of the hydrosphere, R,,ane represents the mantle radius, ppante the density of
the mantle, R, the core radius and p.... the density of a core. For the two-layer
model, we simply use limit R.,.. — 0.

To solve the contribution of core and mantle to the total mass and Mol (Equa-
tions |4.1]and and thus calculate M and C' for the three-layer model, we need
to know densities and radii for core and mantle, i.e. four independent variables.
However, only two conditions are known (mass M and Mol). Consequently, two
of the parameters need to be prescribed, so the remaining can be calculated. We
choose to prescribe densities, as suggested in Vance et al. (2014). For the two-
layer model, only mantle radius and density needed to be determined, and they
are computed from the knowledge of the total mass of the body M and the polar
moment of inertia C'.

4.2 'Temperature profile

In order to be able to calculate the temperature 7' at a given depth, it is
necessary to introduce several assumptions. Following Vance et al. (2014), we
consider the conductive heat transfer in the Ih-ice layer, the adiabatic temperature
profile in the liquid ocean, and the temperature profile following the liquidus line
to approximate two-phase flow in high-pressure ices.

The steady-state conductive heat transfer with no internal heating is described
as follows

V- kVT =0, (4.5)

where 7' is the temperature, k£ is the conductivity. We assume temperature-
dependent conductivity:

k=—, 4.6
= (46)
where parameter D is equal to 632 Wm™! (Andersson and Inaba, [2005). We
assume that the Th-ice layer is thin (d < R) and we can solve the above equation
in the Cartesian domain and that the solution is independent of the horizontal
coordinates (2& = ‘3—5 = 0). Under the above conditions, Equation 1’ can be
rewritten as

2 (Tl()z) ng(z)> 0, (4.7)
T(z) = Aexp{%},

where z is the depth, and A and B are the constants of integration, determined
using the boundary conditions.

We solve the above equation for the fixed bottom (at the Ih ice-water inter-
face, T'(z,) = T,) and surface temperature T'(z = 0) = Ty. We vary bottom
temperature T, between 250 K and 270 K because it corresponds to the liquidus
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with ice Ih over the range of eutectic temperatures for the aqueous MgSO, sul-
fate system (Vance et al., 2014)). The surface temperature Ty complies with the
observations. The solution of Equation (4.7)) reads:

T(z) = T/ ™1/, (4.8)

Specifically, in our calculations, we chose the values T, = 255, 260, 265 and
270K from this interval. Corresponding heat flux at the Ih-ice and liquid interface
qp is calculated using the formula:

In Tb / TO

Zp

In the liquid ocean layer, an adiabatic profile is assumed, described by the
equation:
dT"  oT
dP  pC,’
where « is the volumetric thermal expansion, p is the density and C), is the heat
capacity at constant pressure.
In high-pressure ices (HP ices), the temperature follows the liquidus line to
approximate two-phase flow (Sramek et al., [2007).

(4.10)

4.3 Pressure profile

By knowing the density, denoted as p(P,T,C'), we can calculate the pressure
and gravitational acceleration profiles. It is important to note that the gravita-
tional acceleration in the hydrosphere is not constant. As we move deeper into the
ice and liquid layers and approach the mantle and core, gravitational acceleration
increases due to the significantly higher densities of the deep layers. This means
that the values in the hydrosphere can differ by up to 25% from the surface value
of gravitational acceleration, denoted as ggy, -

To calculate pressure P for a given radius, as well as gravitational accelera-
tion g at a given radius, we use the following differential equations, assuming a
spherically symmetric body (Valencia et al., |2006]):

jﬁ = 4rGp(r) — 2G:§(T>, (4.11)
o), (412)

where G is the gravitational constant, r represent the radius, m(r) mass in the
underlying layers, derived from Equation (4.2]), and p(r) is density at given depth.

4.4 Algorithm for assessing the structure

Besides the thermodynamic properties of ice/water, the planetary body is
described by its surface radius R, mass M, and moment of inertia factor Mol.
We also assume temperature at the Ih ice-ocean boundary 7;, and the salinity
of the ocean wt%. The surface temperature was assumed as the average surface
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temperature of Ganymede (Weissman et al., [2007). The polar moment of inertia
C' was calculated from the value of Mol and Equation (2.2)). The gravitational
acceleration at the surface g,,s was derived from Equation (2.1)).

In the case of the three-layer material model, we fix the density of the mantle
Pmantle and the core p.o... The radius of the mantle R,,4n1e and the core Ry is
determined from the knowledge of the mass and Mol. For the two-layer material
model, the average density of the mantle pyante and the mantle radius Ryange iS
assessed from the mass and Mol.

We compute the internal structure iteratively. During each iteration j, we
utilize the explicit one-step method with constant integration step to integrate
from the surface to the interior. In each iteration, we assume that we know the
depth of the Th ice-ocean interface z;, from the previous iteration. The procedure

J_,J—1

Zb —AZbl
J—

zb. .

convergence criterion.

For the first iteration step j = 1, we estimate the thickness of the Ih-ice layer
using a simple equation:

< e =1078. Less than ten iterations are needed to reach this

ends when

L L E— (4.13)
gsurfpicelhref
where gg,.y is the gravitational acceleration on the surface, pjcern,., represents
the reference value of density for Ih-ice; P, represents pressure at the Ih ice-
ocean interface at temperature 7T, and it is found from Ih-ice liquidus curve.
The reference values used in our computations are written in tables Tab. for
Ganymede and Tab. for Europa.

For each iteration j, the body was split into two sections: Ih-layer and the
rest of the body and each section was further divided into layers. The i-th layer
is represented by a value of the radius r;, and we integrate along the radius r.

Specifically, the Ih-ice layer was divided into NV equidistant layers. New values
of temperature T;(r) via conductive temperature profile (Equation , pressure
P;(r) (Equation[4.12)), gravitational acceleration g;(r) (Equation [4.11]) were deter-
mined at i-th integration step. The density value p;(F;, T;) was computed using
values established in the previous step. The specific procedures for calculating
the given thermodynamic parameters were described in Chapter [3]

The rest of the body was divided into N, steps. The same variables as in
the Ih-ice layer were determined using the same approach, apart from computing
T;. The algorithm always tests which phase is stable. If the liquid water phase
was stable, the adiabatic profile of temperature (Equation {4.10) was used for
computing T;; the density p(P;, T;, w) of the ocean also depends on the salinity.
If the HP-ice phase was stable, T; was computed by following the liquidus line.

Along with thermodynamic properties, new values of the mass of the hydro-
sphere M}, and the moment of inertia of the hydrosphere C}, o were calculated
using Equations and . The radius of mantle R! . was determined
as the radius at the following integration step r;. For the three-layer model, the
radius of a core R’ . was calculated from the mass of the body M Vance et al.
(2014)):

(4.14)

core ~ 4

. i ; 3\ 1/3
Ri . M — MH20 - ?pmantle (Rmantle)
?(pcore - pmantle) 7

where M is the total mass of the moon and My, o is the mass of the hydrosphere in
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the corresponding depth. Similarly, the density of the mantle p,,4n1e is determined
from the total mass of the body M

M
mantle = - . 4.15

mantle

Using the overall moment of inertia of a hydrosphere in Equation , we also
analytically determine the value of the total moment of inertia of the satellite.
This value at i-th integration step served as a control point C’ ... For the i-th
integration step, C, ., was calculated and compared with the observed moment
of inertia of the satellite C. The radial integration stops once C? . reaches the
desired value C'.

Last but not least, we determined the thickness of each layer of the hydro-
sphere once the converged solution is found. The method used for that was
dependent on a stable phase at each depth. The stable phase needed to be estab-
lished from the chemical potential, resp. Gibbs free energy, as the minimal value
for the corresponding PT conditions.

The implementation of the algorithm was part of this work, it is available on
GitLab (Kosikova, [2023), and it was compared with Vance et al. (2014). The
convergence for increasing N; and N, was tested. The differences between the
two solutions are small and can be attributed to a slightly different numerical
approach.
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5. Results

The focus of this chapter is to determine the structure of icy satellites, using
the approach and numerical solution introduced in the previous chapter. The
structure was determined for two icy moons, namely Ganymede and Europa. For
Ganymede, the method PhaseDiag based on (Vance et al., 2014; Choukroun and
Grasset, 2010)) for four values of salt concentration was used, as well as the method
using the SeaFreeze library for zero salt concentration. Furopa’s structure was
determined only using the PhaseDiag method.

As mentioned in the previous chapter, in order to determine the structure of
the icy satellite, the following available parameters for respective satellites are
used: average planetary radius R, the total mass of the satellite M, and moment
of inertia factor Mol or polar moment of inertia C'.

We have included two free parameters: the temperature of the ocean at the Th
ice-ocean interface Tj, and the concentration of salt in the ocean wt%. Since these
parameters are unknown in reality, we will systematically vary them to determine
the effect on the structure. Additionally, the structural model of the body was
chosen, i.e. whether it was a two- or three-layer model. If the three-layer model
was used, it was also necessary to enter the densities for the mantle p,,an1e and
COI€ Peore-

5.1 Ganymede

The structure was determined for Ganymede, using a three-layer model, as
the iron-rich core is essential to explain the presence of its magnetic field. Ocean
temperatures T, were successively taken from the interval {255,260, 265,270} K,
for MgSOy salt concentrations in values of {0,3,5,10} wt%. Physical parameters
for Ganymede along with reference values are listed in Tab. [5.I] Values of peore
and ppante were taken:

Pmantle = 3250 kg m_37
Peore = 7030kgm ™2,

This value ppantie Tepresents the average representation of dehydrated silicates
in the mantle, while p.,.. represents a situation where the Fe-FeS representation
ratio in the core is 25% FeS (Vance et al., [2014)).

Parameter Value
Tours K] 110
M [kg] 1.48-10%
Mol (Schubert et al., 2004)  0.3115
R [km] 2634.1
C kg m?| 3.20-10%
Gsurf [m 8_2] 1.4
Picel,.; kg m™] 920

Table 5.1: Reference parameters for Ganymede.
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The resulting thicknesses of individual parts of the hydrosphere Dip,_ice, Diig,
Dir_ices Drrr—ice; Dv_ices Dyr_ice, together with the radii of the silicate mantle
Rantie, and metal core R..., and the corresponding value of heat flux ¢, are
listed in the tables Tab. - Tab. B3l

The results show that as the ocean temperature Tj increases, the HP-ice layer
shrinks, as does the Th-ice layer. Thus, the ocean thickness in the hydrosphere
must increase. The same trend, albeit smaller, also occurs for constant 7T, and
increasing salt concentrations in the ocean.

As expected, the Th-ice layer decreases with increasing salt concentration. For
HP-ices, however, the situation can be more complex. The Ill-ice layer does not
occur for ocean temperatures Tj, equal to or greater than 255 K. We also observe
increasing VI-ice layer thickness, due to the decrease of the mantle radius. This is
necessary to fit M and Mol due to the increase of the water density and different
PT conditions of the phase transitions. Additionally, the V-ice layer is present
up to temperatures T, = 260K, except for the case of 10 wt%, where at this
temperature the value equals zero.

Changing T, as well as increasing wt%, also affects the size of the mantle and
core. For Owt%, Ruanue also increases for increasing T, (Tab. . Additionally,
in most cases, the value of R.,. decreases. However, we observe the opposite
trend for non-zero values of wt%, due to the anomalous behaviour of water for
low salt concentration. For a salt concentration of 0, 3 & 5 wt%, the mutual
differences of Reore and Ranue for the respective temperatures are relatively
moderate. However, for 10 wt%, the values of R.... and R,,qns. differ significantly
more than those for the remaining salt concentrations.

By comparing our results presented in Tab.[5.2] Tab.[5.3] Tab.[5.4/and Tab.[5.5]
with values listed in Vance et al. (2014), we see the thicknesses for layers differ.
One of the reasons why the results slightly differ from those presented in Vance
et al. (2014) was the use of different Mol values. Vance et al. (2014) states Mol
= 0.3105 & 0.0028 , which does not match the value, written in Tab. [5.1} which
we used. The reason we chose a different Mol was that the value we used is the
value used as Ganymede’s Mol in most sources (Schubert et al., 2004).

To synthesize the results, we present density as a function of pressure for
0 wt% (Fig. and 10 wt% (Fig. salinity, showing the dependence for
temperatures 7,={255, 260, 265, 270} K.

Fig. and Fig. depict Ganymede’s hydrosphere structure with density
jumps corresponding to phase transitions. As an example, we will take Fig. [5.1
graph of density dependence on pressure for 7,=255 K. For pressure from 0-
200 MPa, we observe a curve that corresponds to the density of the Ih-ice layer.
From a pressure of 200 MPa to 400 MPa, we then observe a curve corresponding
to density within the ocean determined by pressure and temperature following
the adiabatic profile. Subsequently, for higher pressures, we observe densities
corresponding to the course of HP-ice, specifically for V-ice and VlI-ice in this
case.

Fig. shows the phase diagram for zero salt concentration for temperatures
T,={255, 260, 265,270} K and temperature profiles. The phase diagram for a
10 wt% salt concentration for T,={255, 260,265,270} K is shown in Fig. |5.4]
The heat flow at the Ih-ice and the liquid interface is equal to the heat that
must be produced in the deeper part of the satellites for the given structure to
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PhaseDiag - Owt%

Ny = 21*50 N,= 200*50

Ty [K] 255 260 265 270

ap [mW m~—2] | 3.85 4.86 6.85 12.65
Th-ice [km] 137.896 | 111.961 | 81.084 44.86
Liquid [km] 110.094 | 210.115 | 358.735 | 478.539
[II-ice [km] |0 0 0 0

Vice [km] | 164.017 | 93.076 | 0 0

Vl-ice [km] 392.692 | 384.665 | 353.628 | 267.495
Roane [km] | 1829.401 | 1834.283 | 1840.653 | 1843.205
Reore [km] 623.031 | 616.013 | 610.292 | 614.835

Table 5.2: PhaseDiag - Owt% :

Results for structure of Ganymede.

PhaseDiag - 3wt%

N; = 21*50 N,= 200*50

Ty [K] 255 260 265 270

qp (MW m™?] | 3.96 5.03 7.22 14
Th-ice [km] 134.251 | 108.067 | 76.977 40.527
Liquid [km] | 114.005 | 210.44 357.266 | 483.75
[II-ice [km|] |0 0 0 0

Viice [km] | 160.256 | 91.199 | 0 0

Vl-ice [km] 403.766 | 402.943 | 377.213 | 287.915
Rinantie [km] | 1821.822 | 1821.452 | 1822.644 | 1821.908
Reore [kin] | 638.233 | 640.996 | 645.064 | 655.258

Table 5.3: PhaseDiag - 3wt%

: Results for structure of Ganymede.

PhaseDiag - 5wt%

Ny = 21*50 N,= 200*50

Ty [K] 255 260 265 270
Q [mW m~2] | 4.06 5.21 7.58 15.377
Th-ice [km] | 130.741 | 104.4 73.295 | 36.906
Liquid [km] | 121.175 | 219.853 | 365.463 | 502.867
Ml-ice [km] | 0 0 0 0
V-ice [km] | 153.722 | 81.464 | 0 0
VIice [km] | 411.593 | 415.165 | 384.671 | 287.533
Ronantie [km] | 1816.86 | 1813.217 | 1810.67 | 1806.789
Reore 648.033 | 656.895 | 666.809 | 681.387

Table 5.4: PhaseDiag - 5wt% :

Results for structure of Ganymede.

PhaseDiag - 10wt% N; = 21*50 N,= 200*50
T, [K] 955 260 265 270
Q@ [mW m 7] | 4.5 5.95 0.13 22.21
Thice [km] | 118.006 | 91.425 | 60.87 | 25.55
Liquid [km] 173.376 | 317.357 | 458.338 | 700.205
[M-ice [km] | 0 0 0 0
Viice [km] | 104.177 | 0 0 0
Vl-ice [km] 438.347 | 437.892 | 338.928 153.398
Ronangte [km] | 1800.104 | 1787.425 | 1775.964 | 1754.947
Reore [km] 679.658 | 703.287 | 725.975 | 758.668
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be stable. The sources can be tidal heating (although in the case of Ganymede,
this process has only a small contribution), or radioactive decay in the mantle.

We observe that the estimated heat flux increases rapidly with increasing
ocean temperature Ty, as well as with increasing wt%, which indicates that with
increasing temperature, as well as with increasing salt concentration, a higher
amount of heat is needed to maintain the stability of the structure.

Comparing the phase diagram for 0 wt% and 10 wt%, we see that the line
representing the HP ice-ocean interface is steeper when the salt concentration
in the ocean is higher. We also observe that the course of the temperature
profiles corresponds to the resulting thicknesses of the individual layers of the
hydrosphere.

In the phase diagrams, we also show the temperature profiles corresponding to
the ocean temperatures T,={255, 260, 265,270} K. As expected, we observe the
conductive heat transfer in the Ih-ice, followed by an adiabatic temperature profile
in the liquid layer. When we then encounter HP ices, the temperature profile
begins to follow the liquidus line to approximate two-phase flow and temperate
ice in high-pressure ices. The temperature profile ends at the point when we hit
the mantle of the satellite and thus leave the hydrosphere.

In the next computation, the SeaFreeze library was used. The physical pa-
rameters used were the same as in the previous computation, written in Tab. [5.1]
The resulting thicknesses are written in Tab. [5.6] Again, graphs of density depen-
dence on pressure (Fig. and phase diagrams were plotted, however, SeaFreeze
allows us to only compute with salt concentrations 0 wt% (Fig. .

SeaFreeze - 0 wt% N; = 21*50 N,y,= 200%*50

Ty [K] 255 260 265 270

dp [mW m~2] | 4.024 5.301 8.053 19.162
Th-ice [km] | 132.041 | 102.551 | 69.001 29.615
Liquid [km] | 142.381 | 282.296 | 378.390 483.441
ITI-ice [km] |0 0 0 0

V-ice [km)] 114.356 | 9.114 0 0

Vl-ice [km] | 420.388 | 407.873 | 352.480 285.741
Ronantte [km] | 1824.934 | 1832.265 | 1834.229 1835.304
Reore [km] 625.717 | 616.447 | 619.731 626.424

Table 5.6: SeaFreeze - 0 wt% : Results for structure of Ganymede.

By comparing the results measured using the SeaFreeze library with the results
from the previous computation in Tab. [5.2] we notice several differences. The Th-
ice layer measured by SeakFreeze is smaller compared to the previous computation,
as is the V-ice layer. On the other hand, the thickness of the liquid layer is
greater, as is the VI-ice layer. The radius of mantle R, and the radius of
core R, are similar in both approaches, only differing in units of kilometres. In
the case of T,=260 K, the values of R, differ only in tenths of a kilometre. We
observe a higher heat flux than in the previous computation, especially for higher
temperatures Tp.
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Figure 5.1: Density as a function of pressure for Ganymede with 0 wt% salt
concentration in the ocean, using PhaseDiag approach.
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Figure 5.2: Density as a function of pressure for Ganymede with 10 wt% salt
concentration in the ocean, using PhaseDiag approach.
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Figure 5.3: Phase diagram and temperature profile for Ganymede with 0 wt%
salt concentration in the ocean, using PhaseDiag approach.
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Figure 5.4: Phase diagram and temperature profile for Ganymede with 10 wt%
salt concentration in the ocean, using PhaseDiag approach.
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Figure 5.5: Density as a function of pressure for Ganymede with 0 wt% salt
concentration in the ocean, using approach from SeakFreeze library.
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Figure 5.6: Phase diagram and temperature profile for Ganymede with 0 wt%
salt concentration in the ocean, using approach from SeaFreeze library.
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It is important to note that errors in the structure, and the differences in
results between the PhaseDiag and SeaFreeze methods are also due to the use
of different thermodynamic descriptions. Therefore, the uncertainties for the
thermodynamic properties should be included to assess the errors in the structure
determination.

Finally, we focused on the effect of the change in densities for the core peore
and the mantle p,une on the hydrosphere. Again we used physical parame-
ters taken from Tab. 5.1l The values of panue Were taken from the interval
{2500, 3250, 3550} kg m~3, where the smallest value corresponds to situations
when the silicates formed the mantle are fully hydrated/saturated. The high-
est value corresponds to the case when the silicate mantle is not hydrated and
FeySiOy4 are taken into account. For the core, the density peor. Was taken from the
interval {5150, 7030,8000} kg m~3. The eutectic Fe-FeS core is represented by
the lowest value, the case when the core is pure iron corresponds to the highest
value of the interval. The results are recorded in Tab. 5.7 - Tab. E.15

The results showed that the heat flux, as well as almost the entire hydro-
sphere, does not significantly depend on the density of the core or the density of
the mantle. The only component of the hydrosphere that changes is the VI-ice
thickness, to fit M and Mol. We observe that, in general, it increases rapidly
with increasing pmanie, on the contrary, it generally decreases with increasing
Peore- Also, as was observed in other computations, it decreases with increas-
ing value of T}, and increases with increasing concentration of salt in the ocean.
Specifically, for ppanie = 2500kgm=3, we observe that with changing p.... the
changes in the thickness of the VI are relatively large. At the density of panue =
3250 kg m~3, the change associated with the increase in the value of peoy. is almost
negligible, only in the order of km. And at ppenie= 3550kgm~2, we observe the
changes are almost non-existent, only in order of tenths of kilometres at most in
our resolution.

The highest value of the mantle density is obtained from the knowledge pre-
sented in Vance et al. (2014), which says that for models where iron cores do
not occur in the satellite structure, the mantle density must be higher than
3600kgm™3, which corresponds to our results. Equal and higher values than
3600 kg m—3 were tested in the measurement. For these values, we received the
radius of the core equal to zero. However, this does not meet the prerequisites,
since we know that Ganymede must be fully differentiated, based on the small
Mol and the existence of an internal magnetic field (Journaux et al., 2020b).

To synthesize the tabular results, graphs were drawn showing the dependencies
of the core radius R.,.. and the mantle radius R4, on the mantle density pantie
at constant values of the core density p.o.. for two ocean salinity values of 0 &
5 wt%, using two ocean temperatures T, 255 & 270 K (Fig. [5.7) & Fig. [5.8).
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Pmantle = 2500 kg m™

3

Peore = B150 kg m~3

0 wt% 5 wt%
T, [K] 255 270 255 270
@ (W 7] | 3.85 12.65 1.06 15,377
Theico (k] | 137.896 | 44.86 130.741 | 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
MMlice [km] | 0 0 0 0
Veice [km] | 164.017 |0 153722 | 0
Vl-ice [km] 245.152 117.563 268.387 150.133
Romantte [kn] | 1976.941 | 1993.137 | | 1960.075 | 1944.194
Reore [kin] | 11131 | 1113.911 | | 1123.363 | 1141.781

Table 5.7: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentration
and 7,={255,270} K in the ocean, for density of the mantle panue equal to
2500 kg m—3 and density of the core pe. equal to 5150 kg m=3.

Pmantle = 2500 kg m°

Peore = 7030 kg m™3

0 wt% 5 wt%
Ty [K] 255 270 255 270
@ MW m 7] | 3.85 12.65 1.06 15.38
Th-ice [km] 137.896 | 44.860 130.741 | 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
[II-ice [km] |0 0 0 0
Vice [km] | 164.017 | 0 153722 | 0
Vlice [km] | 225.929 | 98.910 247.357 | 126.236
Ropante [km] | 1996.164 | 2011781 | | 1981.106 | 1968.090
Reore [km] 908.020 | 909.056 915.259 | 928.587

Table 5.8: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentration
and T,={255,270} K in the ocean, for density of the mantle p,unue equal to
2500 kg m~3 and density of the core py. equal to 7030 kg m~3.

Pmantle = 2500 kg m-

3

Peore = 8000 kg m—3

0 wt% 5 wt%
T, K] 255 570 255 270
@ [mW m 2] | 3.85 12.65 £.06 15.38
Th-ice [km] 137.896 | 44.860 130.741 | 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
Mice [km] | 0 0 0 0
Veice [km] | 164.017 |0 153.722 | 0
Vl-ice [km] 221.435 94.517 242.600 121.041
Ronantie [km] | 2000.658 | 2016.184 1985.863 | 1973.285
Reore [km] 845.909 | 846.915 852.553 | 864.791
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Table 5.9: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentration
and T,={255,270} K in the ocean, for density of the mantle p,unue equal to
2500 kg m—3 and density of the core pe.. equal to 8000 kg m=3.




Pmantle = 3250 kg m™

3

Peore = B150 kg m~3

0 wt% 5 wt%
T, [K] 255 270 255 270
@ [mW m 7] | 3.85 12.65 1.06 15.38
Th-ice [km] 137.896 | 44.860 130.741 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
MMlice [km] | 0 0 0 0
Veice [km] | 164.017 |0 153722 | 0
Vl-ice [km] 394.939 | 269.567 414.598 | 291.954
Rymonie [km] | 1827.154 | 1841.133 | | 1813.865 | 1802.373
Reore [km] 795.646 784.880 829.756 | 876.159

Table 5.10: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentra-
tion and 7T,={255,270} K in the ocean, for density of the mantle p,anue equal to
3250 kg m~3 and density of the core pe. equal to 5150 kg m=3.

Pmantle = 3250 kg m°

Peore = 7030 kg m™3

0 wt% 5 wt%
Ty [K] 255 270 255 270
qp [mW m~?] | 3.85 12.65 4.06 15.38
Th-ice [km] 137.896 | 44.860 130.741 | 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
[II-ice [km] |0 0 0 0
Vice [km] | 164,017 | 0 153,722 | 0
Vl-ice [km] 392.692 | 267.495 411.593 | 287.538
Ropanie [km] | 1820.401 | 1843.205 | | 1816.869 | 1806.789
Reore [km] 623.031 | 614.835 648.083 | 681.387

Table 5.11: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentra-
tion and T,={255,270} K in the ocean, for density of the mantle p,anue equal to
3250 kgm~2 and density of the core peo. equal to 7030 kg m~3.

Pmantle = 3250 kg m™

3

Peore = 8000 kg m—3

0 wt% 5 wt%
T, [K] 255 570 255 270
@ [mW m 2] | 3.85 12.65 1.06 15.38
Th-ice [km] 137.896 | 44.860 130.741 36.906
Liquid [km] 110.094 | 478.539 121.175 502.867
Mlice [km] | 0 0 0 0
Veice k] | 164.017 |0 153722 |0
Vl-ice [km] 392.193 | 266.977 410.842 286.759
Rowante [km] | 1829.000 | 23 1817.620 | 1807.568
Reore [km] 575.339 | 567.579 597.802 628.865
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Table 5.12: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentra-
tion and T,={255,270} K in the ocean, for density of the mantle p,anue equal to
3250 kg m~3 and density of the core pe.. equal to 8000 kg m=3.




Pmantle = 3550 kg m-

3

Peore = B150 kg m~3

0 wt% 5 wt%
T, [K] 255 270 T 255 | 270
& [mW m7] | 3.85 12.65 1.06 15.38
Th-ice [km] 137.896 | 44.86 130.741 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
MMlice [km] | 0 0 0 0
Veice [km] | 164.017 |0 153722 | 0
Vl-ice [km] 442 .621 317.731 460.664 | 336.370
Rinantie [km] | 1779.472 | 1792.969 1767.798 | 1757.956
Reore [km] 445.179 | 392.591 553.330 | 655.739

Table 5.13: PhaseDiag :

Structure of Ganymede for 0 and 5 wt% salt concentra-
tion and 7T,={255,270} K in the ocean, for density of the mantle p,anue equal to
3550 kg m~3 and density of the core pe. equal to 5150 kg m=3.

Pmantle = 3550 kg m >

Peore = 7030 kg m™3

0 wt% 5 wt%
Ty [K] 255 270 255 270
qp [mW m~?] | 3.85 12.65 4.06 15.38
Th-ice [km] 137.896 | 44.86 130.741 | 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
[II-ice [km] |0 0 0 0
Vice [km] | 164.017 | 0 153722 | 0
Vl-ice [km] 442.621 | 317.731 460.414 | 335.591
Rinantte [km] | 1779.722 | 1792.969 1768.049 | 1758.736
Reore [km] 347.217 | 303.008 424.337 | 500.090

Table 5.14: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentra-
tion and T,={255,270} K in the ocean, for density of the mantle p,anue equal to
3550 kgm~2 and density of the core peo. equal to 7030 kg m~3.

Pmantle = 3550 kg m-

3

Peore = 8000 kg m—3

0 wt% 5 wt%
T, K] 255 570 255 270
@ [mW m 2] | 3.85 12.65 £.06 15.38
Th-ice [km] 137.896 | 44.860 130.741 | 36.906
Liquid [km] 110.094 | 478.539 121.175 | 502.867
Mice [km] | 0 0 0 0
Veice [km] | 164.017 |0 153.722 | 0
Vl-ice [km] 442.621 317.731 460.417 | 335.331
Rymnie k] | 1779.722 | 1792.969 | | 1768.049 | 1758.995
Reore [km] 319.895 | 279.165 390.947 | 458.858
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Table 5.15: PhaseDiag : Structure of Ganymede for 0 and 5 wt% salt concentra-
tion and T,={255,270} K in the ocean, for density of the mantle p,anue equal to
3550 kg m~3 and density of the core pe. equal to 8000 kg m=3.




a) Peore = 5150 kg m™3, Ty = 255 K
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Figure 5.7: The dependence of the radius of the core R, and the mantle R,,qnue
on the density of the mantle p,,4ne at constant values of the density of the core
peore €qual to 5150kgm™ (panel a), 7030kgm™ (panel b), and 8000kgm—>
(panel c) for ocean temperature Tj, = 255 K.

30



a) pPeore = 5150 kg m™3, T, = 270 K
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Figure 5.8: The depen
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dence of the radius of the core R, and the mantle R,,4nt¢
on the density of the mantle p,,4ne at constant values of the density of the core
peore €qual to 5150kgm™ (panel a), 7030kgm™ (panel b), and 8000kgm—>

(panel c) for ocean temperature Tj, = 270 K.
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5.2 FEuropa

Another icy moon for which the structure was investigated was Europa, which
we chose for several reasons. Current knowledge about Europa indicates a large
habitability potential. Additionally, the latest findings brought by the Juno mis-
sion question the three-layer structure model for Europa. Also, in the near future,
we will receive new data from Europa, specifically from the JUICE mission, which
is already on its way at this time, and from the upcoming Europa Clipper mis-
sion. Since the model for Europa is unclear from the latest data, we compute the
structure using two-layer and also three-layer models.

At first, we took the two-layer model. The reference parameters are listed
in Tab. B.16. We used 2 values of the moment of inertia factor: Mol = 0.3405
reported in the article (Jacobson et al., |2000) and the newer value for Mol =
0.3547 reported in (Gomez Casajus et al., 2021)).

Parameter Value
Tsm‘f [K] 110
M [kg] 4,810%2
R [km] 1560.1
Mol (Jacobson et al., 2000) 0.3405
Mol (Gomez Casajus et al., 2021)) 0.3547

C' [kg m?] (Jacobson et al., 2000) 3.98-10%

C kg m?] (Gomez Casajus et al., 2021) 4.14-10%
Gsurf [m 877 1.314
picelref [kg Hl_3] 920

Table 5.16: Reference parameters for Europa.

For the two-layer model, the structure was calculated for zero salt concen-
tration, at ocean temperatures in the interval T,={260, 265,270} K, using the
method described in Vance et al. (2014). The resulting thicknesses of individual
layers of the hydrosphere, together with the mantle radius and core density are
listed in Tab. for the Mol determined by Jacobson et al. (2000) and for Mol
of Gomez Casajus et al. (2021). The phase diagrams are shown in Fig. for
Gomez Casajus et al. (2021) and Fig. for Jacobson et al. (2000).

By comparing the tables, it is obvious, that the ice shell thickness, and con-
sequently, the heat flux is not much influenced by the change in Mol. We do not
observe any HP ice in Europa’s hydrosphere, which corresponds to the assump-
tion. The only stable ice phase we observe in Europa’s hydrosphere is Ih-ice. This
means that there are no restrictions for direct contact between the ocean and sili-
cates, which is necessary for the origin of life. In very exotic cases (specifically, for
the Mol proposed by Jacobson et al. (2000), 7,=248 K and 5 wt%), the existence
of Ill-ice with a size of around 3km was detected. In the case of Mol = 0.3405
(Jacobson et al., 2000), a higher thickness of the liquid layer was found than in
the case of Mol = 0.3547 (Gomez Casajus et al., [2021)) and, conversely, a smaller
radius of the mantle R, From this, we can conclude that the thickness of
the subsurface ocean decreases for higher Mol. At the same time, its thickness
grows with the increasing temperature of the ocean Ty, which we also observed
in the case of Ganymede.
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Europa, Gomez H

Europa, Jacobson

Ny = 21*%50  Ny= 200*50
Ty [K] 260 265 270 260 265 270
b 4.63 6.48 11.84 4.63 6.48 11.84
[mW m~2]
Th-ice [km] | 117.413 | 85.777 47.936 117.413 | 85.777 47.936
Liquid 17.314 50.574 90.436 64.639 98.052 138,226
)
IT-ice [km] | 0 0 0 0 0 0
V-ice km] | 0 0 0 0 0 0
Vl-ice [km] | 0 0 0 0 0 0
Rinantie 1425.373 | 1423.749 | 1421.728 || 1378.049 | 1376.271 | 1373.939
)
Reore [km] | 0 0 0 0 0 0
Peore 3661.034 | 3661.861 | 3663.827 || 3935.651 | 3937.826 | 3942.321
kg m~]

Table 5.17: PhaseDiag - 0 wt%: Results for the two-layer structure of Europa
using Mol from Gomez Casajus et al. (2021)) and Mol from Jacobson et al. (2000)).

Since the model is unclear in the case of Europa, we also calculated the
structure of Europa using a three-layer model. Again, the reference values from
Tab. were used. The computation was performed for T,={265,270} K, be-
cause for lower temperature values it was not possible to find the corresponding
ocean pressures P, in the case of Europa for the given physical parameters. Val-
ues {0,3,5,10} wt% were used. The resulting thicknesses of the individual layers
are listed in Tab. 5.18]- Tab. [5.21]

From the results, we can see that even in the case of Europa we are follow-
ing the same trend as in Ganymede: As the concentration of salt in the ocean
increases, the layer of Ih-ice shrinks and thus the thickness of the liquid layer
increases. Of course, the heat flux also increases. When we compare the results
based on the Mol value, we observe that Mol has no effect on the heat flux value,
nor on the thickness of the ITh-ice layer. The difference is only in the case of
the liquid layer, which in the case of Mol from Gomez Casajus et al. (2021)) is
significantly smaller than in the case of Jacobson et al. (2000). We see that for
the case where T,=265 K and 0 wt%, we have an almost non-existent subsurface
ocean for Gomez’s Mol. So again, a higher Mol value gives us smaller layers of
liquid. As in the case of the two-layer model of Europa, there are no HP ices in
any case.
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PhaseDiag - 0 wt% Europa, Gomez Europa, Jacobson
T, [K] 265 270 265 270

qp (MW m™?] 6.48 11.84 6.48 11.84
Th-ice [km] 85.777 47.936 85.777 47.936
Liquid [km] 3.539 43.252 26.983 66.996
Ronantie [km] 1470.785 | 1468.912 1447.341 | 1445.169
Reore [km] 523.377 | 523.517 612.917 | 613.766

Table 5.18: PhaseDiag- 0 wt%: Results for the three-layer structure of Europa
using Mol from Gomez Casajus et al. (2021)) and Mol from Jacobson et al. (2000).

PhaseDiag - 3 wt% Europa, Gomez Europa, Jacobson
Ty [K] 265 270 265 270

qp (MW m~?] 6.82 13.09 6.82 13.09
Th-ice [km] 81.526 43.357 81.526 43.357
Liquid [km] 8.133 48.844 31.940 72.963
Roantie [km] 1470.441 | 1467.899 1446.634 | 1443.781
Reore [km] 523.460 | 524.072 612.997 | 614.067

Table 5.19: PhaseDiag- 3 wt%: Results for the three-layer structure of Europa
using Mol from Gomez Casajus et al. (2021) and Mol from Jacobson et al. (2000)).

PhaseDiag - 5 wt% Europa, Gomez Europa, Jacobson
Ty [K] 265 270 265 270

Q@ [mW m~2] 7.15 14.36 7.15 14.36
Th-ice [km] 77.706 39.522 77.706 39.522
Liquid [km] 12.305 53.378 36.471 77.861
Rinantte [km] 1470.089 | 1467.200 | | 1445.924 | 1442.716
Reore [km] 523.417 | 523.800 613.333 | 614.192

Table 5.20: PhaseDiag- 5 wt%: Results for the three-layer structure of Europa
using Mol from Gomez Casajus et al. (2021)) and Mol from Jacobson et al. (2000).

PhaseDiag - 10 wt% Europa, Gomez Europa, Jacobson
Ty [K] 265 270 265 270

qp (MW m~2] 8.58 20.68 8.58 20.68
Th-ice [km] 64.756 27.445 64.756 27.445
Liquid [km)] 26.919 68.363 51.744 93.655
Roantie [km] 1468.425 | 1464.292 1443.600 | 1439.003
Reore [km] 523.586 | 525.012 613.389 | 615.258

Table 5.21: PhaseDiag- 10 wt%: Results for the three-layer structure of Europa
using Mol from Gomez Casajus et al. (2021)) and Mol from Jacobson et al. (2000)).
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Figure 5.9: Phase diagram and temperature profile for Europa for the two-layer
model, using Mol proposed Gomez Casajus et al. (2021)), with 0 wt% salt con-
centration in the ocean, using PhaseDiag method.
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Figure 5.10: Phase diagram and temperature profile for Europa for the two-
layer model, using Mol proposed by Jacobson et al. (2000), with 0 wt% salt
concentration in the ocean, using PhaseDiag method.
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Figure 5.11: Phase diagram and temperature profile for Europa for the three-
layer model, using Mol proposed by Gomez Casajus et al. (2021)), with 0 wt%
salt concentration in the ocean, using PhaseDiag method.
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Figure 5.12: Phase diagram and temperature profile for Europa for the three-
layer model, using Mol proposed by Jacobson et al. (2000), with 0 wt% salt
concentration in the ocean, using PhaseDiag method.
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Conclusion

An algorithm was created to determine the structure of two icy moons, namely
Ganymede and Europa, using thermodynamic relations and known satellite prop-
erties, namely radius, mass and moment of inertia. Two procedures were used
to calculate thermodynamic parameters. The first used the method proposed
by Choukroun and Grasset (2010) and Vance et al. (2014), the second used the
open-source Seakreeze library, which we used for Ganymede. The internal struc-
ture was determined for ocean temperature between 255K and 270K and for
concentrations of magnesium sulfate {0,3,5,10} wt% in the subsurface ocean.

For Ganymede, it was found that a subsurface ocean exists in the hydrosphere
and that its thickness can reach up to 700 km for a salt concentration of 10 wt%.
In Ganymede’s hydrosphere, there are also present stable high-pressure phases
of ice even at ocean salt concentrations of 10 wt%. They can thus prevent di-
rect contact and the transfer of nutrients between silicates and the ocean. The
probability of the origin of life on Ganymede is, therefore, small.

For Europa, a structure was determined for two Mol values, the value taken
from the article Jacobson et al. (2000) and the one from Gomez Casajus et al.
(2021)), which already includes additional data from the Juno mission. Since the
latest data point to the fact that Europa does not need to have differentiated
deeper interior into mantle and core, a model for three different material layers,
as well as a model for two different material layers, was used.

We found that the presence of high-pressure phase ice in Europa’s hydro-
sphere is very unlikely, except in very exotic cases. Thus, direct contact between
the ocean and the silicates is not prevented. However, it was also found that
when using the newer Mol value and taking the three-layer material model, the
thickness of the ocean layer is thin, with the highest value reaching only about
26 km for a salinity of 10 wt%. For zero concentration, the thickness was as low
as 3 km. Such a thin ocean and hydrosphere could present a major obstacle to
Europa’s habitability.

It should be noted that in our work, a simplified structure was used for the
deeper parts of the satellites. Thus, the work could be further extended in the
future by including a more realistic description of silicates and iron. Similarly,
the temperature profile corresponding to the convection heat transfer in the Ih-
ice layer can be taken into account. Additionally, a statistical analysis could
be incorporated to provide a more comprehensive understanding of icy moons’
structure.
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