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Abstract

The Oxia Planum region has been chosen as the landing site for the future
ESA ExoMars 2020 rover for engineering and scienti�c aspects.
The main goal of this thesis is the identi�cation and measurement of craters
and boulders located in the Oxia Planum region to understand both the sur-
face exposure ages as well as the processes that occurred over the studied
area. We use THEMIS images to date the surface units, a middle and a late
Noachian unit, present on Oxia Planum, by using the method of counting
craters. We obtain a modelled age of 3.85 +0.02/-0.02 Ga for the middle
Noachian unit and of 3.82 +0.02/-0.03 Ga for the late Noachian one, quanti-
tatively con�rming that the Oxia Planum region dates back to the Noachian
age. We also derive the age of the four deposits that are present inside the
landing ellipse, by using high resolution CTX images. We obtain a modelled
age of 1.39 +0.56/-0.56 Ga for the Amazonian unit and the modelled ages of
about 660-600 Ma and 1.79 +0.30/-0.30 Ga for the three exhumed Noachian
units. These results are pivotal to suggest an evolutionary model of the Oxia
Planum region: two of the exhumed Noachian units have similar exhuma-
tion ages, while the remaining exhumed Noachian unit was exhumed earlier
than the other two given its higher relief; on the contrary, the Amazonian
unit was largely eroded and it is still being degraded letting the Noachian
terrains situated underneath to be exposed. The study of the areal density
of the craters is important also for rover landing and traversing reasons. We
�nd that the Noachian unit is safer with respect to the Amazonian one. For
the boulders manual identi�cation and count we use HiRISE images and we
calculate their size-frequency distribution and their spatial density in di�er-
ent areas of the landing ellipse to determine the processes that occurred on
the Oxia Planum. We �nd that the formation of boulders in this area is
due to impact processes and we derive that the Amazonian unit is from 2.4
to 48.2 richer of boulders than the exhumed Noachian units. By compar-
ing these results with other boulder distributions previously accomplished
on di�erent locations of Oxia Planum we derived a lower spatial density of
boulders. Nevertheless, the similar SFD obtained suggests that the erosive
processes that occurred in our studied area are similar. We also compare
our results with the ones derived from other landing sites on Mars, �nding,
for example, that the Path�nder landing site is 4.2 times more dangerous
than our exhumed Noachian 2 unit. The boulder analysis is of fundamental
importance from an engineering perspective, returning the safest areas where
the ExoMars 2020 rover might land and traverse.
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Introduction

This thesis focuses on the counting of craters and boulders in the Oxia
Planum region, the landing site of the ESA ExoMars 2020 rover. This was
made for scienti�c and engineering perspectives to show that Oxia Planum
is an interesting and an important region for exobiological studies and it is
also an engineering-safe area for the landing and roving phases.
In the �rst chapter an introduction about the general properties of Mars
is presented with, in particular, its geologic history. In the second chapter
the dataset and methodology used for the presented analysis are showed in
detail. We explain that the craters counting is important to estimate the age
of the considered zones as well as for safety reasons: if the rover were to land
in a crater with too steep walls, it would remain locked inside. Regarding
the boulders counting, we explain it is of pivotal importance because from
their size frequency distribution it is possible to distinguish the groups of
boulders that had an impact origin from those that formed due to wind
erosion and possible collapse. As for the craters, the boulders counting is also
important due to safety reasons, since boulders can be dangerous during the
rover landing and traversing. In the third chapter the ExoMars 2020 mission
and the requirements needed to select a landing site are presented together
with a general overview of the Oxia Planum region. In the fourth and last
chapter we present the obtained results and we thoroughly discuss them,
suggesting an evolutionary model of the Oxia Planum region. Eventually, we
made a comparison both between our boulder results with those of previous
works, as well as with other Mars landing sites.
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Chapter 1

Mars

1.1 Physical characteristics

Mars is the fourth planet of our Solar System, orbiting around the Sun
at a distance of about 1.5 AU (Table 1.1). Its mass is 1

10
of Earth's mass,

its radius is 1
2
of Earth's radius and its gravity is 1

4
of Earth's gravity. Mars'

orbit is among the most elliptical of the planetary orbits, its eccetricity is
indeed about 0.09. A day on Mars is similar to a terrestrial day and its year
is about 2 terrestrial years. Its axial tilt is 25.2°, particularly similar to the
Earth's one, this is why Mars has season (Barlow, 2008). The temperature
on the planet changes a lot, on average it is about -63 °C (210 K) with a
diurnal range between -89 and -30 °C (184 K and 243 K). For a comparison,
on Earth the average temperature is 15 °C (288 K) (Kading and Straub,
2015). Mars has two small and irregular moons, Phobos and Deimos.

Mars Earth

Distance from Sun 2.279 x 108 km (1.524 AU) 1.496 x 108 km (1 AU)
Mass 6.417 x 1023 kg 5.972 x 1024 kg
Radius 3390 km 6371 km
Density 3.934 g/cm3 5.513 g/cm3

Surface gravity 3.71 m/s2 9.807 m/s2

Eccetricity 0.0934 0.0167
Rotation period 24.623 hours 23.934 hours
Revolution period 686.98 Earth days 365.26 days

Axial tilt 25.2° 23.439°
Surface temperature 120�293 K 185�331 K

Table 1.1: Informations on Mars and Earth
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1.2 Magnetic �eld

Mars is a terrestrial planet that is less dense than Earth (Table 1.1), with
a di�erentiated internal structure. The dense metallic core region is mainly
constituted by iron and nickel with about 16-17% sulfur (Rivoldini et al.,
2011). The core is surrounded by a silicate mantle, which originated the
volcanic and tectonic features on the planet in its past. The crust is made
by silicon, oxygen and other abundant elements like iron, magnesium, alu-
minium, calcium and potassium (Rivoldini et al., 2011). Mars is also called
the "Red Planet" because of the iron oxide present on its surface, that gives
a reddish colour to the planet.
By means of measurements made by the US Mars Global Surveyor, fossil
magnetization in the Martian rocks has been seen in the southern hemi-
sphere, an index of the presence of a strong magnetic �eld on the planet in
the past (over 4 Ga), able to protect Mars from the solar radiation and to
maintain climatic conditions advantageous for liquid water to exist (Michal-
ski et al., 2017). This magnetic �eld was produced by a dynamo e�ect and
then by convection movements of metals in the core, that was partially or
fully liquid. Nowadays Mars has no longer a global magnetic �eld. The
reason for this change may be due to the fact that Mars cooled early in its
history. Probably the planet cooled down and the dynamo e�ect decreased,
the convective motion stopped, because the liquid core completely solidi�ed.
However, recent data about Mars suggest that this is not the case, and the
liquid core may still be present (Sakai et al., 2018).

1.3 Atmosphere

With a surface pressure of 6 mbar, Mars has a thin atmosphere, primarily
composed of carbon dioxide, small quantities of molecular nitrogen and few
traces of water vapor. It is too thin now so there is no liquid water on
the Martian surface, but in the past the atmosphere was thicker, as showed
by the presence of few little impact craters. With a denser atmosphere on
Mars, the temperature was good enough to have liquid water on the surface
(Heather et al., 2017). The solar radiation Mars receives is half the radiation
received by Earth, hence it has a lower e�ective temperature and a weak
greenhouse e�ect due to the low abundance of greenhouse gases. However, in
the past, active volcanoes were �lling the atmosphere of gases. Later on, their
activity started to diminish, the greenhouse e�ect decreased, so water vapor
and carbon dioxide were incorporated in the ground, disappearing from the
atmosphere. Hence, the atmosphere became thinner, molecules were divided
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by the solar UV radiation and escaped in the space. Another cause of gas
escaping is probably the disappearing of the magnetic �eld, that was not able
to protect the atmosphere from the solar wind particles anymore (Jakosky
et al., 2015).
For all the above reasons the atmosphere was lost, the liquid water present
on the surface started to evaporate together with a decreasing pressure. It is
therefore possible that the water was incorporated by the polar ice caps or
by the underground (Galletta and Sergi, 2005).

1.4 Geologic history

The geologic history of Mars is divided into three main periods (Fig-
ure 1.1): Noachian (>3.7 Ga), Hesperian (∼3.7-3.0 Ga) and Amazonian
(<3.0 Ga) period (Figure 1.1) (Michael, 2013). There is also a Pre-Noachian
period characterized by the formation of Mars (Carr and Head, 2010).

Figure 1.1: Chronology of Mars epochs (Michael, 2013).

4



1.4.1 Noachian period

During the Noachian period, the end of the late heavy bombardment
occurred. This period was characterized by high rates of craters impact,
erosion, valley formation and the volcanism was concentrated around the
Tharsis region. The heat generated by the impacts and the outgassing from
volcanoes created a warmer climate. There was the formation of acqueous
minerals like phyllosilicates and water and other greenhouse gases were ex-
pelled into the atmosphere (Carr and Head, 2010; Segura et al., 2002).

1.4.2 Hesperian period

The Hesperian period is characterized by less crater impacts and erosion
when compared to the Noachian time, but strong volcanic activity, indeed
resurfacing phenomena can be seen and also the formation of out�ow chan-
nels, created by lava and water released from the underground. When the
volcanic activity declined, the SO2 was removed from the atmosphere, such
that a high formation of sulfates occurred. The weather changed becoming
colder (Carr and Head, 2010).

1.4.3 Amazonian period

The Amazonian era is characterized by low rates of meteorite and asteroid
impacts and by cold and dry climatic conditions similar to the current ones.
This period is marked by the oxidation process that makes the Martian
surface of its reddish colour. Nowadays water is not liquid on the surface,
but it is present in considerable quantities in the form of ice (permafrost)
in the underground and above all in correspondence of the two polar caps
of the planet. The presence of ice in this period is abundant (Carr and
Head, 2010; Smith et al., 2016). Gullies, similar to the terrestrial ones, were
probably obtained by the melting of this ice, to indicate liquid water action
(Malin et al., 2006). Volcanic activity decreased while aeolian phenomena
were numerous and this is evident by the large amount of dunes distributed
globally on the Martian surface (Carr and Head, 2010).

1.5 Geological features

Mars is characterized by multiple features testifying that in the past there
was liquid water on its surface. Such examples are out�ow channels, made
by water, glaciers or lava (Carr and Head, 2010). Along crater and canyon
walls, there are features similar to terrestrial gullies. Other geological features
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are deltas, valleys, sedimental deposits and alluvial fans, where also aeolian
erosion can be seen (Lewis and Aharonson, 2006).
In the Tharsis region (Figure 1.2) of Mars there are the highest volcanoes
in the Solar System, the highest one is the Olympus Mons volcano with a
height of about 26000 m (Galletta and Sergi, 2005). For a comparison, on
Earth the highest volcano is Nevado Ojos del Salado in the Andes on the
Argentina�Chile border with its 6893 m (Mpodozis et al., 1996).
Mars has also strong dust storms with maximum measured speed of 30-
40 m/s. They are due to the heating of the dry ground by the Sun, as
consequence a whirlwind on vertical column is formed (Ryan and Lucich,
1983 ; Ringrose et al., 2003; Ellehoj et al., 2010). For a comparison, on
Earth terrestial dust devils speeds are of 5�10 m/s, but also peak winds of
up to 25 m/s are not unusual (Ryan and Carroll, 1970; Balme et al.,2003).

Figure 1.2: Tharsis region, Oxia Palus, Hellas basin, Isidis Planitia and
Elysium Planitia on Mars. The elevation values refer to the Mars Global
Surveyor-Mars Orbiter Laser Altimeter (MOLA).

1.6 Mineralogy

There several di�erent minerals that are found on Mars, especially phyl-
losilicates and sulfates.
Evaporitic sulfate minerals, like gypsum and jarosite, were found on Mars
and there was also the detection of Ca-sulfate bassanite on out�ow channels
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�oor, present under phyllosilicate units (Aubrey et al., 2006; Wray et al.,
2010). Sulfate minerals indicate precipitation of salts from acidic surface
and near surface waters in the Hesperian period (Ehlmann et al., 2009).
The OMEGA instrument (Observatoire pour la Mineralogie, L'Eau, les Glaces
et l'Activitié) found phyllosilicates, that are hydrous minerals, on Mars (Bib-
ring et al., 2006). They are present on a large region on the planet, espe-
cially in old terrains and in the form of Fe/Mg and Al clays. Their formation
started during the Noachian period and continued because of the presence
of water (see subsection 1.4.1). The Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) (Murchie et al., 2007) showed a large diversity
of phyllosilicate mineralogy too: kaolinites, chlorites, illites or muscovites,
hydrated silicates, Fe/Mg-OH phyllosilicates and smectites like nontronites
and saponites. Some areas have olivine-rich materials above phyllosilicate
units, to indicate cessation of aqueous alteration.
Studies made on these terrains are fundamental from an astrobiological point
of view, since clay deposits are possible sites able to preserve organic material,
then it is highly probable that the Noachian period was inhabited (Mustard
et al., 2008; Ehlmann et al., 2008).
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Chapter 2

Dataset and methodology

In this thesis the ArcGIS software was extensively used, which is a soft-
ware to work and analyse both maps, multi-instrument and multi-resolution
datasets, together with the associated geographic information (GIS).
The analysis of the Oxia Planum region, target of this thesis, was made by
both importing in the ArcGIS software elevation maps (MOLA, see sec-
tion 2.1), multi-resolution images (THEMIS, CTX and HiRISE, see sec-
tion 2.2) and geological maps already prepared for Mars (see section 2.3).

2.1 Digital Terrain Model

Elevation values of Mars are given by the Mars Orbiter Laser Altime-
ter (MOLA) (with a spatial scale of 463 m/pixel at lower latitudes to 115
m/pixel near the poles) (Zuber et al., 1992; Smith et al., 2001) (Figure 2.1).
MOLA is an instrument aboard Mars Global Surveyor that has measured the
topography of the Martian surface giving a global map of the planet. MOLA
operated by transmitting an infrared laser towards Mars. The distance was
determined by measuring the time of a laser pulse from the instrument to
the planet surface and back to the instrument. In this way a digital terrain
model (DTM) of the planet was obtained, in the latitudes from �87° to +87°.
The main goals of MOLA are to provide and re�ne the global map of Mars
surface in terms of pixel scale and vertical accurancy, to produce high reso-
lution regional topographic grids, to improve measurements of optical pulse
width and re�ectivity (Zuber et al., 1992). Moreover, MOLA is fundamental
to resolve time variations in the elevation due to seasonal change of CO2

and to monitor exchanges in the atmosphere due to CO2 and dust transport.
Using MOLA it is possible to �nd future landing site thanks to the high
resolution local grids of topography, slope and surface roughness (Smith et
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al., 2001).
In the map shown in Figure 1.2 a high contrast in elevation between the
Martian northern and southern hemispheres can be seen. The highest eleva-
tions are found in the Tharsis region, the lowest ones are in the Hellas basin
(Smith et al., 2001).

Figure 2.1: MOLA context map showing the location of the Oxia Planum
region. In the black rectangle the location of the landing ellipse for the
ExoMars 2020 mission is showed (see Figure 3.2 in detail).

2.2 Imaging

2.2.1 Thermal Emission Imaging System (THEMIS)

The Thermal Emission Imaging System (THEMIS) is the scienti�c cam-
era onboard the 2001 Mars Odyssey orbiter (Christensen et al., 2004). Its
spatial scale is 100 m/pixel (Figure 2.2), and it provides images of the en-
tire surface of Mars through multi-spectral thermal-infrared images in nine
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wavelengths, centered from 6.8 to 14.9 µm, and through visible/near-infrared
images in �ve bands, centered from 0.42 to 0.86 µm. THEMIS mapped the
entire planet during day and night to determine the thermal properties of
the surface and to investigate the surface mineralogy and physical properties
of the planet. Indeed, geologic materials like carbonates, silicates, sulfates,
phosphates and hydroxides, have strong fundamental vibrational absorption
bands in the thermal-infrared spectral region, hence providing diagnostic in-
formation on mineral composition.
The main goals of the THEMIS camera is to study the mineralogy of the
deposits related to hydrothermal or sub-aqueous environments, to identify
landing sites, to search for thermal anomalies related to active sub-surface
hydrothermal systems, to study the characteristics of geologic processes and
landing sites using morphologic and thermophysical properties and to inves-
tigate polar cap activities during all seasons (Christensen et al., 2004).

Figure 2.2: The Oxia Planum region showed on the THEMIS map.
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2.2.2 The Context Camera (CTX)

Figure 2.3: Mars Recon-
naissance Orbiter (MRO),
from nasa.gov.

The Context Camera (CTX) returns images
of the surface of Mars with a pixel scale of
6.0 m/pixel (Malin et al., 2007) (Figure 2.4).
This camera was built to provide context for
images acquired by other instruments on board
the Mars Reconnaissance Orbiter (MRO) (Fig-
ure 2.3), in particular the High Resolution Imag-
ing Science Experiment (HiRISE) and the Com-
pact Reconnaissance Imaging Spectrometer for
Mars (CRISM) (Bell III et al., 2013).
The main goals of CTX are to observe candidate
landing sites and to conduct a scienti�c investi-
gation of geologic, geomorphological and mete-
orological processes on Mars. Since the MRO

spacecraft can be rolled o� nadir, CTX is able to acquire stereoscopic image
pairs of speci�c targets on Mars, hence Digital Terrain Models (DTM) of the
surface can be created. CTX takes images spanning 30 km of terrain (Malin
et al., 2007).

Figure 2.4: The Oxia Planum region showed on four CTX.
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2.2.3 High Resolution Imaging Science Experiment
(HiRISE)

HiRISE is the high-resolution scienti�c camera onboard the MRO space-
craft (Figure 2.3). This instrumet provides images of the surface of Mars with
a spatial scale of 0.3 m/pixel (McEwen et al., 2007) (Figure 2.5). HiRISE im-
ages are taken both in the visible and NIR wavelenghts. The high resolution
of this camera is essential because surface features of Mars are possible to be
seen in great detail and it provides a good characterization of the Martian
environment, especially in the searching for landing sites (Delamere et al.,
2003). Acquiring stereo pairs is fundamental for topographic measurements,
essential in the characterization of landing sites and to study surface pro-
cesses (McEwen et al., 2007).
The main goals of the HiRISE camera are to search for sites showing ev-
idence of aqueous and hydrothermal activity, to characterise in detail the
stratigraphy, geomorphology and composition of Mars surface and subsur-
face and to understand better the nature and evolution of di�erent Martian
terrain types. Moreover, HiRISE is fundamental to identify sites for future
landed exploration that have a high potential for future scienti�c discoveries
and that are su�ciently safe for future landers/rovers (Zurek and Smrekar,
2007).

Figure 2.5: In the panel A the Oxia Planum region is showed on HiRISE im-
ages (highlighted with the red polygons) with THEMIS map in background.
In the panel B a zoom of the centre of the Oxia Planum region is showed on
HiRISE images.
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2.3 The Mars global geological map

The Tanaka et al. (2014) global geological map (Figure 2.6) shows the
distribution of geologic units and landforms on Mars' surface, divided in a
chronological way. It is based on data supplied by NASA's Mars Global Sur-
veyor (MGS), Mars Odyssey (ODY), Mars Reconnaissance Orbiter spacecraft
and by the European Space Agency's Mars Express orbiter. These data have
provided a digital geologic database of Mars, useful for investigations of its
geology.

Figure 2.6: The global geological map by Tanaka et al. (2014) where di�erent
colored areas correspond to di�erent geological units and surface exposure
ages.

This map establishes the �rst global chronologic units division of Mars'
terrains. Using the crater counting technique these units were divided in
progressively lower crater density and thus younger relative age units: the
Noachian, the Hesperian and the Amazonian periods.
In the Noachian highland unit three morphologic categories were identi�ed:
Early Noachian (with highest density of impact craters); Middle Noachian
(with intermediate density of impact craters) and Late Noachian (with rela-
tively low density of impact craters).
The Hesperian epoch is divided into Early Hesperian period, de�ned by vol-
canic unit, and Late Hesperian lowland unit.
The Amazonian Epoch is divided into Early Amazonian unit, Middle Ama-
zonian lowland unit and Late Amazonian unit that is the polar unit, which
forms ice-rich layered plateaus at both poles (Tanaka et al., 2014).
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2.4 Planetary chronology

The surfaces of planets and small bodies are covered by a great number
of impact craters with a wide range of di�erent appearences, from old, heav-
ily battered ones, to newer, fresh craters with sharp rims and bright rays
(Melosh, 1989). The analysis of the crater rate formation is pivotal to under-
stand the geologic history as well as the evolution of the considered surfaces.
The value of ages determined from crater counts is called crater retention
age. This parameter dates the length of time that a topographic feature can
be retained in the case of erosion (Hartmann, 1966; Hartmann, 1977; Hart-
mann and Neukum, 2001). The determination of a terrain's age is based on
the cratering record, it requires a crater population that is not in equilibrium
and where superposed craters are counted. In addition, all secondary and
volcanic craters are removed from the counts (Strom and Sprague, 2003).
On the contrary, a crater population reaches equilibrium when crater den-
sity becomes constant and only a lower limit on the age can be obtained
(Melosh, 1989). At the equilibrium point, the craters size frequency distri-
bution (SFD) no longer changes because impacts are obliterated by various
processes such as crater overlap, ejecta emplacement, lava �ows and eolian
erosion (Hartmann, 1984; Woronow, 1977; Woronow, 1978).
A statistical analysis of the craters located in di�erent units is able to give the
relative surface age (Hartmann, 1977; Melosh, 1989; Neukum et al., 1975a;
Neukum and Ivanov, 1994). This is possible because the frequency of impact
craters is related to geologic time: the higher is the frequency, the older is
the age, meaning that the surface was exposed for long time (Hartmann et
al., 1981; Neukum et al., 1975a; Wagner et al., 2010). Together with the
relative surface age, absolute ages can be obtained too if the time dipendent
impactor �ux on the target body is known. Nevertheless, current models are
still far from being accurate for the early stages of Solar System formation.

2.4.1 Neukum Production Function (NPF)

Using the crater statistics, a method to obtain the absolute age was de-
veloped for the Moon (Neukum, 1983; Neukum and Ivanov, 1994; Neukum
et al., 1975a; Neukum et al., 2001a). The model presented in Neukum (1983)
is an empirical chronology that is based on the correlation between the ra-
diometric ages of the rock samples analysed from the Apollo landing sites
and the crater frequencies derived from the investigation of the images of the
Moon surface (Neukum, 1983; Neukum and Ivanov, 1994; Neukum et al.,
1975a; Neukum et al., 2001a).
In this model the determination of the SFD of an impact crater population
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on the Moon over large sizes of craters is the Neukum Production Function
(NPF) (Neukum and Ivanov, 1994; Neukum et al., 1975a; Neukum et al.,
1975b). The �rst step to obtain such SFD is to select regions of di�erent
ages that have a homogeneous geologic history (Neukum and König, 1976;
Neukum and Ivanov, 1994; Neukum et al., 1975a). Afterwords, a counting of
craters is needed, where the detected craters have to be primary, while sec-
ondary craters and volcanic features must to be avoided. Secondary craters
(see subsection 2.4.3) can be identi�ed thanks to their elongated shapes or by
being in clusters (Neukum and König, 1976; Oberbeck and Morrison, 1973),
but in some rare cases their recognition may not be complete. In addition,
secondary craters do not contribute uniformly to the primary crater popu-
lation as they only occur in a limited size range. Due to the presence of
secondaries craters a ±30% uncertainty in crater frequency can be assumed
(Neukum, 1977b).
The �t that is obtained from the NPF is in accordance with the distribution
of the considered crater population (Neukum, 1977a). Deviations from the
NPF are due to endogenic processes, like lava �ows, or exogenic processes,
like superposition by other impact craters, erosion and ejecta blanketing em-
placement (Hartmann et al., 2008; Ivanov et al., 2002; Neukum et al., 1975a).
Due to processes of deposition and erosion, small craters are lost more than
large ones hence resulting in an increasing of the slope of the curve in the
cumulative plot (Neukum and Ivanov, 1994).
The empirical relation of Neukum chronological model for the Moon is showed
in the following equation:
N(1)=5.44 x 10−14 (e6.93T - 1) + 8.38 x 10−4T
This equation relates the cumulative number crater frequency per km2 at
diameter of 1 km with the crater retention age (T ) in Ga (Neukum et al.,
2001b). The cumulative SFD represents the number of craters greater than
or equal to a given diameter per unit area, as a function of the diameter.
This distribution is independent of bin size. The resulting log-log plot dis-
plays the obtained distribution along with the con�dence interval ±σ.
Using this equation it is possible to infer absolute ages for any region with
an available crater frequency (Neukum, 1983; Neukum and Ivanov, 1994;
Neukum et al., 2001a). Possible uncertainties can derive from (Hiesinger et
al., 2000; Wagner et al., 2002; Wagner et al., 2010):

� the crater SFD measurement procedure, due to the in�uence of fac-
tors such as �ooding, blanketing, secondary cratering, superposition,
in�lling, abrasion, mass wasting and volcanic craters (Neukum et al.,
1975a);

� the quality, the spatial resolution and the illumination conditions of the
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images where the craters are counted, because they can have in�uence
on the detection;

� radiometric dating of rock samples;

� derivation of the cratering chronology model.

Later on, the crater chronological model developed for the Moon, was also
used for age determination of other terrestrial planets. To transfer the lunar
impact crater SFD to other planets, di�erences have to be considered like
di�erent projectile �ux, impact velocity distribution, gravity, atmosphere,
crustal strength density and structure (Hartmann, 1977; Neukum and Ivanov,
1994; Ivanov, 2008; Ivanov et al., 2001; Ivanov et al., 2002). The procedure
follows some steps (Hartmann, 1977; Neukum and Ivanov, 1994; Ivanov et al.,
2001, 2002; Neukum et al., 2001a; Neukum et al., 2001b), that are based on
the use of scaling laws, assuming new impact velocity values and considering
all the parameters involved in the process of crater formation.

2.4.2 Hartmann Production Function (HPF)

Another function to produce SFD was developed by Hartmann (Hart-
mann, 1995; Ivanov et al., 2002; Neukum et al., 2001a). Analysing the
diameters of the craters in the lunar catalog, in Hartmann (1964, 1965) the
log�incremental SFD with a

√
2 bin size was used. The Hartmann Produc-

tion Function (HPF) (Hartmann et al., 1981) shows di�erent branches: a
steep secondary one (diameter < 1.41 km), a primary one (1.41 km < diam-
eter < 64 km) and a turndown one (diameter > 64 km).
Later on, using high resolution images of the Moon, given by the Ranger
program (1960s), it was found that the primary and secondary branches are
due to the ones produced during rock fragmentation at respectively lower
and higher energies. The primary power-law �t was similar to the size dis-
tribution distinguished in asteroids, where collision and fragmentation are
abundant (Hartmann, 1964; Hartmann, 1969). The secondary power-law �t
was explained as a combination of primary impactors and secondary craters
due to fallback of the ejecta (Shoemaker, 1965). In Neukum and Ivanov
(1994) the NPF was also observed in space, such as on asteroid 951 Gaspra,
therefore it was concluded that part of the secondary branch was due to de-
bris from space. Thanks to this discovery the two production functions were
compared and an agreement between the two ones was found (Hartmann,
1999).
Once the shape of the lunar SFD has been obtained, crater-based ages can
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be estimated using isochrons, where an isochron is de�ned as the total num-
ber of craters formed on an age-speci�c surface layer, as a function of their
sizes. Such isochrons represent the observed crater diameter distribution on
a surface if no successive process has modi�ed it (Hartmann, 1999). It was
adopted to derive the crater retention age on Mars (Hartmann, 2005). Some
assumptions were made to adapt the Lunar model to Mars, such as the hy-
pothesis that the SFD and time dependence of the impact �ux is the same
for the two bodies. In addition, some corrections were made to account for
the di�erent crater and atmosphere properties.
Hartmann et al. (2007) focused on a possible variability in the projectile
rate. The lunar chronology shows an intense decrease of the cratering rate
before 3.5 Ga, that corresponds to the late heavy bombardment, when a large
number of comets and asteroids hit the inner Solar System, and it shows a
constant cratering rate over the last 3 Ga. The impact history can be well
done just in the time range from 4.0 Ga to 3.2 Ga, where lunar samples are
available (Neukum et al., 2001a). This suggestion was also supported by
geological considerations on landslide activity and resurfacing processes on
the Martian surface (Quantin et al. 2007).

2.4.3 Secondary craters

To derive the crater chronology, problems are due to the occurrence of
secondary craters. In the production function used, the crater population
is considered to be made by randomly formed craters, but some craters,
the secondary ones, are not produced by impacts. They are due to the
fallback of ejecta from primary craters and this is the reason why they appear
strongly clustered both in space and time (Melosh, 1989; Wilhelms, 1987).
The gravitational acceleration is enough to make the ejecta blocks land at a
high velocity resulting into the formation of craters. There are bodies with
thick atmospheres that decelerate the ejecta (like Venus, Earth and Titan),
objects with insu�cient surface gravity to preserve the ejecta (like asteroids)
or objects with high resurfacing rates that destroy small craters (like Io).
Therefore, secondary craters are plentiful on objects like the Moon, Mercury
and Mars (McEwen and Bierhaus, 2006).
The predominance or not of secondaries over primary craters has always been
discussed since the early studies of crater distributions (Strom and Sprague,
2003). With the greater spatial resolution of the images acquired by recent
missions this subject has been increasingly debated. Secondary craters can
be distinguished from primaries for their elliptical shape and shallow pro�le
(Neukum and König, 1976; Oberbeck and Morrison, 1973). In addition,
secondaries usually occur in peculiar deposits pointing radially away from
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the originating crater, clusters, and chains (herringbone pattern) (Oberbeck
and Morrison, 1974). However, the distal secondary �eld produced by high-
velocity ejecta can generate isolated secondaries, with a more regular shape
and a dimension up to 5% of their parent crater size. In this case, secondary
craters resemble smaller primaries, making it harder to reach a de�nitive
distinction between the two populations (Neukum, 1977b).

2.4.4 The Craterstats 2 software

The analysis of crater population statistics is pivotal to establish plan-
etary chronologies, to determine the nature of planetary surface processes
and to infer the characteristics of asteroids and comets. Thanks to studies
of crater size frequency, density and morphology distribution, chronologies
were derived for the Moon, Mars and Mercury. Therefore, geological map and
age of the surfaces were obtained and also an identi�cation of the di�erent
geologic processes happening on the surface, like aeolian erosion, volcanism
and tectonic distruption, were distinguished, since they a�ect the crater SFD
(Crater analysis techniques working group, 1979).
A software that is used to derive the age of a planetary surface is Craterstats.
This is a program for plotting crater counts and determining surface ages.
The software (Michael and Neukum, 2010) plots isochrons in:

� cumulative plot, that shows the density distribution per km2;

� di�erential plot, that is important to detect resurfacing events;

� relative plot (R-plot), that is used to compare size frequency charac-
teristics of crater or impactor populations;

� Hartmann plot, that plots the HPF;

After choosing the chronology it prepares isochron that can be �tted with
both cumulative and di�erential data.
For this thesis we counted all craters through the software ArcGis and then
the crater SFD have been analyzed with Craterstats 2 (Michael and Neukum,
2010; Michael et al., 2012; Neukum, 1983). The crater ages we used is based
on the crater size-frequency distribution and the chronology model of Hart-
mann and Neukum (2001) and the production function of Ivanov (2001) was
used. In the analysis the epochs boundaries of the Martian geologic history
used are from Michael (2013) and the isochrons used in the cumulative �t
are from Hartmann and Neukum (2001).
We �tted a cumulative production function to a the crater size frequency dis-
tribution we obtained from the counting. This technique is used in deriving
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ages for surfaces which have undergone partial resurfacing events, such as
erosional or depositional events, that have a�ected a limited diameter range
of the crater population (Michael and Neukum, 2010).

2.5 Crater counting

In order to estimate the modelled age of di�erent regions, we manually
counted the craters localised in the Oxia Planum region, based on THEMIS
and CTX images to analyse the region both in a global and local fashion.
We de�ne a crater as a bowl shape impact structure with a surrounding rim.
Given its hollow nature, its shadow is always located inside of the structure.
A crater is a circular feature, so we �t it with a circle and extract then the
diameter. The location of each craters, its diameter and area are recorded
on the ArcGIS software. In Figure 2.7 and Figure 2.8 the methodology to
identify craters is presented.

Figure 2.7: Methodology used to identidy craters. In the panel A an example
of a crater located in the Oxia Planum study area is showed. The white arrow
indicates the direction of the sunlight. In the panel B the red circle that �ts
the identi�ed crater is presented. This is a CTX image.
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Figure 2.8: In the panel A the centre of the landing ellipse is showed. In
the panel B the craters identi�ed and the dimension range considered can be
seen. This is a CTX image.

Errors and uncertainties in the detection of craters from the shape of their
shadow are due to the solar incident angle and to how deep the craters is.
Other errors are due to the unsure ability to distinguish non-craters from
craters, since the counting was manually made. Other uncertainties relate to
the resolution of the images (Golombek et al., 2008).

We studied a middle Noachian highland unit and a late Noachian highland
unit, as speci�ed from the global geologic map by Tanaka et al. (2014), using
the THEMIS map in backgroung with a spatial scale of 100 m/pixel. After-
wards, we counted craters in the landing ellipse, using CTX images with a
spatial scale of 5.0 m/pixel. The landing ellipse was later divided into an
Amazonian volcanic unit and into three di�erent exhumed Noachian units.
To avoid calculation errors in the dating, the areas have been selected to
avoid large aeolian deposits and major crater ejecta (Pajola et al., 2016b).

Later on, the software "Craterstats 2" (Michael and Neukum, 2010; Michael
et al., 2012; Neukum, 1983) was used to carry out statistical analyses of the
craters and in the estimate of the ages on the study areas.
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2.6 Boulder counting

In order to evaluate the average boulder abundance and their associated
size-frequency distribution (SFD), we manually counted the boulders located
in the Oxia Planum region, based on HiRISE images with a spatial scale of
0.25 m/pixel and 0.5 m/pixel.
We de�ne a boulder as a positive relief detectable thanks to its elongated
shadow and it seems to be detached from the ground where it stands (Pa-
jola et al., 2015, 2016b, 2017). Given its protruding nature, its shadow is
always located outside of the structure. In the counting, boulders are ap-
proximated as circles using as reference their own shadow. They can have
elongated shapes, but we considered their maximum size, as done in other
works (Golombek et al., 2003; Michikami et al., 2008; Kueppers et al., 2012).
Scarp ledges can be avoided because they have elongated shapes that are
contiguous and di�erent to those of the isolated boulders. Since a boulder is
a circular feature, we �t it with a circle and extract then the diameter. The
location of each boulders, its diameter and area are recorded on the ArcGIS
software. In Figure 2.9 and Figure 2.10 the methodology to identify boulders
is presented.

Figure 2.9: Methodology used to identidy boulders. In the panel A an exam-
ple of boulders located in the Oxia Planum study area is showed. The white
arrow indicates the direction of the sunlight. In the panel B the red circles
that �t the identi�ed boulders are presented. This is a HiRISE image.
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Figure 2.10: In the panel A a part of the amazonian volcanic unit in the
landing ellipse is showed. In the panel B the boulders identi�ed and the
dimension range considered can be seen. This is a HiRISE image.

Errors and uncertainties in the detection of boulders from the shape of their
shadow are due to the solar incident angle and to the height of the boulders.
For example, the greater is the Sun angle, the smaller is the shadow formed.
Other errors are due to the unsure ability to distinguish non-boulders fea-
tures, like small hills, mounds and portion of escarpments, from boulders
ones, since the counting was manually made. Other uncertainties relate to
the resolution of the images (Golombek et al., 2008).

We studied four circular areas of radius R=500 m in the landing site and
one circular area of radius R=1 km in the centre of the landing site. These
regions were selected because they include two geological units, Amazonian
and exhumed Noachian ones (Pajola et al., 2017).
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Chapter 3

The ExoMars 2020 mission and
the Oxia Planum landing site

3.1 ExoMars 2020 mission and the seach for

past Martian life

The joint ESA-ROSCOSMOS ExoMars mission is planned to explore
Mars, and it is divided into two parts.
The �rst one was launched in March 2016, it consists of the ExoMars Trace
Gas Orbiter (TGO or ExoMars Orbiter) and it started orbiting the planet
in October 2016. The spacecraft was carrying a technological demonstrator
called EDM (Entry, Descent and landing demonstration Module) the lander
Schiaparelli, that unfortunately crashed on the surface due to malfunction of
the surface payload DREAMS package (Bettanini et al., 2018). The TGO is
searching for traces of methane and other atmospheric gases that could be
signatures of active biological (see subsection 3.1.1) or geological processes.
It is also fundamental because of the presence of the Colour and Stereo Scien-
ti�c Imaging System (CaSSIS), the main high resolution imaging system on
the spacecraft. Through this camera, it is possible to obtain stereo images,
thanks to the mechanism of rotation or inclination of the camera, and infor-
mations of the surface in four colors, within the visible to the near infrared
range. Using stereo images, high-resolution digital terrain models (DTMs)
can be generated and also 3D images of the Martian surface, which would
allow high-resolution morphometric studies. The CaSSIS camera is designed
to acquire high-resolution images (∼4.6 m) of Mars: a fundamental mean to
have detailed geological and geomorphological studies of landing sites. The
scienti�c goals achievable with the CaSSIS camera are: i) to characterize sites
with probable gas emitting sources; ii) to investigate the dynamic processes
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that occur on the surface of Mars and iii) to identify and to analyse potential
future landing sites (Thomas et al., 2017).

The second part of the mission will be launched in 2020, when the ESA
Rosalind Franklin rover will be sent to the Martian surface (Ribes-Pleguezuelo
et al., 2019). The aims of the mission are: i) to analyse the Martian terrain
to �nd traces of life, present or past, digging into the ground for a maxi-
mum depth of two meters; ii) to get a more detailed characterization of the
Martian environment; iii) to characterize the distribution of water and iv) to
identify possible risks for future human missions on the surface of the Red
Planet (Vago et al., 2017). The landing site of this rover, the Oxia Planum
region, was chosen because it is safe from an engineering point of view and
because it is interesting scienti�cally, especially for exobiological studies.

3.1.1 Biosignatures

In its past history Mars had a dense atmosphere that allowed water to be
liquid on its surface. The chemical composition of the volcanic gases could
have created a place favorable to the formation of organic molecules, but
with the decreasing of the greenhouse e�ect there was not the presence of
liquid water on the surface anymore. However, water is still present in the
polar ice caps, in the atmosphere and it is possible it is also present in the
underground (Galletta and Sergi, 2005; Orosei et al., 2018). For this reason,
the resulting atmosphere could not shield anymore the possible organic ma-
terial formed on the surface, which was probably destroyed by the UV rays
(Galletta et al., 2010). Therefore, if life formed in the past on Mars, it could
be still present on the planet in the underground or, if it is extinguished,
traces of them could be found (Galletta et al., 2010).
On Earth, life forms release more 12C than 13C, such that in nature their ratio
R=13C/12C is lower if there is presence of life. The standard value for this ra-
tio (RV PDB) was identi�ed in the isotopic ratio measured in the Belemnitella
americana fossil. An index to identify life forms is: δC13[�]=[R/RV PDB-
1]*1000, that decreases in time if there is biological material. The δC13

sometimes is alterated by external factors, like the presence of methane, that
could be of biological origin or not, in this second case, the δC13 is as low as
the �rst case, giving a false positive (Galletta and Sergi, 2005). If that was
also the case on Mars, then we would see the same trend. That is why one
of the targets of the ExoMars mission is to search for methane (CH4) and
the processes that form it. Other atmospherical gases, that could indicate
presence of life and that are searched, are also oxygen (O2), ozone (O3), wa-
ter (H2O), carbon dioxide (CO2), which could indicate an active biosphere
(Briot et al., 2013).
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3.2 Landing sites

To select landing sites on Mars, the accomplishment of both scienti�c and
engineering constrains are needed. The engineering ones are related to the
landing and roving safety, the scienti�c ones are related to the searching for
areas that in the past were suitable for life.

3.2.1 Engineering requirements

Engineering constrains have to be satis�ed during the landing and roving
phases and some of them are due to the fact that the hardware and electronics
of the rover must be exposed to the harsh environment of Mars for a long
period (Golombek et al., 2003; Pajola et al., 2016b; Pajola et al., 2019).
They concern:

� Latitude and longitude: If the rover has solar panels, landing sites are
chosen in the equatorial region, where there is the maximum insolation.
Instead if it has a radioisotope thermoelectric generator, the landing
region can be extended to higher latitudes;

� Elevation: It is needed to have a su�cient braking mechanism dur-
ing the EDL phases. The elevation values refer to the Mars Global
Surveyor-Mars Orbiter Laser Altimeter (MOLA) (Smith et al., 2001);

� Landing ellipses dimensions and orientation: They are chosen based on
the spacecraft entry angle into the atmosphere, on the atmospherical
density, on the aerodynamic resistance and on the mass of the space-
craft. Because of the uncertainties in the estimates of these factors, it
is impossible to know exactly the point where the spacecraft will land.
In order to have a prediction of the landing area, numerous numerical
simulations are needed;

� Slopes at di�erent length scales: They are generated with the GIS
software, used for the generation of digital terrain models (DTMs), that
are 3D representations of the surface. They are necessary to guarantee
slope and incidence compatible with the radar on the rover, a correct
fuel consumption in the descent phase, an altitude error during the
landing and stability in this phase;

� Rock abundances: It is necessary to calculate the probability of crash-
ing of the rover in the landing and roving phases. This abundance
is extracted using the Viking Infrared Thermal Mapper (IRTM) data
(Christensen, 1986) or, if accessible, the Mars Global Surveyor-Thermal
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Emission Spectrometer (TES) data (Nowicki and Christensen, 2007).
To calculate this probability, a counting of rocks is needed, manually
or automatically, using HiRISE images with high resolution and then it
is also needed to study their surface density and diameter distribution;

� Dust coverage: It is needed to identify possible regions with material
deposits on the surface, that would prevent the rover from moving.
In this case the Dust Cover Index (DCI) map (Ru� and Christensen,
2002) obtained from the TES data is used;

� Thermal inertia: It is given by the thermal limits of the rover and it is
used to identify a dust-free landing site. Its measure unit is the Thermal
Inertia Unit (TIU) i.e. J

m2s
1
2K

. For this purpose the MGS-TES global

night-side and day-side seasonal thermal inertia maps are used (Putzig
et al., 2005; Putzig and Mellon, 2007);

� Albedo: It is given by the thermal limits of the rover and by the tem-
perature supposed by Mars surface. It is obtained using the MGS-TES
map (Christensen et al., 2001);

� Radar re�ectivity: It is fundamental to the functionality of the radar
on the rover and for the calculation of particle di�usion during data
transfer to the orbiter. The required values are derived from the
Mars Advanced Radar for Subsurface and Ionosphere Sounding (MEX-
MARSIS) global re�ectivity map (Mouginot et al., 2010).

Atmospheric factors have to be evaluated in the landing site choice, because
they could be critical in the EDL phases, and they are:

� Sensitivity to the air density variations, caused by aerodynamic forces
in the descent phases, and sensitivity to the vertical winds, to which
lander and rover, that use rockets to brake, are subject to in the descent
phases (Vasavada et al., 2012);

� Sensitivity to the mean horizontal winds, to which the rover is sensitive
in the deceleration caused by the parachute during the descent phase.
Uncertainties on the horizontal wind speed increase the size of the
landing ellipse (Rafkin and Michaels, 2003);

� Sensitivity to the wind shear, that can produce oscillations of the EDL
system (Kass et al., 2003).
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3.2.2 Scienti�c requirements

According to the scienti�c criteria to choose a landing site, as speci�ed in
Mustard et al. (2013), the mission's aims are to:

� explore an astrobiologically relevant ancient environment on Mars

to decipher its geological processes and history, including the as-

sessment of past habitability;

� assess the biosignature preservation potential within the selected

geological environment and search for potential biosignatures;

� demonstrate signi�cant technical progress towards the future re-

turn of scienti�cally selected, well-documented samples to Earth;

� provide an opportunity for contributed instruments from Human

Exploration or Space Technology Programs.

From a scienti�c point of view the landing sites are chosen because they
are interesting for exobiological studies and to obtain a detailed characteri-
zation of the Martian surface, useful also to identify possible risks for future
human missions. To satisfy the scienti�c requirements, maps of Mars suface
have to be created using GIS software, that can show the geological units of
the soil and the mineral components (Pajola et al., 2016a). A site can be
interesting because:

� it has lands able to preserve life forms, developed in past epoches;

� it has hydrothermal sediments and rocks made by minerals that indicate
aqueous phases, like phyllosilicates, carbonates and sulphates;

� there are morphological criteria related to �uvial activities, like delta
deposits and valleys;

� the past presence of water and glacial activities can be identi�ed;

� it is made by regions of Noachian/Pre-Hesperian age (>3.5 Ga), where
sedimental deposits, craters and not altered igneous rocks are visible;

� there is a volcanic unit of Hesperian or Amazonian age, characterized
morphologically and mineralogically;

� it is a potential area where future human exploration missions could
take place.
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3.3 The Oxia Planum region

The Oxia Planum region is situated in the quagrangle of Oxia Palus. It
is located between the south west of Arabia Terra and the norther part of
Chryse Planitia, between Mawrth Vallis and Ares Vallis and at the outlet of
Cogoon Vallis (Quantin et al., 2015; Quantin et al., 2016, Pajola et al., 2017)
(Figure 2.1).
It has been chosen as the landing site of the future ExoMars ESA 2020 rover,
because it is a safe region from engineering perspective, since it satis�es main
parameters for the landing and roving phases. It is indeed situated on a large
basin, the ground is �at and smooth and therefore it provides a large landing
ellipse (Quantin et al., 2016; Carter et al., 2016).
It has been chosen because it is also scienti�cally interesting and it is impor-
tant for exobiological studies. It is characterized by large clay sedimentary
deposits made of magnesium and iron phyllosilicates, discovered through
the the OMEGA data (in the near infrared range with a pixel scale of 2.5
km/pixel) and the CRISM multispectral data (in the visible and IR range
with a pixel scale of 200 m/pixel). All these clay deposits were originated
in the Noachian epoch. Afterwards, they have been covered by an Amazo-
nian volcanic unit. Exhumation happens after the erosion of this last event
(Quantin et al., 2015; Quantin et al., 2016).
Part of the freshest phyllosilicate rich surfaces is younger than 100 Ma, bas-
ing on crater counting studies. This young surface exposure age is a potential
sign of preservation of biosignatures from cosmic rays during the past 4 Ga
(Quantin et al., 2015). In this region various �uvial morphologies are visible
and they provide information about the water history of the region. These
structures are valleys or inverted channels and a delta fan at the outlet of the
Cogoon Vallis (Figure 3.1). This fan has a �at surface and the material seems
constituted by �ne grains, discovered through the THEMIS thermal inertia,
hence suggesting it could be a delta fan. This delta implies a second period of
alteration in Oxia (Quantin et al., 2016). Oxia Planum is also characterized
by the presence of hydrated silicates deposited in the Noachian era (age>3.7
Ga), the epoch where liquid water was still present on Mars surface. In the
region there are also morphologies related to phenomena of volcanism and
erosive processes that occurred in the Amazonian age (age<3.0 Ga) (Quantin
et al., 2016; Pajola et al., 2017).
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Figure 3.1: The deltaic system at the outlet of the Cogoon Vallis in the Oxia
Planum region. THEMIS map is in background.

3.3.1 The Oxia Planum ExoMars landing ellipse

The landing ellipse in Oxia Planum is centred at 18.14° latitude north
and -24.35° eastern longitude at a mean MOLA elevation of -3049.17±46.90
m. The maximum elevation in the ellipse is -2857 m and the minimum one
is -3127 m. In Table 3.1 we show the orientation of the landing ellipse, the
latitude and longitude of its centre and the dimensions of the semimajor axis
and the semiminor axis.
The landing ellipse is characterized by three ellipses that are of 1σ, 2σ and
3σ (Figure 3.2), where there is respectively the 68%, 95% and 99.7% of
probability that the rover might landing in those places.
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Orientation (azimuth) 103.90°
Latitude (N) of the centre 18.14°
Longitude (E) of the centre -24.35°

Semimajor axis 44.15 km
Semiminor axis 2.40 km

Table 3.1: Orientation (from the north direction, counted in the clockwise
direction) of the landing ellipse, latitude and longitude of its centre and the
dimensions of the semimajor axis and the semiminor axis.

Figure 3.2: MOLA context map showing the landing ellipse for the Exo-
Mars 2020 mission in the Oxia Planum region. THEMIS map is also in the
background.
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We divided the larger ellipse into di�erent regions by analysing THEMIS
images and considering the di�erent daylight thermal inertia values present
on the area (Nowicki and Christensen, 2007; Putzig et al., 2005; Putzig
and Mellon, 2007) (see subsection 3.2.1) (see Table 3.2). In Figure 3.3 we
can distinguish these areas that are an Amazonian volcanic unit (Av) and
three di�erent exhumed Noachian units (Nc1, Nc2, Nc3), all characterised
by di�erent thermal inertia values. Nc1 and Nc2 were separated even if they
have a similar thermal inertia because they are located on opposite sides with
respect to the Amazonian unit. Moreover, in the same �gure we can identify
also Amazonian patches located in Nc2, as indicated in Pajola et al. (2017).
A 98.76% of the landing ellipse is situated in a late Noachian unit while a
1.24% lies on a middle Noachian unit, according with the global geologic map
units by Tanaka et al. (2014) (Figure 3.4).
In Table 3.3 we indicate the areas of the di�erent regions.

Unit Av Nc1 Nc2 Nc3

Minimum value (TIU) 370 325 329 249
Maximum value (TIU) 512 469 512 421

Mean (TIU) 439 390 385 290
Standard deviation (TIU) 44 35 46 34

Table 3.2: Thermal inertia values, the mean and the standard deviation for
all units.

Region Area

Smaller ellipse area (E1) 35111 m2

Middle ellipse area (E2) 140451 m2

Larger ellipse area (E3) 316015 m2

Amazonian volcanic (Av) 36193 m2

Exhumed Noachian unit 1 (Nc1) 81004 m2

Exhumed Noachian unit 2 (Nc2) 48433 m2

Exhumed Noachian unit 3 (Nc3) 154119 m2

Late Noachian highland unit 39986.10 km2

Middle Noachian highland unit 166062.00 km2

Table 3.3: Areas of the ellipses and of the di�erent regions identi�ed in the
larger ellipse and of the two Noachian global highland units.
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Figure 3.3: Amazonian and exhumed Noachian units in the landing ellipse.
The grey patches identi�ed in the Nc2 are remnants of the Amazonian vol-
canic unit that was once covering this region. This is a CTX image.
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Figure 3.4: The Oxia Planum region with the global geological limits identi-
�ed by Tanaka et al. (2014). Di�erent colored areas correspond to di�erent
geological units and surface exposure ages. THEMIS map is in background.
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Through the extraction of the MOLA DTM values (Smith et al., 2001) (see
Table 3.4), we computed the elevations for the four units identi�ed. This
was done to understand if those units characterised by similar or di�erent
thermal inertia are situated on similar or di�erent elevations (Figure 3.5)
(Figure 3.6).

Unit Av Nc1 Nc2 Nc3

Minimum value (m) -3110 -3101 -3127 -3076
Maximum value (m) -3049 -3020 -3054 -2821

Mean (m) -3083 -3068 -3093 -3007
Standard deviation (m) 20 21 22 54

Table 3.4: The minimum and the maximum value, the mean and the standard
deviation obtained from the pro�le in elevation of the di�erent units inside
the landing site.

Figure 3.5: In the panel A the landing ellipse is showed. In the panel B the
line on which we made the pro�le is added. In the panel C the di�erent unit
(Amazonian one and the three exhumed Noachian ones) are also showed.
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Figure 3.6: Longitudinal section of the Oxia Planum landing ellipse. The
di�erent colours used to made the line correspond to the di�erent units rep-
resented in Figure 3.5 in the panel C.
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Chapter 4

Results and Discussion

4.1 Crater analysis and surface modelled ages

By means of the methodology indicated in the section 2.5, we identi�ed
and measured all craters both in THEMIS (see subsection 4.1.1) as well as in
CTX images (see subsection 4.1.2). Through the crater counting technique,
we then derived the modelled surface ages using the software "Craterstats
2" (see subsection 2.4.4). In the presented analysis the epochs boundaries of
the Martian geologic history used are from Michael (2013) and the isochrons
used in the cumulative �t are from Hartmann and Neukum (2001).

4.1.1 Global analysis of Oxia Planum landing area

According to the global geologic map units by Tanaka et al. (2014) we
studied the two geological units where the Oxia Planum landing site is lo-
cated: a middle Noachian highland unit and a late Noachian one. In the �rst
case the area is 39986.10 km2 and we counted on this region a total number
of 556 craters. The minimum diameter in this count is 0.33 km and the max-
imum one is 9.36 km. Using "Craterstats 2" the modelled age we derived is
3.82 +0.02/-0.03 Ga obtained in the �tting curve range of 2 km - 60 km. On
the contrary, the second unit is characterised by an area of 166062.00 km2

and we counted a total number of 1993 craters. The minimum diameter in
this count is 0.30 km and the maximum one is 9.82 km. Using "Craterstats
2" the modelled age we derived is 3.85 +0.02/-0.02 Ga obtained in the �t-
ting curve range of 1.4 km - 60 km. The identi�ed craters are presented in
Figure 4.1, while the resulting modelled ages are in Figure 4.3 for the middle
Noachian highland unit while it is in Figure 4.4 for the late Noachian one.
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Figure 4.1: The late and middle Noachian highland units in Oxia Planum
and the crater counted are showed. In the black rectangle the location of the
landing ellipse for the ExoMars 2020 mission is indicated too (see Figure 4.2
in detail). The THEMIS image is superimposed in trasparency.
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Figure 4.2: The landing ellipse located in the middle and late Noachian
highland units is showed. The THEMIS imagery dataset is superimposed in
trasparency.
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Figure 4.3: Modelled age of the middle Noachian highland unit over which
the 1.24% of the ExoMars landing ellipse is located.
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Figure 4.4: Modelled age of the late Noachian highland unit over which the
98.76% of the ExoMars landing ellipse is located.

In this work the crater count that was globally made in the Oxia Planum re-
gion was entirely accomplished on THEMIS images with a spatial resolution
of 100 m. The modelled ages we obtained from the �tting curves are 3.82
+0.02/-0.03 Ga for the middle Noachian highland unit and 3.85 +0.02/-0.02
Ga for the late Noachian one. Such results are in the age range indicated
in Figure 1.1, hence con�rming the unit division accomplished by Tanaka et
al. (2014). This result is of particular importance because we con�rm that
Oxia is located on Noachian terrains, hence accomplishing the requirements
expected by the ExoMars mission. The Oxia planum is made by sedimental
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deposits of clays indicating aqueous formation bedrocks and alteration, to-
gether with morphologies that highlight the ancient occurrence of long-term
standing bodies of water. These are important astrobiological aspects, be-
cause they suggest the environment could be favourable for life occurrence
and preservation. In addition, the terrain and mineralogies are well preserved
hence making of particular interest the search for potential ancient biosigna-
tures. This is the reason why the Oxia Planum region is an extraordinary
site for the search of potential life on Mars.

4.1.2 Local analysis of Oxia Planum landing area

After the global identi�cation of craters inside the two geological units
identi�ed on Oxia we focused our attention on the ExoMars 2020 �nal landing
ellipse, making use of CTX 5.0 m resolution images. The total area of the 3σ
ellipse is 316015 m2 and inside this full region we counted 10358 crater. The
minimum diameter in this count is 2.64 m and the maximum one is 810.54
m. The identi�ed craters are presented in Figure 4.5.

Figure 4.5: In the panel A the landing ellipse and the crater counted (in
red) are showed. In the panel B the centre of the landing ellipse (in light
blue), the craters counted and their dimensions are indicated. This is a CTX
image.
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Within the landing ellipse we identi�ed four di�erent regions. Three are
exhumed Noachian clay rich units, while one is an Amazonian volcanic unit
(Quantin et al., 2015; Quantin et al., 2016; Pajola et al., 2017).
The area of the Amazonian volcanic unit (Av) is 36193 m2 and we counted
a total number of 2123 craters. The minimum diameter in this count is 3.17
m and the maximum one is 508.83 m. Using "Craterstats 2" the modelled
age we derived is 1.39 +0.56/-0.56 Ga obtained in the �tting curve range of
200 m - 600 m. The identi�ed craters are presented in Figure 4.6, while the
resulting modelled ages are in Figure 4.7.

Figure 4.6: In the panel A the Amazonian volcanic unit (Av) located inside
the landing ellipse is showed in the blue region. In the panel B a zoom of the
black rectangle identi�ed in the panel A is showed. This is a CTX image.
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Figure 4.7: Modelled age of the Amazonian volcanic unit (Av) in the landing
ellipse.
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The area of the exhumed Noachian 1 unit (Nc1) is 81004 m2 and we counted
a total number of 3596 craters. The minimum diameter in this count is 3.17
m and the maximum one is 810.54 m. Using "Craterstats 2" the modelled
age we derived is 607 +72/-72 Ma obtained in the �tting curve range of 100
m - 350 m. The identi�ed craters are presented in Figure 4.8, while the
resulting modelled ages are in Figure 4.9.

Figure 4.8: In the panel A the exhumed Noachian 1 unit (Nc1) located inside
the landing ellipse is showed in the red region. In the panel B a zoom of the
black rectangle identi�ed in the panel A is showed. This is a CTX image.
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Figure 4.9: Modelled age of the exhumed Noachian 1 unit (Nc1) in the
landing ellipse.
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The area of the exhumed Noachian 2 unit (Nc2) is 48433 m2 and we counted
a total number of 1809 craters. When identifying and counting all craters
over this area we avoided some Amazonian patches, that are located in this
area, as indicated in Pajola et al. (2017). The minimum diameter in this
count is 4.22 m and the maximum one is 485.21 m. Using "Craterstats 2" the
modelled age we derived is 659 +120/-120 Ma obtained in the �tting curve
range of 130 m - 500 m. The identi�ed craters are presented in Figure 4.10,
while the resulting modelled ages are in Figure 4.11.

Figure 4.10: In the panel A the exhumed Noachian 2 unit (Nc2) located
inside the landing ellipse is showed in the green region. We decided to not
consider the Amazonian patches indicated in Pajola et al. (2017) and the
corresponding craters in the area to have a single, homogeneous exhumed
Noachian unit. In the panel B a zoom of the black rectangle identi�ed in the
panel A is showed. This is a CTX image.
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Figure 4.11: Modelled age of the exhumed Noachian 2 unit (Nc2) in the
landing ellipse.
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The area of the exhumed Noachian 3 unit (Nc3) is 154119 m2 and we counted
a total number of 2628 craters. The minimum diameter in this count is 5.28
m and the maximum one is 746.39 m. Using "Craterstats 2" the modelled
age we derived is 1.79 +0.30/-0.30 Ga obtained in the �tting curve range of
200 m - 800 m. The identi�ed craters are presented in Figure 4.12, while the
resulting modelled ages are in Figure 4.13.

Figure 4.12: In the panel A the exhumed Noachian 3 unit (Nc3) located
inside the landing ellipse is showed in the cyan region. In the panel B a
zoom of the black rectangle identi�ed in the panel A is showed. This is a
CTX image.
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Figure 4.13: Modelled age of the exhumed Noachian 3 unit (Nc3) in the
landing ellipse.
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Locally analysing the landing ellipse with a crater count, the modelled ages
we obtained from the �t are 1.39 +0.56/-0.56 Ga for the Amazonian volcanic
unit, 607 +72/-72 Ma for the exhumed Noachian 1 unit, 659 +120/-120 Ma
for the exhumed Noachian 2 unit and 1.79 +0.30/-0.30 Ga for the exhumed
Noachian 3 unit. These ages are Amazonian as indicated from Figure 1.1, but
they are exhumed ages. As speci�ed in the subsection 4.1.1 these results are
important because they con�rm the Oxia Planum region is the right landing
site for the ExoMars 2020 mission.

4.1.3 Cogoon deltaic deposits

In addition to the di�erent terrains located on Oxia, we made the �rst
crater count in the Cogoon deltaic deposits on CTX images presented in
Figure 4.14 and in Figure 4.15.
The area of the deltaic deposits we identi�ed is 502838 m2 and we counted
a total number of 6842 craters. The minimum diameter in this count is 1.89
m and the maximum one is 2203.25 m. Using "Craterstats 2" the modelled
age we derived is 3.78 +0.05/-0.08 Ga obtained in the �tting curve range of
10−4-102 km. The identi�ed craters are presented in Figure 4.16, while the
resulting modelled ages are in Figure 4.17.

Figure 4.14: The region
of Oxia Planum and the
outlet of the Cogoon
Vallis (white arrow) are
showed. This is a CTX
image.
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Figure 4.15: The landing ellipse and the Cogoon deltaic deposits area are
indicated. This is a CTX image.
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Figure 4.16: The Cogoon deltaic deposits area and the craters counted are
showed.
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Figure 4.17: Modelled age of the Cogoon deltaic deposits.

The modelled ages we obtained from the �t is 3.78 +0.05/-0.08 Ga. This
is compatible with the interpretation made in Quantin et al. (2016), where
it was suggested that the delta-fan is older than 3.5 Ga. This age should
indicate the last stage in which water vanished from this region.
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4.1.3.1 Evolution of the Oxia Planum area

By means of the modelled age we obtained from the di�erent units located
on Oxia planum we can suggest how the area evolved through the ages.
In Figure 4.18 a sketch representing the evolution of the Oxia Planum region
is showed.

� Panel A: The ancient Martian basalts deposited on the area. The re-
sulting superimposed craters and the counts we obtained con�rm that
the surface exposure of such deposits is middle/late Noachian (3.85
+0.02/-0.02 to 3.82 +0.02/-0.03 Ga), i.e. an age where valleys forma-
tion, incision and a possible water cycle was expected to be active on
the full surface of Mars (Carr and Head, 2010). Over this entire area,
the presence of an ancient water table (paleolakes or an ancient ocean)
altered all basalts into large clay deposits;

� Panel B: During this time the Cogoon valleys system incised the region
and formed the delta and the deltaic deposits that are located eastwards
of the ExoMars landing ellipse;

� Panel C: The modelled surface age we obtained on the Coogon deltaic
deposits returns a value of 3.78 +0.05/-0.08 Ga (Figure 4.17), possibly
indicating the late water pulses (Quantin et al., 2016) that occurred on
the area;

� Panel D: During the Hesperian-Amazonian age volcanic deposits cov-
ered the full landing area, and its ancient clays, partially covering the
Cogoon deltaic deposits too;

� Panel E: The eroded remnants of such deposits are located on the Av
unit and the corresponding surface age we derived is 1.39 +0.56/-0.56
(Figure 4.7). Depending on the surface elevation the ancient Noachian
deposits started to be exhumed (likely due to wind erosion) with NC3
unit being exposed around 1.79 +0.30/-0.30 Ga (Figure 4.13). On the
contrary, NC1 and NC2 are located on a lower altitude with respect
to NC3 and exhumed later, around 660-600 Ma (Figure 4.9 and Fig-
ure 4.11).

The exhumed Noachian 1 and 2 units have similar elevation and thermal
inertia and we obtained that they have similar exhumation ages. On the
contrary, the exhumed Noachian 3 unit is higher in elevation than the other
two exhumed units and it was exhumed earlier than Nc1 and Nc2. The
Amazonian unit instead was eroded and we derived a modelled age of 1.39
+0.56/-0.56 for its remnants.
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Figure 4.18: The evolution of the Oxia Planum region.
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In the Table 4.1 the areas, the craters counted and the modelled age obtained
in the di�erent regions are showed.

Unit Area Num Modelled age

Late Noachian 39986.10 km2 556 3.82 +0.02/-0.03 Ga
Middle Noachian 166062.00 km2 1993 3.85 +0.02/-0.02 Ga

Amazonian volcanic (Av) 36193 m2 2123 1.39 +0.56/-0.56 Ga
Exhumed Noachian 1 (Nc1) 81004 m2 3596 607 +72/-72 Ma
Exhumed Noachian (Nc2) 48433 m2 1809 659 +120/-120 Ma
Exhumed Noachian (Nc3) 154119 m2 2628 1.79 +0.30/-0.30 Ga
Cogoon deltaic deposits 502838 m2 6842 3.78 +0.05/-0.08 Ga

Table 4.1: Units where the craters counting was done, their areas, the number
of craters counted and the modelled age obtained from the �t. The Av, Nc1,
Nc2, Nc3 units are inside the landing ellipse.

4.1.4 Engineering analysis

The study of the crater areal densities of the craters on Oxia is pivotal not
only from a scienti�c perspective, but also for rover landing and traversing
reasons. Indeed, if the rover were to land in a crater with too steep walls, it
would remain locked inside with no feasible possibilities to �nd an exit route,
hence resulting in a failure for the mission.
We derived the crater SFD in the ellipses of 1σ, 2σ and 3σ, in the Amazonian
unit (Av) and in the three exhumed Noachian units (Nc1, Nc2, Nc3) (see
the following Figures). Due to safety reasons, we considered the NC2 unit
together with the craters located in the Amazonian patches.
Within the smaller smaller ellipse, where there is the 68% of probability that
the rover will land here, we found that the density of craters with diameters
≥5 m is 24.55 km2. On the contrary, within the middle ellipse, where there
is the 95% of probability that the rover will land here, we found that the
density of craters with diameters ≥5 m is 31.62 km2. Within the larger
ellipse, where there is the 99.7% of probability that the rover will land here,
we found that the density of craters with diameters ≥5 m is 32.36 km2.
Over the four identi�ed units located in the landing ellipse we found that at
craters' diameters ≥5 m the Amazonian volcanic unit has a density of craters
of 58.88 km2, the exhumed Noachian 1 unit has a density of craters of 43.65
km2, the exhumed Noachian 2 unit has a density of craters of 35.48 km2 and
the exhumed Noachian 3 unit has a density of craters of 16.98 km2.
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Figure 4.19: SFD of the identi�ed craters. The data were �tted with a
power-law �t (grey interval) and with an exponential �t starting at 5 m.
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Figure 4.20: SFD of the identi�ed craters. The data were �tted with a
power-law �t (grey interval) and with an exponential �t starting at 5 m.
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Figure 4.21: SFD of the identi�ed craters. The data were �tted with a
power-law �t (grey interval) and with an exponential �t starting at 5 m.
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Figure 4.22: SFD of the identi�ed craters. The data were �tted with a
power-law �t (grey interval) and with an exponential �t starting at 5 m.
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Figure 4.23: SFD of the identi�ed craters. The data were �tted with a
power-law �t (grey interval) and with an exponential �t starting at 5 m.
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Figure 4.24: SFD of the identi�ed craters. The data were �tted with a
power-law �t (grey interval) and with an exponential �t starting at 5 m.
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Figure 4.25: SFD of the identi�ed craters. The data were �tted with a
power-law �t (grey interval) and with an exponential �t starting at 5 m.

In this work we calculated the cumulative craters SFD per km2 in the landing
sites, considering di�erent regions. The exponential �tting curves used to
interpolate the number of craters take in account diameter that are larger
than 5 m, because of the resolution of the images. For the power-law cases, we
�tted the data down to knee of the distribution following the same approach
of Michikami et al. (2008).
In Table 4.2 the slopes derived from the power-law �t and the coe�cient
derived from the exponential model for the di�erent considered regions are
showed. The results suggest that within the selected range the power-law
index is more representative of the crater distribution we derived. On the
contrary, the exponential curve is not in a good agreement with the data
because it overstimates the sizes in the considered range (grey range in all
plots) (Table 4.3).
The power-law indices of the exhumed Noachian units are steeper than the
Amazonian unit in any case, but not in the last case. As the same way, the
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coe�cients derived from the exponential �t of the exhumed Noachian units
are smaller than the Amazonian one, but not in the last case.
This result is pivotal from engineering aspects, because we can con�rm that
the Amazonian unit is more dangerous both in the case for landing and
roving. Indeed, the density of craters at diameter 5 m is between 1 and 3
times larger than the exhumed Noachian cases (Table 4.3).

Power-law slope Exponential coe�cient Density at 5 m (km2)

E1 -1.62 +0.03/-0.04 -22.92 +1.19/-1.57 24.35
E2 -1.60 +0.03/-0.04 -27.01 +0.8/-1.04 31.94
E3 -1.53 +0.02/-0.02 -27.24 +0.57/-0.74 32.71
Av -1.57 +0.04/0.04 -36.08 +1.29/-1.82 58.55
Nc1 -1.79 +0.04/-0.05 -36.77 +1.18/-1.61 44.24
Nc2 -1.57 +0.05/-0.06 -28.80 +1.12/-1.62 35.83
Nc3 -1.38 +0.03/-0.04 -21.77 +0.75/-1.04 17.05

Table 4.2: The slope derived from the power-law �t and the coe�cient derived
from the exponential model for the di�erent considered regions.

Av/Nc1 Av/Nc2 Av/Nc3

1.32 1.63 3.43

Table 4.3: The ratios between the Amazonian density at 5 m and the other
exhumed Noachian units.

4.2 Boulder analysis

4.2.1 Scienti�c analysis

The identi�cation and boulder counts are important to assess the pro-
cesses that occurred and modi�ed the Oxia Planum surface. The calculation
of their size-frequency distribution, their spatial density and the correspond-
ing �tting curves were done as in other works (Golombek et al., 2003, 2008).
From these studies it is possible to distinguish the formation and degradation
processes of the boulders, such as impacts, collapse or wind erosion.
To obtain a homogeneous dataset, we decided to consider as statistical mean-
ingful boulders with a diameter larger than 1.75 m. Indeed, below this value
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the SFD starts to roll over, meaning that the sampling are not statistically
complete and signi�cant, as suggested with the same dataset by Pajola et
al. (2017). We considered an inferior limit to the dimension of the boulders,
because below this value the power-law model overstimates the size, indeed
the regression lines are above the data (Golombek et al., 2008; Hebrard et al.,
2012). The cumulative distribution becomes �at at size smaller than about
1.5 m due to the resolution of the images (Heet et al., 2009; Hebrard et al.,
2012).

We counted boulders located inside �ve circles in the 1σ ellipse (Figure 4.26).
We located the circles in regions with a great number of boulders, in order
to have a superior limit for the boulder densities.

Figure 4.26: The �ve circles where the counting of boulders was done. These
are HiRISE images.

The �rst circular study area (500 m radius) is localized in the Amazonian
volcanic unit (Av). This area is 785000 m2 and we counted a total number of
22611 boulders (Figure 4.27). The minimum diameter in this count is 0.13
m and the maximum one is 5.95 m.
Through an unbinned cumulative size frequency distribution we obtained
the best power-law �t with an index of -4.03 +0.16/-0.21 (Figure 4.29). The
density we derived for boulders ≥1.75 m is 1.06 x 10−3 per m2.
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Figure 4.27: Circle (Av) where we counted the boulders localised in the
Amazonian unit. In Figure 4.28 the three regions in the black rectangles are
showed.

Figure 4.28: The three regions identi�ed in Figure 4.27.
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Figure 4.29: SFD of the identi�ed boulders in the Av unit. The data were
�tted with a power-law �t performed in the grey interval starting at 1.75 m.

The second circular study area (500 m radius) is localized in the Amazonian
patches (Av_patches) situated in the middle of the NC2 unit. This area is
785000 m2 and we counted a total number of 4665 boulders (Figure 4.30).
The minimum diameter in this count is 0.15 m and the maximum one is 4.75
m. In this case this circle is located in one of the Amazonian patches.
Through an unbinned cumulative size frequency distribution we obtained
the best power-law �t with an index of -4.74 +0.51/-1.30 (Figure 4.32). The
density we derived for boulders ≥1.75 m is 1.63 x 10−4 per m2.
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Figure 4.30: Circle (Av_patches) where we counted the boulders localised in
the exhumed Noachian 2 unit. In Figure 4.31 the three regions in the black
rectangles are showed.

Figure 4.31: The three regions identi�ed in Figure 4.30.
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Figure 4.32: SFD of the identi�ed boulders in the Av_patches unit. The
data were �tted with a power-law �t performed in the grey interval starting
at 1.75 m.

The third circular study area (1 km radius) is localized in the exhumed
Noachian unit (Nc2_centre), exactly at the centre of the ExoMars landing
ellipse. Here we decided to study an area that is larger than the others
because there is a higher probability that the rover will land at the centre of
the ellipse. This area is 3140000 m2 and we counted a total number of 1077
boulders (Figure 4.33). The minimum diameter in this count is 0.317 m and
the maximum one is 3.404 m.
Through an unbinned cumulative size frequency distribution we obtained
the best power-law �t with an index of -5.57 +0.57/-1.11 (Figure 4.35). The
density we derived for boulders ≥1.75 m is 2.20 x 10−5 per m2.
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Figure 4.33: Circle (Nc2_centre) where we counted the boulders localised
in the exhumed Noachian 2 unit at the centre of the landing ellipse. In
Figure 4.34 the three regions in the black rectangles are showed.

Figure 4.34: The three regions identi�ed in Figure 4.33.
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Figure 4.35: SFD of the identi�ed boulders in the Nc2 unit. The data were
�tted with a power-law �t performed in the grey interval starting at 1.75 m.

The fourth circular study area (500 m radius) is localized in the exhumed
Noachian 3 unit (Nc3A). This area is 785000 m2 and we counted a total
number of 452 boulders (Figure 4.36). The minimum diameter in this count
is 0.42 m and the maximum one is 4.26 m.
Through an unbinned cumulative size frequency distribution we obtained
the best power-law �t with an index of -5.36 +0.64/-1.66 (Figure 4.38). The
density we derived for boulders ≥1.75 m is 8.92 x 10−5 per m2.
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Figure 4.36: Circle (Nc3A) where we counted the boulders localised in the
exhumed Noachian 3 unit. In Figure 4.37 the three regions in the black
rectangles are showed.

Figure 4.37: The three regions identi�ed in Figure 4.36.
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Figure 4.38: SFD of the identi�ed boulders in the Nc3 unit (Nc3A circle).
The data were �tted with a power-law �t performed in the grey interval
starting at 1.75 m.

The �fth circular study area (500 m radius) is localized in the exhumed
Noachian unit (Nc3B). This area is 785000 m2 and we counted a total number
of 735 boulders (Figure 4.39). The minimum diameter in this count is 0.55
m and the maximum one is 8.43 m.
Through an unbinned cumulative size frequency distribution we obtained
the best power-law �t with an index of -5.20 +0.49/-1.19 (Figure 4.41). The
density we derived for boulders ≥1.75 m is 4.32 10−4 per m2.
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Figure 4.39: Circle (Nc3B) where we counted the boulders localised in the
exhumed Noachian 3 unit. In Figure 4.40 the three regions in the black
rectangles are showed.

Figure 4.40: The three regions identi�ed in Figure 4.39.
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Figure 4.41: SFD of the identi�ed boulders in the Nc3 unit (Nc3A circle).
The data were �tted with a power-law �t performed in the grey interval
starting at 1.75 m.

In this work we calculated the cumulative boulder SFD per m2 in di�erent
regions in the landing 1σ ellipse. The power-law �tting curves used to inter-
polate the number of boulders take in account diameters that are larger than
1.75 m. The power-law indices derived from the total amount of boulders
with size larger than 1.75 m are showed in Table 4.4, where the areas, the
boulders counted and the densities at 1.75 m for the di�erent regions are
indicated too.
We identi�ed �ve regions in the Oxia Planum region to investigate how the
SFD and boulder densities are di�erent among them and to compare such re-
sults with the Pajola et al. (2017) work, where boulders identi�ed on the pre-
vious landing ellipse center have been studied. These �ve circles are located
in the Amazonian and in the exhumed Noachian units. The SFDs obtained
can be attributed to impact processes, since the indices re�ect the distribu-
tions produced by impact of a rock surface on the ground (Surveyor Scienti�c
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Evaluation and Analysis Team, 1966; Shoemaker, 1965; Melosh,1984). They
are comparable with the indices produced for the Moon and for the asteroids.
Nevertheless, Mars was subjected not only to impacts, like the Moon and as-
teroids, but also to processes such as aeolian and water activity, chemical and
physical erosion and tectonic events (Bourke et al., 2005; Viles et al., 2005).
These phenomena could have modi�ed the original boulder size distribution,
making it to increase or decrease as suggested in Pajola et al. (2017).
The power-law indices we derived in the exhumed Noachian units are al-
ways steeper than those from the Amazonian unit and from the Amazonian
patches over NC2. This can be due to di�erent processes occurred on the
Martian surface. When an impact occurs, shock waves are generated if the
energy produces is high enough to overcome the limit between elastic and
inelastic behavior of the rocks (Jaeger et al., 2007). The Amazonian unit is
composed by basaltic lava �ows, while the Noachian unit is made by clay,
of sedimentary origin. Shock waves propagate at higher velocity in basalts
than in sedimentary rocks (Ahrens and Johnson, 1995). These two di�er-
ent materials have also di�erent mechanical properties (Chevrier and Mathé,
2007; Hausrath et al., 2008; Yesavage et al., 2015) that can in�uence boul-
ders production and preservation. One of this property is that igneous rocks
have higher dynamic strength than the sedimentary ones (Ai and Ahrens,
2004) and this infuences melt generation at impact (Osinski et al., 2011).
Smaller shoks waved velocities and dynamic strengths for the sedimentary
rocks produce smaller and abundant boulders, while the igneous ones pro-
duce fewer and larger boulders. Our SFD results are in agreement with this
observations. Indeed in Table 4.4 we show the densities per m2 at diameter
1.75 m. These values are decreasing with respect to the distance from Av.
That means that the Av unit is much richer of boulders with respect to the
Nc units, as previous speci�ed.

The values of the densities and the slopes of the power-law model we derived
(Table 4.4) in this work are comparable with the ones obtained in Pajola et
al. (2017). The density in our Av unit of 1.06 x 10−3 m2 is comparable to
their Av unit density of 1.79 x 10−3 m2. On the contrary, our 1.63 x 10−4 m2

is lower with respect to the Av values in Pajola et al. (2017). The power-law
index we obtained in the Av unit of -4.03 +0.16/-0.21 is slightly di�erent
with their value of -4.8 +0.2/-0.2 in the Av unit, while it is comparable with
our slope of -4.74 +0.51/-1.30 in the Av_patches. In the exhumed Noachian
cases, our density values of about 10−5 m2 are much less with respect to the
Pajola et al. (2017) value of 2.55 x 10−4 m2, suggesting that our Noachian
studied areas have been degraded more than the Noachian unit of Pajola
et al. (2017). Nevertheless, the identi�ed power-law indices are similar to
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the -5.5 +0.3/-0.4 value previously identi�ed. This means that the boulder
densities per m2 are typically much less than the previous measurements, but
the erosive processes, such as wind, have acted in the similar fashion, hence
returning a similar SFD.

Circle Area (m2) Num Slope Density ≥1.75 m

Av 785000 22611 -4.03 +0.16/-0.21 1.06 x 10−3 m2

Av_patches 785000 4665 -4.74 +0.51/-1.30 1.63 x 10−4 m2

Nc2_centre 3140000 1077 -5.57 +0.57/-1.11 2.20 x 10−5 m2

Nc3A 785000 452 -5.36 +0.64/-1.66 8.92 x 10−5 m2

Nc3B 785000 735 -5.20 +0.49/-1.19 4.32 x 10−4 m2

Table 4.4: Circles, inside the landing site, where the boulders counting was
done, their areas in m2, the number of boulders counted and the slope we
obtained from the power-law �t. The Nc2_centre unit is situated in the
centre of the landing ellipse.

4.2.2 Engineering analysis

As for the craters, the bounders analysis is also important because of
safety reasons, since boulders can be dangerous during the rover landing
and traversing. The Amazonian unit has densities larger than the exhumed
Noachian unit at the size of 1.75 m, as showed in the ratios between the Av
unit and the other units (Av_patches, Nc3A, Nc3B) in Table 4.5. Indeed,
the density value obtained in the Av unit is 1.06 x 10−3 m2, while the ones
derived in the other cases are 1.63 x 10−4 m2 in the Av_patches, 2.20 x 10−5

m2 in Nc2_centre, 8.92 x 10−5 m2 in Nc3A and 4.32 x 10−4 m2 in Nc3B
(Table 4.4). This result is pivotal from engineering requirements because we
quantitatively show that the Amazonian region needs to be avoided while
landing. Indeed, the exhumed Noachian units are safer regions than the
Amazonian one, since the density of boulders per m2 is lower than the Av
unit and the Av_patches unit.

Av/Av_patches Av/Nc2_centre Av/Nc3A Av/Nc3B

6.50 48.18 11.88 2.45

Table 4.5: The ratios between the Amazonian density at 1.75 m and the
other exhumed Noachian units.
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Through our counts we can make a comparison of the boulder distribution
in Oxia Planum with those present in other landing site on Mars.
The work of Golombek and Rapp (1997) shows that the Chryse and the
Utopia Planitia, the landing sites of the Viking 1 and 2 missions, have a
spatial densities of 3.9 x 10−9 m2 and 3.4 x 10−6 m2 for boulders ≥1.75 m.
On the contrary, the work of Golombek et al. (2008) shows a much higher
spatial density of 1.0 x 10−4 m2 for boulders ≥1.75 m on the landing site of
the Mars Path�nder. The work of Golombek et al. (2012) shows a spatial
density of 1.0 x 10−6 m2 for boulders ≥1.75 m on the Vastitatis Borealis, the
landing site of the Phoenix lander.
The Mars Path�nder landing area is located on a much rockier surface than
the landing sites of the Viking 1 and 2 and of the Phoenix lander. In Table 4.6
we can see that the Path�nder landing site is 4.54 times dangerous than our
Nc2_centre area and 1.12 times dangerous than our Nc3A area, but it is
less dangerous than our other units. Indeed, our Av unit is 10.60 more times
dangerous than the Path�nder landing site, our Av_patches unit is 1.63 times
more dangerous than the Path�nder landing site and our Nc3B unit is 4.32
times more dangerous than the Path�nder landing site.
The right landing area for the ExoMars rover would therefore be the exhumed
Noachian 2 unit (Nc2), but since they have similar elevation and thermal
inertia also the exhumed Noachian 1 unit (Nc1) can be considered an optimal
landing site.

Av/P Av_patches/P P/Nc2_centre P/Nc3A Nc3B/P

10.60 1.63 4.54 1.12 4.32

Table 4.6: The ratios between the Path�nder landing site density at 1.75 m
and our ones.
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Chapter 5

Conclusions

The Oxia Planum region, situated in the Oxia Palus quadrangle, has been
chosen as the landing site for the future ESA ExoMars 2020 rover, because
it is both an engineering-safe area, as well as it is interesting and important
from an exobiological standpoint.
The main focus of this thesis has been the identi�cation and measurement of
craters and boulders located in the Oxia Planum area. We �rst performed a
statistical analysis of the craters and a dating of the areas located on Oxia.
We used THEMIS images, whose spatial scale is 100 m/pixel, on the two sur-
face units present on Oxia Planum. They are a middle and a late Noachian
highland units, that were individuated by the use of the global geologic map
by Tanaka et al. (2014). The method of counting craters was used to derive
the age of these units and we found a modelled age of 3.85 +0.02/-0.02 Ga
for the middle Noachian unit and a modelled age of 3.82 +0.02/-0.03 Ga for
the late Noachian unit. We then derived the age of the four di�erent deposits
that are present inside the landing ellipse, by means of high resolution CTX
images (5.0 m). They are an Amazonian volcanic unit and three exhumed
Noachian units. The modelled age we derived are 1.39 +0.56/-0.56 Ga for
the Amazonian unit, 607 +72/-72 Ma for the exhumed Noachian 1 unit, 659
+120/-120 Ma for the exhumed Noachian 2 unit and 1.79 +0.30/-0.30 Ga for
the exhumed Noachian 3 unit. The studied units are all Noachian areas that
were exhumed during the Amazonian age. Two of the exhumed Noachian
units have the same mean values in elevation and thermal inertia; they also
have the same exposure age, on the contrary, the exhumed Noachian 3 unit
is higher in elevation and older in age than the other ones, therefore it was
exposed earlier in time with respect to the other two.
Thanks to the modelled ages derived from the di�erent units located in the
Oxia Planum region, we suggested an evolutionary model of the area. By
analysing the middle and late Noachian units we derived an age of valleys
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incision and water activity, together with the formation of the Cogoon deltaic
deposits. Afterwards, during the Hesperian-Amazonian epoch volcanic lava
�ows entirely covered the region and partially covered the Cogoon deltaic
deposits. Later, the erosion occurred and the underneath, clay-rich deposits
started to be exhumed.
These results were pivotal from a scienti�c perspective, because they support
the previous interpretation that Oxia Planum is located in Noachian terrains,
achieving the surface exposure goal required by the ExoMars mission. In-
deed, the Oxia Planum region is a clay-rich unit, indicating past aqueous
activities, that are fundamental for astrobiological perspectives: they indi-
cate a possible rich environment, where ancient biosignatures might still be
present, and a good preservation of the environment. This demonstrates that
the Oxia Planum region is a remarkable site for searching potential life on
Mars and the right landing site for the ExoMars 2020 mission. In addition
to the di�erents units located in the Oxia Planum region, we made the �rst
crater count in the Cogoon deltaic deposits, performed through CTX 5.0 m
resolution images. The modelled age we obtained is 3.78 +0.05/-0.08 Ga and
it indicates the latest stage of water pulses occurring in the area. This age
is comparable with the one suggested in Quantin et al., (2016) of >3.5 Ga.
Regarding the boulders manual identi�cation and count, we used the MRO-
HiRISE (with a spatial scale of 0.25 m/pixel and 0.5 m/pixel) images and
we calculated their size-frequency distribution and their spatial density. This
work has been accomplished in di�erent zones of the landing ellipse to as-
sess the processes that occurred and modi�ed the Oxia Planum surface. The
SFDs obtained can be attributed to impact processes. By analysing the
slope, derived from the power-law �tting curves, we noticed that the slopes
in the exhumed Noachian cases are always steeper than those obtained in
the Amazonian case. This can be due to di�erent processes that occurred
on the Martian surface and to the composition of the terrains, because dif-
ferent materials have di�erent mechanical properties and they can in�uence
the production and preservation of boulders. We found that the Amazonian
unit is richer of boulders than the exhumed Noachian units, it has indeed a
density of boulders per m2 that is 6.50 to 48.18 or 11.88 or 2.45 times greater
than the remaining units.
The study of the areal density of the craters on Oxia was important not
only from a scienti�c perspective, but also for rover landing and traversing
reasons. Indeed, a landing in a crater with walls too steep would cause the
rover to remain stuck inside with no possible exit, resulting in a failure for the
mission. We obtained that the power-law indices of the exhumed Noachian
units are steeper than the Amazonian unit in the most of the cases. This
result is pivotal from engineering perspectives because it con�rms the Ama-
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zonian unit is more dangerous than the exhumed Noachian ones, hence it
should be avoided as landing site. As for the craters, the boulder analysis
is important from an engineering perspective, because it provides the safest
areas where the ExoMars 2020 rover might land and traverse. The best ar-
eas both for landing and roving are the exhumed Noachian units and not
the Amazonian one, as previously found with the crater analysis. We also
made a comparison with the boulder densities derived in Pajola et al. (2017)
on Oxia Planum and the results obtained show that the boulder densities
are smaller than the previous measurements. Nevertheless, the erosive pro-
cesses acted in similar way returning a similar SFD. We also compared our
results with those derived from other landing sites on Mars. We found that
the Path�nder landing site is 4.2 times more dangerous than our exhumed
Noachian 2 unit. Therefore, the right landing area for the ExoMars rover
would be the exhumed Noachian 2 unit, but since they have similar elevation
and thermal inertia also the exhumed Noachian 1 unit can be considered an
optimal landing site.
From this work we can conclude that Oxia Planum is the right landing site
for the ExoMars 2020 mission and for the search for life on Mars planet. We
can assure that the Noachian unit is the safest region where to land.

The analysis we made was useful to date the region, to understand its evo-
lution, to identify the processes occurred on the Martian surface and in par-
ticularly to locate the safest regions for the landing and roving phase of the
future ExoMars 2020 rover.
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