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Introduction

The search for extraterrestrial life and possible new habitable worlds has always been of great
interest to the scienti�c community.
Taking inspiration from the development of life on Earth, one of the most commonly used ap-
proaches in this �eld is the search for liquid water, as it is considered a fundamental ingredient.
The presence of liquid water can be investigated using a multidisciplinary analytical framework
combining remote observational techniques with computational modeling, or, if possible, direct
sampling methodologies depending on many factors - for example on whether the targets are
in our Solar System or in other star systems. The most direct observation is in situ, employing
landers and rovers, sampling the soil and analyzing the content of rocks and regolith. Other
techniques involve geophysics measurements like the propagation of seismic waves, multiwave-
length spectroscopy to investigate the composition of the atmosphere and the surface, or gravity
and magnetic �eld measurements that allow us to infer the composition of the interior of ce-
lestial bodies. In this thesis we will address a technique that has proven to be very e�ective in
recent years in the Solar System, the Radio Echo Sounding (RES), discussed in detail in Chap-
ter 5. Radar sounders, working simultaneously as transmitting and receiving antennas, send
radio waves towards the surface of the target and use the re�ections of these signals (echoes) to
reconstruct the stratigraphy of the soil. The propagation of the signals and the characteristics
of the echoes depend signi�cantly on the electromagnetic properties of the materials involved
in the investigation. Therefore, a deep knowledge of electromagnetic properties of surface and
interior of celestial bodies is essential for a correct radar analysis. RES techniques have already
been used on Earth, on the Moon, on Mars, and will be employed in the future on other celestial
bodies of the Solar System.

0.1 Search for Liquid Water in the Solar System

In a stellar system, the habitable zone is de�ned as the region where environmental conditions
could allow the presence of liquid water on the surface of a planet. In our Solar System, the
only planet in this region is the Earth, but other celestial bodies could have the right conditions
to host liquid water beneath the surface. For instance, in 2018, radar observations revealed
signatures consistent with the presence of liquid water beneath the Martian South Pole. These
�ndings added to the body of morphological evidence indicating that Mars once hosted liquid
water on its surface in the distant past. In the outer Solar System there are many celestial
bodies that are likely to host liquid water oceans in their interior [148], the so-called Ocean
Worlds.
Geophysics measurements and modeling suggest the presence of liquid water in the interior
of the Jovian icy moons (Europa, Ganymede, and Callisto), the Saturn's moons (Enceladus,
Titan, Mimas, and Dione), the dwarf planets (Pluto and Ceres), the Neptune's moon Triton,
and other smaller celestial bodies. All of these bodies could be investigated with radar sounders
to evaluate the habitability of their subsurface and to detect possible liquid water reservoirs.
To date, there are two missions, the JUpiter ICy moons Explorer (JUICE) and Europa Clip-
per, traveling toward the Jovian icy moons, and the upcoming mission Envision, whose target
is Venus, that will use radar technology - among other tools - to probe the interior of these
celestial bodies searching for liquid water evidence.
The analysis of radar data allows the correct reconstruction of the stratigraphy of the target
thanks to the electromagnetic discontinuities of the subsurface. The electromagnetic properties,
in particular the dielectric permittivity � and the magnetic permeability �, in�uence the attenu-
ation of the signals and the characteristics of the echoes, and depend on materials, temperature
and frequency.

1
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0.1.1 Two Case Studies

In this manuscript, we will focus on two main topics: the subglacial lake under the Martian
South Pole and the Jovian icy moons.
After the detection in 2018, one of the most critical questions, also related to the potential
habitability, concerns the physical state of the lake in terms of temperature and composition.
It is well known that perchlorate solutions can remain in a liquid or partially liquid state
at temperatures signi�cantly lower than 273 K. In this work, we present the electromagnetic
properties of potential analogues of the lake as a function of temperature, and we discuss
possible techniques that could be employed in further studies of this kind.
With regard to the icy satellites, we investigated the properties of the icy shell under di�erent
scenarios, integrating laboratory measurements with radar simulations.

0.2 Purpose of the Thesis

This thesis project aims at presenting laboratory and simulation results concerning radar anal-
ysis and electromagnetic properties of planetary analogues. It proceeds along two distinct lines
of investigation: the study of laboratory data of salty ice as implication of the conditions of
the subglacial water on Mars, and simulations of radar signals propagation through the Jovian
moons icy crusts to allow a better comprehension of future radar data.
The �rst part of the manuscript is focused on an introduction about the two targets, Mars
(Chapter 1) and Jovian icy moons (Chapter 2). The second part is about the electromagnetic
theory (Chapter 3), the characteristics of geomaterials (Chapter 4), radar analysis basic princi-
ples (Chapter 5), and our laboratory setup (Chapter 6). In the last part, we discuss the results
of the laboratory measurements about Mars subglacial water and Jovian icy moons (Chapter
7) and the simulations of radar signals propagation (Chapter 8).

Both Mars and the icy satellites are characterized by the presence of brines - water-salt so-
lutions (such as perchlorates or sodium chloride) - occurring in both solid and liquid states.
These components are likely to be widespread in planetary environments. Consequently, study-
ing the electromagnetic behavior of brines is of great importance for the search for liquid water
and potentially habitable environments in the Solar System, as well as for the interpretation of
radar sounder observations.



Chapter 1

Water on Mars

1.1 The Past of the Red Planet

Mars appears today inhospitable to life at the surface. The low mean atmospheric pressure
(~600 Pa), cold mean surface temperatures (~215 K), and negligible water vapor content, ren-
der the planet not suitable to host stable surface liquid water under current environmental
parameters. However, multidisciplinary studies employing orbital remote sensing, in-situ geo-
chemical analysis, and comparative planetology, have established a robust scienti�c consensus
regarding the planet's aqueous history.
Evidence indicates that Mars experienced substantial hydrological activity during the Noachian
and Hesperian Era (4.1 billion to 3.0 billion years ago [40]) with elevated atmospheric pressure,
enhanced greenhouse warming, and large surface water reservoirs that fundamentally altered
the planet's geological and geochemical evolution. During the Noachian, conditions may have
been warm enough to allow the presence of stable bodies of surface water, as indicated by the
formation of valley networks, lake beds, and possibly oceans ([68]).
Some evidence comes from Martian clay minerals that suggest interactions between water and
rock, forming deposits that imply past warmer and wetter conditions ([61]).
Other studies have shown that Martian meteorites exhibit signs of aqueous alteration consistent
with a wet environment meaning that a large quantity of water might have interacted with the
Martian surface and subsurface ([12]).
Recently, the rover Perseverance identi�ed mineralogical evidence consistent with aqueous pro-
cesses, such as iron oxides, clays, and carbonates, essential indicators of past presence of water
([20]). Also, the rover has revealed evidence of sedimentary structures characteristic of deltaic
environments that suggest that Jezero Crater was once the site of a lake where water was stable
enough to allow the deposition of sedimentary rocks ([129]).

1.2 The Present

In the present day the amount of water on the red planet is modest. Considerable quantities
are in the form of ice and potentially as liquid water near the surface. Liquid water has escaped
through several mechanisms of atmospheric loss, leading to signi�cant transformations of cli-
mate and surface conditions over geologic time. These escape processes are mainly in�uenced
by solar and environmental phenomena. The major escape mechanisms are:

ˆ Thermal escape, in which solar radiation heats the atmosphere and lighter hydrogen
atoms, reaching the escape velocity to break free from Mars gravitational potential, escape
into space at considerable rates ([69]);

ˆ Photochemical escape which involves the dissociation of water vapor into hydrogen
and oxygen molecules under the in�uence of ultraviolet light from the Sun ([123]);

ˆ Atmospheric escape, due to the lack of the magnetic �eld protection, in which solar
wind enhances the ion escape rates ([169]).

Seasonal variations could also have contributed to and accelerated water loss ([66]). The main
reservoirs of water on Mars today are stored in the Polar Ice Caps, and in the subsurface
ice. Beyond ice, there is evidence of water locked within hydrated minerals throughout the
Martian regolith and crust ([179]). Concerning water in its liquid form, in addition to the
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detected subglacial lake, which is discussed later, recent analyses of seismic data collected from
the InSight mission, including measurements of seismic waves generated by natural quakes and
impacts ([14]), suggest the possible presence of reservoirs at the base of the upper Martian crust
at a depth between 5.4 and 8 km ([194]).
Many missions have aimed at detecting liquid water on Mars in order to understand whether
it had been there and where it had gone, and many missions are still dedicated to this task.

1.3 The Missions

Key missions that made signi�cant contributions to understand the liquid water issue on Mars
are:

ˆ Past orbiters Viking 1-2 (1976), Mars Global Surveyor (1997-2006), and the ongoing
orbiting missions Mars Odyssey, Mars Express, Mars Reconnaissance Orbiter (MRO),
Mars Atmosphere and Volatile Evolution (MAVEN);

ˆ The landers Viking 1-2 (1976), Phoenix (2008), and InSight (2018�2022);

ˆ The rovers Spirit and Opportunity (2004-2018), Curiosity (2012), and Perseverance
(2021).

In the following sections, we focus on the Mars Express mission and, in particular, on the
Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) because it is strictly
related to this thesis project.

1.3.1 Mars Express

Mars Express (Fig. 1.1) mission was launched on 2 June 2003 and entered the Martian orbit on
25 December 2003 ([43]). The mission purpose was to signi�cantly enhance our understanding of
the Martian environment, geology, and atmosphere. The primary scienti�c objectives included:

ˆ The geological mapping of the surface and the identi�cation of peculiar features to
understand the geological history;

ˆ The study of the atmosphere in terms of composition, structure, and dynamics to
understand its evolutions and possible implications for the past habitability;

ˆ The exploration of the subsurface, employing the radar instrument, to detect water
ice and potentially liquid water reservoirs.

Mars Express is equipped with 7 scienti�c instruments:

ˆ MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) designed to
probe Martian subsurface, particularly to identify liquid water beneath polar ice deposits
([163]);

ˆ OMEGA (Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité), a visible and
infrared imaging spectrometer that increases knowledge about the geology and hydrology
([21]);

ˆ PFS (Planetary Fourier Spectrometer) that investigates the thermal emissions from the
surface and contributed to the atmospheric analysis ([67]);

ˆ SPICAM (Spectroscopy for the Investigation of the Characteristics of the Atmosphere
of Mars), an UV and infrared spectrometer designed to study the Martian atmosphere,
particularly its structure, composition, and spatial distribution ([19]);

ˆ ASPERA (Analyzer of Space Plasmas and Energetic Atoms) that measures the composi-
tion and dynamics of the atmospheric escape processes and its interaction with the solar
wind ([16]);

ˆ VMC (Visual Monitoring Camera) developed to monitor the Beagle 2 lander lost during
the entry, captures images of the Martian surface, monitoring dust storms and atmospheric
changes ([151]);
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ˆ HRSC (High Resolution Stereo Camera) creates 3D topographic maps of the Martian
surface and provide high-resolution images ([146]).

Finally, MaRs, the Mars Radio Science experiment, uses the radio communication system to
investigate the atmosphere, ionosphere, gravity �eld, and interior structure of Mars ([157]).

Figure 1.1: Illustration of Mars Express spacecraft.

Mars Advanced Radar for Subsurface and Ionosphere Sounding

MARSIS is a nadir-looking, low frequency radar sounder with dipole antenna of 40 m developed
by Italian and US researchers that operates during high elliptical orbital phases of the space-
craft. It requires nighttime conditions to sound surface and subsurface to avoid interference
from the Martian ionosphere, which is signi�cantly high in daytime.
MARSIS started its operations in July 2005 with the primary scienti�c objective of detecting
subsurface ice deposits and liquid water reservoirs within the Martian regolith, while simul-
taneously investigating potential biosignatures within the planetary subsurface. Secondary
objectives are the surface topography, composition characterization, and the investigation of
subsurface geology and ionospheric behavior. It operates in two modes:

ˆ Subsurface sounding mode generates a swept frequency high power radio pulses and
collects the echoes re�ected by electromagnetic discontinuities in the subsurface; it em-
ploys a chirp signal for transmission to acquire data of high enough signal-to-noise ratio
and uses 1 MHz bandwidth pulses centered at 3, 4 or 5 MHz. It can use at the same time
two frequencies to reduce the ionospheric distortions, as well as to investigate frequency
dependent e�ects in data analysis.

ˆ Active ionosphere sounding mode measures the dispersion e�ects of the ionosphere
and studies the characteristics of the ionosphere itself. It operates above the altitude
of about 900 km, or when subsurface sounding is not working, with the entire range of
frequencies of the radar, 0.1-5.5 MHz, using simple low bandwidth pulses radiated through
the dipole antenna.

In this work we focus on the results of the subsurface sounding mode whose parameters are
shown in Tab. 1.1 ([97]). In free space, the vertical resolution is of 150 m (approximately 210 m
after the correlation between the transmitted and received waveform called range compression).
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Parameter Description

Subsurface sounding altitude range 250�900 km
Dipole antenna length 40 m tip to tip
Monopole antenna length 7 m
Subsurface sounder frequency range 1.3�5.5 MHz (4 Bands)
Peak radiated power 1.5�5 W
Subsurface sounder pulse repetition rate 127 Hz
Subsurface sounder transmit pulse length 250 ms
Subsurface sounder wavelength 60�160 m
Bandwidth per band 1 MHz
Sounder free space depth resolution 150 m
Sounder dynamic range 40�50 dB
Nominal depth window 15 km
Number of processed channels 2 or 4
Number of simultaneous frequencies 1 or 2
Data quantization 8 bits per sample
Data quantization rate 2.8 megasamples per second
Data window duration 350 ms
Data rate output 18�75 Kbps
Data volume 285 Mbit per day
Dc operation power 60W
Total mass 20 kg

Table 1.1: MARSIS subsurface sounder parameters [97].

The resolution for the subsurface is proportional to the square root of the permittivity of the
material of the medium. The horizontal resolution is in�uenced by the altitude of the satellite,
the frequency of the pulse transmitted, and the surface roughness; it usually ranges from 10
to 30 km. After the onboard correction for the vertical motion and Synthetic Aperture Radar
(SAR) processing (coherent summation of consecutive pulses), horizontal resolution along the
track improves up to 5-10 km. MARSIS explored a large part of the Martian surface and
subsurface, but, in this project, we focused on the South Pole region and, in particular, on the
South Polar Layered Deposit (SPLD).

Evidence of Subglacial Liquid Water

In 2018, the analysis of MARSIS data led to the detection of liquid water evidence in Ultimi
Scopuli ([152]), a region located in the SPLD (Fig. 1.2). The main subglacial liquid water body
detected is located at the depth of 1.5 km and covers an area 20 km wide. This detection was
made using 29 pro�les, acquired by MARSIS, considering the di�erences in echo power (then
in electromagnetic properties) between the surface and the basal unit in the area of the bright
re�ection anomalies.

The Debate

The detection of anomalous radar re�ections compatible with the presence of subglacial liquid
water in Ultimi Scopuli has been followed by numerous studies fueling an ongoing and lively
scienti�c debate; some of these supported the thesis using additional methods that con�rm the
detection, others proposed alternative interpretations to that of liquid water, while still others
highlighted critical issues that subglacial lake hypothesis must address. Here we report some of
these studies:

ˆ In 2019, [188] examining the conditions required for the stability of the subglacial lake,
highlighted that the concentration of perchlorate salts detected on Mars would not be
su�cient to maintain water in a liquid state and the geothermal heat �ux required would
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Figure 1.2: Planum Australe map 75° S latitude produced using the Mars Orbiter Laser Altimeter (MOLA)
topographic dataset ([186]). The black square identi�es the area studied by ([152]).

be greater than 72 mW=m2, signi�cantly higher than the values measured of approxi-
mately 25 mW=m2. Such conditions would imply the presence of a magmatic chamber,
or alternatively, other explanations that do not involve liquid water.

ˆ In 2021, [118] con�rmed the subglacial lake thesis by analyzing a larger dataset (134 radar
tracks). This study considers additional parameters beyond those previously investigated,
such as the variability of the signal in the transition from rocky to wet regions. Moreover,
the presence of other smaller water bodies adjacent to the main lake has been identi�ed.

ˆ In 2021, [22] hypothesized that the bright re�ections were caused by highly conductive
materials and proposed alternative explanations such as highly saline ice or conductive
minerals including clays, hydrated minerals like jarosite, and metallic minerals such as
hematite, without considering the presence of liquid water as necessary to reproduce
observed data.

ˆ In 2021, [187] highlighted the challenges associated with the liquid water interpretation,
the presence of salts, and the requirement for unrealistically high temperatures, and in-
stead invokes smectites clays as a possible explanation for the MARSIS data.

ˆ In 2021, [102], analyzing a larger dataset than [152], noted that the phenomenon of basal
re�ection anomalies appears to be more widespread and not con�ned to the Ultimi Scopuli
region; therefore, the authors attributed their origin to explanations less exceptional than
the presence of liquid water. One possible interpretation is the occurrence of subsurface
dry ice, which could induce distortions in the radar data.

ˆ In 2022, [114] tried to explain MARSIS data through interference phenomena between
more layers of H2O ice and CO2 ice.

ˆ In 2022, [72] suggested that dry volcanic terrains could provide an alternative explanation
for the bright echoes.

ˆ In 2022, [117] provided further con�rmations by introducing new approaches computing
signal attenuation as an additional diagnostic parameter.

ˆ In 2022, [133] carried out measurements to refute the hydrated salts and clays hypothesis
of [187], indicating metastable perchlorate solutions as the most plausible explanation.
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ˆ In 2022, [153], by analyzing simulations that include the presence of dry ice, concludes
that interference phenomena cannot account for MARSIS data, for which the most robust
interpretation remains the presence of liquid water, most likely in hypersaline solutions.

ˆ In 2022, [6] supported the subglacial lake thesis by analyzing data from the Mars Orbiter
Laser Altimeter ([186]), onboard the Mars Global Surveyor, identifying morphological
analogies between surface topographic anomalies associated with terrestrial subglacial
lakes and those observed in the Ultimi Scopuli region. This latter evidence is of particular
scienti�c signi�cance as it is independent of MARSIS data.

ˆ In 2023, [50] showed additional measurements on clays to demonstrate that they cannot
reproduce the data of Ultimi Scopuli.

ˆ In 2023, [119] demonstrated that the anomalies observed by MARSIS cannot be the result
of the interference phenomena described by [114], since data exhibit similar behavior
across all frequencies, a feature not reproduced in the simulations. Furthermore, scenarios
presented by [114] are based on an inaccurate geological context.

ˆ In 2024, [113] once again invoked interference phenomena, employing ice-dust stratigra-
phies to explain MARSIS data.

ˆ In 2024, [73] demonstrated that a thin surface dust layer, previously neglected, could
fundamentally alter the interpretation of radar data. Before drawing conclusions about
the presence of liquid water on Mars, it is essential to better characterize this surface
layer through future missions and more detailed observations.

One of the open questions remains the capability of liquid water to persist under the subglacial
conditions at the Martian South Pole. The surface temperature at Ultimi Scopuli is estimated
to be around 160 K ([118]), while at the depth of the putative lake it may reach approximately
170 K ([152]) or higher, neglecting the possibility of thermal anomalies or magmatic chambers
([188]). The proposed solutions are the presence of hypersaline perchlorate brines. In Chapter
7, we present rigorous methodologies through which we investigated the potential stability of
calcium and magnesium perchlorate solutions at Martian temperatures, and we analyzed their
electromagnetic properties to assess whether they can reproduce MARSIS data, thus serving
as plausible analogues for the putative subglacial lake at Ultimi Scopuli.



Chapter 2

Jovian Icy Moons

The Jovian system represents one of the most complex and scienti�cally fascinating planetary
environments in our Solar System: it harbors a diverse collection of natural satellites that
have fundamentally reshaped our understanding of planetary formation, astrobiology, and the
potential distribution of life throughout the cosmos. Jupiter, with its 95 con�rmed moons as
of recent astronomical surveys ([56]), operates as a miniature Solar System whose gravitational
in�uence has captured and shaped an extraordinary array of celestial bodies ranging from small,
irregular asteroids to large, geologically active worlds. This extensive satellite system provides
a natural laboratory for studying planetary processes across a broad spectrum of environmental
conditions, from the sulfur-rich volcanic landscapes of Io to the ice-covered oceans of Europa,
Ganymede, and Callisto. Among these, the four Galilean moons hold particular scienti�c
signi�cance. Discovered by Galileo Galilei in 1610, their observation provided key evidence for
the heliocentric model, demonstrating that celestial bodies could orbit an object other than
Earth. These satellites remain central to planetary science, both as laboratories for studying
geological and geophysical processes and as potential habitats beyond Earth.
Each of the Galilean moons exhibits unique characteristics. Io is the most geologically active
body in the Solar System, with sulfurous plumes and lava lakes reshaping its landscape. This
activity is driven by tidal heating resulting from gravitational interactions mainly with Jupiter,
but also with the other Galilean moons. The other three, the icy moons Europa, Ganymede,
and Callisto are characterized by water icy surfaces, and geophysical evidence strongly support
the presence of subsurface oceans ([178], [108], [106], [212], [103]). These so-called Ocean Worlds
are of particular interest for astrobiology, as liquid water, in combination with internal heat
sources and chemical gradients, provides a potential environment for life. The Jovian icy moons
have already been investigated by six missions Pioneer 10 and 11 (1973 and 1974, respectively),
Voyager 1 and 2 (1979), Galileo (1995-2003), and Juno (2016-ongoing); their surfaces appear
shaped by both endogenic and exogenic geological processes such as tectonism, cryovolcanism,
and impact cratering. In this work we focus on the icy moons to support the two missions,
JUICE and Europa Clipper, that will enter the Jovian system in 2030-2031.

2.1 Ganymede

Ganymede is the largest moon of Jupiter and in the entire Solar System. Its unique features,
due to its size, composition, magnetosphere, and subsurface ocean made it a very captivating
subject of study. Ganymede orbits Jupiter at a mean distance of 1070400 km with an orbital
period of 7.15 Earth days, locked in a 1:2:4 Laplace resonance with Europa and Io ([158]) and
tidally locked to Jupiter. This gravitational con�guration with the same hemisphere facing
Jupiter throughout its orbit has profound implications for the satellite's thermal evolution and
internal dynamics, as tidal heating from orbital eccentricity variations provides a continuous
energy source for geological activity ([181]). The two hemispheres are called leading (facing
Jupiter) and trailing (opposite side to Jupiter) and they have di�erent characteristics in many
aspects. Ganymede represents an intermediate case between the low-density, ice-rich satellites
of the outer Solar System and the higher-density, rock-rich bodies of the inner Solar System
([2]) suggesting a signi�cant di�erentiation into distinct compositional layers. Also being the
only moon known to possess an intrinsic magnetic �eld, it has signi�cant implications for
understanding its internal structure and evolutionary history. The magnetospheric coupling
due to the interaction with Jupiter's powerful magnetosphere ([108], [178]) provides a natural
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laboratory for studying plasma physics processes on scales impossible to replicate in terrestrial
experiments. The Tab. 2.1 reports the main parameter of this satellite.

Mean radius 2634.1 ± 0.3 km

Mass 1.482 �10 23 kg

Density 1.936 g/cm3

Intrinsic magnetic �eld at equatorial surface 750 nT

Ambient Jovian magnetic �eld 120 nT
C

MR 2 0.3105 ± 0.0028

Mean Surface Temperature 100 - 150 K

Rotational Period 7.154 days

Table 2.1: Physical parameters of Ganymede ([181],[196]).

2.1.1 Atmosphere

The exosphere of Ganymede is dominated by the presence of O2; H; H 2O detected through
UV emission and absorption measurements ([196]). The dissociation of O2 and H2 by mostly
auroral electrons causes the presence of atomic O and H observed in the UV spectra. The
O2 is globally abundant near the surface, since it does not condense at surface temperatures
and is heavy enough to be gravitationally bound. At higher altitudes, lighter H 2 molecules
are the primary compound. Asymmetries in the presence of molecular oxygen are observed
in the atmosphere between the two hemispheres. The trailing one is shielded by the intrinsic
magnetic �eld, whereas, in the leading one the energetic ions from Jupiter can access the
surface producing molecular oxygen through the sputtering process. The presence of water
vapor, supported by spectral observations, could be caused by sublimation processes at the
surface ([175]). Atomic oxygen results from the photo-dissociation of O2 by solar radiation and
energetic particles ([138]). Ganymede's atmosphere exhibits spatial and temporal variability
in�uenced by its interaction with Jupiter's magnetosphere including auroral phenomena that
further a�ect the atmospheric composition.

2.1.2 Surface

Ganymede's surface is characterized by a combination of cratered terrains, indicative of an an-
cient, heavily bombarded history, and younger, tectonically active regions that suggest ongoing
geological processes. The three main components of its crust are water ice, hydrated salts, and
darkening agents consisting probably in silicates and carbonaceous materials. The surface is
inhomogeneous, but di�erentiated in two main types of terrains, bright and dark (Fig. 2.1).
Bright terrains are younger, with larger percentages of water ice due to endogenous phenomena
like tectonic resurfacing, and dark terrain are older with larger percentage of the darkening
agents. The distribution of these terrains is also correlated with orbit since trailing hemisphere
appears brighter and leading hemisphere darker ([104]); this correlation could be explained by
considering the larger amount of darkening agents in the region of the higher exposure to en-
ergetic particles of Jovian plasma identi�ed by the Jovian Infra-Red Auroral Mapper (JIRAM)
onboard Juno spacecraft ([145]), and the brighter trailing hemisphere shielded by the magneto-
sphere ([164]). The origin of the darkening agents identi�ed as meteoric rocks, like chondrites,
could be endogenous or exogenous or both, and it is still under debate ([34]). The composition
of the dirty ice mixture of the surface (water ice and the darkening agent) and the distribution
of the impurities of the ice along the crust are crucial to the comprehension of future radar
data and they are addressed deeply in Chapter 8. In summary the main compounds detected
on the surface are:

ˆ Water ice, the most abundant component of Ganymede's surface dominates both the
bright and dark terrains. Its detection has been facilitated by several instruments, in-
cluding the Near-Infrared Mapping Spectrometer (NIMS) onboard the Galileo spacecraft
and by ground based observation ([105]).

ˆ Carbon dioxide detected by HST and JWST measuring speci�c spectral lines corre-
sponding to CO2 absorption features ([27]).
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ˆ Frost sulfur dioxide identi�ed in the trailing hemisphere with the space-based telescope
International Ultraviolet Explorer (IUE) ([58]).

ˆ Silicates primarily in the dark regions contributing to the coloration and albedo dif-
ferences across various surface areas detected through the identi�cation of absorption
features ([141]).

ˆ Hydrogen peroxide, believed to exist in small quantities on the surface of Ganymede,
potentially formed through photolytic processes under ultraviolet light from the Sun. Its
detection occurs through remote sensing techniques by HST and JWST ([27]).

ˆ Tholins formed through chemical reactions involving carbon-rich materials under ultra-
violet light, detected through spectral analyses associated with organic materials ([141]).

ˆ Sulfuric acid hydrates indicated by speci�c absorption features. These compounds
are of particular interest because they may indicate geochemical complexity relating to
Ganymede's potential subsurface ocean ([27]).

ˆ Mixtures of NaCl�H 2O; NH 4Cl; NaHCO 3 or (NH 4)2CO2 and Na2Mg(SO4)2�4H2O
detected through high spatial resolution infrared spectra observed with JIRAM in the
trailing hemisphere.

From a morphologic point of view older dark terrains exhibit a rugged appearance, charac-
terized by concentric furrows and various geological structures formed through processes such
as impact gardening and the thermal segregation of materials and ancient tectonic activities
([11]). The presence of heavier materials and sedimentation processes over time may have con-
tributed to the accumulation of these darker materials. The younger bright grooved terrain,
primarily composed of clean, crystalline water ice, exhibits a high albedo, resulting in its bright
appearance. They are characterized by smooth surfaces, often exhibiting parallel ridges and
troughs known as sulci. These features indicate tectonic and cryovolcanic resurfacing processes
driven by tidal heating that have signi�cantly modi�ed the surface over time ([34]). The rel-
ative youth of grooved terrain, inferred from low crater densities, indicates ongoing or recent
geological activity.

Figure 2.1: The picture of the region of Nicholson Regio/Arbela Sulcus, taken by NASA's Galileo spacecraft,
shows the contrast between the smooth bright terrain and the surrounding highly fractured dark terrain. Credit:
NASA/JPL/Brown University.

2.1.3 Interior

Ganymede's internal structure, as revealed by gravitational �eld measurements from the Galileo
spacecraft, consists of a di�erentiated three-layer system (Fig. 2.2): a metallic iron core, a rocky
silicate mantle, and an outer shell of water ice and liquid water. The iron core, with a radius
estimated at 700-900 km, generates the satellite's magnetic �eld through dynamo action, re-
quiring the presence of liquid metal and su�cient convective motion ([108]). Surrounding the
core the mantle is composed of various silicate materials and may contain signi�cant amounts
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of sulfur and other volatile compounds, a�ecting both the thermal evolution and potential geo-
chemistry of the satellite. The outermost ice shell represents perhaps the most complex and
scienti�cally intriguing component of Ganymede's structure. Theoretical models and observa-
tional evidence suggest a multi-layered ice shell with a thickness of 100 or more kilometers,
potentially containing a subsurface ocean.

Figure 2.2: Illustration of Ganymede's interior based on theoretical models and on observations by NASA's
Galileo orbiter, and HST. Credit: NASA, ESA, and A. Feild (STScI).

2.1.4 Ocean

The presence of an interior ocean makes Ganymede a very interesting target also for the search
for habitability conditions. Its presence has been inferred by many factors:

ˆ Magnetic �eld measurements suggest the presence of a conductive layer beneath
the surface. The Galileo magnetometer data indicate an ocean of electrically conductive
liquid, likely salty water ([109]).

ˆ HST data of Ganymede's auroral patterns show variations that could be explained with
interactions between its magnetic �eld and a subsurface ocean. The oscillation patterns
of these auroras provide indirect evidence for the presence of a conductive layer beneath
the ice, consistent with a subsurface ocean ([178]).

ˆ Thermal models predict that Ganymede must harbor a subsurface ocean if the moon
has experienced su�cient tidal heating from gravitational interactions with Jupiter and
other Galilean moons.

The ocean is thought to exist in a water sandwich ([148]) con�guration between two layer of ices
in di�erent pressure phases: a lower pressure phase above (Ice I) and a higher pressure phase
below (Ice V and VI). Other models predict instead an alternation of liquid water layers and
di�erent ice phases in a club sandwich con�guration. The ocean is probably highly saline since
it has to be very conductive according to the observations. It contains various ions, like sodium
or sulfate, coming from interactions between the ocean and the rocky mantle and dissolved salts
like Mg(SO4)2 ([203]).

2.2 Europa

Europa is the fourth largest moon of Jupiter and the smallest of the four Galilean satellites; it
is slightly smaller than the Earth's Moon, but its ocean is probably the most extensive liquid
water ocean in the Solar System, harboring more than twice the volume of all Earth's oceans.
Europa represents one of the most compelling targets for astrobiological investigation not only
because of the presence of the subsurface ocean, but for its dynamic interaction with the thin icy
shell. The moon's subsurface ocean, maintained in liquid state through tidal heating generated
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by Jupiter's gravitational in�uence, represents a stable aquatic environment that has likely
persisted for billions of years. The detection of plume event by HST ([173]) con�rmed the
dynamic interactions between the ocean and the icy shell that facilitate the possible circulation
of organic compounds and the availability of energy sources necessary to support biological
processes. The intense activity of this satellite is also proven by the lack of craters probably
due to cyclical resurfacing phenomena and plates tectonic activities ([202]). Since it is tidally
locked, also Europa has a trailing and a leading hemisphere. The main physical parameters of
Europa are shown in Tab. 2.2.

Mean radius 1560.7 ± 0.7 km

Mass 0.480 �10 23 kg

Density 3.014 g/cm3

Intrinsic magnetic �eld at equatorial surface -

Ambient Jovian magnetic �eld 420 nT
C

MR 2 0.346 ± 0.005

Mean Surface Temperature 90 K

Rotational Period 3.551 days

Table 2.2: Physical parameters of Europa ([181], [8]).

2.2.1 Atmosphere

Europa has a tenuous atmosphere predominantly characterized by molecular oxygen O2, along
with smaller amounts of other gases such as hydrogen H2 and water vapor H2O. O2, the most
abundant component is produced via radiolysis of water ice on its surface caused by high-energy
particles from Jupiter's magnetosphere ([195]). It has been detected by HST through speci�c
far-ultraviolet emissions ([174]). H2, present in smaller quantities, is generated through the
photodissociation of water ice and it is more abundant at higher altitude. The water vapor is
associated with active geological processes and may periodically escape into the atmosphere,
possibly through geysers or plumes originating from the subsurface ocean ([173]). It is more
abundant at poles. In addition to molecular oxygen, atomic oxygen has been identi�ed, probably
produced by the dissociation of O2 ([76]) from the magnetosphere electrons. The interaction
between Europa's atmosphere and its environment is signi�cantly in�uenced by Jupiter's intense
magnetosphere.

2.2.2 Surface

Europa presents a distinctive and varied surface characterized by several types of terrain, each
re�ecting its complex geological history and ongoing processes. The main features are:

ˆ Chaos terrains is characterized by disrupted and chaotic ice blocks, thought to form
due to subsurface processes, such as the upward movement of warmer ice or liquid water
from the ocean below, causing the overlying ice to fracture and become chaotic ([200]).

ˆ Lineae, linear cracks and ridges, provide evidence of tectonic activity and are believed
to be the result of tidal forces exerted by Jupiter.

ˆ Ridged plains are expansive areas marked by a series of parallel ridges and grooves that
likely formed from tectonic stresses across the ice shell, less disrupted than chaos terrains,
indicating that they may be older.

ˆ Lenticulae, pits, and domes are circular features which are believed to form from be-
neath the ice shell due to thermal-induced processes. Pits often result from the collapse of
surface layers due to subsurface activities, while domes may form as a result of upwellings
from the ocean below, creating topographic uplift as materials intrude into the overlying
ice layer ([154], [184]).

ˆ Bright and dark regions are present also on Europa with pure water ice regions and
areas characterized by a larger amount of impurities, such as salts.
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Figure 2.3: Chaotic terrain on Europa, an evidence of some of the most recent geologic activity. Credit:
NASA/JPL, Caltech.

The interactions with the inner ocean, the highly dynamic activity of the satellite, its prox-
imity to Jupiter, the lack of shielding due to the absence of an intrinsic magnetic �eld, and
the presence of a tenuous atmosphere all cause the accumulation of numerous compounds on
Europa's surface, of both exogenous and endogenous origin. The main compounds detected on
the surface are:

ˆ Water ice covers most of the moon's surface; it is purer in the bright terrain and with
impurities in the darker terrain ([94]).

ˆ Hydrated sulfate minerals such as magnesium sulfate detected through analyses con-
ducted by the Near-Infrared Mapping Spectrograph (NIMS) onboard the Galileo space-
craft. These sulfates are a possible indication of the interaction of the ocean with the
surface and could be a hint for the ocean's composition ([180]).

ˆ Sodium chloride has been observed by HST. This �nding suggests that NaCl could be
a signi�cant component of the subsurface ocean ([199]).

ˆ Hydrogen peroxide is present primarily in its leading hemisphere. Its presence is
attributed to radiolytic processes, wherein energetic particles from Jupiter's magnetic
�eld interact with water ice, generating H 2O2 as a product ([94]).

ˆ Carbon dioxide has been mapped using data from various studies, indicating potential
internal sources of carbon. Understanding CO2 's origins is essential, as it may derive from
subsurface ocean chemistry, impact delivery, or radiation processing of surface materials
([198]).

From a radar point of view it is very important to know the composition of the crust and the
discrimination from endogenous and exogenous compounds to evaluate the instrument perfor-
mances, therefore this topic is addressed more in depth in Chapter 8.

2.2.3 Interior

According to some current models, Europa's internal structure consists of four distinct layers
(Fig. 2.4): a metallic core, a silicate mantle, a subsurface ocean, and an outer icy crust
extending to the surface. The origin, structure, composition, and size of the core are still under
debate. Even the thickness of the shell is not well characterized, since it changes signi�cantly
depending on the study. For instance, the di�erentiated layers model of Fig. 2.4 with a metallic
core, supported by Galileo mission measurements, has been proposed by [3]. However, recent
studies, such as those by [197], have considered the possibility of a core smaller than previously
assumed, impacting the moon's ability to generate a dynamo and indicating a more complex
evolution. Surrounding the core the rocky mantle is probably composed of silicate minerals.
The interaction between the ocean and the rocky mantle could produce hydrothermal activity
and enrich the ocean chemically creating habitable environments ([176]). Regarding the icy
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Figure 2.4: Illustration of a possible internal structure of Europa formed by a metallic (iron and nickel) core
(shown in gray), surrounded by a rock shell (shown in brown), surrounded by a shell of liquid water (shown in
blue) and an ice shell (shown in white). Credit: NASA/JPL.

shell, [23], basing on the previous literature, reported several possible methods to model its
thickness going from few km to more than 40 km. Recently, [207] explores the e�ects of tidal
heating by Jupiter and geophysical processes could change the ice thickness. The dimension of
the icy shell also in�uences thermal dynamics; the heat transfer could be through conduction,
convection or both. In the case of a thin shell the main regime is conduction, and, for a thicker
one, the convection could be the major heat transfer regime ([140]).

2.2.4 Ocean

The interior ocean is probably characterized by a dynamic convection and frequent interactions
with the icy shell ([9]). Its composition remains under debate: according to some studies, the
dominant salt is MgSO4, while others suggest that the ocean is primarily composed of water
and NaCl. The salinity of the ocean is signi�cant, as it a�ects the freezing point and the density
of the water, which could in�uence the ocean's temperature and chemistry. The evidence for
the presence of a subsurface ocean on Europa is:

ˆ Magnetic �eld data from Galileo magnetometer implied the presence of a conductive
layer in the moon's interior. The conductive salty liquid water ocean creates an induced
magnetic �eld as Europa moves through Jupiter's magnetic �eld ([103]).

ˆ Surface geological evidence such as chaos terrain and resurfacing features as mentioned
above.

ˆ Water vapor plume events observed by HST ([173]).

ˆ Gravitational measurements by Galileo show that Europa's internal structure is con-
sistent with a di�erentiated body containing a liquid layer.

The possibility of detecting directly the ocean with radar instruments due to the likely thin icy
crust is very exciting for the future missions and is discussed deeply in Chapter 8.

2.3 Callisto

Callisto is the second largest moon of Jupiter and the most distant of the Galilean satellites.
Because of its position, Callisto is less in�uenced by the planet's intense gravitational and tidal
forces, leading to a remarkably stable environment. This stability has allowed the preservation
of ancient surface features, making Callisto a prime candidate for studying the evolution of
icy moons. Its heavily cratered ice-rich surface may represent an example of what the Jovian
system, and also the Solar System was like in its early stages. The combination of its ancient,
stable environment, substantial water inventory, and relative accessibility for spacecraft explo-
ration positions Callisto at the forefront of astrobiology research and Solar System exploration.
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Like the other Galilean moons it is tidally locked with Jupiter, meaning that it is character-
ized by a leading and a trailing hemispheres. Tab. 2.3 shows the main physical parameters of
Callisto.

Mean radius 2408.4 ± 0.3 km

Mass 1.076 �10 23 kg

Density 1.839 g/cm3

Intrinsic magnetic �eld at equatorial surface -

Ambient Jovian magnetic �eld 35 nT
C

MR 2 0.359 ± 0.005

Mean Surface Temperature 150 ± 50 K

Rotational Period 16.689 days

Table 2.3: Physical parameters of Callisto ([181],[121]).

2.3.1 Atmosphere

Callisto's atmosphere is thin and exhibits seasonal variability as well, in�uenced mainly by
changes in solar radiation and its spatial distribution across the moon's surface ([41]). It is
signi�cantly shaped by its interaction with Jupiter's magnetosphere, which creates electro-
magnetic e�ects that can lead to the sputtering of surface materials. Callisto's atmosphere is
primarily composed of several gases with varying origins, which are a�ected by interactions with
Jupiter's intense magnetosphere. One of the main constituents is carbon dioxide, detected by
JWST through absorption spectra features associated with solid-state carbon-dioxide ice. This
indicates that potential sources of CO2, are the sublimation processes of surface ice ([41]). The
atmospheric CO2 is distributed heterogeneously across the surface. Other compounds detected
are the same of the other icy moons like molecular hydrogen, probably originated from the
dissociation of water ice on the surface, due to radiation processing and radiolysis of resulting
from energetic particle bombardment from Jupiter's magnetosphere ([124], [39]). Also brief
emissions of water vapor might arise during sublimation events, especially under conditions of
surface heating ([65]).

2.3.2 Surface

Callisto's surface is dominated by a signi�cant number of impact craters (Fig. 2.5), displaying
some of the oldest geological features in the Solar System. Its craters change in size exhibiting
features like secondary craters, indicating a complex history of impact events. The surface
displays a combination of dark and bright regions, often associated with varying compositions.
The dark areas contain a higher concentration of non-ice materials, likely due to processes
such as impact gardening and the retention of impact ejecta. In contrast, the brighter areas
predominantly consist of water ice. Some regions are similar to the chaotic terrains of the
other moons, but less common. The main impact feature is the Valhalla crater, the largest
multi-ring basin of the satellite, with a bright central region of 600 km in diameter, surrounded
by an extensive ring system. It is located on the leading hemisphere of Callisto ([185]). The
compounds detected on the surface could be indicative of the interior characteristics of Callisto
or caused by space weathering events:

ˆ Water ice is the dominant component of Callisto's surface con�rmed through spectro-
scopic observations ([161]).

ˆ Carbon dioxide in signi�cant quantities especially around impact craters and in various
surface features. Their concentrations indicate that it might play a role in Callisto's
surface processes and potential geochemistry ([85]).

ˆ Sulfur dioxide detected through spectral analyses may be linked to the processes of
surface modi�cation driven by radiation from Jupiter's magnetosphere ([85]).

ˆ Some studies suggested the presence of organic materials, like tholins and other carbon-
rich compounds ([137]).
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ˆ Hydrated sulfates and other mineral compounds have also been identi�ed on the
surface of Callisto, indicating possible interactions between the icy shell and the underly-
ing rocky structure.

Figure 2.5: An example of the heavily cratered surface of Callisto, the textured terrain in the Asgard basin.
Credits: NASA/JPL.

2.3.3 Interior

The structure of the interior of Callisto is still under debate. Unlike Europa and Ganymede,
which show evidence of signi�cant internal di�erentiation, Callisto appears to have experienced
only partial di�erentiation, potentially retaining a primordial structure (Fig. 2.6). Some models
suggest that it has a uniform composition where dense materials have not completely separated
from the ice. This is supported by evidence suggesting that Callisto has a relatively low degree
of internal heating, resulting in little geological activity compared to more active moons. Its
interior is primarily composed of a mixture of water ice and rocky materials. It is generally be-
lieved to have a bulk composition similar to that of carbonaceous chondrites, with a signi�cant
fraction of water ice mixed with silicate rock ([112]). This ice-rich nature suggests the possibility
of a subsurface ocean interacting with the rocky mantle underneath. This incomplete di�eren-
tiation may be key to understanding how Callisto could maintain a subsurface ocean despite its
distance from Jupiter and the correspondingly weak tidal heating. Considering the hypothesis
of di�erentiation, various models suggest a possible internal structure consisting of a thin ice
shell overlaying a mixed ice-rock mantle and a dense core ([144]) indicated the existence of two
and three-layer models, re�ecting hydrostatic equilibrium and considering di�erent degrees of
di�erentiation. The core is hypothesized to be composed of a rocky-iron mixture consisting
mainly of silicates with possibly some metallic content.

2.3.4 Ocean

Even though it is the least active and the most distant of the Jovian icy moons, Callisto shows
evidence of the presence of a subsurface liquid ocean beneath its thick crust (100-300 km)
similar to the other satellites:

ˆ Magnetic �eld data collected by Galileo mission suggest the existence of a subsurface
layer that conducts electricity, possibly corresponding to a salty ocean. The observed
induced currents and magnetic phenomena from Jupiter's magnetosphere could be linked
to a subsurface ocean rather than being solely attributed to magnetospheric plasma in-
teractions ([125], [47]).
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Figure 2.6: Possible interior structure of Callisto. Credits NASA/JPL

ˆ Some regions present surface features of chaos terrain and substantial modi�cation due
to possible internal processes coherent with the presence of a liquid water ocean.

The possible composition of the subsurface ocean include the presence of salts such as MgSO4

and NaCl (like in the other moons) in�uencing the temperature of the liquid water lowering
its freezing point. These salts may be derived from chemical interactions between the ocean,
the crust and the rocky mantle below.

2.4 The Missions

Due to the considerable scienti�c interest it has aroused and its distinctive characteristics, the
Jovian system has been the target of multiple space missions, which have carried out both
�ybys and extended orbital investigations.

ˆ Pioneer program (10 and 11) launched in the early 1970s provided the �rst close-up
images of Jupiter and crucial data regarding its atmospheric characteristics, magnetic
�eld, and radiation belts.

ˆ Voyager missions (1 and 2) in 1979 conducted detailed �ybys of Jupiter and its
Galilean moons discovering volcanic activity on Io and Jupiter's faint ring system ([185]).

ˆ Ulysses made two �ybys in 1992 and 2004 measuring Jovian magnetosphere and solar
wind properties in Jovian environment.

ˆ Galileo mission ([95]) from 1995 to 2003 is the �rst Jupiter orbiter. It conducted nu-
merous �ybys of the Galilean satellites leading to groundbreaking discoveries such as
the subsurface ocean on Europa and the intrinsic magnetic �eld of Ganymede. Its data
continue to in�uence ongoing research regarding Jovian dynamics and magnetospheric
phenomena.

ˆ Cassini ([165]) mission captured high-resolution images during its �yby on its way to
Saturn.

ˆ New Horizon used Jupiter for a gravity assist providing observation of Io's volcanic
activity and of Jovian atmosphere and magnetosphere in 2007.

ˆ Juno mission ([28]) entered the orbit in 2016 and is to date orbiting around Jupiter
using advanced imaging techniques and spectroscopic instruments to provide insights into
the chemistry and dynamics of the Jovian atmosphere. It also conducted close �ybys of
Ganymede (2021), Europa (2022), and Io (2023�2024).

This thesis project aims at supporting the missions to the Jovian System (JUICE and Europa
Clipper) and especially the radar instruments (RIME and REASON) that are going to probe
the interior of the icy moons.
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2.4.1 JUICE

The JUpiter ICy moons Explorer (JUICE) ([71]) mission has been launched on April 14, 2023
by the European Space Agency. Its primary objective is to characterize the possibility of
habitable environments on Europa, Ganymede, and Callisto. The mission plans to enter the
Jovian System in July 2031, will undertake a series of �ybys of the Jovian moons during the
four-year Jupiter orbital phase, followed by an orbital phase around Ganymede being the �rst
spacecraft orbiting around a moon other than Earth's Moon. The mission is designed to conduct
a comprehensive assessment of these moons icy shells, internal oceans, and potential geophysical
activity, utilizing a suite of 10 advanced instruments:

ˆ JANUS (Jovis, Amorum ac Natorum Undique Scrutator) is a high-resolution optical
camera designed to capture detailed images of the icy moons providing critical surface
and geological information ([54])

ˆ GALA (GAnymede Laser Altimeter) is a laser altimeter capable of measuring the surface
of Ganymede with high precision. It will help map the topography of the moon, analyze
its surface features, and investigate the ice shell's thickness ([63]).

ˆ RIME (Radar for Icy Moon Exploration) is a radar sounder that will penetrate the
icy crusts of the moons to investigate subsurface structures, providing insights into the
thickness of the ice layers and the presence of any liquid water beneath ([36]).

ˆ MAJIS (Moons And Jupiter Imaging Spectrometer) is a visible-infrared hyperspectral
imaging spectrometer that will observe cloud features and atmospheric constituents on
Jupiter, and characterize ices and minerals on the icy moon surfaces ([166]).

ˆ 3GM (Gravity and Geophysics of Jupiter and the Galilean Moons) will measure gravity
�elds of the moons (and Jupiter), atmospheric structure and will infer internal density
distributions ([38]).

ˆ PEP (Particle Environment Package) consists in several sensors studying the plasma
environment around Jupiter and its moons measuring energetic particles, including ions
and electrons ([17]).

ˆ J-MAG is the JUICE Magnetometer equipped with sensors to characterize the Jovian
magnetic �eld and its interaction with that of Ganymede ([59]).

ˆ RPWI (Radio and Plasma Wave Investigation) will characterize the radio emission,
plasma environment and electric and magnetic �uctuations of Jovian system using a suite
of sensors and probes ([205]).

ˆ UVS (UltraViolet imaging Spectrograph) will characterize the composition and dynamics
of the exospheres of the icy moons, studying the Jovian aurorae, the structure of the
planet's upper atmosphere ([53]).

ˆ SWI (Sub-millimeter Wave Instrument) is a Sub-millimeter Radiometer that is designed
to investigate the temperature structure, composition and dynamics of Jupiter's atmo-
sphere, and the exospheres and surfaces of the icy moons ([77]).

RIME

RIME is a low-frequency radar sounder designed to penetrate the icy crusts, to investigate the
relationship between the distribution of non-ice material, geological features, and subsurface
processes, and to explore the recently active zones. Radar main parameters are shown in Tab.
2.4. Some parameters will change during the circular orbiting phase and the �ybys. The pulse
repetition frequency varies from 200-400 Hz during the circular orbital phase to 500 Hz during
�ybys; so do the receiver window length (117-226 �s during orbits, 226 �s during �ybys), and
the data rate (216-250 kbps during Ganymede orbital phase, 2400 kbps during �yby phases).
The penetration of the radar depends on its altitude and the composition of the subsurface.
Under optimal conditions (pure cold ice) it is expected to probe as deep as 9 km below the
surface or even more, but it is very sensitive to temperature gradient and to composition,
therefore high temperatures and impurities in the ice would limit signi�cantly the penetration.
These topics are addressed deeply in Chapter 8.
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Parameter Description

Operating altitude range 200�1000 km
Antenna length Dipole of 16 m
Central frequency 9 MHz
Bandwidth 1 and 3 MHz
Peak radiated power 10 W
Chirp length 50-100 �s
Radar mass (includes Harness) 9.7 kg
Vertical resolution in ice 30 - 90 m
Cross-track resolution 2 - 10 km
Along-track resolution 0.3 - 1 .0 km
Spatial resolution 0.3-1 km (with ground processing)
Expected SNR 55 dB

Table 2.4: RIME main parameters ([36]).

2.4.2 Europa Clipper

The mission Europa Clipper has been launched on October 24, 2024 and will approach the
Jovian System in 2030. It will not orbit around any of the icy satellites, but it will conduct
several �ybys around the icy moons focusing on Europa. Planned �ybys of Europa are indeed
49 ([155]). Its primary objective is to examine the icy moons seeking potential environments
suitable for life as we know it. To achieve this goal it carries 9 science instruments onboard:

ˆ Europa-UVS, Europa Ultraviolet Spectrograph, investigates the atmosphere, detecting
any active plumes. It explores the surface composition providing information about the
relationship between Europa and Jovian magnetosphere ([170]).

ˆ EIS, Europa Imaging System, designed to perform a global high-resolution coverage,
three-dimensional digital terrain models, and meter-scale imaging to characterize the sur-
face of Europa ([201]).

ˆ MISE, Mapping Imaging Spectrometer for Europa, maps the surface composition at the
spatial scales relevant to analyze geologic processes through infrared re�ectance spec-
troscopy ([25]).

ˆ E-THEMIS, Europa Thermal Emission Imaging System, a three-band thermal infrared
imager, designed to map temperatures focusing on any heat �ow anomalies and detect
passive thermal signatures of geologically recent activities ([45]).

ˆ REASON, Radar for Europa Assessment and Sounding: Ocean to Near-surface, uses
radar echo sounding to probe Europa's subsurface, looking for any evidence of the liquid
water to determine possible habitability condition and to investigate the relationship
between the crust and the inner ocean ([26]).

ˆ MASPEX, MAss Spectrometer for Planetary EXploration - Europa, is a spectrometer
that aim at analyzing the exosphere through the detection of atomic, molecular, and
isotopic composition of neutral volatiles in the exosphere ([206]).

ˆ SUDA, SUrface Dust Analyzer, a re�ectron-type impact ionization mass spectrometer
that analyzes the elemental and molecular constituents of ice and dust in the exosphere
([100]).

ˆ ECM, Europa Clipper Magnetometer, measures the magnetic inductive response at mul-
tiple natural frequencies, associated with Jupiter's rotation period and with Europa's
orbital period, and the harmonics and beat frequencies of these two fundamental cycles
([107]).

ˆ PIMS, Plasma Instrument for Magnetic Sounding, measures the plasma distributions
perturbing the magnetic �eld around Europa ([209]).
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REASON

REASON is a dual-frequency ice-penetrating radar designed to probe the interior and char-
acterize the surface and the exosphere of Europa. It will be the �rst ice-penetrating radar to
explore the outer Solar System followed by RIME. The two radar instruments will observe the
same targets and operate in the same period and at the same frequency and will therefore work
in conjunction to provide a comprehensive overview of the crust of the icy satellites, particu-
larly Europa. REASON is able to work in two main operational modes, High Frequency mode
(HF) and Very High Frequency mode (VHF) with di�erent parameters. Main parameters are
shown in Tab. 2.5. REASON will operate using a combination of radar measurement tech-

Parameter Description

Operating altitude range 25 km to 1000 km from Europa
Antenna length Two 8.8m monopoles (HF) and a dipole of 2.76 m (VHF).
Central frequency 9 MHz (HF) and 60 MHz (VHF)
Bandwidth 1 MHz and 10 MHz
Radiated Power 10 W - 30 W
Pulse Length 30 �s - 100 �s
Radar mass 32 kg
Pulse Repetition Frequency (PRF) 50 Hz�3 kHz
Vertical resolution in ice 30 m (VHF) - 300 m (HF)
Along-track resolution 2 km (VHF) - 5.5 km (HF)

Table 2.5: REASON main parameters ([26]).

niques: sounding, re�ectometry, altimetry, interferometery, and plasma characterization. The
combination of 9 MHz and 60 MHz allows a complete analysis of the crust in terms of high
penetration (9 MHz) and high surface resolution (60 MHz). The capability to identify traces
of brines in the upper part of the crust, and the possibility to infer the composition analyzing
the attenuation of radar waves, for RIME and REASON, is addressed in Chapter 8.



Chapter 3

Electromagnetic Theory

This chapter introduces the fundamental concepts of electromagnetic (EM) theory, starting from
Maxwell's equations, to establish the theoretical basis of electromagnetic methods and their use-
ful techniques for the investigation of celestial bodies interior. These methods work by trans-
mitting EM energy through the surface, into the subsurface and measuring how the constituent
materials respond to this excitation, thereby revealing essential information about subsurface
structures and compositions. The propagation of EM energy is governed by three fundamen-
tal physical quantities: electrical conductivity, dielectric permittivity, and magnetic
permeability. These electromagnetic properties are themselves dependent on various physical
parameters, including the frequency of the applied EM �eld, temperature, rock mineralogy, and
water content. Here we introduce the EM properties measured in the Chapter 7 and how they
are connected with the radio echo sounding technique (Chap. 5).

3.1 Maxwell Equations

The uni�cation of electric and magnetic phenomena was accomplished by Maxwell in his his-
torical work [135]. Maxwell's equations provide a complete mathematical description of electro-
magnetic radiation propagation through space by establishing the relationships between electric
and magnetic �elds through a system of di�erential equations. This set of equations embodies
Faraday's law of induction (Eq. 3.1), Ampere's law (Eq. 3.2), Gauss laws of electric (Eq.
3.3) and magnetic �eld (Eq. 3.4) and describes and relates �eld vectors, current densities, and
charge densities in both space and time. Maxwell equations in time-domain are shown here
below:

r � ~E(~r; t) = �
@~B(~r; t)

@t
(3.1)

r � ~H(~r; t) = ~J(~r; t) +
@~D(~r; t)

@t
(3.2)

r � ~D(~r; t) = � q(~r; t) (3.3)

r � ~B(~r; t) = 0 (3.4)

where:
~E(~r; t) is the electric �eld intensity in V=m;
~B(~r; t) is the magnetic �ux density in Wb=m 2;
~H(~r; t) is the magnetic �eld density in A=m;
~D(~r; t) is the electric �ux density in C=m 2;
~J(~r; t) is the current density A=m 2;
� q(~r; t) is the electric charge density in C=m3.

All of these quantities are dependent on the spatial ~r and t temporal coordinates.
The current density could be expressed as the sum of~Js(~r; t) and ~Jc(~r; t), respectively the
source electric current density and the conduction electric current density. In order to describe
the interaction between EM �eld and the matter it is useful to introduce macroscopic quantities
with the following constitutive relations:

~Jc(~r; t) = � � ~E(~r; t) (3.5)

22
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~D(~r; t) = " � ~E(~r; t) (3.6)

~B(~r; t) = � � ~H(~r; t) (3.7)

where:
� is the conductivity in S/m;
" is the dielectric permittivity of the medium in F/m;
� is the magnetic permeability of the medium in H/m;
� is the convolution product.
These three quantities depend on the medium in which EM �eld propagates. " and � indeed
could be written as:

" = " r "0 (3.8)

� = � r � 0 (3.9)

in which " r and � r are the relative (material-dependent) parts, while "0 and � 0 are the permit-
tivity and permeability of the free space and their values are:

"0 = 8:854 � 10 �12 F=m (3.10)

� 0 = 4� � 10 �7 H=m (3.11)

The conductivity � in free space is zero.
However, Eq. 3.5, 3.6, 3.7 are not the most general cases, in fact they contain the assumptions
of homogeneity, linearity, isotropy and non-dispersion of the materials involved.

ˆ In the case of inhomogeneity, ", �, � are position-dependent ~r and the equations be-
come:

~Jc(~r; t) = �(~r) � ~E(~r; t) (3.12)

~D(~r; t) = "(~r) � ~E(~r; t) (3.13)

~B(~r; t) = �(~r) � ~H(~r; t) (3.14)

ˆ In the case of non-linearity ", �, � depend on the EM �eld applied and the equations
become:

~Jc(~r; t) = �(E) � ~E(~r; t) (3.15)

~D(~r; t) = "(E) � ~E(~r; t) (3.16)

~B(~r; t) = �(H) � ~H(~r; t) (3.17)

ˆ In the case of anisotropy ", �, � depend on the direction of the applied EM �eld and
could be expressed as a tensor relation, for example Eq. 3.7 in case of anisotropy becomes:

0

B
B
@

Bx
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Bz
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C
C
A =

0

B
B
@

� xx � xy � xz
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C
C
A

0

B
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@

H x

H y

H z

1

C
C
A (3.18)

ˆ In cases of dispersive materials, which is very common in practical application the
response to the EM �eld is time-dependent and the equations become:

~Jc(~r; t) = �(t) � ~E(~r; t) (3.19)

~D(~r; t) = "(t) � ~E(~r; t) (3.20)

~B(~r; t) = �(t) � ~H(~r; t) (3.21)
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3.1.1 Maxwell Equations in the Frequency Domain

Since the constitutive relations (Eq. 3.5, 3.6 and 3.7) contain the convolution product, it could
be convenient to switch to frequency domain applying Fourier transform pair. For a function
a(t) the relation with the Fourier transform A(!) is given by:

Ffa(t)g = A(!) =
Z +1

�1
a(t) e �i!t dt; (3.22)

a(t) =
1

2�

Z +1

�1
A(!) e i!t d!: (3.23)

in which ! is the angular frequency de�ned as 2�f where f is the frequency. Maxwell equations
in the frequency domain are given by the Eq. 3.24 -3.27.

r � ~E(~r; !) = �i! ~B(~r; !) (3.24)

r � ~H(~r; !) = ~J(~r; !) + i! ~D(~r; !) (3.25)

r � ~D(~r; !) = �(~r; !) (3.26)

r � ~B(~r; !) = 0 (3.27)

The advantage of operating in the Fourier domain lies in the fact that the Fourier transform of
a convolution product between two functions a; b reduces to a simple product, as expressed in
Eq. 3.28.

Ffa(t) � b(t)g = A(!)B(!) (3.28)

Then, the constitutive relations in Eq. 3.19, 3.20, 3.21 become:

~Jc(~r; !) = �(!) ~E(~r; !) (3.29)

~D(~r; !) = "(!) ~E(~r; !) (3.30)

~B(~r; !) = �(!) ~H(~r; !) (3.31)

The constitutive relations in the case of dispersive material and frequency domain are fun-
damental to understand the results in Chap. 7, and studying the variation of ", �, � with
temperature, frequency and composition is crucial to perform correct analyses of radar data.
To establish a rigorous understanding of the relationship between the radar data analysis and
the electromagnetic properties of materials, the following section derives the wave equation and
de�nes the propagation parameters governing electromagnetic wave transmission through lossy
media.

3.2 The Wave Equation

To derive the equations that describe the propagation of EM waves the �rst step is the combi-
nation of Maxwell equations (3.1 -3.4) and constitutive equations (3.5 - 3.7) obtaining Eq. 3.32
- 3.35.

r � ~E = ��
@~H
@t

(3.32)

r � ~H = ~Js + � ~E + "
@~E
@t

(3.33)

r � ~E = � q=" (3.34)

r � ~H = 0 (3.35)

Applying the curl to the left member of 3.32 and 3.33 and using the property of the curl for a
generic vector ~V in 3.36, we obtain 3.37 and 3.38.

r � r � ~V = r(r � ~V ) � r 2 ~V (3.36)

r(r � ~E) � r 2 ~E = ��r �
@~H
@t

(3.37)

r(r � ~H) � r 2 ~H = r � (� ~E + "
@~E
@t

) (3.38)
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Assuming the absence of external sources (~Js = 0 and � q = 0) and combining 3.34 and 3.35,
with 3.37 and 3.38 the relations become:

r 2 ~E = �"
@2 ~E
@t2

+ ��
@~E
@t

(3.39)

r 2 ~H = �"
@2 ~H
@t2

+ ��
@~H
@t

(3.40)

Applying the Fourier transform, same results in the frequency domain have the form of:

r 2 ~E = �! 2�" ~E + i!�� ~E (3.41)

r 2 ~H = �! 2�" ~H + i!�� ~H (3.42)

We can now de�ne the complex propagation constant as


 =
p

! 2�" � i!�� (3.43)

and rewrite the equations as follows:

r 2 ~E + 
 2 ~E = 0 (3.44)

r 2 ~H + 
 2 ~H = 0 (3.45)

At this point, it is possible to examine two di�erent cases, depending on whether the term
! 2�" or the term !�� dominates. If ! 2�" >> !��, then displacement currents are larger than
conduction currents, and the equations become:

r 2 ~E + ! 2�" ~E = 0 (3.46)

r 2 ~H + ! 2�" ~H = 0 (3.47)

On the contrary, if the term ! 2�" is signi�cantly smaller the case is that of di�usion equations:

r 2 ~E � i!�� ~E = 0 (3.48)

r 2 ~H � i!�� ~H = 0 (3.49)

To better characterize the propagation of electromagnetic waves through a medium and to
understand their dependence on the material parameters, it is useful to express the complex
propagation constant as:


 = � � i� (3.50)

in which the term � represents the attenuation in Np=m and the term � represents the phase
in rad=m. De�ning the complex dielectric permittivity ", the complex e�ective dielectric per-
mittivity " e and the complex magnetic permeability � as:

" = " 0 � i" 00 (3.51)

"e = " 0
e � i" 00

e = " 0 � i(" 00+ �=!) (3.52)

� = � 0 � i� 00 (3.53)

and combining Eqs. 3.43, 3.50, 3.52 and 3.53 we can derive the attenuation and the phase terms
as a function of the matter EM properties explicitly as follows:

� =
!

p
2

hp
� 02 + � 002

p
"02

e + " 002
e � " 0

e� 0+ " 00
e � 00

i 1=2
[Np/m] (3.54)

� =
!

p
2

hp
� 02 + � 002

p
"02

e + " 002
e + " 0

e� 0 � " 00
e � 00

i 1=2
[rad=m] (3.55)

or implicitly ([13]):

� = !

vu
u
t �"

2

 r

1 +
� �

!"

� 2
� 1

!

(3.56)
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� = !

vu
u
t �"

2

 r

1 +
� �

!"

� 2
+ 1

!

(3.57)

It is also possible to express the attenuation constant � in dB/m using the relation below:

� dB = 20 log10(e� ) = 8:686� (Np/m) (3.58)

Equations 3.44 and 3.45, de�ne the propagation of EM waves. In the one-dimensional case:

~E = ~E(~x; t)

~H = ~H(~x; t)

@~E
@~z

=
@~E
@~y

=
@~H
@~z

=
@~H
@~y

= 0 (3.59)

One solution of the wave equations is the uniform plane wave in which the propagation of the
EM �eld is given by:

~E = E 0ei!t�
x (3.60)

~H = H 0ei!t�
x (3.61)

that in terms of the � and � coe�cients are:

~E = E 0e��x e2�i(vt��x=2�) (3.62)

~H = H 0e��x e2�i(vt��x=2�) (3.63)

with:

ˆ The period T = 1=f .

ˆ The wavelength � = 2�=�.

ˆ The phase velocity v = �=T = !=�.

Maintaining the assumption of plane wave, the coupling of vectors~E and ~H is evident looking
to the �eld equations writing the �eld components explicitly:

@Ex
@t

=
@Hx

@t
= 0 (3.64)

�
@Hz

@x
= " e

@Ey
@t

; �
@Ez
@x

= ��
@Hy

@t
(3.65)

@Hy

@x
= " e

@Ez
@t

;
@Ey
@x

= ��
@Hz

@t
(3.66)

Furthermore, since the divergences are zero, longitudinal �eld components of electromagnetic
waves are independent of space and time and can therefore be considered null:

@Ex
@x

=
@Hx

@x
= 0 (3.67)

The waves, in this case, are transverse electromagnetic (TEM) plane waves; TEM waves are
characterized by the fact that the electric �eld, the magnetic �eld, and the direction of prop-
agation are mutually perpendicular. The ~E, the ~H, and the propagation direction form a
right-handed coordinate system (Fig. 3.1). The solution for vectors ~E and ~H into one of the
scalar �eld equations for example is:

�
@Ey
@x

= �
@Hz

@t
(3.68)
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that using the plane wave solution becomes:

H z =



i!�
Ey (3.69)

This relation highlights the coupling of E y and Hz components. Another useful parameter in
geophysical analysis is the intrinsic impedance Z of the medium:

Z =
j ~Ej

j ~Hj
=



i!" e

�
i!�



(3.70)

which, using Eq. 3.43 can also be written as:

Z =
r

�
"e

(3.71)

This quantity in the case of the vacuum is:

Z0 =
r

� 0

"0
= 376:6 
 (3.72)

Figure 3.1: Transverse EM wave scheme.

3.3 Electromagnetic Properties

With the constitutive equations (3.5 - 3.7), we introduced "; �; � properties of the matter; in this
section we describe these fundamental quantities, providing the framework for characterizing
electromagnetic �eld interactions with dielectric media.

3.3.1 Polarization Phenomena

The dielectric materials function as insulators due to tightly bound electrons within their atomic
structure, preventing electrical conduction. In dielectric materials the charges associated with
atoms and molecules remain localized under the in�uence of interatomic and intermolecular
forces, in contrast to conductors, where charges can move freely. Despite their macroscopic
electrical neutrality, dielectrics exhibit distinctive behavior when subjected to external electro-
magnetic �elds. The applied electric �eld induces slight displacement of charge centers, creating
electric dipoles through the separation of positive and negative charge distributions at the mi-
croscopic level (Fig. 3.2). When exposed to an external �eld, dielectrics experience polarization
as the �eld distorts atomic and molecular structures, forming electrical dipoles leading to a local
redistribution of bound charges and resulting in both energy storage and dissipation mecha-
nisms. Under the EM �eld in�uence, molecules acquire a non-zero mean electric dipole moment
and align themselves along the �eld direction hpi. The electric polarization vector ~P is de�ned
as the dipole moment per unit volume:

~P = lim
�V !0

1
�V

N e �VX

i=1

d~pi = N eh~pi (3.73)

where:
�V is an in�nitesimal volume element;
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Figure 3.2: A simpli�ed atom before (a) and after (b) the application of an external EM �eld ([13]).

Ne denotes the number of dipoles per unit volume;
d~pi represents the induced dipole moments within the volume.
The dielectric response of a material to an EM �eld arises from several distinct polarization
mechanisms, each associated with characteristic spatial scales and temporal dynamics depend-
ing on the frequency of the applied �eld ([98]). These mechanisms are typically classi�ed in:

Electronic Polarization
f up to 10 24Hz, � approximately 10 �15 s.
This mechanism involves distortion of the electron cloud surrounding atomic nuclei by the
external electric �eld. The induced displacement creates dipoles oriented opposite to the �eld
direction. Electronic polarization establishes rapidly and persists at extremely high frequencies.
This process exhibits the shortest relaxation time. A direct correlation exists between material
density and the real part of dielectric permittivity " 0, as higher densities correspond to greater
dipole concentrations per unit volume, and thus larger "0.

Ionic or Molecular Polarization
f up to 10 14Hz, � from 10 �13 to 10�12 s.
The applied electromagnetic �eld induces a slight separation between positive and negative
charges, with the formation of dipoles and distortions of the molecular structure. Materials
containing positive and negative ions, which experience mutual displacement under the in-
�uence of the external �eld, exhibit a pronounced susceptibility to this mechanism (sodium
chloride for example). At radar frequencies, ionic polarization generally remains the dominant
contribution over purely electronic e�ects.

Orientational (Dipolar) Polarization
f below 1012Hz, � depends on viscosity (from 10�11 s to 10�10 s for low-viscosity liquids, 10�6 s
for high-viscosity liquids.)
This mechanism occurs in materials possessing permanent dipole moments with random orienta-
tions, rendering them macroscopically neutral, for example water. Upon EM �eld application,
dipoles tend to align parallel to the �eld. This process exhibits strong temperature depen-
dence, as thermal agitation opposes �eld-induced alignment. Frictional forces counterbalance
the alignment leading to shorter relaxation times for low-viscosity liquids with small molecules,
and longer ones for viscous liquids.

Hopping or Spontaneous Polarization
This mechanism originates from localized charge-carriers such as electrons, holes, ions, or vacan-
cies transitioning between adjacent sites. Since these charges remain trapped at speci�c sites
for extended periods, they possess limited mobility but occasionally overcome the potential
barriers through quantum tunneling or thermal activation. This behavior characterizes glasses
and amorphous semiconductors.

Maxwell-Wagner (Space-Charge or Interface) Polarization
f below 106Hz, � from seconds to minutes.
This process involves localized charge migration. The mechanism is particularly signi�cant
in heterogeneous materials such as water-saturated rocks, where it depends sensitively on the
structural and mineralogical composition. Charge accumulation occurs at interfaces between
materials with contrasting dielectric properties. This mechanism is frequently observed in exper-
imental measurements at the electrode sample interface, particularly in parallel-plate capacitor
con�gurations.
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The scheme of this classi�cation is represented in Fig. 3.3

Figure 3.3: Scheme of the di�erent types of polarization phenomena.

3.3.2 Electric Susceptibility and Relative Permittivity

The polarization response induced by the external EM �eld is measured by the electric suscep-
tibility, � e. Considering a parallel-plate capacitor �lled with homogeneous dielectric material
under external EM �eld in�uence (Fig. 3.4), the electric �ux density comprises two contribu-
tions:

~D = " 0 ~E + ~P (3.74)

where the �rst part is due to the propagation of the EM �eld in vacuum and the second one to
the presence of the dielectric material between the plates. The polarization relates linearly to

Figure 3.4: A parallel-plate capacitor �lled with homogeneous dielectric material under the in�uence of an
external electric �eld ~E. ~P is the polarization vector of the dielectric material, proportional to the external
electric �eld ~E.

the applied �eld through the electric susceptibility:

~P = " 0� e ~E (3.75)
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Combining Eqs. 3.74 and 3.75, it is possible to relate the electric susceptibility to the dielectric
permittivity and to de�ne the relative permittivity as follows:

~D = " 0(1 + � e) ~E = " ~E (3.76)

" r =
"
"0

= 1 + � e (3.77)

Recalling that " is a complex quantity (Eq. 3.51), the real part describes energy accumulation
and the imaginary part accounts for dissipation processes, relaxation losses.

3.3.3 Complex E�ective Permittivity and Conductivity

To allow a better comprehension of the electric parameters " and �, in this section we explain
why we introduced the e�ective permittivity (Eq. 3.52) and what is its link with the conductiv-
ity. Starting with the Ampere's law (Eq. 3.24) we can express the relationship between electric
and magnetic �elds introducing the complex e�ective permittivity.

r � H = J s + J c + i!"E (3.78)

= J s + �E + i!(" 0 � i" 00)E (3.79)

= J s + i!
�

"0 � i" 00� i
�
!

�
E (3.80)

= J s + i!" eE (3.81)

and recalling Eq. 3.77 and 3.52 we can formulate the complex relative permittivity normalizing
with respect to the free-space permittivity as:

"er =
"e

"0
=

"0

"0
� i

�
"00

"0
+

�
!" 0

�
= " 0

er � i" 00
er (3.82)

and the e�ective conductivity as:

� e = � + !" 00= � + � a (3.83)

in which the term � a , the product of angular frequency and imaginary permittivity, is the di-
electric conductivity. The physical interpretation of Eq. 3.83 is that dissipation mechanisms
can be divided into frequency, dependent and independent; the static conductivity � represents
the inelastic scattering of free charge carriers during migration, persisting at all frequencies
including zero, the dielectric conductivity � a encompasses all dissipation mechanisms including
ohmic conductivity and charge migration, with frequency dependence. The e�ective conduc-
tivity can be also expressed in terms of static conductivity and high-frequency conductivity
"1 :

� e = � + (� 1 � � s)
! 2

! 2 + ! 2
rel

(3.84)

where � 1 represents the high-frequency conductivity limit and � represents the low-frequency
asymptotic behavior. For notational simplicity, hereafter the complex e�ective relative permit-
tivity will be indicated as ", and the e�ective conductivity as �, unless explicit distinction is
required.

3.3.4 Circuital Approach

An alternative derivation of the parameter of the dielectric permittivity is through circuit anal-
ysis ([204]), considering a parallel-plate capacitor connected to an alternating voltage source.
The voltage V , the capacitor stored charge Q, and the charging current are respectively:

V = V0ei!t = V0ei2�f t (3.85)

Q = C 0V (3.86)

I c =
dQ
dt

= i!C 0V = I 0ei(!t+�=2) (3.87)

where C0 represents the geometric capacitance and the current is 90° phase-shifted with respect
to the tension V (Fig. 3.5).
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Figure 3.5: Equivalent circuit system of a parallel-plate capacitor connected to an alternating voltage source
(left). Phase shift between voltage and current (right).

Introducing a dielectric between the plates of the capacitor, the capacitance and then the Ic
become:

C = C 0
"0

"0
= C 0"0

r (3.88)

I c = i!CV = i!C 0"0
r V (3.89)

where "0r is the real part of the relative permittivity of the dielectric introduced.
In this way the loss current I l emerges in addition to the charging current. This current is in
phase with the applied voltage and proportional to the dielectric conductance G:

I l = GV (3.90)

The total current I tot through the capacitor is the combination of both components:

I tot = I c + I l = V (i!C + G) (3.91)

The phase angle between charge current Ic and total current I tot de�nes the loss angle �,
complementary to the power factor angle � (Fig. 3.6), an indication of the frequency response
of the circuit. The behavior of a dielectric could be compared to a RC circuit, the equation of

Figure 3.6: Diagram of the currents I l , I tot , I c . � is the loss angle and � is the power factor angle.

the loss tangent tan � is:

tan � =
I l

I c
=

1
!RC

(3.92)

Since the dissipation process could also be due to the dielectric properties of the material in
the capacitor, for convenience we de�ne G depending on this property as follows:

G = !" 00C0="0 (3.93)

The total current can be rewritten as:

I tot = V (j!" 0+ !" 00)
C0

"0
= j!C 0" r V (3.94)

This relation leads to a loss tangent de�nition linked to the permittivity of the dielectric:

tan � =
I l

I c
=

"00

"0 (3.95)
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3.3.5 Magnetic Permeability

Similarly to electric polarization, some materials also exhibit magnetic polarization under the
in�uence of an external EM �eld. These materials are designated as magnetic. The magnetic
polarization vector ~M provides the macroscopic description of the alignment of the magnetic
dipoles in the material and it is de�ned as the magnetic dipole moment per unit volume:

~M = lim
�V !0

1
�V

N m �VX

i=1

d~mi (3.96)

where:
Nm is the number of magnetic dipoles per unit volume;
d~mi is the induced magnetic moments.
In analogy to electric susceptibility, the magnetic susceptibility � m is a dimensionless complex
quantity that relates the magnetization ~M and the magnetic �eld ~H.

~M = � m ~H (3.97)

The magnetic �ux density can be written combining the magnetization vector and magnetic
�eld:

~B = � 0( ~M + ~H) = � 0(1 + � m ) ~H = � ~H (3.98)

In this way, in analogy with the dielectric permittivity we can de�ne magnetic permeability
and relative magnetic permeability as:

� = � 0(1 + � m ) (3.99)

� r =
�
� 0

= (1 + � m ) (3.100)

For most of the materials that we analyze in this thesis, the magnetic response to an EM �eld
can be neglected and �r is close to or equal 1. For the icy moons simulations in the Sections
8.3.1 and 8.3.2 we address the cases in which the e�ects of magnetic materials could a�ect radar
performances.

3.3.6 Permittivity vs Frequency

As previously discussed dielectric behavior and polarization mechanisms are characterized by a
strong frequency dependence governed by the EM �eld oscillation. Polarization processes have
di�erent phases leading to variations of the dielectric permittivity with the frequency of the
applied �eld.

Dispersion and Relaxation

As the EM �eld interacts with a dielectric medium, the system does not instantaneously reach
equilibrium, instead, a temporal delay precedes the equilibrium. The polarization process occurs
in two stages: the instantaneous response due to atomic and molecular distortion, followed by
asymptotic approach to equilibrium con�guration. The time required for the equilibrium estab-
lishment is the relaxation time � rel , with corresponding relaxation frequency frel = (2�� rel ) �1 .
Geomaterials universally exhibit dielectric losses and dispersion phenomena, highlighting the
necessity of frequency-domain characterization. The conversion of potential energy into ki-
netic energy during dipole alignment, through charge rotation and displacement, results in the
decrease of the real permittivity and the increasing imaginary permittivity. The Kramers-
Kronig relations describe this coupling between the two components ([183]):

"0(!) = " 1 +
2
�

P.V.
Z 1

0

x" 00(x)
x2 � ! 2 dx (3.101)

"00(!) =
2!
�

P.V.
Z 1

0

"0(x) � " 1

x2 � ! 2 dx (3.102)

where P.V. denotes the principal value, meaning that in the integration the singular point x = !
is symmetrically excluded and "1 is the value of dielectric permittivity at very high frequency.
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The Debye Model

The Debye model provides the most widely adopted mathematical framework for describing
frequency-dependent permittivity, originally developed for pure polar molecules and subse-
quently validated for numerous geomaterials. The model describes a single relaxation process
and maintains validity at GHz frequencies:

"e(!) = " 1 +
" s � " 1

1 + i!=! rel
� i

� s

!" 0
(3.103)

and separating real and imaginary components:

"0
e(!) = " 1 +

" s � " 1

1 + (!=! rel )2 (3.104)

"00
e (!) =

(" s � " 1 )!
! rel (1 + (!=! rel )2)2 +

�
!" 0

(3.105)

where:
! rel = 1=� represents the relaxation angular frequency;
" s is the low-frequency limit permittivity (static permittivity);
� s is static conductivity.
Materials with multiple polarization mechanisms manifest multiple relaxation frequencies.
The generalized Debye equation including N relaxation frequencies is:

"e(!) = " 1 +
NX

n=1

" s;n � " 1;n

1 + i!=! rel;n
� i

� s

!" 0
(3.106)

The e�ective conductivity expressed through relaxation frequency becomes:

� e = � 1 � � s
! 2

! 2 + ! 2
rel

(3.107)

If static conductivity is negligible, the relaxation frequency corresponds to the imaginary per-
mittivity maximum, while the real component exhibits an in�ection point:

d"00
e (!)
d!

= 0 =) ! = ! rel (3.108)

"00
e;max =

" s � " 1

2
(3.109)

"0
e =

" s + " 1

2
(3.110)

Cole-Cole Diagram

These relationships can be visualized through the Cole-Cole diagram (Fig. 3.8, [48]), that shows
"00 versus "0 to generate a circle (Eq. 3.111). Only the positive semicircular region possesses
physical signi�cance.

�
"0 �

" s + " 1

2

� 2

+ " 002=
�

" s � " 1

2

� 2

(3.111)

Generalized Dispersion Models

As previously mentioned the Debye model has limitations for certain materials. In order to
develop a model that could adequately represent the behavior of these additional materials, some
empirical extensions were incorporated. The �rst coe�cient introduced is �, with 0 < � � 1,
in the so-called Cole-Cole model ([48]). Further modi�cations to generalize the model for
asymmetry and broadening in dielectric dispersion curves characteristic of polymers have been
made in the Havriliak-Negami model ([80]).

"(!) = " 1 +
" s � " 1

((1 + (i!=! rel ) � ) � (3.112)

in which:
if � = 1 the model reduces to the Cole-Cole model;
if � = 1 and � = 1 the model reduces to Debye model.
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Figure 3.7: The behavior of the relative permittivity with frequency. The solid line represents the real part and
the dashed line represents the imaginary part. The variations of both are connected according to Kramers-Kronig
equations. In the picture, taken from [183], some of the main polarization mechanisms have been reported.

Figure 3.8: The Cole-Cole or Argand diagram for a Debye model with one relaxation frequency. Static conduc-
tivity is negligible. Even in this case it is clearly shown how the parts of the complex permittivity are linked.

3.3.7 Permittivity vs Temperature

Dielectric parameters are characterized by a signi�cant temperature sensitivity and for the
purposes of this thesis project, this aspect plays a critical role ([204]). The relaxation frequency
follows the Arrhenius equation:

! rel = ! 0e� E a
k B T (3.113)

where:
Ea is the activation energy;
kB is the Boltzmann's constant;
! 0 is a proportionality constant;
T is the temperature measured in K.
There is also a relation of the di�erence between the static permittivity and the high frequency
permittivity with temperature:

" s � " 1 =
A
T

(3.114)

where A is a material-dependent constant.
Using these equations, the Debye model, neglecting static conductivity, could be written as
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follows:

"0
e(!) = " 1 +

A=T
1 + (!=! 0)2e2E a =kB T

(3.115)

"00
e (!) =

(A=T )!e E a =kB T

! 0[1 + (!=! 0)2e2E a =kB T ]
(3.116)

Decreasing temperature elevates the real permittivity component and shifts the imaginary per-
mittivity peak toward lower frequencies. Also, the static conductivity exhibits analogous tem-
perature dependence:

� s = � s0 e�E a =kB T +
A
T

! 0e�E a =kB T ! 2e2E a =kB T

! 2
0 + ! 2e2E a =kB T

(3.117)

where � s0 represents a proportionality constant. Fig. 3.9 shows the behavior of the dielectric
parameters at two di�erent temperatures.

Figure 3.9: Temperature dependence of dielectric parameters � and �. With decreasing the temperature (T 1
solid line > T 2 dashed line) the conductivity decreases (top), the real part of permittivity increases (middle),
and the peak of the imaginary part shifts toward lower frequencies (bottom). Taken from [161].



Chapter 4

Geomaterials Electromagnetic
Properties

In this chapter we focus on the electromagnetic properties of the geomaterials involved for plan-
etary exploration. Rocks, soils, water and meteorites exhibit peculiar electromagnetic behaviors
determined by their composition and structure.

4.1 Rocks

In geological terminology rocks constitute composite materials comprising one or more miner-
als. The presence of non-mineral components, particularly water, prevents rock EM properties
from representing simple summations or averaging of their constituents. Since no systematic
correlation with comprehensive chemical and mineralogical composition has been formulated,
empirical trends have been identi�ed as functions of silica content. Most rock-forming miner-
als, particularly silicates and carbonates, exhibit extremely low speci�c conductivity (� < 10 �9

S/m), classifying them as insulators. The relative permittivity of abundant rock-forming min-
erals typically ranges from 4 to 10, though sul�de and oxide groups manifest elevated values.
Variations in electrical characteristics arise from impurities and crystalline structure di�erences,
contributing to electrical anisotropy within mineral classes. Comprehensive investigations have
documented dielectric properties across diverse rock types and powdered forms at multiple fre-
quencies, providing essential reference data for laboratory measurements and remote sensing
interpretation. Fig. 4.1 shows negligible frequency dispersion (at the analyzed frequencies)
and indicates minimal relaxation phenomena for common lithologies. Thermal dependence is
similarly weak, becoming appreciable only at elevated temperatures ([15]).

4.2 Soils

Soil, or dry particulate material, represents a porous medium comprising mineral grains and
interstitial air voids. As a heterogeneous system, its permittivity depends primarily on bulk
density � b, which varies from approximately 1 g=cm3 for highly porous materials to 3.4 g=cm3 for
more dense compositions. The EM properties of soils can be predicted through mixing formulas,
models used to describe heterogeneous materials based on their constituent components, that
will be discussed later in this work. These mixing models take into account the phase of the
constituents, their distribution, their shape, and allow to obtain EM properties as functions
of porosity. An empirical relationship quantifying the real permittivity dependence on bulk
density in the microwave frequencies has been established by [57]:

"0
soil = (1:01 + 0:44� b)2 � 0:062 (4.1)

Nevertheless, in general it has been shown that, without the presence of liquid water, the real
part of permittivity ranges between 2 and 4 and the imaginary part is lower than 0.05. The
main contribution is given by variation of bulk density (or porosity).

36
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Figure 4.1: Comparison of the real permittivity values for di�erent rocks at two di�erent frequencies 450 MHz
- 35 GHz ([126]).

4.3 Meteorites

Meteorites are extraterrestrial solid bodies recovered from planetary surfaces; they are derived
from ablation processes of meteoroids, small rocky or metallic bodies in interplanetary space,
that enter the atmosphere. Dielectric properties of meteorites are mainly in�uenced by their
metallic content. Since metal distribution is spatially heterogeneous, measurements can show
high variability ([49]). The imaginary permittivity component demonstrates pronounced en-
hancement with increasing metal fraction, consistent with theoretical expectations. The imag-
inary part generally is proportional to the metallic content. In Tab. 4.1 dielectric properties
for various meteorite classi�cations in both granular and consolidated forms are shown.

Classi�cation Name "0 "00 Porosity Metal (vol.%) Frequency (MHz)

CR2 NWA 801 2.6 � 0.3 5�8 20�1000

CM NWA 5797 2.9 � 0.3 0.1 20�1000

LL5 MAC 88122 4.7 0.019 0.3 2.0 20�1000

L5 NWA 12857 4.7 0.057 0.3 4.1 10�100

L6 Holbrook 7.8 0.12 Solid 4.1 450

H5 LEW 85320 5.7 0.29 0.3 8.4 20�1000

H5 Plainview 25.4�30.4 2.5�6.1 Solid 8.4 420�1800

EH4 Indarch 130�150 8.5�18.0 Solid 10 450

Table 4.1: Dielectric properties of representative meteorite samples. Classi�cations: CR2 and CM are carbona-
ceous chondrites; LL5, L5, L6 are ordinary chondrites with low metal content; H5 and EH4 are high iron-content
chondrites (taken from [84]).

In the framework of Jovian icy moons, ordinary and carbonaceous chondrites are of particular
importance, as they may be a signi�cant component of the icy crusts of Ganymede and Callisto
(Chap. 8).

4.4 Water

The EM properties of liquid and water ice are very peculiar at radar frequencies making radar
investigations a very useful tool to explore icy worlds and to search for liquid water: water ice
is practically transparent to radio waves allowing radar instruments to probe several kilometers
through icy crust, in contrast, liquid water produces strong and easily distinguishable re�ections.
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However, the presence of other substances (such as salts) in both water and ice signi�cantly
alters their EM properties and consequently a�ects radar performances. We focus on these
aspects in Chap. 8.

4.4.1 Liquid Water

The dielectric response of pure water, de�ned as distilled water without dissolved ionic species,
is characterized by well-de�ned behavior described by a single relaxation Debye formalism below
50GHz ([79]):

"0(!) = " 1 +
" s � " 1

1 + (!=! rel )2 (4.2)

"00(!) =
(" s � " 1 )!

! rel (1 + (!=! rel )2)
(4.3)

where:
"1 is the high-frequency permittivity limit;
" s is the static permittivity;
! rel is the characteristic relaxation angular frequency.
The high-frequency permittivity has a weak thermal dependence and may be approximated as
constant with " 1 = 4:9 ([116]). The relaxation time � rel demonstrates signi�cant temperature
sensitivity, described by the empirical relation:

2�� rel (T ) = 1:1109 � 10 �10 � 3:824 � 10 �12 T + 6:938 � 10 �14 T2 � 5:096 � 10 �16 T3 (4.4)

where temperature T is expressed in degrees Celsius. The corresponding relaxation frequency
f w;rel resides within the microwave spectrum (Fig.4.2):

f w;rel (0‰) � 8:9 GHz

f w;rel (20‰) � 16:7 GHz
(4.5)

Figure 4.2: Microwave-frequency complex dielectric permittivity spectra of pure water at two distinct temper-
atures (0‰ and 20‰). The blue line is the real part and the red line is the imaginary part. The dashed line
corresponds to the maximum of the imaginary part, therefore to the relaxation frequencies described in the Eq.
4.5 (taken from [126]).

The static permittivity " s of pure water likewise exhibits thermal variation according to [110]:

" s = 88:045 � 0:4147T + 6:925 � 10 �4 T2 + 1:075 � 10 �5 T3 (4.6)

where T is expressed in degrees Celsius. With a relative permittivity of about 80, pure liquid
water ranks among the most polarizable natural substances. This high polarizability accounts
for its pronounced ability to re�ect radio signals (see Chap. 5). Furthermore, due to both its
elevated permittivity and its occurrence within pore spaces of soils and rocks, water strongly
a�ects the electromagnetic behavior of natural media.
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4.4.2 Saline Water Dielectric Properties

In the case of saline water the electromagnetic response necessitates a more sophisticated formu-
lation with the introduction of a second relaxation in the Debye model. Decreasing the amount
of salt the model reduces asymptotically to the pure water one ([134]):

"0(!) = " 1 +
" s � " 1

1 + (!=! rel;1 )2 +
" s � " 1

1 + (!=! rel;2 )2 (4.7)

"00(!) =
(" s � " 1)!

! rel;1 (1 + (!=! rel;1 )2)
+

(" s � " 1 )!
! rel;2 (1 + (!=! rel;2 )2)

+
� i

!" 0
(4.8)

where:
! rel;1 =2� = f rel;1 = 8:9 GHz is the �rst relaxation frequency of the system;
! rel;2 =2� = f rel;2 = 201:8 GHz is the second relaxation frequency of the system;
� i represents the ionic conductivity (vanishing for pure water);
"1 is the permittivity value at the �rst relaxation frequency.

Figure 4.3: Microwave spectra of complex permittivity (real part on the right and imaginary part on the left)
for pure water (blue line) and saline water, in particular seawater (red line) at T = 20°C (taken from [126]).

4.5 Moisture

The incorporation of water into soils and rocks induces substantial modi�cations in their dielec-
tric behavior making permittivity and conductivity sensitive to residual water content ([150]).
The in�uence of moisture on electromagnetic properties can be mainly attributed to interfacial
space charge polarization mechanisms. The complex interactions between water and the solid
matrix typically induce supplementary polarization phenomena and electrode interface e�ects
([130]).
While monolayer water adsorption on dry material surfaces does not signi�cantly perturb the
bulk permittivity, multilayer adsorption induces enhancement in both real and imaginary per-
mittivity components at frequencies below approximately 1 MHz. When water coverage exceeds
seven molecular layers, the dielectric signature of water becomes dominant, e�ectively masking
the intrinsic material properties ([150]).
Fig. 4.4 illustrates the e�ect of moisture content on the real part of the permittivity and on
the loss tangent of samples in both intact and powdered forms.

4.6 Water Ice

The analysis of EM properties of water ice is fundamental for the purposes of this thesis,
both for Mars and Jovian icy moons. In this section we address the main characteristics of
the electric response of ice, the di�erent types of ices on Earth and the in�uence of chemical
dopants. Beyond the snow line of the Solar System, the boundary distance from the Sun where
temperatures permit the formation and persistence of icy bodies, ice is largely widespread in
the surfaces and in the crust of several celestial bodies. Our results about measurements of EM
properties could be applied to all of these worlds but also to celestial bodies closer to the Sun
that host cold regions in which water ice exists permanently, such as permanently shadowed
polar craters on Mercury and the Moon. Ice manifests in twelve distinct crystal structures and
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Figure 4.4: Dielectric permittivity (a) and loss tangent (b) of both solid and powder granite measured in vacuum
(circles) and air with 30% of humidity conditions (triangles) at ambient temperature (taken from [150]).

.

two amorphous forms. Under low-pressure conditions, the thermodynamically stable phase is
designated as ice I, which exists in two variants: ice Ih, commonly termed ordinary ice, with
a hexagonal structure, forms when water freezes at standard atmospheric pressure and ice Ic
with a cubic structure develops through vapor deposition at around -130‰.
In the �rst con�guration, oxygen atoms are organized in hexagonal layers with alternating
vertical displacements. Each water molecule is coordinated like a tetrahedron, surrounded by
four nearest-neighbor molecules positioned at the vertices of a regular tetrahedron centered on
the molecule, with an inter-oxygen distance of 2.76 Å. Strong covalent O�H bonds hold each
molecule together, whereas intermolecular cohesion is maintained through weaker hydrogen
bonds (Fig. 4.5 [24]). The arrangement of hydrogen atoms in an ideal ice crystal follows the
Bernal-Fowler rules ([18]), which establish three fundamental principles:

1. Each water molecule is coordinated like a tetrahedron by four neighboring molecules,
with its two hydrogen atoms directed approximately toward two of the four surrounding
oxygen atoms.

2. Each oxygen-oxygen linkage contains exactly one hydrogen atom in the intervening space.

3. Each oxygen atom has precisely two nearest-neighbor hydrogen atoms, thereby preserving
the molecular structure of water.

Figure 4.5: Ih pure water ice crystal. Credits [24].

.
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Local deviations from these principles generate structural defects within the ice lattice, resulting
in di�erent electrical conductivity behavior and relaxation dynamics.

4.6.1 Dielectric Models: Jaccard Theory and Wait-and-Switch

While the Debye model e�ectively characterizes the dielectric response of pure water ice up to
frequencies of several hundred MHz, the Cole�Cole formulation provides a better description,
at temperatures up to 250 K ([93]). The Jaccard theory ([89], [90]) is the most widely
accepted framework for explaining the polarization mechanisms in ice. This theory is based on
local violation of the Bernal-Fowler rules in regions called protonic point defects or intrinsic
defects, and on their migration through the crystalline lattice, the protonic motion path, that
causes molecular reorientation along the defect's trajectory. Jaccard identi�ed two categories
of protonic defects:

ˆ Bjerrum defects (L and D types) arise from water molecule rotation within the lattice.
The L-type represents a proton-de�cient site (O� � � O con�guration), while the D-type
consists of two adjacent protons facing each other (O�H� � � H�O con�guration).

ˆ Ionic defects result from proton migration along intermolecular bonds, generating ion-
ization states H3O+ and OH � .

Ice is characterized by a strong coupling between polarization and conduction phenomena due
to protonic hopping mechanisms. For each defect type, the conductivity is expressed as:

� i = n i � i jei j (4.9)

where:
i denotes the defect type;
ni represents the volumetric defect concentration;
� i is the mobility;
ei signi�es the e�ective charge.
The values of these parameters are reported in [159]. The volumetric concentration ni of
intrinsic defects follows:

ni = N i exp
�

�
EF i

2kB T

�
(4.10)

where:
EF i is the formation energy of defect pairs;
N i = 2

3 N for ionic defects;
N i = N for Bjerrum defects;
N is the number of molecules per unit volume.
Mobility can be expressed as an Arrhenius-type relationship:

� i = M i
1
T

exp
�

�
EM i

kB T

�
(4.11)

where:
M i represents a normalization coe�cient;
EM i is the activation energy for motion.
The ionic and Bjerrum conductivities are respectively de�ned as:

� � = � H 3 O + + � OH � (4.12)

� DL = � L + � D (4.13)

At high frequencies (f � f rel ), each defect type activates and migrates independently, yielding
a high-frequency conductivity:

� 1 = � � + � DL (4.14)

The static conductivity � s is evaluated from:

e2

� s
=

e2
�

� �
+

e2
DL

� DL
(4.15)

Generally, high-frequency conductivity is controlled by defects with higher ni � � i products
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called majority carriers, while static conductivity is predominantly governed by minority carri-
ers.
The relaxation angular frequency ! rel and static permittivity " s can be expressed through
Jaccard theory parameters:

! rel = �
�

� DL

e2
DL

+
� �

e2
�

�
(4.16)

" s = " 1 +
(� � =e� � � DL =eDL )2

"0�(� � =e2
� + � DL =e2

DL )2 (4.17)

where � represents a temperature-dependent polarizability constant related to the oxygen-
oxygen separation distance.
Numerous research groups have investigated the temperature dependence of pure ice relaxation
frequency showing a slope change near 230 K. Static permittivity "s can also be expressed as:

" s =
A
T

exp
�

Ea

kB (T � T 0)

�
(4.18)

where:
A = � s=("0! 0);
Ea = E a

� � E a
� is the di�erence between relaxation time activation energy, Ea

� , and high-
frequency conductivity activation energy, Ea

� ([7]).
The high-frequency permittivity " 1 of pure ice exhibits slight temperature dependence ([70]),
expressed as:

"1 = 3:093 � 0:003 + (0:72 � 0:60) � 10 �4 T + (0:11 � 0:02) � 10 �5 T2 (4.19)

For temperatures above 230 K with one dominant defect type (L defects), conductivity follows:

� 1 � � s /
1
T

exp
�

�
E � 1

kB T

�
(4.20)

The wait-and-switch ([159]) model provides an alternative description of pure water ice dielec-
tric behavior alongside the phenomenological Jaccard theory: water dipoles switch between
di�erent orientational states while adhering to Bernal-Fowler rules. Molecular reorientation
occurs exclusively upon encountering lattice defects (Bjerrum or ionic), otherwise, molecules
remain in a waiting state. At elevated temperature, above 235 K, since Bjerrum defects
activation energy (ELD ) exceeds that of ionic one, they in�uence more signi�cantly the po-
larization. On the contrary, at lower temperatures, the potential barrier for Bjerrum defect
motion becomes increasingly di�cult to overcome, shifting polarization in�uence toward ionic
defects. Importantly, these two migration types exhibit strong correlation: orientations left by
L-D defect migration can impede ionic defect di�usion, and proton hopping generally requires
whole-molecule rotation. At higher temperatures, rapid di�usion causes defects to spend rela-
tively brief periods trapped in lattice sites, allowing the two migration types to be considered
uncorrelated. In this case the complex permittivity is expressed as:

"(!) = " 1 +
" s � " 1

1 + [(i!� LD ) �1 + (i!� � ) �� � ]�1
(4.21)

where: �LD and � � �
� represent the relaxation times of orientation defects and ionic defects,

respectively.
Above 240 K, �LD � � � due to substantial activation energy di�erences (ELD > E � ), making
overall relaxation time predominantly controlled by L-D defects: � � � LD .
Below 240 K, the transition from dominant orientation defect motion to dominant ionic defect
motion produces an activation energy adjustment, with ionic defects assuming the primary role:
� � � � .
At low temperatures, below 170 K, orientation defect motion substantially decelerates, creating
traps for ionic defects. Consequently, proton di�usion becomes correlated with L-D defect
movements, and complex permittivity is determined by:

"(!) = " 1 +
" s � " 1

1 + [(i!� LD ) �1 + ((i!� � ) � � + (i!� t ) � t ) �1 ]�1
(4.22)

where: � � t
t refers to the newly created ionic defect traps.

If � � and � t approach unity, this equation reduces to the Cole-Cole model.
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4.6.2 E�ects of Dopants

The presence of impurities in the ice can change its dielectric properties. For example, HF and
HCl acids serve as source of H3O+ , with the halide ions generating numerous extrinsic Bjerrum
defects; these elements are called dopants. The doping phenomenon dramatically alters EM
properties leading doped ice to exhibit signi�cantly di�erent behavior compared to pure ice,
which could be explained by introducing the eutectic parameters. In a solution the eutectic
concentration is the speci�c ratio of components where the lowest melting point occurs, while
the eutectic temperature is the temperature at which this phase transition happens.
Below the contaminants eutectic concentration, ice forms initially while excluded salts concen-
trate in brines (regions of extremely salty liquid water) that subsequently freeze at the eutectic
temperature.
Above the eutectic concentration, hydrates freeze �rst, followed by ice-hydrate mixture forma-
tion at the eutectic temperature.
The variations in dielectric properties depend on the concentration, the temperature, and also
on the type of contaminant.
Some salts like NaCl create protonic defects more e�ciently while others like MgSO4 are less
e�cient. Only certain chemical compounds at low concentrations (10�3 to 10�2 M in solution)
can incorporate into the ice lattice, forming solid solutions. Fig. 4.6 summarizes all the e�ects
of concentration and temperature on the high frequencies and static conductivity in the case
of HF as impurity. In the case of low concentration and high temperature the high-frequency
conductivity is always above the static one as a function of the concentration; �1 is controlled
by L-D defects as majority carriers and decreases with decreasing temperature; static conduc-
tivity strongly depends on ionic H 3O+ defects, increasing with impurity concentration, while
remaining practically temperature-independent. In the intermediate case, �1 is still above � s

apart from the crossover temperature, Tc, in which ionic and Bjerrum defects almost coincide
and then the two conductivities are very close. Below Tc, the situation reverses: L defects be-
come minority carriers controlling � s, while ionic defects, now majority carriers, dominate �1 .
Consequently, the two conductivities exhibit slope interchange. With increasing impurity con-
centration, and at low temperatures � 1 and � s magnitudes become comparable proportional
to the square root of the concentration.

Figure 4.6: Dielectric properties of HF doped ice for di�erent concentrations and temperature ranges. Orange
curve and green curves refer to the high-frequency conductivity and static conductivity respectively. In the �rst
panel (low-concentration and high-temperature) � 1 is much larger than � s ; in the intermediate panel � 1 is
still larger than � s , except at the crossover temperature T c where they almost coincide, and the ice behaves
as a pure conductor. In the third panel (high-concentration and low-temperature) � 1 and � s are of the same
order of magnitude and the trend of the static conductivity as a function of the concentration becomes nonlinear
(taken from [161]).

4.6.3 E�ects of Anisotropy and Density

Dielectric properties are also in�uenced by possible anisotropy, i.e. the di�erence between
the ice crystal orientation and the wave propagation direction; for example in the case of ice
Ih crystal, optical axis and crystallographic c-axis coincide and complex permittivity can be
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expressed with a tensor ([99]):

" =

0

B
@

"?c 0 0
0 "?c 0
0 0 "kc

1

C
A (4.23)

where:
"?c is the component if the electric �eld is perpendicular to the c-axis;
" kc is the component if the electric �eld is parallel to the c-axis;
In the case of isotropic polycrystalline ice, complex permittivity is given by a combination of
parallel and perpendicular components:

" = (2" ?c + " kc )=3 (4.24)

The e�ect of anisotropy on dielectric permittivity is most signi�cant at low frequencies, with
approximately a variation of 15% between the two components. At radar frequency, above 1
MHz, this variation could be considered negligible since it reduces to 1%.

4.6.4 Ice Formation and Growth Processes

In this section, we describe how the formation and growth processes in�uence electrical prop-
erties focusing also on the di�erent types of ice present on the Earth and their EM peculiar
characteristics. The relaxation times, and consequently the overall complex permittivity be-
havior, are a�ected by crystal growth rate: studies demonstrate that relaxation times of pure
ice samples formed via rapid crystallization match published values ([177], [92]), while samples
obtained through slow crystallization exhibit di�erent relaxation times ([10]). This is due to
the fact that a slower growth of the crystal lowers the impurity content and also that di�er-
ent growth speeds can lead to the formation of a di�erent amount of cracks and fractures, air
bubbles, and lattice imperfections. The absence of reproducible standard procedures makes the
comparison of EM properties of ice samples obtained from di�erent experiments very complex.

Current knowledge indicates that all terrestrial ices consist of polycrystalline hexagonal ice
and three distinct typologies exist based on formation mechanism: meteoric ice, sea ice, and
marine ice (Fig. 4.7).

Figure 4.7: Scheme of the di�erent types of terrestrial ices and their location (taken from [161]).

Meteoric Ice

Meteoric ice, present in terrestrial ice caps, forms through densi�cation processes of snow across
more stages. First, gravity and accumulating snow compress fresh snow into �rn, and continued
compression eventually produces solid ice with a density of about 830 kg=m3. During this
process, air or water in pathways between ice grains becomes trapped, creating a polycrystalline
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ice containing only isolated air bubbles, while ice crystals gradually grow larger over time. In
the upper 500-1000 meters of glacier ice, these trapped bubbles contain either liquid water if
temperatures are near melting point, or atmospheric gases if the ice is colder. At greater depths,
high pressure increasingly compresses the bubbles until the gas molecules eventually escape and
become incorporated into the ice crystal structure itself, forming clathrate hydrates ([161]). The
impurities in meteoric ice are deposited as independent aerosols or through the snow, seen as
a porous mixture of air, ice crystals, and small amounts of chemical compounds that delivered
them to the surface via snow�akes. These aerosols consist mainly of continental dust like silicate
minerals CaCo3, CaSo4, sea products like Na+ , Cl � , Mg2+ , and Ca2+ , or product of the
atmosphere gases like H2SO4. In addition, ice can directly absorb several soluble atmospheric
gases, such as HCl, NH3, HNO 3, and H2O2. The bulk ionic concentration in meteoric ice is
low, typically ranging from 1 to 10 �M, although signi�cantly higher concentrations can occur
in basal glacier layers.
Electrical properties of ice cores have been analyzed using di�erent methods:

ˆ Electrical Conductivity Measurements (ECM) revealed that the relationship between the
direct-current (DC) conductivity and ion H + concentration is nonlinear and possible
correlations for other ionic species have not been observed ([75]);

ˆ Dielectric Pro�ling (DEP) techniques ([143]) have shown a linear variation of the high-
frequency conductivity with ionic impurity concentrations in meltwater:

� 1 = � pure
1 +

X

i

�̂ i [x i ] (4.25)

where:
� pure

1 is pure ice high-frequency conductivity;
[x i ] is speci�c ion concentrations;
�̂ i represents molar conductivities.

However, the high-frequency conductivity (in �S/m) of meteoric ice can also be expressed as a
function of ionic concentration (in �M) using:

� 1 = 9 + 4[H + ] + 1[NH +
4 ] + 0:55[Cl � ] (4.26)

with a normalization of �15 � C.
If impurities become highly abundant, there could be Maxwell-Wagner polarization, that, due
to high grain conductivity, would enhance interfacial polarization.

Sea Ice

The processes governing the genesis and evolution of sea ice di�er markedly from those of
meteoric ice. Sea ice is a multiphase structure with classical hexagonal ice, gas, salty water, solid
salts and other impurities formed through the freezing of the ocean water. Sea ice formation
begins in supercooled and typically turbulent waters, where �ne ice crystals, known as frazil
ice, nucleate as needles, spicules, or platelets. The continued compression of frazil aggregates
by wave motion promotes the formation of so-called pancake ice round pieces of ice, 30 cm to
3 m in diameter, which subsequently consolidate and thicken through mechanical processes.
Then, under calm hydrodynamic conditions, ice growth beneath the frazil layer proceeds more
uniformly. The high salinity of sea ice arises from these brine inclusions, as pure ice Ih excludes
most dissolved ions during solidi�cation. Of the total dissolved salt mass in seawater, the main
percentage is given by Na+ and Cl� , and there are small quantities of SO2�

4 , Mg2+ , K + and
Ca2+ . Consequently, Na2SO4 � 10H2O (mirabilite) and NaCl � 2H 2O (hydrohalite) constitute
the predominant solid salts in sea ice ([161]). Based on its thickness, therefore on its age, sea
ice can be classi�ed into three categories: the �rst two, often uni�ed, are young ice, under 30
cm thickness and �rst-year ice until 2 m thickness; the third is the multiyear ice, exceeding 2
m thickness that presents a signi�cantly di�erent brine content. The volume fraction of brine
is de�ned as ([126]):

f b =
Si

Sb

� i

� b
(4.27)

where:
Si represents ice salinity;
Sb is the brine salinity;
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� i is pure ice density;
� b is brine density.
Both Sb and � b are temperature-dependent. Sea ice complex dielectric permittivity depends
on several parameters: pure ice complex permittivity, brine pocket complex permittivity, brine
pocket shape and orientation, and brine volume fraction fb. The preparation and measurement
of both natural and laboratory-grown sea ice samples are very complex since: in natural samples,
cutting of ice blocks from a larger mass may lead to brine drainage altering the bulk dielectric
response and compromising measurement accuracy, conversely, laboratory-grown ice presents
its own uncertainties, particularly concerning its ability to replicate the microstructural and
electrical properties of natural sea ice. However, laboratory-grown granular ice obtained by
pouring synthetic brines into porous snow samples, and natural columnar sea ice from in situ
sampling exhibit similar dielectric behavior with two abrupt permittivity and conductivity
changes at the NaCl eutectic temperature of 251 K and below 218 K (when brines completely
freeze). Three relaxation phenomena (Fig. 4.8) occur in these sea ice samples:

ˆ At low frequencies, ion migration within brine channels produces additional static per-
mittivity and ion-space charge polarization.

ˆ At higher frequencies, Debye-like proton relaxation.

ˆ In the MHz region, Maxwell-Wagner relaxation arising from the contrast between the
dielectric properties of brine inclusions and the surrounding ice matrix.

Additional studies of in situ sea ice complex permittivity reveal: (1) brine conductivity increases
as temperature decreases to �8� C, then decreases; (2) the real part of permittivity strongly
depends on brine volume fraction but weakly on brine orientation; conversely, (3) the imaginary
part of permittivity strongly depends on brine inclusion orientation but weakly on brine volume
fraction.

Figure 4.8: Real (left) and imaginary (right) parts of the dielectric permittivity of arti�cial sea ice as a function
of frequency, from about 260 K to 240 K. The three relaxation are visible below 10 kHz (dispersion due to ion
migration), between 10 kHz and 100 kHz (Debye relaxation) and above 10 MHz (Maxwell-Wagner relaxation).
(taken from [161], modi�ed from[1]).

Marine Ice

The formation of marine ice is governed by thermohaline circulation (circulation due to tem-
perature and saline di�erences) within the sub-ice-shelf cavity. The melting ice near the base
generates a plume of low-salinity, low-density water that ascends along the shelf bottom. This
water refreezes, initially forming frazil ice, later compacting into marine ice. As hydrostatic
pressure decreases with elevation, the local freezing point rises, favoring the nucleation of frazil
ice that, gradually compacting and recrystallizing, forms marine ice. Newly accreted marine
ice contains a high concentration of brine inclusions and insoluble particles. Upper layers are
impermeable characterized by the lack of air bubbles and the presence of brine pockets. Lower
layers are characterized by high porosity and brine drainage channels hydraulically connected
with ocean water. The vertical salinity distribution within marine ice remains a matter of de-
bate: some studies reported an increasing salinity with depth ([52]), while other observed the
opposite trend ([62]). The electrical characteristics of marine ice remain poorly characterized,
with only limited research e�ectively analyzing conductivity at di�erent depths ([142]). Certain
samples align with the linear regression describing the low-salinity (meteoric ice) data suggesting
that chloride ions are incorporated into the crystal lattice, generating L-type protonic defects.
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Other samples, instead, signi�cantly deviate. In higher-salinity samples, the chloride concen-
tration likely exceeds the solubility limit, resulting in ionic segregation along grain boundaries
and a corresponding alteration of the dielectric behavior. Liquid brines persist at temperatures
between �10 � C and �30 � C. Fig. 4.9 summarizes conductivity properties of the three type of
terrestrial ices.

Figure 4.9: Logarithmic conductivity as a function of chloride concentration, or salinity at 251 K for samples of
terrestrial ices: meteoric in blue, marine in green, and sea ice in red (taken from [142]).

4.7 Ice Doped with Sodium Chloride

Even if we have already introduced the e�ects of dopants in the ice, in this section we focus
on ice doped with sodium chloride and its dielectric behavior with temperature variations, as
it could be a signi�cant component of the icy shell of Europa. As previously mentioned, the
introduction of ionic solutes into aqueous solutions fundamentally alters the physicochemical
properties of water through a phenomenon commonly referred to as salt doping or impurity
doping. When dissolved in water, salts dissociate into their constituent ions, which interact
with water molecules, disrupting the hydrogen-bonding network that characterizes pure water.
This disruption manifests in several critical modi�cations to the solution's behavior, including
depression of the freezing point, elevation of the boiling point, reduction of vapor pressure,
and alteration of dielectric properties. The freezing point depression is particularly signi�cant
for planetary science applications. According to colligative theory ([91]), the freezing point
depression �T f is proportional to the molal concentration of dissolved particles and is described
by:

�T f = K f � m (4.28)

where Kf is the cryoscopic constant of the solvent;
m is the molality of the solution.
For highly concentrated solutions, deviations from ideal behavior necessitate consideration of
ion-ion interactions and activity coe�cients. Beyond thermodynamic modi�cations, salt doping
profoundly in�uences the EM properties of aqueous solutions. The presence of mobile ions en-
hances electrical conductivity and modi�es the dielectric response. The imaginary component
of the permittivity increases due to enhanced ionic conductivity. The eutectic temperature (Te)
represents a critical parameter in salt-water phase diagrams (Fig. 4.10), corresponding to the
lowest temperature at which a liquid phase can exist in equilibrium with solid phases. At the
eutectic concentration Ce, the solution and multiple solid phases (typically ice and hydrated
salt crystals) coexist at a unique temperature and composition. In the temperature range be-
tween the fusion temperature of pure water and the eutectic temperature, the solution exists
in a mushy state, a mixture of solid ice and highly concentrated brines. For concentrations and
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temperatures beyond the eutectic conditions, metastable states such as supercooled liquids or
partially frozen mushy mixtures may persist. In NaCl solutions H 3O+ and Cl� ions can be

Figure 4.10: Idealized phase diagram for a water salt solution. T e and Ce are the eutectic parameters. Above
the liquidus temperature T L the solution is a pure �uid and below the solidus temperature T sol it is a mixture
of ice and salt. Between these two phases, above the eutectic temperature the solution is in a mushy state: a
mixture of solid ice and brines (taken from [156])

incorporated into the ice lattice. The lattice can accommodate these ionic impurities only up
to a saturation threshold of approximately 0.1 - 0.3 mM for each species; the unincorporated
impurities precipitate as hydrates ([74]). Literature calculations indicate relaxation time satu-
ration at initial NaCl concentrations of approximately 0.3 M. When the composition lies below
the eutectic value (23.3 %wt NaCl), pure ice is the �rst phase to crystallize. The excluded
salt accumulates in the remaining liquid, leading to progressive brine enrichment. These brines
subsequently freeze into an ice-hydrate mixture at the eutectic temperature (approximately
252 K). Instead, exceeding the eutectic concentration, hydrate phases nucleate �rst, followed
by crystallization of ice and hydrate at the same eutectic temperature. The chloride partition
coe�cient, de�ned as the equilibrium ratio of Cl � concentration in the solid phase to that in the
liquid is approximately: k � 4 � 10 �4 for NaCl solutions. As we see also in our measurements
(Chap. 7), results demonstrate that an abrupt increase in conductivity and permittivity at
the eutectic temperature happens regardless of concentration; it is due to the melting of salty
water, and therefore to the appearance of brines in the ice. The real and imaginary part of the
permittivity of these brines are described in [193]:

"0
brine = " w1 +

"0;brine � " w1

1 + (2�f � brine )2 (4.29)

"00
brine = (2�f � brine )

"0;brine � " w1

1 + (2�f � brine )2 +
� brine

2�f " 0
(4.30)

where:
"w;1 = 4:9;
� brine and "0;brine are tabulated in [126]. The eutectic diagram of sodium chloride could be
seen in Fig. 4.11. In the case of perchlorate salts, the compound dissociates in solution into
its corresponding cation and the perchlorate anion ClO�

4 . The presence of perchlorate likewise
contributes to a depression of the freezing point and an increase in the dielectric constant of
the solution. This behavior is particularly signi�cant because it may enable the formation of
stable or metastable brines within the Martian crust.

4.8 Dirty Ice

In addition to salt-doped ice, the investigation of the EM properties of impurity-rich, or �dirty�,
ice is also of considerable relevance for the purposes of this thesis. Such ice, containing con-
taminants of di�erent origin, may represent a signi�cant component of the outer crust of both
Callisto and Ganymede, thereby in�uencing their bulk dielectric response and radar scattering
properties. Dirty ice, relatively rare on Earth (impurity fraction in meteoric ice is typically
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Figure 4.11: Eutectic diagram of sodium chloride, the T e is 252 K and C e is 23.3%wt (taken from [31]).

less than 1%), is the term for ice with mechanical inclusions of mineral grains within its poly-
crystalline structure. Some of the experimental characterizations of the dielectric behavior of
planetary dirty ice analogues are relatively recent:

ˆ [83] investigated dirty ice mixtures with dunite, montmorillonite, and kaolinite inclu-
sions at kHz, and extrapolated the results to MHz to estimate radio-wave propagation
in comet-like materials. In this case two distinct temperature dependent behaviors have
been observed: above the threshold of 200 K, the dielectric response is dominated by the
ice matrix with a signi�cant dispersion, while below this temperature, permittivity be-
comes nearly frequency-independent and primarily governed by grain density and mineral
composition.

ˆ [191] examined ice�silicate/salt composites across temperatures of 180�298 K and fre-
quencies between 1 mHz and 1 MHz. In this study the authors identi�ed �ve relaxation
mechanisms: (1) dipolar reorientation of adsorbed water (around 630 kHz), (2) rotation
of L-defects ( around 200 Hz), (3)-(4) two Maxwell�Wagner e�ects caused by interfacial
polarization within adsorbed water (around 10 Hz) and between salt hydrates and silicates
(around 10 mHz), and (5) a low-frequency dispersion in low�water content samples.

ˆ [81] investigated cometary analogs consisting of ice-chondrite mixtures with porosity rang-
ing from 20% to 50%, measured between 1 MHz and 1 GHz and temperatures of 113�298
K. Their �ndings show that the real part of permittivity increases with temperature and
correlates with bulk density. Due to the limited sensitivity to the imaginary component,
they employed the Maxwell�Garnett ([183]) formulation to estimate its dependence on
dust content.

ˆ [131] analyzed the dielectric properties of ice�basalt mixtures (11% and 43% dust frac-
tions) over 150�250 K and 20 Hz�1 MHz. Real permittivity spectra of the mixtures were
comparable to that of pure ice, with high-frequency asymptotic value of "1 � 5. In
contrast, the imaginary part exhibited a dual behavior: at low frequencies and high tem-
peratures, the contribution of impurities is negligible, whereas at high frequencies and
low temperatures, it approached that of dry basalt.

ˆ [32] analyzed the electric responses of dirty ice mixture with carbonaceous chondrite CI
simulants and L5 chondrite in the frequency range 1-100 MHz to evaluate radar perfor-
mances for the study of the crust of Jovian icy moons. The authors measured the EM
properties of dry and saturated samples to obtain the behavior of dirty ice depending on
the concentration of impurities comparing the results of CI, L5 and Etna basalts.

Some results of these studies are reported in Figs. 4.12 and 4.13. Both pictures show the
case of dirty ice mixture with chondrites as contaminants. In the �rst �gure the increase of
"0 with temperature and dust content is evident. The second �gure shows the values of real
and imaginary parts of permittivity as a function of temperature of three dirty ice mixtures,
comparing experimental data with best-�tting models at the frequency of 9 MHz.
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Figure 4.12: The real part of the relative dielectric permittivity at di�erent temperatures as a function of dust
mass-fraction in the LL5 chondritic dust sample mixed with ice (taken from [81]).

4.9 Mixing Models

As previously discussed, the EM characterization of planetary surface analogues for radar in-
vestigation often involves the analysis of composite multiple phases systems, consisting of ice
mixed with mineral grains or rock fragments intermixed with void spaces containing gas or
liquid phases. The EM properties of such materials require accounting for the contributions of
all constituent phases to derive the bulk or e�ective permittivity, " bulk or "e� . The determina-
tion of e�ective electromagnetic properties presents signi�cant challenges due to the complex
interplay between phase geometry, volume fractions, inclusions morphology, and the dielectric
contrast between constituents. The mixing models ([183]) provide mathematical formulations
that relate the bulk permittivity to the properties of individual phases, enabling the extraction
of intrinsic material parameters from measurements on composite samples. In this section we
examine mixing models of two phases: the inclusion phase, characterized by permittivity "i
and volume fraction of the inclusions �, and the host or matrix phase, with permittivity " m

and volume fraction (1 � �). For porous granular systems, � corresponds to porosity when the
inclusion phase represents air voids. When describing saturated or frozen samples, the matrix
may represent water ice, with solid grains serving as inclusions. The following models are the
principal mixing formulations employed in geophysics and planetary science.

4.9.1 Maxwell-Garnett Model

The Maxwell-Garnett (MG) formulas ([136]) represent one of the earliest and most extensively
applied mixing theories in electromagnetic characterization. Known as the Lorenz-Lorentz
equation, or Clausius-Mossotti formula, it was developed to explain the observed properties of
metal spheres embedded in a liquid, and it was later expanded to the broader dielectric situa-
tions. This model describes the EM properties of a composite structure with spherical inclusions
randomly distributed throughout a continuous host medium (Fig. 4.14). The fundamental MG
equation is:

"bulk = " m +
3�" m (" i � " m )

" i + 2" m � �(" i � " m )
(4.31)

This expression derives from consideration of the averaged electric displacement �eld within
the composite. The two limits of this formulation depend on the amount of the inclusions:
as � ! 0, we recover " bulk ! " m , while � ! 1 yields " bulk ! " i . However, the functional
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Figure 4.13: Model-based curves and experimental values of the bulk real and imaginary parts of permittivity
as a function of temperature at the frequency of 9 MHz: cyan dots indicate experimental data, lines of di�erent
colors are the the best �tting models for each sample(taken from [32]).

Figure 4.14: Simple scheme of the two-phase mixture described by Maxwell-Garnett formula (taken from [183]).

form changes dramatically upon exchanging phase designations. For a very low concentration
of impurities (� � 1), the MG relation simpli�es through Taylor expansion:

"bulk � " m +
3�" m (" i � " m )

" i + 2" m
(4.32)

An alternative formulation (Clausius-Mossotti) views the inclusions as induced dipole moments
contributing to the macroscopic polarization ([183]) and, considering the polarizability � of the
spheres the permittivity of a mixture with spherical inclusions as:

"bulk � " m

"bulk + 2" m
=

�n
3"m

(4.33)

where n is the dipoles number density.
Clausius-Mossotti formula can be found also expressed with the volume fraction of the inclu-
sions, �, and their permittivity, " i , in the so called Rayleigh mixing formula:

"bulk � " m

"bulk + 2" m
= �

" i � " m

" i + 2" m
(4.34)

The standard MG formulation assumes spherical geometry, but the extension to ellipsoidal
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particles incorporates shape-dependent depolarization e�ects Ni , where i is the direction x; y; z.
For an ellipsoid with semi-axes ax , ay , az , the depolarization factors along principal axes satisfy
([183]):

Nx =
ax ay az

2

Z 1

0

ds

(s + a 2
x )

q
(s + a 2

x )(s + a 2
y )(s + a 2

z )
(4.35)

with analogous expressions for Ny and Nz (substituting a x in the �rst term of the denominator,
respectively with ay and az ) subject to the constraint N x +N y +N z = 1. While in the previous
case spheres exhibit isotropic depolarization:

(N x ; Ny ; Nz ) = (1=3; 1=3; 1=3) (4.36)

In cases of discs and needles they are respectively (Fig. 4.15):

(N x ; Ny ; Nz )discs = (1; 0; 0) (4.37)

(N x ; Ny ; Nz )needles = (0; 1=2; 1=2) (4.38)

The component of polarizability of the ellipsoids along the x-axis is:

� x =
4�a x ay az

3
(" i � " m )" m

"m + N x (" i � " m )
(4.39)

For randomly oriented ellipsoidal inclusions lacking preferred alignment, the e�ective permit-
tivity assumes the form:

"bulk = " m + " m
�
3

X

j=x;y;z

" i � " m

"m + N j (" i � " m )

, 2

41 �
�
3

X

j=x;y;z

" i � " m

"m + N j (" i � " m )

3

5 (4.40)

In the two particular limit cases shown in Fig. 4.15 the relation becomes:

"bulk = " m +
�(" i � " m )(2" i + " m )

(3 � �)" i + �" m
(4.41)

for randomly oriented oblate disks.

"bulk = " m +
�(" i � " m )(" i + 5" m )

(3 � 2�)" i + (3 + 2�)" m
(4.42)

for randomly oriented needles. Despite its historical signi�cance and widespread adoption, the

Figure 4.15: Examples of two limit cases of randomly distributed ellipsoidal con�gurations. On the right panel
the inclusion are discs and on the left panel they are needles (modi�ed from [126]).

Maxwell-Garnett approach exhibits reduced accuracy for concentrated mixtures due to its foun-
dational assumption of dilute mixture � << 1. Previous mixing formulas represent asymmetric
con�gurations, on the contrary the following models consider the mixture systems symmetri-
cally.
Symmetric mixing relations treat both phases equivalently, producing predictions invariant un-
der phase interchange. These formulations typically arise from statistical averaging procedures
that homogenize micro-structural details, yielding expressions largely independent of particle
morphology.
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4.9.2 The Bruggeman Model

The Bruggeman formulation ([35]) addresses limitations of dilute-mixture theories. Considering
a mixture of two components with dielectric permittivity " 1 and "2 Bruggeman relations is:

(1 � �)
"2 � " bulk

"2 + 2" bulk
+ �

"1 � " bulk

"1 + 2" bulk
= 0 (4.43)

This equation must be solved numerically for "bulk , but demonstrates improved performance
compared to Maxwell-Garnett for systems with comparable phase fractions. Experimental
validations across diverse granular materials have con�rmed the Bruggeman relation's accuracy,
particularly at radio frequencies and microwave bands. Some studies note reduced precision for
materials with grain sizes below 30�m or predicting imaginary components ([60]). The model
performs optimally for similar dielectric properties (low dielectric contrast) and similar volume
fractions of the component of the mixture ([87]).

4.9.3 The Looyenga-Landau-Lifshitz Model

Independently derived through distinct approaches in the 1960s ([127],[115]), the Looyenga-
Landau-Lifshitz (LLL) relation represents mixtures where the constituent permittivities (" 1,
"2) deviate slightly from the bulk value (" bulk � �"). The formulation is:

"1=3
bulk = �" 1=3

1 + (1 � �)" 1=3
2 (4.44)

This model assumes modest dielectric contrast and makes no explicit reference to particle
geometry or spatial arrangement, rendering this expression shape-independent. [127] derivation
was obtained examining minerals with real permittivity equal to or greater than 9 with a
high percentage of inclusions. Empirical studies such as [139] indicate strong performance for
materials with high inclusion fractions and low permittivity contrast. The LLL predictions
closely track Bruggeman results.

4.9.4 The Complex Refractive Index Model

The Complex Refractive Index Model (CRIM) has been developed in optical physics to describe
the refractive index of non-magnetic gas mixtures ([183]). Its extension to general dielectric
composites interprets the e�ective refractive index as a simple volume average:

p
"bulk = �

p
"1 + (1 � �)

p
"2 (4.45)

This formulation, also known as the time-propagation model, has demonstrated particular suc-
cess for liquid-saturated systems ([182]). Its performance is worse for brines with elevated ionic
strength, likely due to interfacial electrochemical interactions not accounted by the geometric
averaging assumption.

4.9.5 The Lichtenecker Model

Originally proposed as an empirical rule and subsequently obtained theoretically, the Lichte-
necker relation ([122]) considers the inclusion as randomly oriented spheroids with a uniform
shape distribution:

"bulk = " �
1 "1��

2 (4.46)

Further work ([211]) established connections to Maxwell's equations and charge conservation
principles under random spatial distributions, providing solid theoretical grounding for geo-
logical applications. Empirical studies of lunar regolith samples ([149]) from Apollo missions
revealed real part of bulk permittivity was well represented by a Lichtenecker model.

4.9.6 Power-Law Mixing Models

The last three models examined all belong to a single family of mixing formulas in which the
contributions of the components are averaged on volume weights with variable exponents (Fig.
4.16):

" �
bulk = �" �

1 + (1 � �)" �
2 (4.47)

Setting � = 1 the model is the simple arithmetic averaging also known as the Silberstein formula
([122]), that rarely describes real mixtures accurately due to its oversimpli�ed treatment of �eld
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distribution;
setting � = 1=2 the model reduces to the CRIM formulation;
setting � = 1=3 the model reduces to LLL relation;
the limit � ! 0 corresponds to geometric averaging, producing the Lichtenecker equation.
These formulations generally neglect explicit geometric details such as particle shape or spatial
correlations.

Figure 4.16: Power-law models for the e�ective permittivity of a mixture with high dielectric contrast (" 1="2 =
100)(taken from [183]).

4.9.7 Permittivity Bounds for Binary Mixtures

Regardless of microstructural details, the e�ective permittivity of any two-phase mixture must
satisfy fundamental physical constraints. The most general requirement states:

minf" 1; "2g � " bulk � maxf" 1; "2g (4.48)

Two more re�ned bounds provide tighter constraints under speci�c conditions: the Wiener
bounds and the Hashin-Shtrikman bounds (Fig. 4.17).

Wiener Bounds

The Wiener bounds ([183]) consider, with a circuital approach, the two-phases of the mixture
as capacitors in a parallel or series con�guration:

"bulk,min =
"1"2

�" 2 + (1 � �)" 1
(4.49)

"bulk,max = �" 1 + (1 � �)" 2 (4.50)

These bounds provide the broadest possible constraints. The minimum corresponds to series
connection while the maximum represents parallel connection.

Hashin-Shtrikman Bounds

For isotropic mixtures, tighter constraints are set by the Hashin-Shtrikman bounds ([78]), ex-
pressed through the Maxwell-Garnett formulation by systematically switching the phases:

"HS,1 = " 2 +
3�" 2(" 1 � " 2)

"1 + 2" 2 � �(" 1 � " 2)
(4.51)

"HS,2 = " 1 +
3(1 � �)" 1(" 2 � " 1)

"2 + 2" 1 � (1 � �)(" 2 � " 1)
(4.52)

These expressions provide narrower bounds than Wiener limits for random isotropic micro-
structures. The choice between Wiener and Hashin-Shtrikman bounds depends on available
knowledge regarding mixture isotropy and the desired level of conservatism in interpretation.
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