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Introduction

Radar sounding is a technique that has been expanding in the last years
as a means to study the crusts of planetary bodies. In 2022 the ESA mis-
sion JUICE (JUpiter ICy moons Explorer) will be launched and, among the
other instruments, it will carry the radar RIME (Radar for Icy Moon Ex-
ploration). This instrument is a 16 m antenna with a central frequency of 9
MHz (λ = 18.62 m in ice) and two possible bandwidths (1 and 3 MHz). In
general terms, it will be used to probe the crust of Ganymede and Callisto,
with an expected vertical resolution of a few tens of meters down to a few
kilometers. This is possible because these bodies are mainly made up of wa-
ter ice, which has a very low dielectric permittivity (around 3.2) in the radio
part of the electromagnetic spectrum. On the other hand, this is not true
for liquid water, whose dielectric permittivity has a value around 80. This
means that, by analyzing the returned radar wave, it is possible to find an
ice-water interface, if present. The consequence is that this technique allows
the detection of a potential subsurface ocean, and other features, inside the
icy satellites of the Solar System. The situation is more complicated since
the ice of these bodies is not pure. Several chemical compounds, that have
been not uniquely identified so far, locally change the dielectric permittivity
of ice. This quantity is also affected by porosity and temperature, which
change with depth.
The purpose of this work is to construct dielectric models for the crusts of
Ganymede and Callisto, and to simulate the propagation of a radar wave
having the same characteristics as those of RIME. Such models are based
on reasonable assumptions about temperature profiles, porosity values, and
abundances of chemical compounds taken from the literature. The most
important parameter affecting these models is the presence of these impu-
rities. For this reason, recent dielectric data taken from the literature will
be used to simulate the possible internal compositions of Ganymede and
Callisto. Most of the literature agrees that convection is unlikely to occur
inside these two satellites, therefore the temperature profile will be assumed
to purely conductive. The aim is to determine whether it is possible to
detect specific features under the surface at a given depth. This is done
by calculating the cumulative attenuation, which indicates how weak the
returned radio signal is compared to the transmitted one. The greater is
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the cumulative attenuation, the smaller will be the penetration depth, that
is the maximum depth that we can expect to probe. What’s more, through
the comparison between the models and future data, it will be possible to
constrain the actual chemical composition.
In Chapter 1, I will give a useful theoretical background about the two
satellites under consideration, with their unresolved problems, about the
JUICE mission that will help to resolve some of such problems, and about
the dielectric properties of ice, which make the work of RIME possible. In
Chapter 2, I will discuss the possible chemical compositions of these two
bodies according to the literature, and the possibility that they might have
experienced differentiation. In Chapter 3, I will show the physical parame-
ters that are needed to construct dielectric models: thermal, porosity, and
chemical impurities gradients. I will also explain how these quantities affect
the dielectric permittivity. In Chapter 4, I will show the model used for the
simulations, the range in which the variables have been assumed to vary,
and the results obtained, keeping an eye on the observational perspective.
In particular, I will show how to calculate the cumulative attenuation and
will compare the resulting values for this quantity with the observational
limit that, according to the literature, should be around 55 dB due to sev-
eral noise sources. I will also show the subsequent penetration depths in the
different scenarios considered. In Chapter 5, I will resume the conclusions
of this work.



Chapter 1

Theoretical background

1.1 Ganymede and Callisto

1.1.1 Physical and orbital parameters

Ganymede and Callisto are two of the four Galilean satellites of Jupiter,
discovered by Galileo in 1610. They are the largest and the third-largest
satellite of the Solar System, respectively. Both are important targets for
future exploration since they have unique features. For example, Callisto
is one of the most cratered bodies in the Solar System and its surface is
therefore very old. This is not true for Ganymede, where some activity has
occurred. They also have a good astrobiological potential, even though not
as much as Europa or Titan, due to the possible presence of a subsurface
ocean (e.g., Pappalardo et al. (2004)) that will be discussed later in this
work. Table 1.1 shows the most important parameters of these two bodies.
Ganymede and Callisto are found in a 1:2:4 Laplace resonance with Europa,
and this causes the three satellites to experience a stronger tidal activity
than their eccentricities would normally allow. Whether this resonance has
a primordial origin (Peale and Lee, 2002) or was later formed due to long-
term gravitational interactions (Yoder and Peale, 1981) is still unknown.
Furthermore, they are, as many other satellites, in 1:1 spin-orbit resonance.
Their densities are similar to each other, and smaller compared to those of
the other Galilean satellites, Io and Europa. The explanation is quite clear
for Io: since it is the most volcanically active body of the Solar System,
water and other volatile compounds have all evaporated over time, leaving
only the rocky part. This is not true for Europa, so the amount of non-water
contaminants could be decreasing with increasing distance from Jupiter. On
the other hand, Callisto seems to have a higher surficial abundance of rocks
than Ganymede. However, this could be a simple apparent effect given
by the lack of differentiation of Callisto, as confirmed by its slightly lower
density.
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8 CHAPTER 1. THEORETICAL BACKGROUND

Ganymede Callisto

M (1023 kg) 1.482 1.076

R (km) 2634.1 ± 0.3 2408.4 ± 0.3

ρ (g/cm3) 1.936 1.839

Albedo (visible) 0.45 0.2

a (Jovian radii) 15.0 26.4

C/MR2 0.3105 ± 0.0028 0.359 ± 0.005

Table 1.1: Physical and orbital parameters of Ganymede and Callisto
(Calvin et al., 1995; Showman and Malhotra, 1999; Ogihara and Ida, 2012).

1.1.2 Surfaces

The surfaces of these two bodies are very interesting. The albedo varies
from one point to the other, but it is generally higher on Ganymede than on
Callisto. This should demonstrate that the former has a higher abundance
of water ice than the latter, at least on the surface. This may not be true in
general, since, as said, the two bodies probably experienced different degrees
of differentiation. The surface of Callisto is, on average, more cratered and
therefore older. Ganymede’s surface is divided into dark and bright terrains:
the former are more cratered, so older, with a higher abundance of chemical
impurities, and represent about one-third of the total surface. They are more
abundant on the trailing hemisphere. The thermal inertia is also different,
indicating a different composition (Pappalardo et al., 2004). Ganymede’s
surface is made up of both smooth and rough terrains, indicating that there
was geological activity at some point in the past. In particular, the dark
terrains may have originated from the sputtering given by Jupiter’s magne-
tosphere. These areas are also believed to have a thicker regolith layer. Salts
are also present and may be due to resurfacing (Ligier et al., 2019b). In the
overall, water ice is the main constituent. On Ganymede, ice is mostly amor-
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phous at high latitudes in the jovian-facing hemisphere and at low latitudes
in the trailing one (Dalton et al., 2010). On the other hand, ice is mostly
crystalline on Callisto (Dalton et al., 2010). However, after 1 mm depth the
ice becomes crystalline on both bodies. The temperature of Ganymede’s
surface ranges from 90 K at night to 150 K at day (Pappalardo et al., 2004).
The temperature of Callisto’s surface goes from 80 to 165 K (Moore et al.,
2004).

1.1.3 Interior

Several models have been proposed for the interiors of Ganymede and Cal-
listo. They are based on gravitational data, theoretical considerations, and
geomagnetical data. As shown in Table 1.1, these two satellites have rather
different values of C/MR2, which is the adimensional momentum of inertia.
This quantity is defined for a planetary body with values of the momen-
tum of inertia around its main axis of inertia called A, B, and C for which
A < B < C. Since C is divided by MR2, with M mass of the body and R
its mean radius, the quantity is adimensional. For a perfectly spherical body
with uniform density, this quantity is equal to 0.4, therefore the real value
measures the deviation from such an ideal case. The greater is the deviation
and the greater is the concentration of denser material towards the center.
In other words, a smaller value of this quantity indicates the presence of
differentiation and of a planetary nucleus that is denser than the above lay-
ers. Ganymede has a lower value than Callisto, and this implies that the
former has experienced a greater differentiation than the latter (Monteux
et al., 2018). The total internal layering is not the aim of this work since
the crusts of these satellites are expected to be at least 90 km and up to
several hundred km thick (Showman and Malhotra, 1999; Sohl et al., 2002;
Lucchetti et al., 2020), and RIME is likely able to reach a depth of about 9
km (Bruzzone et al., 2013). The internal structure of these satellites is im-
portant for this work under the two following points of view. First, the fact
that they have experienced differentiation or not affects the presence of non-
water impurities in the layers right under the surface. Even if Ganymede
has, in the overall, a greater amount of rocky components, they are mostly
found in the mantle or the nucleus due to the differentiation process. On
the contrary, Callisto did not differentiate (or only partially), so the non-
water substances should be more homogeneously distributed in the whole
body. This affects the dielectric properties of the upper layers. The second
important aspect is that both may have a subsurface ocean. The presence of
such an ocean has been used to justify the induced magnetic fields of these
bodies, and Europa too (e.g., Pappalardo et al. (2004)). For this to be pos-
sible, the ocean must be salty. However, heat transfer is expected to occur
via convection on Europa (e.g., Heggy et al. (2017)) but not on Ganymede
and Callisto. What’s more, Europa is much closer to Jupiter (a = 9.4 jovian
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radii) and therefore experiences a stronger tidal heating. Finally, the higher
density suggests a greater amount of non-water substances. Salts can lower
the melting temperature of ice. These facts together should imply that Eu-
ropa’s ocean should be at a much smaller depth than those of Ganymede
and Callisto. As said, the ice crust above the putative ocean should be at
least 90 km thick, therefore our current knowledge suggests that the ocean
is unlikely to be detected by RIME.

1.2 Unresolved problems

There are still some unresolved problems regarding the Galilean satellites.
The exact chemical composition of the surface is still unknown, even if there
have been several attempts to determine it through infrared spectra (Moore
et al., 2004; Dalton, 2010; Dalton et al., 2010; Ligier et al., 2019a,b,c, 2020).
Some Mg- and S-based compounds have been identified, but there are still
spectral features that remain unmatched. A particular problem is the origin
of the sulfur that is present, since it may come both from Io’s eruptions or
from the interior, or even a combination of the two. The internal composi-
tion is poorly constrained as well, but it should be a mixture of water ice and
silicates. Different possible combinations will be considered for the models in
Chapter 4. In the literature, the internal thermal profiles of both Ganymede
and Callisto are usually assumed to be conductive (e.g., Vance et al. (2014);
Sotin et al. (2020)). However, this cannot be taken for granted, since con-
vection is likely to occur inside Europa, and could, therefore, be in action
inside the other two satellites as well. As already mentioned, the presence
of an ocean is deduced by the presence of the induced magnetic fields, but
gravitational data do not allow to distinguish between liquid and solid wa-
ter, so the doubt remains. The depth of such putative ocean is still unknown
too, since different models result in rather different allowed depths. Another
unsolved problem that has already been mentioned concerns the origin of the
Laplace resonance. One last problem regards the weird radar properties of
the icy Galilean satellites. These have a radar albedo ≥ 1, corresponding to
the backscatter efficiency of a large perfectly conducting sphere (while it is
about 0.1 for terrestrial bodies). Moreover, when circularly polarized waves
are transmitted, more echo power is received in the same circular sense of
polarization than in the opposite sense, leading to a circular polarization
ratio µC = σsc/σoc > 1, where σ are the radar cross-sections for same- (SC)
and opposite-circular (OC) polarization configurations of the transmitter-
receiver combination (µC ∼ 0.1 − 0.4 for terrestrial bodies) (Baron et al.,
2003). The radar cross-section decreases with the water ice purity, that is
going from Europa to Callisto. Such properties are expected to be due to
multiple volume scattering phenomena with very long photon paths, such
as the coherent backscatter effect (Black et al., 2001), but there is no model
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that can perfectly explain all the observed data.

1.3 The JUICE mission

JUICE (JUpiter ICy moons Explorer) is an ESA’s mission that will be
launched in 2022. It will arrive in the jovian system in January 2030 (Gras-
set et al., 2013). It will study the planet Jupiter, its satellites (Ganymede
in particular), and the interactions that take place in the Jovian environ-
ment. During the first part, the spacecraft will focus on Jupiter and will
perform two flybys at Europa. The RIME instrument will be at work dur-
ing the closest approach to Europa, when the probe will be closer than 1000
km above the surface. Afterward, the probe will perform several Callisto’s
flybys to study this body and to change orbit. In September 2032, it will
be inserted in orbit around Ganymede. The initial altitude will be around
5000 km, then it will drop to 500 km and finally to 200 km. The overall
resolution across the surface of Ganymede will be around 400 m/px, with
a higher resolution of a few m/px for some selected targets (Grasset et al.,
2013). The nominal mission ends in June 2033, but it may be possible to
extend it. One option is to keep the 200 km orbit to continue with plasma
and magnetic field measurements. Alternatively, the probe can be let spiral
down towards Ganymede to continue with observations of the surface.
RIME, as said, will have a central frequency of 9 MHz with two possible
bandwidths (1 and 3 MHz), allowing a good penetration and a vertical reso-
lution of a few tens of meters. This can be found be inserting the bandwidth
value BW in the formula

δr =
c

2BWnice
(1.1)

which expresses the vertical resolution δr, with c speed of light, and
nice the refractive index of ice Blankenship et al. (2009). The mission will
also improve by three orders of magnitude the accuracy of the second-order
gravitational coefficients measurements (Grasset et al., 2013), further con-
straining the internal layering of these satellites. JUICE will also measure
the tidal response of the Galilean satellites and this, together with ground-
based astrometric observations, will allow a better estimate of tidal energy
dissipation. The high-resolution observations of the surface will allow a
better constrain of the chemical composition.

1.4 Dielectric properties of water ice

As already said, RIME will be able to obtain useful data thanks to the
peculiar properties of water ice. Since H2O is a polar molecule, it has a per-
manent non-zero dipole moment. Normally, such momenta are randomly
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distributed, so that the total polarization is zero. When an external field is
applied, they orienteer themselves accordingly and the means is said to be
polarized. This polarization is given by the sum of four contributions: elec-
tronic, atomic, dipolar, and ionic. Since these are given by mechanisms act-
ing on different timescales, the total polarization depends on the frequency
at which the external field changes. In particular, electronic polarization is
the fastest one, while the ionic polarization is the slowest. In the end, the
electric displacement field is given by

D = ε0E + P , (1.2)

which, for a homogeneous and isotropic means, becomes

D = ε0(1 + χ)E = ε0εsE (1.3)

with P polarization density, ε0 vacuum permittivity, εs static dielectric
permittivity of the medium (that is the value assumed at low frequencies),
E external electric field, and χ electric susceptibility. As a consequence, the
dielectric permittivity decreases with increasing frequency, since if the elec-
tric field varies faster, not all the mentioned polarization processes can keep
up with such variations. In particular, when the frequency of the electric
field becomes greater than that typical of one of the four polarization mech-
anisms, the permittivity tends to the value ε∞ relative to that frequency
range. For example, water at room temperature has a real permittivity
around 80 in the radio part of the spectrum, then it drops to around 5.6 in
the IR domain and tends to 1 going towards the UV region. The limit of
ε = 1 is the same for all materials at high frequencies, since at some point
the electric field changes too fast even for electronic polarization. In the
Debye model, the electric displacement vector is calculated considering the
time delay given by the different timescales of the polarization mechanisms.
In particular, this quantity depends on time and on a weight function that
accounts for the values assumed by the electric field in the time range from
zero to the time t considered. This weight function is assumed to be

f(t) = f(0)e−t/τ (1.4)

with τ relaxation time that depends on the material and the temper-
ature. In this way, it is possible to define the relative complex dielectric
permittivity, whose real and imaginary part are

ε′r(ω) = ε∞ +
εs − ε∞
1 + ω2τ2

and ε′′r (ω) =
(εs − ε∞)ωτ

1 + ω2τ2
(1.5)

respectively, with ω frequency of the electric sinusoidal field. The total
permittivity is given by εr(ω) = ε′r(ω) − iε′′r (ω). It is therefore possible to
define the loss tangent as
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with ν frequency expressed in MHz (Chyba et al., 1998). For water
ice, the resulting attenuation has typical values between 4 and 10 dB/km
(Kofman and Safaeinili, 2004). However, this does not take into account
the presence of non-water contaminants, which increase attenuation. This
quantity increases at higher temperatures. In particular, if convection is go-
ing on inside these bodies, this will greatly enhance attenuation (McKinnon,
2005) due to the higher temperature implied. In such an unlikely case, the
radar will be able to reach depths similar to the conductive case only in the
cold downwellings.



Chapter 2

Chemical composition

2.1 Differentiation

The possibility that Ganymede and Callisto may have experienced differen-
tiation has already been mentioned in the previous chapter. As said, they
both have a magnetic field induced by the strong Jovian field. This is the
main argument in favor of the presence of a subsurface salty ocean (Show-
man and Malhotra, 1999), since the presence of a liquid layer cannot be
retrieved by gravitational data alone. In the past, this ocean must have
been closer to the surface than it is today, since planetary bodies are rather
hot when they form (due to accretion and, possibly, differentiation) and then
cool down as time passes. In particular, these satellites have approximately
the same size as Mercury but lie much further away from the Sun, there-
fore they must have lost a great part of their primordial heat. The natural
consequence is that the ocean should be very deep, as already said. How-
ever, it should be closer to the surface on Ganymede than on Callisto, for
three reasons. First, because Ganymede has experienced a greater degree of
differentiation, as demonstrated by the lower C/MR2. Differentiation is an
important source of energy in planetary bodies, and can help to maintain a
liquid layer. Secondly, the amount of non-water substances is likely to de-
crease with increasing distance from Jupiter. This is similar, although on a
smaller scale, to what happens for the metal content of planets at increasing
distance from the Sun. In any case, such an effect should be demonstrated
by the fact that Europa has a higher density than Ganymede, which has a
higher density than Callisto. These non-water contaminants can contribute
to the total heat of these bodies via radiogenic decay. In particular, it
has been estimated that the radiogenic heat inside Callisto is 70% of that
of Ganymede (Kimura and Kuramoto, 2010). What’s more, Ganymede is
closer to Jupiter, so tidal activity, if present, should be slightly stronger.
Finally, the presence of substances such as salts or ammonia can allow the
ocean to be closer to the surface than it otherwise could.
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Another important aspect is that Ganymede has an intrinsic magnetic field.
This is remarkable, since it is the only satellite known to display such a par-
ticular feature. Planetary magnetic fields are believed to be originated via
dynamo effect. A body requires a partially liquid and metallic core with free
electrons. If these charges can move fast enough, they give rise to an electric
current that generates a magnetic field. The required motion is impressed
by the rotation of the planet. This model explains the magnetic fields of
the inner planets. In the case of Ganymede, the presence of the intrinsic
field should imply that the core is metallic and at least partially melt. Cal-
listo does not have an intrinsic field, therefore he must lack one of the two
mentioned requirements. It could be that its ∼ 16-days rotation period is
too long, since it is more than twice that of Ganymede. The total mass
and density are rather close to the Ganymedian values, so the initial heat
and the amount of rocky material cannot be too different. The lack of dif-
ferentiation could explain this difference, implying that not all the metallic
and rocky components have sunk towards the center, and therefore Callisto
has not developed a large, dense, and partially melt nucleus like Ganymede.
The point here is to underline that, even though Ganymede is expected
to have a higher content of non-water materials, Callisto’s crust is likely
to contain more of such materials than Ganymede’s due to the absence of
the differentiation process. This will be important in future chapters, since
the impurity content is the parameter that affects dielectric properties more
than any other. In particular, if it is true that Callisto’s crust has a lower
amount of ice, attenuation is expected to be higher.

2.2 Surface composition

2.2.1 Ice characteristics

Like all the satellites orbiting around the outer gaseous planets, the Galilean
ones (except for Io) have surfaces dominated by water ice. The purity of
such ice decreases going from Europa to Callisto, as shown by the decreasing
albedo. The absorption bands found in IR spectra that indicate the pres-
ence of water ice are those at 1.50, 1.57, 1.65, and 2.02 µm (Ligier et al.,
2019c). The absorption bands of ice on Ganymede suggest that it is bound
to a host molecule by weak hydrogen bonds, forming a hydrated material
that, for example, could be MgSO4, Na2SO4, or H2SO4 (Dalton et al., 2010;
Pappalardo et al., 2004). As predictable, ice bands are stronger in the light
(higher albedo) craters. On Callisto, water spectral features suggest that
there are some patches of pure water ice, while some others are ice-free
(Moore et al., 2004).
Ice is believed to be mostly amorphous on Europa, mostly crystalline on
Callisto, and in both forms on Ganymede. This is due to the different pro-
cesses competing to change the form in which ice is found: radiolysis and
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sputtering tend to make it amorphous, while thermal annealing and recrys-
tallization during the diurnal temperature cycle tend to make it crystalline
(Dalton et al., 2010). Europa is closer to Jupiter and has a slightly lower
surface temperature, therefore the first kind of processes dominate, while the
opposite occurs on Callisto. On Ganymede, both forms are present, since
its surface is partially protected by the intrinsic magnetic field, so that ice
is mostly amorphous close to the magnetic poles (Dalton et al., 2010). On
both, ice rapidly becomes crystalline under the surface and will, therefore,
be assumed to be in such form in this work.
The grain size of ice on Ganymede should be between 0.1 and 1 mm,
with higher values in the trailing equatorial, according to Pappalardo et al.
(2004). Other authors suggests that the lower limit for the grain size is 1
µm (Stephan et al., 2017). They also claim that Callisto’s ice has roughly
the same grain size at the poles but slightly larger values at low latitudes.
This could be due to the higher temperature that favors sublimation and
crystal growth.

Abundance on Ganymede

The amount of water ice on Ganymede should be about halfway between
Europa and Callisto, as can be inferred from the respective visible albedos.
The spectra analyzed in Calvin et al. (1995) suggest that water ice represents
90 wt% of Ganymede’s surface, as found by Clark (1980). The authors also
claim that, differently from Callisto, there are nearly no areas that are ice-
free. On the other hand, in Pappalardo et al. (2004) the authors suggest a
much lower value of 50 - 60% of water ice, which could decrease to about
20% in the dark regions. According to Showman and Malhotra (1999), ice
makes up from 50 to 90% of the mass at the surface. A more detailed study
was carried out by Ligier et al. (2019c), with interesting results. They found
a maximum abundance around 60% in some polar regions and a minimum of
about 10% close to the trailing hemisphere apex at low latitudes. In general,
ice abundance increases going from the equator to the poles.

Abundance on Callisto

Callisto is generally believed to have a lower amount of water than Ganymede
ice on its surface. In Calvin et al. (1995) the authors claim that ice abun-
dance ranges from 20 to 45 wt% on Callisto’s surface, based on visible and
infrared spectra (from 0.2 to 5 µm). They also point out that their result
is in contrast with previous work (Clark et al., 1986), according to which
the abundance can reach 70%. Previously, it had been estimated that the
amount of ice on Callisto’s surface could be between 30 and 90 wt% (Clark,
1980). The first cited work better agrees with Showman and Malhotra
(1999), according to which ice represents at most 50% of the surface. A
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other authors (Schenk and McKinnon, 1991), and they also pointed out that
asteroids of types A, E, Q, S, and V are too bright for Ganymede’s craters.
Other possible molecules for Callisto are listed in Moore et al. (2004), and
these include methylidyne radical-bearing compounds and cyanide. They
also point out that some molecules like SO2 would evaporate at the surface
conditions found here, so they should be bound to other host molecules to
remain stable.
The next question that could be asked is where these substances come from.
Many compounds can be originated thanks to the strong volcanic activity on
Io. This body also has a low gravity and almost no atmosphere, so that the
materials emitted by the volcanoes can escape and reach the other satellites.
In this way, oxygen, sulfur, sodium, potassium, and chlorine (Dalton et al.,
2010) are believed to form new compounds on the surfaces of Ganymede
and Callisto. What’s more, at least some of the sulfur on Ganymede is
believed to have an endogenous origin. In particular, the core is believed to
be a mixture of Fe and FeS (Kimura et al., 2009; Vance et al., 2014; Sotin
et al., 2020), and therefore some material could have reached the surface in
the past, when the body was hotter and more tidally active. In the end,
materials are also brought by impactors. For this reason, several authors
proposed a carbonaceous chondrite-like composition in their works (e.g.,
Dalton et al. (2010); Sotin et al. (2020)).

2.3 Internal composition

It is important to separate the surface composition from the internal one,
since the two are in principle different. Because of what said about the dif-
ferentiation process, it is expectable that the surface composition of Callisto
resembles the total composition more than in the case of Ganymede. One
of the first estimates was based on thermal models and density arguments
(Consolmagno and Lewis, 1976). For Callisto, the authors assume ferromag-
nesium silicates as non-water components and the resulting abundance is 40
wt%. For Ganymede, the resulting abundance is 60% in the case of high
density (3.7 g/cm3) silicates and 80% in the case of low density (2.5 g/cm3)
silicates. However, these estimates are biased by the assumed values of the
average densities of the two bodies. They assume a density of 2 g/cm3 for
Ganymede which is rather close to the modern value, but they assume a
density of 1.4 g/cm3 for Callisto, which is about ∼ 24% lower than today’s
value. The same authors (Consolmagno and Lewis, 1977) made more esti-
mates based again on thermal modeling, finding the same result for Callisto.
For Ganymede, they found a slightly different abundances, that is from 65%
to 85%. Later on, some interior models for Ganymede and Callisto were
built based on the assumptions that they are both differentiated into three
layers, and that the rocky component has the same composition of CI car-



20 CHAPTER 2. CHEMICAL COMPOSITION

bonaceous chondrites (Mueller and McKinnon, 1988). The authors found
that both satellites have a silicate volume fraction lower than 60%. However,
as already discussed, today we know that Callisto is, at most, only partially
differentiated. This estimate must therefore be considered with caution.
Subsequently, a rock abundance between 54 and 59 wt% for Ganymede has
been obtained based on the results of differentiation of a system of H2O,
MgSO4, and NaSO4 plus inert rock (Kargel, 1991). This model implies the
presence of Mg and Na sulfates on the surface due to cryovolcanism, and
the presence of these kinds of substances has been confirmed by the obser-
vation, as discussed in the previous section. Another internal model with
six different layers has been constructed assuming a rocky component with
the same composition as L/LL type chondrites (density around 3.6 g/cm3)
(Kuskov and Kronrod, 2005). The resulting rock abundance ranges from 45
to 54 wt%. Based on the assumption that Callisto is partially differentiated
and that convection occurs in its ice I crust, it has been claimed that the
rock fraction in the said crust must be lower than 10 wt%, otherwise, the
density of the crust would be higher than that of the below ocean and the
structure would be unstable (McKinnon, 2006). A more recent estimate was
made using numerical simulations of the thermal history of the two satel-
lites, constraining the results thanks to the average bulk density and the
normalized moments of inertia (Kimura and Kuramoto, 2011). The result is
that the amount of hydrated silicates must be between 40 and 55 wt%, with
a higher value for Ganymede than for Callisto. In particular, they find that
if the silicates were more abundant than 55 wt%, both satellites would be
totally differentiated, while it has already been shown that Callisto cannot
be in such a state. On the other hand, an abundance lower than 40% would
imply an undifferentiated Ganymede, which is also unrealistic.



Chapter 3

Physical models from the

literature

3.1 Thermal gradients and surface temperature

Surface temperature is probably the best-constrained parameter that will
be discussed in this work. However, this is only the starting point, since a
temperature profile inside the crust has to be assumed. The surface temper-
ature naturally decreases going from the equator to the poles. It also varies
locally due to the variation of thermal inertia, which is a consequence of the
different chemical compositions (Pappalardo et al., 2004).

3.1.1 Surface temperature of Ganymede

It has been tried to estimate the heat flux at the moment of formation of
Ganymede’s dark terrains, using an average value for the surface temper-
ature of 120 K (Nimmo and Pappalardo, 2004). This falls exactly in the
middle of the temperature range shown by Pappalardo et al. (2004), that is
from 90 to 150 K. In their modeling, Vance et al. (2014) used a surface tem-
perature of 110 K. They also assume that the temperature at the bottom of
the H2O layer (including the putative ocean) reaches 280 K. Using infrared
spectra, Ligier et al. (2019c) tried to fit the 1.65 µm absorption band of wa-
ter ice, finding an average temperature of 125 ± 25 K for the ice-rich areas
(bright craters and trailing hemisphere). Discussing the possible grain size
of ice, it has been assumed a maximum diurnal temperature of 150 K at the
equator and 80 K at the poles (Stephan et al., 2017). A study carried out
to determine the ice shell structure of Ganymede and Callisto through the
analysis of impact craters showed that the best fit to the observed crater
radii-impactors size relation implies a surface temperature of 120 K and a
thickness for the conductive crust of 12 km (Bjonnes et al., 2018). In a
similar study, a surface temperature of 110 K has been used to explain the
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formation of Ganymede’s grooved terrains (Hammond and Barr, 2013).

3.1.2 Surface temperature of Callisto

According to Moore et al. (2004), the surface temperature of Callisto ranges
from the 165 K in the subsolar region to the 80 K of the predawn equa-
torial nighttime. They also claim that the dark component is, on average,
hotter than ice. The temperature at the poles should be similar to that of
Ganymede but, at the equator, the temperature is higher (165 K) on Callisto
(Stephan et al., 2017).

3.1.3 Thermal gradients

Once the value of the surface temperature has been fixed, it is important to
determine how this quantity changes inside the body. In planetary bodies,
two heat transfer mechanisms can occur: conduction and convection. As
far as the inner planets are concerned, Earth is the only one presently los-
ing heat via convection (volcanism). For such a process to occur, the body
must have a thin lithosphere and a high amount of stored heat. The Earth
accumulated heat thanks to accretion, differentiation, and radiogenic decay.
Small-sized bodies, such as Mercury or the Moon, only experienced convec-
tion in the very early stages of their lives, because they rapidly lose most of
their internal heat. The amount of heat stored is proportional to the total
volume of the body, while the heat loss is proportional to its total surface,
therefore the rapidity at which it loses heat is ∝ 1/R, with R radius.
Since Ganymede and Callisto have approximately the size of Mercury, and
are much colder, they are, in principle, unlikely to have experienced con-
vection. On the other hand, they are also subject to tidal forces driven by
the great mass of Jupiter and by the Laplace resonance. Schubert et al.
(1981) stated that radiogenic decay cannot have caused convection in the
early stages of the lives of these bodies, so the same holds in the present
day, since this form of energy decreases over time. They also claim that
accretional heating could have caused melting (which favors convection)
only in the outer layers of Ganymede. Conversely, Hammond and Barr
(2013) assumed solid-state convection as a way to explain the formation of
Ganymede’s grooved terrains. However, these terrains formed some time ago
and this assumption may not be valid at the present day. As pointed out by
McKinnon (2005), convection would increase radar attenuation, since the
temperature would be much higher. However, as already said, attenuation
would be comparable to the conductive case in the cold downwellings. In
any case, in the literature, the majority of the authors (e.g., Bjonnes et al.
(2018); Kuskov and Kronrod (2005)) now assume that heat is transported
via conduction inside Ganymede and Callisto, while convection is thought
to occur inside Europa (e.g., McKinnon (2004)).
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As known by thermodynamics, heat spontaneously flows from hotter to
colder bodies. If two objects with different temperatures are in contact,
heat can flow through conduction. This mechanism is due to the collisions
between molecules, which occur because of the internal energy of the body.
In practice, inside a solid, there are atoms, molecules, and electrons contin-
uously rotating and vibrating. Therefore, they hit each other and exchange
energy. In the case of planets and satellites, the two ”bodies” touching each
other are the spherical layers with temperature decreasing from the center
outward. Heat transfer by conduction is regulated by Fourier’s law

q = −k
dT

dz
, (3.1)

with q local heat flux density (W/m2), k is the thermal conductivity
of the material, and dT

dz is the temperature gradient perpendicular to the
area through which heat flows. The negative sign accounts for the fact
that heat flows from bodies at higher temperatures towards those at lower
temperatures. A simple solution for the conductive ice shell of a satellite,
like Ganymede or Callisto, can be found by assuming k constant and q ≈ 0,
which give

T (z) = Ts + (Tb − Ts)
z

b
, (3.2)

with Ts surface temperature, b shell thickness and Tb temperature at such
base (Chyba et al., 1998). However, the thermal conductivity is, in general,
temperature-dependent but, for some materials, it can be assumed to be
constant over a limited temperature range. For ice, at low temperatures,
it can be assumed to be k(T ) ≃ a/T (Chyba et al., 1998) with a given
constant. What’s more, q is not exactly zero, since there is at least radiogenic
decay that provides a certain amount of heat. In general, it can depend on
temperature itself (for example in the case of tidal heating) but, in this case,
can still be taken to be constant. Using k = a/T and q 6= 0 (constant) yields
a temperature profile in the form

T (z) = Tse
z/h, (3.3)

with h = a/q being the scale height (Chyba et al., 1998). Here, for
simplicity, the temperature gradient will be assumed to be linear. Some
values of the thermal gradients are shown in table 3.1.

3.2 Porosity gradients

Porosity is the least influential when it comes to calculating the dielectric
permittivity. Nevertheless, it is important to fix a value for this quantity
and, possibly, an internal gradient as done for the temperature. Porosity is
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Author Gradient

Lewis (1971) 1 K/km

Heggy et al. (2017) 2 K/km

Bjonnes et al. (2018) 5 and 10 K/km

Table 3.1: Thermal gradients assumed for the Galilean satellites in the lit-
erature.

defined as the measure of the void spaces in a material, and is the fraction of
the volume of voids over the total volume, between 0 and 1. On icy satellites,
porosity may result, for example, from geological activity (e.g., cracking
due to tidal heating) or impacts. If high, it can affect radar penetration.
This quantity is, in general, thought to decrease with depth, due to several
mechanisms (e.g., mechanical compaction or thermal modification). Despite
that, low thermal gradients like those expected for Ganymede or Callisto
would only allow a small porosity gradient (Heggy et al., 2017). Byrne et al.
(2018) claim that, based on the expected pressure in the interior, porosity
should rapidly drop to zero at a depth of a few hundred meters. Their claim
is, in turn, base on the model by Vance et al. (2014). Das and Mukherjee
(2020) contains an up-to-date review of several porosity-depth models. The
classical one is the Athy relation

φ(z) = φ0e
−cz (3.4)

with φ(z) being the porosity at depth z, φ0 porosity at the surface, and
c is a constant called compaction coefficient. This formula, and all the other
found in the cited work, are based on studies of Earth rocks. However, it
may be possible that these models can be adjusted to work on icy satellites
as well. If this were the case, an exponential decrease as the one shown
would justify the rapid drop of porosity with depth.
Croft (1993) constructed models relating the mean densities and the radii of
several icy satellites. He claims that porosity should be an important factor
affecting the density and the moment of inertia of small- and mid-sized satel-
lites. In practice, according to such a model, large bodies like Ganymede and
Callisto, have very low porosities. This is an opinion shared by Eluszkiewicz
and Leliwa-Kopystynski (1988), based on theoretical models relating poros-
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ity and moment of inertia. Based on laboratory results, McKinnon and
Parmentier (1986) stated that porosity inside Ganymede and Callisto could
be as high as 40%. Ostro and Shoemaker (1990) pointed out that the crater
distributions of Ganymede and Callisto are similar to that of the Moon, and
this may imply a similarity between the respective regoliths. They report a
45% porosity value for the Moon’s surface (decreasing downward), but they
also underline that the Moon is mostly made up of silicates, while Ganymede
and Callisto have substantial amounts of ice (and their densities are much
lower). More recently, for a dielectric modeling of Ganymede and Callisto,
Di Paolo et al. (2018) used a constant 10% porosity, as previously suggested
by Heggy et al. (2017).

3.3 Chemical impurities gradients

The chemical composition of Ganymede and Callisto has been widely dis-
cussed in the previous chapter. As said, the surface composition does not
necessarily reflect the overall one, especially in the case of Ganymede, due to
the differentiation process. Another fact that has already been mentioned is
that Ganymede’s surface consists of dark and light terrains, which display
different chemical compositions. Since RIME will be able to penetrate at
least a few kilometers inside the ice, it is necessary to assume a gradient for
the impurity content. This will be the most influential factor in determining
the dielectric properties of the medium. In general, the gradient should be
negative. This is justified by the fact that the surface contains more im-
purities than the interior because of the origin of such compounds. They
may come from meteoric impacts, from Jupiter’s magnetosphere, from Io’s
eruptions or cryovolcanic activity. In any case, all these processes only affect
the most surficial layers. It could be argued that, in the previous chapter, it
has been stated that both bodies have internal layers denser, and therefore
impurity-richer, than the outer ones, especially in the case of the differenti-
ated Ganymede. However, this is more a ”large scale” effect, meaning that,
of course, Ganymede’s core is denser than its crust, but RIME will not pen-
etrate over the crust and reach the mantle nor the nucleus. Therefore, the
impurities found in the outer kilometers of Ganymede are mostly found very
close to the surface, while the rest of the crust consists of a cleaner ice. Cal-
listo is in a slightly different situation, since it is less, if at all, differentiated.
To account for this fact, the overall impurity content will be assumed to be
higher, but still decreasing with depth.
An interesting gradient for the amount of chemical impurities is the one pro-
posed by Heggy et al. (2017). The authors assumed a gaussian decreasing
dust mass fraction profile for all cases. The surface values are different for
each case, and they are 20% dust mass fraction for Ganymede’s bright ter-
rains, 55% for Ganymede’s dark terrain, and 65% for Callisto. The gradients
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3.4.3 Impurity content dependence

Unfortunately, attenuation is strongly increased by the presence of non-
ice compounds. The dielectric permittivity resulting from the insertion of
N different impurities into a porous ice matrix is given by the Rayleigh
multiphase mixing formula

εeff = εe + 3εe

∑N
n=1 fn

εi,n−εe
εi,n+2εe

1−
∑N

n=1 fn
εi,n−εe
εi,n+2εe

, (3.10)

which is valid for spherical scatterers of permittivities εi,n in a medium
with permittivity εe. Here, fn is the n-th mass-fraction of the inclusions of
the n-th phase of the mixture. The background medium is water ice. The
different contaminants assumed will be shown in Chapter 4. The abundances
will be based on the arguments shown in Section 3.3 and in Chapter 2.
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Chapter 4

Scenarios and results

4.1 Methods

The main purpose of this work is to evaluate how deep the RIME signal
can travel through the crusts of Ganymede and Callisto. Quantitatively,
this is done by calculating the cumulative attenuation. In equation 1.8,
three quantities determine ice attenuation for an electromagnetic wave: the
frequency of the signal, the real, and the imaginary permittivity of the
ice itself. The real permittivity is frequency-independent in the part of
the spectrum under consideration, while the imaginary part is in the form
ε′′ ∝ ν−1. What’s more, the imaginary permittivity strongly depends on
temperature, and so does attenuation. Figure 4.1 shows that attenuation
increases by several orders of magnitude over the temperature range 95 -
273 K. Since temperature increases at depth inside planetary bodies, the
same will be true for the imaginary permittivity of the ice that makes up
such bodies. Therefore, a temperature profile T (z) (z being the vertical
coordinate) will result in a ε′′(z) profile. Substituting this into equation 1.8
leads to the attenuation profile AdB/km(z). It is now possible to define the
cumulative attenuation as

AdB(z) = 2

∫ z

0
AdB/km(z

′) dz′. (4.1)

This is the attenuation profile integrated over the distance traveled by
the radar signal twice (since such signal goes down and then returns to the
receiver). As follows from the above explanation, this quantity only depends
on the frequency of the signal (which is fixed), and from the temperature
profile. Of course, as explained in the previous chapter, this is true for pure
water ice but the presence of impurities and porosity alters the resulting
attenuation.
As reported by several authors (e.g., Blankenship et al. (2009) and Heggy
et al. (2017)), the detectability limit of an instrument like RIME in the
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and the 10 K/km-case will be treated as a ”worst case scenario”.

4.2.2 Porosity

In Section 3.2, the possible values for porosity from the literature have been
discussed. However, the reported values are rather different from one an-
other. To explore all the different possibilities, in this work, the porosity
has been varied. In particular, the values used are 0%, 15%, 30%, and 45%.
In every case, it has been assumed to be constant with depth, as done, for
example, by Heggy et al. (2017). As stated, the highest porosity possible
according to the literature is 40-45%, and this is why higher values have not
been used. What’s more, if it is true that this quantity rapidly goes to zero
below the surface, its effect is so small that it can simply be assumed to be
zero, since a porosity different from zero only for a few hundred meters is not
very important when integrating over 13 km as in this case. The 15% and
30% cases have been used as intermediate values in the 0-45% range. As for
the thermal gradients, not all the values of porosity are equally likely. The
45% value is unrealistically high, and will be considered only as a ”best-case
scenario” (since such a high value could significantly lower attenuation).

4.2.3 Impurity content profile

The chemical impurities profiles used here are similar to the ones reported
in Section 3.3, taken from Heggy et al. (2017). The surface values assumed
(20% for Ganymede’s bright terrains, 55% for Ganymede’s dark terrains,
and 65% for Callisto) are consistent with what is described in Chapter 2.
As said, these profiles have a gaussian behavior, and the assumed standard
deviation is 4.5 km. The profile for Ganymede’s dark terrains is the same as
for the bright terrains, with the insertion of an impurities-rich layer at the
surface. Here, the chemical gradient is linear and ends at a depth of 1 km.
Both gradients used for Ganymede are shown in Figure 4.3. In addition to
these, other three profiles have been used for comparison purposes:

❼ The first one is a zero-impurity profile so that the results refer to
porous pure ice. This is physically unrealistic, especially for Callisto
or the dark terrains of Ganymede, but the comparison between this
case and the other ones accounting for the presence of impurities better
explains the effect of the non-ice component on the attenuation.

❼ The second one is a horizontal profile so that the impurities content is
constant with depth, fixed to 65% as for Callisto. This is also unreal-
istic but, similarly to what said for the 10 K/km thermal gradient, it
will be treated as a worst-case scenario.

❼ The last one is a profile with the same surface value as Callisto, but
with a standard deviation of 9 km. This case is rather interesting
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Figure 4.3: The impurity-content profiles assumed for the bright and dark
terrains of Ganymede.
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Figure 4.4: The three impurity-content profiles assumed for Callisto.

because of what said about the lack of differentiation inside this body.
Therefore, the use of a greater standard deviation can account for this
fact, since it implies a slower decrease of the dust content with depth.

The three gradients assumed for Callisto are shown in Figure 4.4.
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4.2.4 Dielectric properties of silicate contaminants

Once chosen the profile of the impurity content, it is important to choose a
proper contaminant. Here, three different contaminants from the literature
have been used, and are shown in Table 4.1. All these contaminants are

Author Name Permittivity

Nunes and Phillips (2006) Shergottite 8.8 + 0.017i

Heggy et al. (2012) LL5 meteoric sample (MAC 88122) 7.2 + 0.033i

Heggy et al. (2012) H5 meteoric sample (LEW 85320) 9.0 + 0.204i

Table 4.1: Different contaminants assumed for both Ganymede and Cal-
listo from the literature. The H5 and LL5 values have been reported by
Herique et al. (2018), and subsequently corrected for porosity using an in-
verse Rayleigh mixing formula.

meteoric since this kind of composition is expected to be similar to the one
present in the outer icy satellites (e.g., Heggy et al. (2017)). The first one is
the shergottite, which is the most common type of martian meteorite. The
second belongs to the LL chondrites, which is a group of stony meteorites,
the least abundant group of the ordinary chondrites, that contain a low
amount of metal (∼ 3.6%). The third one belongs to the H type ordinary
chondrites, which are the most common type of meteorite and are very
metal-rich (∼ 9.6%).
The property that mostly affects attenuation is the imaginary permittivity
of the contaminant, while the real part is less important. The shergottite
sample has the lowest value of this quantity among the three, therefore the
models with such contaminants are expected to have a lower attenuation
(once the other parameters are fixed). The strongest attenuation is expected
for the H5 sample, which is the richest one in metal. Naturally, the effect
will be stronger when the impurity content is higher.
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4.3.2 Effect of temperature

In Section 4.2.1 have been discussed the values for the thermal gradients
and the surface temperature. As said, the effect of temperature on the total
cumulative attenuation is given by the increase of the imaginary permittivity
of ice. In particular, Figure 4.1 shows that this component can have a
significant effect only for temperatures greater than about 220 K. Given
a surface temperature of 120 K, those values can be reached in the first
13 km only if the thermal gradient is very high, that is at least around
8 K/km. Such effect will therefore be stronger in the cases in which the
ice abundance is higher, that is for Ganymede’s bright terrains and zero
porosity. The results for Ganymede’s bright terrains are shown in Figures
4.5, 4.6, and 4.7. As shown, the curves are very similar for the first three
thermal gradients, while the 10 K/km case shows a visible growth at depth.
The imaginary permittivity of shergottite and amount of contaminant is so
low (20% at the surface and decreasing downward), that ice attenuation
dominates at depths greater than about 10 km in such case. In particular,
attenuation is more or less doubled in the last 3 km. What’s more, it can be
observed that the cases with the LL5 and H5 contaminant show a smaller
(in relative terms) increase, confirming that ice dominates attenuation when
the abundance of impurities is low and the thermal gradient is large, unless
the imaginary permittivity of the dust is high. In other words, the effect of
temperature on ice (and therefore on the total cumulative attenuation) is
strong if the permittivity of the contaminant is low and the thermal gradient
is unrealistically high. As a contrast, it is interesting to look at the results
obtained for the Callisto impurities profile with a 9 km standard deviation,
shown in Figures 4.14, 4.15, and 4.16. This is the case with the highest
amount of impurities (without considering the constant profile which, as
already said, is unrealistic). In this case, the effect of temperature in the 10
K/km case is barely visible when considering the shergottite- or the LL5-
like contaminant, and is not visible in the case with the H5 contaminant.
This is explained by the fact that ice on Callisto does not dominate the
chemical composition as it does in the case of Ganymede’s bright terrains.
It is possible to quantify the effect of temperature on ice by running the
model using an impurity profile that is zero at all depths. The results are
shown in figure 4.20. As can be appreciated, in the first three cases the
total attenuation is always smaller than 10−1 dB, which explains why all the
curves in the previous figures are extremely similar to one another, except
when the thermal gradient is 10 K/km. In this last case, the cumulative
attenuation ranges from about 6 to 10 dB, depending on the porosity. This
is the difference between the first three and the last plot in each figure. As
said, the effect is smaller in relative terms when the quantity of impurities
and/or the imaginary permittivity of such are increased.
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When the thermal gradient is lower, the effect of ice on attenuation is barely
noticeable, and therefore in such cases porosity has a smaller effect. Another
fact can be noticed by comparing Figures 4.6 and 4.12. These correspond
to two cases with the same contaminant but very different dust abundances
(Ganymede’s bright terrains and Callisto with a 4.5 km standard deviation,
respectively). In the latter figure, in the first plot, the 45% porosity causes
a relative decrease in attenuation of about 9%, much greater than the 5%
found before for Ganymede’s bright terrains. In the 10 K/km case, the de-
crease is about 10 dB, which corresponds to a relative decrease of about
14%. This means that when the thermal gradient is low since attenuation is
dominated by the contaminant, porosity is relatively more effective when the
amount of impurities is higher. On the other hand, a high thermal gradient
significantly affects attenuation when the abundance of dust is small, as for
Ganymede’s bright terrains. Therefore, in the high-temperature gradient
scenarios, porosity is relatively more effective when the impurity content is
low. It is now possible to fix the impurity profile, for example, Ganymede’s
bright terrains, and to compare cases with different contaminants, such as
the shergottite and the H5 chondrite. This is done by comparing Figures 4.5
and 4.7. In the former case, the relative decrease caused by a 45% porosity
is nearly 6% for the 1 K/km case, while it is more than 27% for the 10 K/km
case. For the H5 chondrite scenario, these values are nearly 6% and 10%
respectively. This tells us that, when the thermal gradient is low, the effect
of ice is negligible and therefore porosity has the same effect independently
of the type of contaminant. When the thermal gradient is high enough to
allow ice to have a significant effect, porosity is relatively less influential for
a more attenuative contaminant (H5 chondrite), because this will largely
dominate over ice. As a final remark, it is important to keep in mind that
porosity is likely to be much smaller than the 45% discussed here, which
is an extreme case. This allows once again to conclude that the effect of
this quantity is to simply decrease attenuation by a factor that depends on
the thermal gradient and the impurities content, but the influence that this
parameter has is typically small compared to the influence of the thermal
gradient (when high) and the impurities content themselves.

4.3.4 Effect of impurities

The effect of impurities can be described both in terms of abundance and
of permittivity value. As obvious, the higher the contaminant abundance,
the higher is the attenuation. The same for a contaminant with a higher
imaginary permittivity. To better understand the effect of the different im-
purity profiles used, it is useful to look at Figure 4.21, which compares the
attenuations obtained with different profiles but fixed contaminant, ther-
mal gradient, and porosity. As expectable, all the curves tend to become
flat at depth, because of the gaussian decreasing amount of impurities. On
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4.4 Observational perspective

4.4.1 Detectability limits

Now that the different scenarios have been explored, it is important to deter-
mine what RIME could be able to detect. As shown in the previous sections,
at Ganymede’s bright terrains the amount of impurities is so low that, in
most scenarios, the attenuation is abundantly below the observational limit.
Water ice is almost pure here and allows a great radar penetration. The re-
sults obtained for Ganymede’s bright terrains demonstrate that RIME will
presumably be able to probe a great depth if the contaminant is similar
to the shergottite or the LL5 sample used here. On the other hand, if the
contaminant is more like the H5 used here, it will not be possible to reach
depths greater than about 4 or 5 km (and even an extremely high porosity
does not better the situation). The situation is not so different for the dark
terrains, where the top impurity-rich layer is not enough to greatly enhance
the total attenuation. However, even if the situation were similar to the H5
scenario simulated here, it would not be so bad: a depth of 5 km should still
be enough to detect a series of geological features that are expected to be
present right under Ganymede’s surface (e.g., Heggy et al. (2017); Bjonnes
et al. (2018)), reaching the scientific goals of the mission (Bruzzone et al.,
2015). In the case of Callisto with a 4.5 km standard deviation, the situ-
ation strongly depends on the actual contaminant. If this is similar to a
shergottite, then the attenuation remains below the detectability limit even
in the worst case with zero porosity and a thermal gradient of 10 K/km. In
the LL5 contaminant scenario, the depth at which the 55 dB observational
limit is reached is greatly affected by porosity, as visible in Figure 4.12. For
zero porosity, it could be possible to investigate only the first 7 km, while
for a very high porosity it could be possible to reach a depth of 10 km. For
a more attenuative contaminant like the H5 type, the expected detectability
limit should be reached in the first 2 km, and this would cause a very poor
scientific return. Even in the case in which the impurity profile has a 9 km
standard deviation, with a low-permittivity contaminant like the shergottite,
it would still be possible to reach a depth of at least 13 km. As explained,
this scenario is not so unrealistic, considering the lack of differentiation that
is likely for Callisto. The case with the LL5 contaminant is made signifi-
cantly worse, since in this situation the reachable depth is around 5 or 6 km,
depending on the porosity. When the assumed contaminant is the H5, the
55 dB limit is reached in the first 2 km, similar to the previous case. This
happens because the two impurity profiles are similar close to the surface
even if the two standard deviations are different. At last, let us consider
the unrealistic scenario in which the amount of impurity remains constant
with depth. If the contaminant is similar to the shergottite, even in such
an extreme case, a depth of about 11 or12 km (depending on porosity) can
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presumably be reached. With an LL5 contaminant, the situation is similar
to the previous case, and RIME could see up to a depth of about 5 km.
Once again, with an H5 contaminant, the penetration depth is not greater
than about 2 km.

4.4.2 Most realistic scenarios

In the previous section, all the different scenarios explored with this model
have been described. However, as previously mentioned, not all these sce-
narios are equally likely to be representative of the situation on Ganymede
or Callisto. As described in Section 4.2.1, the temperature gradient is more
likely to be smaller than 5 K/km. Because of the temperature dependence
of the imaginary permittivity of ice, using a thermal gradient of 1 or 2 K/km
yields basically to the same result. Here, the most realistic case considered
is the one with 2 K/km, in analogy to Heggy et al. (2017). As far as the
porosity is concerned, the 45% value used here as an upper limit likely rep-
resents an overestimate of such parameter. I would tend to consider p = 0%
as the most realistic value, assuming that a non-zero porosity that might
be present at the surface is likely to rapidly decrease with depth. However,
it is better to be cautious, since the assumption of a rapid drop of porosity
is based on the behavior of Earth rocks, which have a different chemical
composition from the ones likely to be present on the icy satellites. What’s
more, the surface gravity of these bodies is much lower than that of Earth.
Therefore, I will assume a porosity of 15% to be the most representative
of these bodies. Again, this is similar to what was done by Heggy et al.
(2017), who assumed a constant 10% porosity. Unfortunately, there are to-
day no constrains on the possible impurity profiles inside planetary bodies.
The gaussian behavior assumed here is purely arbitrary and could even be
unrealistic. The only realistic assumptions regard the surface values for the
impurity content. A point difficult to parametrize is the impurity-rich layer
assumed for Ganymede’s dark terrains. Here, it has been assumed to be
linear to make it rather different from the otherwise Gaussian profile. This
is an important problem that RIME will hopefully help to solve. For Cal-
listo, I believe that the profile with a 9 km standard deviation is the most
realistic among the ones considered because the constant profile could be
likely for a completely undifferentiated body, while Callisto should have at
least some degree of differentiation. On the other hand, it is less differenti-
ated than Ganymede, therefore a higher standard deviation for the impurity
profile is more likely (although it might have a very different value from the
9 km used here). As far as the type of contaminant is concerned, it is now
impossible to say which one is the most realistic. What’s more, if it is true
that the contaminant is of meteoric type, several other possibilities have not
been explored here. The only thing that can be said is that, hopefully, the
contaminant has a low imaginary permittivity like the shergottite analog
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used here. However, if it is similar to the H5 sample used here, the situation
will be far more dramatic.
With all this in mind, what can be concluded about the future RIME ob-
servations? If the model used here is realistic, and if the values for the
parameters discussed above are indeed representative of the situation on
Ganymede and Callisto, then on Ganymede RIME could be able to pene-
trate even more than 13 km into the crust, both below the bright and the
dark terrains, with a favorable contaminant. The same holds for Callisto if
the contaminant is similar to the shergottite analog used here, but if it is
more similar to the H5 analog then the radar will not penetrate over the first
2 km. This would be an extremely bad situation since it probably would
not allow the detection of any interesting feature. The resulting penetra-
tion depths (expressed in kilometers) accounting for the 55 dB observational
limit are shown in Table 4.2 for all the different contaminants and impurity
profiles explored. The reported results refer to the most realistic scenario
with a thermal gradient of 2 K/km and a 15% porosity.

Impurity profile Shergottite LL5 chondrite H5 chondrite

Ganymede’s brigh terrains > 13 > 13 4.45

Ganymede’s dark terrains > 13 > 13 3.04

Callisto (4.5 km standard deviation) > 13 8.53 1.01

Callisto (9 km standard deviation) > 13 5.46 1.00

Callisto (constant impurities) 11.74 5.09 1.00

Table 4.2: Penetration depths (in kilometers) for different impurity profiles
and contaminants, assuming a 2 K/km thermal gradient and a 15% porosity.

4.5 Limits of the model

As a final remark, it is important to consider that the model used here
has different limitations. These are mainly due to factors that have been
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neglected, but that may play an important role in determining the radar
attenuation on Ganymede and Callisto. RIME will eventually have to do
with such factors. The first element neglected here is the presence of geo-
logical structures. This has been done, for example, by Heggy et al. (2017).
However, they fixed the other parameters such as the thermal gradient, the
porosity, the impurity profiles, and the impurities permittivities. In a way,
it could be said that this work and their work are complementary. In the
case of Callisto, the only relevant geological structure that they propose
are knobs, which are what remains of ancient crater rims. They also state
that the rough surface can give rise to a strong surface clutter that here has
not been considered. On the other hand, Ganymede has more complicated
and evident structures, and probably several cracks under the surface. The
furrow systems on Ganymede’s dark terrains should cause a strong surface
clutter, while the several cracks under the bright terrains should cause vol-
ume scattering, another effect that has here been neglected. Another work
whose aim is to estimate volume scattering for the Galilean satellites is the
one by Di Paolo et al. (2018). The authors concluded that volume scatter-
ing by spherical voids should not be significant for Ganymede and Callisto.
Another way in which this work is limited regards the impurity profiles and
the contaminant used. Although different profiles have been used, it could
be possible to explore, for example, power-law impurity profiles. What’s
more, here only three different contaminants have been used. A way to
expand this work would consist of using other meteoric-like contaminants
over a wider range of permittivities. Also, it could be possible to mix more
types of impurities when evaluating the effective permittivity through the
Rayleigh mixing formula.
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Chapter 5

Conclusions

As described in Chapter 1, Ganymede and Callisto are two extremely in-
teresting satellites that need to be studied more since there are still several
unresolved problems. One way in which this can be done is through radar
sounding, a technique thanks to which interesting results have already been
obtained for Mars using the MARSIS and SHARAD instruments. The fact
that the outer satellites of our Solar System are mainly made up of water
ice allows the use of such an effective technique. However, the effect of tem-
perature, porosity, and presence of non-water materials makes the situation
not so easy to study. In Chapter 4, the effects of all these parameters have
been discussed, showing that different scenarios can make the work of RIME
very easy or very challenging: the penetration depth can vary from 1 to far
more than 13 km, depending on the type and amount of impurities.
In a few years, the data from this mission will surely help to place better
constraints than the ones we have today on a series of features of these two
satellites. It will be possible to detect the geological elements that are sup-
posed to be present below the surface and that are, today, unobservable.
The presence of these elements will help to understand the geology of these
worlds and their putative past activity. This, in turn, will also give helpful
information about the orbital evolution of Ganymede and Callisto, and the
Laplace resonance. A better constrain of the thermal gradient will allow
us to determine the amount of heat stored in the interior, and maybe a
better estimate of the depth at which the subsurface salty ocean must lay.
Probably, the most important result that we can hope to obtain in this way
is a precise determination of the type of non-water constituents present in
these bodies. This is very important since it can be linked to the theoretical
formation models.
Since RIME will not be at work for twelve more years, there is still so much
work than can be done to obtain better dielectric models and, therefore,
more reliable values for the cumulative attenuation and penetration depth.
It is possible to use theoretical models to determine more precisely what
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the thermal gradient could be. It is possible to carry out experiments to
measure how the porosity may vary inside bodies that are so different from
our planet. Another improvement can come from more dielectric measure-
ments of a wider range of possible contaminants that might be present in the
outer regions of the Solar System. Finally, a model accounting for both the
presence of geological structures and a wide space of variables (temperature
profile, porosity, impurity gradient, and impurity permittivity) will allow us
to construct the most realistic scenario possible.
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