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Abstract

The European Space Agency’s Rosetta mission consisted of the orbiter space-
craft Rosetta and the lander Philae. Launched in 2004, the space probe
reached the comet 67P /Churyumov-Gerasimenko after a journey lasted more
than ten years. The objectives of the mission were to map the comet, to study
its composition, to investigate the chemical and thermal properties, and to
monitor the activity during its journey in the inner Solar System. Rosetta
was the first mission to rendezvous with a comet, and to deploy a lander on
a comet’s surface. From a wider prospective, the Rosetta mission allowed to
investigate the origin of comets, and to define the implication for the origin
of the Solar System. We used OSIRIS Narrow Angle Camera with a spatial
scale smaller than 2 m/pixel to analyze the surface of comet 67P. The surface
reveals a variety of terrains and geological features, suggesting to be a very
active and complex environment. In the first part of the thesis, a detailed
quantitative analysis of isolated boulder fields is provided. We used different
techniques to supply a method for analyzing the morphology of the boulders,
which represent one of the ubiquitous and most important geological features
on the comet. In the second part, a method to measure the seasonal evolution
of Hapi’s deposit is described, providing an upper limit for Hapi’s water ice
fraction. Measuring the evolution of the heights of some boulders, we fixed
the pristine 67P ice content, and we compared the results with the Inter-
Stellar Medium and CI-Chondrites. Finally, we investigated the macroscopic
thermomechanical behavior of a 40 meter boulder located on the Imhotep
region by modeling its response to diurnal thermal forcing. Preliminary re-
sults reveal that stresses occur in the boulder’s exteriors due to the sudden
variation in temperature during sunset and sunrise. We explored whether
the simulated stress is enough to propagate preexisting cracks, discussing
the implications for rock breakdown.
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Chapter 1

Introduction

Comets are considered primordial objects which can reveal information
about the formation and evolution of the Solar System (Glassmeier et al.,
2007). These minor bodies are thought to be remnants of planetesimals in the
solar nebula, and their history may provide indications to physical and chem-
ical conditions within the nebula in which our Solar System formed. Comets
are irregularly shaped objects, composed of dust and ice, orbiting around
the Sun on strongly elliptical paths. As a comet nucleus approaches the Sun,
the heat warms the surface, causing the icy components to sublimate. This
results in the ejection of gases and dust particles from the comet. These par-
ticles and gas molecules surround the nucleus, diffuse the Sunlight, and form
the so called coma. The Sun’s radiation pressure pushes away the escaping
dust particles, forming a tail of dust. Meanwhile, the ultraviolet radiation of
the Sun ionizes the gas molecules, forming the narrower plasma tail following
the solar wind. There are two reservoirs containing comet nuclei. The largest
reservoir surrounds the Solar System as far as 100.000 astronomical units (au)
(Morbidelli, 2005). It is called Oort cloud and may contain more than tril-
lion icy bodies. Beyond the orbit of Neptune, the Trans-Neptunian objects
(TNO’s) form a diffuse disc of scattered small bodies (Whipple, 1987). This
region can be considered as a second and smaller reservoir of comets. This
disk contains also planet-like bodies located in the Kuiper-Edgeworth Belt.
It extends from about 30 to 55 au. Comets from the Kuiper Belt, known
as short period comet, take less than 200 years to orbit the Sun (Stern and
Colwell, 1997). Since comets are time capsules that hold clues about the
formation and evolution of the Solar System, a cometary mission becomes
fundamental to investigate these topics. The first probe to visit a comet
was the NASA ICFE probe. Launched on 12 August, 1978, ICE achieved the
first ever comet encounter. It was sent to study comet Giacomini-Zinner.
The mission proved the ”dirty-snowball” theory, that comets are composed
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of mixed rock and ice (Whipple, 1950). The mission ended in 1981. The
next probes to visit a comet were the Japanese’s Sakigake and Suisei probes.
Launched on 7 January, 1985, and 18 August, 1985, respectively, these twin
spacecraft explored comet Halley on its journey into the inner Solar System.
The first European Space Agency (ESA)’s deep space mission was Giotto.
The probe was launched in 1985, and was able to study two comets: comet
Halley in 1996 and comet Grigg-Skjellerup in 1992. Thanks to this mission,
the closest pictures ever taken of a comet were obtained, being its closest
approach to Halley comet only 650 km. Developed in collaboration with
ESA and NASA, the Ulysses probe was designed for Solar studies. During
its period of activity, it passed close to comet Hyakutake in 1996, allowing to
study its tail. Stardust was the first NASA mission traveling into the coma
of a comet. Launched on 7 February, 1999, this probe analyzed the cloud of
ice and dust that surround the nucleus of comet Wild 2, coming to within
240 kilometers of the nucleus itself on 2 January, 2004. There, it gathered
comet dust particles and delivered them back to Earth in 2006. NASA’s
Deep Impact mission was launched on 12 January, 2005, and consisted of
two probes. The main spacecraft performed a flyby of comet Tempel 1. The
purpose of the second probe was to send a projectile to the comet creating
an impact crater. The impact excavated debris from the comet, allowing the
main spacecraft to analyse the composition of the surface and the interior
materials.

The European Space Agency’s Rosetta mission was the first designed to or-
bit and land on a comet. Launched in March, 2004, the Rosetta spacecraft
arrived at its primary target, the Jupiter-family comet 67P/Churyumov-
Gerasimenko (hereafter 67P), on 6 August, 2014. The probe was first guided
into an orbit about its target to perform first analysis and find a suitable land-
ing site. The Philae lander was released from the orbiter on 12 November,
2014. Rosetta’s payload included a suite of instruments that investigated the
coma, the chemical interaction with radiation and the solar wind, the activ-
ity of the comet, the nucleus and its surface morphology. Its main objectives
were to characterize the cometary nucleus and its surface topography, and ob-
tain data on its chemical and mineralogical composition. Other experiments
were focused on studying 67P’s physical properties, such as thermal behavior
or magnetic parameters, and on monitoring the activity during its approach
to the Sun. The comet nucleus appeared rather dark and characterized by
a peculiar surface structure. The 67P nucleus surface reveals a huge vari-
ety of terrains and geological features (Thomas et al., 2015b). In particular,
the comet shows different types of landforms: smooth regolith plains, ver-
tical cliffs, and talus aprons. The observations of nucleus’s surface revealed
layers that corresponded to terraces (planar patches of terrains arranged in
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staircase patterns of overimposed tabular elements) and/or linear traces on
vertical cliffs and on the wall of pits (Massironi et al., 2015; Thomas et al.,
2015b; Vincent et al., 2015a). These surfaces, their distribution, and the
magnitude of insolation (Vincent et al., 2017) seem to define the morpholo-
gies that are present on the cometary surfaces. The presence of large blocks
is one of the ubiquitous and most important geological features of 67P: these
boulders can be found both isolated and in clusters and their size distribution
depends both on the formation and evolution they have undergone (Pajola
et al., 2015). The presence of boulders on comet 67P offers the opportunity
to study the physical properties and the evolution of the comet itself. Being
exposed on the surface of the comet, these objects undergo intense thermal
fatigue, and reveal imprints of erosional and geological processes (Ehlmann
et al., 2008). It is therefore important to understand how these objects may
have originated and what this means in the framework of cometary evolution.

Objectives and Strategy

This thesis aims at contributing to the research dealing with cometary
boulder formation and erosion by providing some answers to the previously
described scenario. In particular, we investigated the fragmentation pro-
cesses responsible for the presence of boulders on the surface of comet 67P.
This research is divided into three main parts: in the first part, we quanti-
tatively describe populations of boulders located in three different regions of
comet 67P, namely Imhotep, Hapi and Hatmehit (Thomas et al., 2015b; El-
Maarry et al., 2015), using OSIRIS NAC images. In particular, we propose
techniques to analyze populations of boulders that can complement previous
studies, analyzing the size-frequency distribution and the cumulative frac-
tional area, linking these data with the fractal theory. Boulder counting can
be used to understand and characterize surface properties (Birch et al., 2017)
and the processes that result in fragmentation. Characterizing the popula-
tion of boulders and the cumulative size-frequency distribution may lead to a
better comprehension of the geologic history of the cometary surface (Garvin
et al., 1981). In this context, a fractal fragmentation model can be used to
quantify and predict the size-frequency distribution of fragments produced
by a given energy input. The power-law exponent determined by the size-
frequency analysis can be interpreted as a fractal dimension. This number
describes the filling capabilities of the fragments generator. We also outlined
the morphology of boulders, providing a shape parameter set independent
of different observing geometries. The shape of boulders may provide in-
dications on geological processes that leave morphological marks on rocks’
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surfaces at different spatial scales (Viles, 2001). This is particularly true if
signatures in boulder shape and surface texture can be identified and inter-
preted (Ehlmann et al., 2008).

In the second part of this thesis, we focus our analysis on a specific region of
comet 67P. This region, named Haps, is located in the northern hemisphere
of 67P, in the neck that joins the big and the small lobe. Due to its location
and lobe shadowing, Hapi experiences day-night cycles twice every comet ro-
tation (Pajola et al., 2019) during the northern summer, when the comet is
at heliocentric distances >1.6 au pre-perihelion and >2.6 au post-perihelion
(Keller et al., 2015). It has been classified as a deposit of debris (Thomas
et al., 2015a), similarly to Agilkia and Sais regions (Pajola et al., 2017), and
is characterized by a distribution of boulders/outcrops of tens of meters in
size scattered in the debris plain (Cambianica et al., 2019), and dune fields,
which suggest a deposit thickness of several meters (El-Maarry et al., 2015).
Analyzing this region, we noticed changes in terms of dust content. The
opportunity to record the time evolution of dust in the Hapi region is linked
to the likely source of the deposit surrounding the boulders, namely the ero-
sion of the southern hemisphere, the subsequent transport of material, and
then its fallout on the nucleus (Fulle et al., 2018b; Keller et al., 2015). We
developped a Matlab tool that allows to measure the time evolution of the
height of boulders, defined as the difference between the top of the boulders
and the surrounding pebble deposit surfaces. No variation in morphology
or position of boulders was recorded during the mission (Cambianica et al.,
2019). Thus, any height variation is not due to boulder intrinsic changes,
but to erosion/accretion of the surrounding deposit. The adopted technique
is based on the measurement of the shadow length projected by the boulder
itself. From the measurement of the evolution of the heights of some boul-
ders, on the basis of a suitable comet nucleus surface evolutionary model
(Fulle et al., 2018a) we have been able to infer the pristine 67P ice content.
In the last part of the presented research, we focus on rock weathering due
to solar induced thermal stresses via the process of thermal fatigue. Thermal
stress weathering is defined as rock breakdown due to the expansion and/or
contraction of the material induced by heating and/or cooling (Lamp et al.,
2017). To evaluate quantitatively the potential for thermal fatigue on the
surface of 67P, we used a combination of finite element modeling and subcrit-
ical crack growth theory. Modeling temperatures and stresses in boulders,
we derived the maximum tensile stress for different combination of materials
and numbers of thermal cycles, to determine whether the modeled maximum
tensile thermal stress is sufficient to propagate cracks inside the boulder.
We modeled a specific boulder of 67P, located in the Imhotep region which
shows all the effects typically associated to thermal stress, as the production
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of split rocks, fragments (Dorn, 2003), and cracks on the surface (Bourke

et al.

, 2007h).

Outline of the Following Chapters

In the following chapters, we describe in depth the results. The thesis is
divided into 5 chapters:

Chapter one: this introduction.

Chapter two: an overview of the Rosetta mission is provided. We
describe the birth and the timeline of the mission, the experiments
onboard both the orbiter and the lander, focusing on a specific in-
strument, the Optical, Spectroscopic, and Infrared Remote Imaging
System (OSIRIS). Also, we describe the world of comets, introducing
and describing comet 67P/Churyumov-Gerasimenko before and after
the mission. At the end of this chapter, the contribution Rosetta has
made to the cometary science will be evident.

Chapter three: in this chapter the concept of soil fragmentation is
introduced. We investigate fragmentation models in the past century,
and we explore the link between this process and the fractal theory.
In this context, we present a quantitative analysis of isolated boulder
fields on comet 67P, to investigate the origin of this features.

Chapter four: in this chapter we present observations by the Rosetta
mission to comet 67P fixing its pristine ice content. The seasonal evo-
lution of Hapi’s deposit erosion/accretion provides an upper limit for
Hapi’s water ice fraction. We describe the adopted method based on the
measurement of the shadow length of boulders located in the comet’s
northern neck, to monitor the time evolution of their height.

Chapter five: this chapter presents a thermomechanical model real-
ized to investigate the response of boulders to diurnal thermal forcing.
The geometry and mesh, the material selection, the boundary condi-
tions and physics are described. We finally link the preliminary results
with the implications for rock breakdown.

Chapter six: conclusions.

Each chapter can be read independently of the others, but a linear reading
will naturally facilitate their understanding.
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Chapter 2

The Rosetta Mission.
Discovering Comet
67P /Churyumov-Gerasimenko

Rosetta has been the first space mission to realize a rendezvous with a
comet and to land on its nucleus. The mission takes its name from the
Egyptian town of Rosetta, in which a stone inscribed with three scripts (hi-
eroglyphic, demotic, and Greek) in two different languages (Egyptian and
Greek) was found. This document was fundamental to decipher the hiero-
glyphs, and contained all of the good things that the pharaon has done for
the priests and the people of Egypt. As the stone has allowed to decipher
important secrets of ancient Egypt, the goal of the Rosetta mission was to
reveal secrets of one of the most primordial objects of our Solar System,
comet 67P/Churyumov-Gerasimenko. Launched on 2 March, 2004, on a 10-
year journey towards comet 67P, Rosetta investigated its target for more
than two years. The mission was concluded on 30 September, 2016, with a
controlled impact onto the surface. The scientific objectives of the mission
were to observe, image, and study the 67P’s nucleus and coma with a spa-
tial resolution never achieved before. Observing a comet from close range
allows to investigate the surface and its features, its morphology, to observe
the changes associated with the seasons as the comet approaches the Sun
and leaves the inner Solar System. This mission also allowed to analyze
the thermal properties of the nucleus, to investigate the composition of the
coma, and to characterize its trend with developing activity. Along its way,
the spacecraft passed by two main belt asteroids, 2867 Steins (in 2008) and
21 Lutetia (in 2010), before entering deep-space hibernation mode in July,
2011. This cruise phase was necessary because its trajectory took it beyond
Jupiter’s orbit, where the solar arrays would have been unable to produce
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sufficient energy. On 6 August, 2014, Rosetta arrived at its target, and on 12
November the Philae lander was released on the surface. During the follow-
ing phases of the mission, Rosetta accompanied the comet through perihelion
(13 August, 2015) until the end of the mission.

In this chapter a brief introduction about comets and the main character-
istics of the Rosetta mission are reported. A description of the instruments
onboard the orbiter and the lander is included, focusing on a specific in-
strument, the Optical and Spectroscopic Infrared Remote Imaging System
(OSIRIS). In the second part of this chapter, a global description of comet
67P, before and after the Rosetta mission, is presented.

2.1 The World of Comets Before the Rosetta
Mission

Comets are conglomerates of dust and ice, circling the Sun on strongly
elliptical orbits. They are the remnants of the birth of our Solar System, and
it is therefore essential to study them for understanding its formation. These
objects are the best candidates for the delivery of water on Earth, and contain
organic molecules considered to be the building blocks of life on our planet
(van Boekel et al., 2004). Since they remain at large distance from the Sun,
they are solar system objects unmodified by erosional processes due to the
Sun’s radiation and gravity effects. As a comet approaches the Sun, the ice
components begin to sublimate, and the dust is released to the outer space.
The core structure of a comet is known as the nucleus. It is composed of rock,
dust, water ice, and frozen gases, such as ammonia, carbon dioxide, carbon
monoxide, and methane (Greenberg and Li, 1999). The origin of comets is
still debated, but several models suggest that the formation of comet nuclei
can be explained by the accretion of primordial cometesimals (Jutzi et al.,
2010). For this reason, comets are considered the building blocks from which
the planets formed. It is difficult to directly observe a nucleus and describe
it, but its surface appears generally rocky or covered in dust, suggesting
that ices are hidden beneath the surface. Cometary surfaces appear also
very dark, as demonstrated by their low albedo, proposing the presence of
organic compounds (Buratti et al., 2016). The dust and gas released from
the nucleus form an envelope around it, called the coma. At the distance the
solar wind becomes strong enough to sweep the gas and dust away from the
coma, tails form. The streams of dust and gas form their own distinct tails,
pointing in slightly different directions. A type I, or gas tail, is produced by
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Figure 2.1: Picture of Hale-Bopp comet showing the dust, ion gas, and
sodium tails.

ionized gas carried away from the nucleus by the solar wind. This tail points
directly away from the Sun, because the gas is strongly affected by the solar
wind and radiation. The spectrum of a gas tail is an emission spectrum,
revealing atoms and ions such as water (HyO), carbon dioxide (CO;), carbon
monoxide (CO), hydrogen (H), hydroxide (OH), oxygen (O), sulfur (S), and
carbon (C) (Seeds, 1997). These elements are released by the vaporizing ices,
and after the breakdown of these molecules, some gases, such as hydrogen
cyanide (HCN), can be formed by chemical reactions. A type II, or dust tail,
is produced by dust pushed outward by the pressure of Sunlight. The gas is
affected by the magnetic field of the solar wind, so dust tail appears more
uniform than gas tail. The direction and shape of the gas tail is controlled by
the magnetic field embedded in the solar wind. On the contrary, the dust tail
appears often curved because the dust particles follow their individual orbits
once they leave the nucleus (see Fig. 2.1). In 1997, during an observational
campaign on the Canary Island, a third tail composed of neutral sodium
was discovered (Cremonese et al., 1997). Studying Hale-Bopp, the authors
suggested that the narrow sodium tail they found, was generated by the
release of sodium atoms by the dust particles (Cremonese and Fulle, 1997).

Comets are classified according to the length of their orbital period. Most
comets have long, elliptical orbits with periods greater than 200 years, and
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are known as long-period comets. Their orbits are very eccentric and ran-
domly inclined, causing comets falling into the inner Solar System from all
directions. In the 1950s, Jan Oort proposed that the long-period comets are
objects originated in a region of the Solar System known as the Qort cloud.
This region is a spherical cloud of icy bodies that extends from about 10.000
to 100.000 au from the Sun (Morbidelli, 2005). The gravitational influence
of passing star or giant molecular cloud perturbs them from their resting
place in the Oort cloud, causes them to fall into the inner Solar System in
highly elliptical orbits. Originating from a spherical distribution, the high
inclinations of the orbits arise since they can enter the inner Solar System
from any angle. Some of these objects are the icy planetesimals that formed
in the outer solar nebula. These bodies, however, could not have formed at
their present location, because the solar nebula would not have been dense
enough at that distance from the Sun. Furthermore, if these icy objects had
formed in the solar nebula, they would be distributed in a disk and not in a
sphere.

A recent evolutionary model places the birthplace of the long-period comets
in a massive trans-Neptunian disk (Vokrouhlicky et al., 2019). This disk was
dispersed by migrating giant planets, such as Uranus and Neptune. As those
planets were pushed outward by gravitational interactions with Jupiter and
Saturn, they swept up many of these primordial objects, ejecting some of
them in the outer part of the Solar System. Some of them vanished into
space, but most comets had their orbits modified by the gravity and remain
bound to the Solar System, becoming part of the Oort cloud. On the con-
trary, short-period comets have orbits with periods less than 200 years and
follow orbits that lie within 30° of the ecliptic (Duncan et al., 1988). In
1951, Gerard P. Kuiper proposed that the origin of the Solar System should
have left a huge number of icy planetesimals beyond the Jovian planets and
in the plane of the Solar System. These objects are known as Kuiper belt
comets (Kuiper and Hynek, 1951). The Kuiper belt extends from the orbit
of Neptune to about 50 au from the Sun.

2.1.1 Comet 67P/Churyumov-Gerasimenko

67P /Churyumov-Gerasimenko is a Jupiter-family comet, originally from
the Kuiper belt. These objects have orbital periods less than 20 years, and
are named as such since their current orbits are primarily determined by
the gravitational influence of Jupiter. 67P was discovered in 1969 by Klim
Ivanovich Churyumov and Svetlana Ivanovna Gerasimenko of the Kiev Uni-
versity’s Astronomical Observatory. Figure 2.2 shows the shape reconstruc-
tion done using the Hubble Space Telescope on March, 2003. The rotation
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Credits: NASA, ESA, and Philippe Lamy (Laboratoire d’Astronomie Spatiale)

Figure 2.2:  3-D shape reconstruction of comet 67P Churyumov-
Gerasimenko’s nucleus. The Hubble Space Telescope revealed comet 67P /C-
G to be an oval-shaped object of approximately 3 by 5 km in size.

period was estimated to be about 12 hours (Lamy et al., 2006). The orig-
inal orbit of this comet has been modified by the gravitational influence of
Jupiter. Until 1840, the perihelion was located at 4 au. A close flyby with
Jupiter shifted the perihelion at 3 AU. Another close encounter with Jupiter
moved further the point in the comet’s orbit that is closest to the Sun at

1.25 AU.

2.2 The Rosetta Mission

The European Space Agency’s Rosetta mission was the first designed to
land on a comet. Selected in 1993, the space probe was launched in March,
2004, to comet 67P, and reached its target in August, 2014, after a ten-year
journey. The original plan was for Rosetta to approach and study another
comet, 46P /Wirtanen, with launch in January, 2003. However, due to prob-
lems with the launcher before the Rosetta launch, the latter was delayed and
the launch window to reach Wirtanen closed and another target was selected:
67P/C-G.

Rosetta made use of gravitational pull maneuvers of Earth and Mars to reach
its target with the right amount of acceleration, and during the cruise phase
the spacecraft observed two asteroids, Steins in September, 2008, and Lute-
tia, in July, 2010. Rosetta entered the deep-space hibernation phase in July
2011. On 20 January, 2014, the spacecraft was roused from the hibernation
mode. The journey through the inner Solar System covered 6.4 billion km
in ten years. Rosetta reached its target on 6 August, 2014 (see Fig. 2.3
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Figure 2.3: Trajectory details of Rosetta.

for trajectory details). On November 12, 2014, the spacecraft released the
Philae lander, for the first touchdown on a comet nucleus. Unfortunately, its
harpoons failed to fire properly and thrusters designed to anchor the probe
to the surface did not activate. This resulted in the bouncing of the probe,
which finally stopped in a location with very little sun illumination. Three
days later, the lander entered safe mode and communicated sporadically with
the spacecraft from 13 June to 9 July, 2015, but contact was then lost.

The main objectives of the mission were to describe the geological struc-
ture of the comet nucleus and the surface topography, analyze the chemical
and mineralogical composition of the nucleus and the coma, investigate the
physical and thermal properties of the nucleus, measure the magnetic param-
eters, and monitor the activity of the comet. For doing this, Rosetta carried
a suite of eleven instruments on the comet orbiter and the lander Philae,
which was equipped with other ten instruments. The instruments onboard
the orbiter combined remote sensing techniques, with direct sensing systems
such as dust and gas analysers.
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Figure 2.4: Instruments onboard the Rosetta orbiter.

2.2.1 Experiments on the Rosetta Orbiter

The Rosetta spacecraft design was a box-structure measuring 2.8 m X
2.1 m x 2.0 m on which all subsystems were mounted. The solar panels
measured 14 m in length each, covering an area of 64 m? (see Fig. 2.4).
A 28-watt parabolic antenna (2.2 meters in diameter) was mounted on the
front side of the spacecraft, and two smaller antennas were mounted on the
opposite side on the Philae lander to ensure communication between landing
module and orbiter.

Remote sensing instrument

e Alice: ultraviolet-imaging spectrometer optimized for cometary far-
ultraviolet spectroscopy. It was designed to obtain spatially-resolved
spectra of 67P targets in the 700-2050 A spectral band. The aim of
this instrument was to detect gas molecules in the coma, noble gases,
and ion in the tail (Stern et al., 2007);

e CONSERT: the Comet Nucleus Sounding Experiment by Radiowave
Transmission was designed to generate a three-dimensional profile of
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Credits: ESA/MPS

Figure 2.5: OSIRIS NAC, the scientific camera onboard Rosetta.

the comet’s nucleus. The radar performed tomography of the nucleus
by measuring electromagnetic wave propagation between the Philae
lander and the Rosetta orbiter through the comet nucleus making use
of the 2" CONSERT on the lander (Barbin et al., 1999);

MIRO: the Microwave Instrument for the Rosetta Orbiter measured
the surface temperature, the gas production rates, and relative abun-
dances, the velocity, and excitation temperature of each detected gas
molecules, along with their spatial and temporal variability (Gulkis
et al., 2007);

OSIRIS: the Optical, Spectroscopic, and Infrared Imaging System was
designed to image the comet’s nucleus and its environment. It consisted
of two cameras operating from near-ultraviolet to near-infrared wave-
lengths. The Wide-Angle Camera (WAC) had a spatial scale of 10.1
m/pixel at 100 km from the surface, and its primary objective was
to image the dust and the gas directly surrounding the nucleus. The
Narrow-Angle Camera (NAC) (see Fig. 2.5)was designed to resolve the
nucleus of 67P with a spatial scale of 1.86 m/pixel at the same distance
(Keller et al., 2007). Specifications and technical data are reported in
Table 2.1;

RSI: the Radio Science Investigation instrument analyzed the shape,
density distribution, and comet’s gravity from the Doppler effect (Pétzold
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Camera Narrow-Angle Wide-Angle
Field of view (degree) 2.20 x 2.22 11.35(y) x 12.11 (x)
Spectral filetrs 12 14
Spectral range (nm) 250-1000 240-720
Angular resolution (mrad/pixel) | 0.0186 (average) 0.101 (average)
Detector size (pixel) 2048 x 2048 2048 x 2048

Table 2.1: Specifications of the OSIRIS instrument (Keller et al., 2007).

et al., 2007);

VIRTIS: the Visible and Infrared Thermal Imaging Spectrometer per-
formed spectral mapping and spectrometry of the comet, detecting the
evolution of specific signatures such as the typical spectra band of min-
erals and molecules arising from surface components and from material
dispersed in the coma. In addition, surface thermal distribution and
evolution were performed (Coradini et al., 2007).

In-situ instrument

COSIMA: the COmetary Secondary Ion Mass Analyser was based on
the analytic measurement method of secondary ion mass spectrometry
(SIMS). After the collection of cometary dust, it chemical characterized
some components, including organics (Kissel et al., 2007);

GIADA: the Grain Impact Analyzer and Dust Accumulator had the
objective to measure the dust evolution and particles dynamic proper-
ties with position and time (Colangeli et al., 2007);

MIDAS: the Micro-Imaging Dust Analysis System provided microtex-
tural analysis and statistical parameters of pristine cometary particles
in the nm-pm range (Riedler et al., 2007);

ROSINA: the Rosetta Orbiter Spectrometer for Ion and Neutral Anal-
ysis consisted of two mass spectrometers for neutrals and primary ions
with complementary capabilities and a pressure sensors. This instru-
ment was designed to determine the mass of gases and characterize the
composition and structure of the comet’s atmosphere and ionosphere
(Balsiger et al., 2007);

RPC: the Rosetta Plasma Consortium instrument was designed to
analyze the plasma environment of the comet, and investigate its in-
teraction with the solar wind (Carr et al., 2007).
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Figure 2.6: Instruments onboard the Philae lander.

2.2.2 Experiments on the Philae Lander

The structure of the Philae lander was composed of a carbon fiber base-
plate, an instrument platform, and a polygonal sandwich construction. The
lander was designed to work at temperatures between +50°C and -180°C.
The instruments onboard the lander were (see Fig. 2.6):

e ApixelS: the Alpha Particle X-Ray Spectrometer was designed to ana-
lyze the detected alpha particles and X-rays, which could have provided
information on the elemental composition of the comet’s surface (Klin-
gelhofer et al., 2007);

e CIVA: the Comet Infrared and Visible Analyzer was composed of a
group of seven cameras used to take pictures of the surface, in particular
of the selected landing site, a visible-light microscope, and an infrared
spectrometer (Bibring et al., 2007);

e CONSERT: the objective of the Comet Nucleus Sounding Experiment
by Radiowave Transmission was to study the geometrical structure and
electrical properties of the deep interior of the comet nucleus generating
a three-dimensional profile of the comet (Barbin et al., 1999);
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e COSAC: the Cometary Sampling and Composition instrument was de-
signed to analyze the composition of the sub-surface (Goesmann et al.,
2005);

e MUPUS: the Multi-Purpose Sensor for Surface and Sub-Surface Sci-
ence had the objective to study the thermal properties of the comet.
In particular, it was designed to measure the temperature and detect
the thermal conductivity of the ground (Spohn et al., 2007);

e PTOLEMY : the aim of this spectrometer and gas chromatograph was
to analyze the isotopic composition of the drilled sample (Todd et al.,
2007);

e ROLIS: the Rosetta Lander Imaging System was designed to image
the landing site and monitor the areas during descent (Mottola et al.,
2007);

¢ ROMAP: the objective of the Rosetta Lander Magnetometer and
Plasma Monitor was to quantify the magnetic field of the comet (Auster
et al., 2007);

e SD2: the Sample, Drill and Distribution system was designed to drill
the surface of the comet. The aim was to drill the surface up to 20
centimeters depth (Finzi et al., 2007);

e SESAME: the Surface Electrical, Seismic and Acoustic Monitoring
Experiments contained sensors to characterize the electrical properties

of the comet, and monitor dust-particle impacts (Seidensticker et al.,
2007).

2.3 Comet 67P: a New Concept of Comet

Watching a comet during its approach to the Sun allows to learn and de-
cipher secrets of an object that has preserved pristine material from the early
Solar System. During the first six months of observing comet 67P, it became
evident that this small body was anything but a simple dirty snow ball. The
comet appeared rather dark, reflecting only 5% of the incident Sunlight. It
rotated around a spin axis inclined by 52° with respect to the orbit plane
(Keller et al., 2015). The inclination of the spin axis is responsible for the
strong seasonal effects experienced by the comet. No intrinsic magnetic field
was detected, suggesting that the magnetic field was not preserved during
the formation of the comet (Auster et al., 2015). Rosetta confirmed that the



32

The Rosetta Mission. Discovering Comet
67P /Churyumov-Gerasimenko

Credits: ESA/Rosetta/MPS for OSIRIS Team

Figure 2.7: One of the first images of comet 67P, taken on 6 August, 2014.

comet takes 12.4 hours to rotate around its axis (Mottola et al., 2014), and
that its orbit is inclined 7° relative to the ecliptic. The perihelion is located
at 1.25 au, the semi-major axis of its orbit measures 3.46 au (Keller et al.,
2015), the eccentricity is 0.64° (Keller et al., 2015), and the mean anomaly
is 303.71°. The structure of the comet appeared different from expectations.
As shown in Fig. 2.7, comet 67P is defined as a bi-lobate object, composed
of two lobes connected by a small structure, called the neck. How these two
lobes have been generated is still debated. The theory of a merging after a
low velocity collision seems to be the most likely explanation. The dimen-
sions of the big lobe are 4.1 km x 3.3 km x 1.8 km. The small lobe measures
2.6 km x 2.3 km x 1.8 km. The volume of the comet is 21.4 km? (Sierks
et al., 2015), and the mass was estimated to be about (9.982 & 0.003)x10"?
kg (Pétzold et al., 2016). Based on the mass and volume, the density was
fixed at 0.538 4 0.006 g/cm?® (Ptzold et al., 2018). The OSIRIS instrument
was fundamental to image and investigate the surface of the nucleus. The
Narrow and Wide Angle Cameras revealed a complex surface made of a huge
variety of terrains and geological features (Thomas et al., 2015b). Smooth
and hummocky terrains can be found, that are partially or entirely covered
in dust. Furthermore, the comet shows different striking types of landforms:
smooth flat regolith plains, vertical cliffs, and talus aprons. The observa-
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tions of the nucleus surface also revealed layers that corresponded to terraces
(planar patches of terrains arranged in staircase patterns of overimposed tab-
ular elements) and/or linear traces on vertical cliffs and on the wall of pits
(Massironi et al., 2015; Thomas et al., 2015b; Vincent et al., 2017). These
surfaces, their distribution, and the magnitude of insolation (Vincent et al.,
2017) seem to define the morphologies that are present on the cometary sur-
faces. The presence of layering can also exert an effect on the fragmentation
processes at the scale of boulders, for instance by producing tabular-shaped
boulders rather than spherical ones. Changes were observed on the comet’s
surface, particularly close to perihelion (El-Maarry et al., 2017). These vari-
ations were attributed to cometary weathering, erosion, and transient events
driven by exposure to Sunlight. These surface changes included fractures
growing in size, collapsing cliffs (Pajola et al., 2017), displaced boulders, and
evolution of patterns of shapes in dusty terrains. In October, 2014, the activ-
ity of the comet was high enough for water (H,O) and carbon dioxide (COs)
to be detected in the coma by VIRTIS. The relative abundance of CO, with
respect to water was about 4%, stating that comet 67P is rich in water and
not in carbon dioxide (Migliorini et al., 2016). MIRO and ROSINA also de-
tected COy and HyO, confirming VIRTIS results. The COSIMA instrument
detected organic matter in the particles collected from the comet. Spectra
show signatures of carbon compounds, such as the positive ions of carbon
(C), methylidyne (CH), methylene (CH),, methanetriyl (CHj), and ethylene
(CoHj), as well as the negative ions of C and CH, plus a weak contribution
signal from CH, (Bardyn et al., 2017). COSIMA did not detected organic
molecules such as carboxylic acids, polycyclic aromatic hydrocarbons, and
amino acids, although ROSINA detected volatile organics such as methyl for-
mate (HCOOCHj;) and formamide (NHyCHO) in the coma (Altwegg et al.,
2017).
Thanks to the OSIRIS-Narrow Angle Camera (NAC), the nucleus surface has
been divided in 26 regions (El-Maarry et al., 2016; Thomas et al., 2018). Re-
gions on the small lobe are named after Egyptian goddesses (Anuket, Bastet,
Hathor, Hatmehit, Maat, Maftet, Neith, Nut, Serqet, Wosret), while regions
on the large lobe are named after gods (Anhur, Anubis, Aker, Apis, Ash,
Aten, Atum, Babi, Bes, Geb, Imhotep, Khepry, Khonsu, Seth). The two
regions on the neck of the comet are named after the Nile gods, Hapi and
Sobek (see Fig. 2.8). Further details can be found in Table 2.2, 2.3, and 2.4.
Another focus of the OSIRIS instrument was to generate a high-resolution
global map of the comet. This map was fundamental in choosing the landing
site because the selection had to meet different scientific requirements and
engineering safety criteria. The lander had to be deployed far from activity
spots, and the presence of large boulders or fractures has to be taken into
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Region Description
Small Lobe
Anhur Scattered boulder fields
Debris deposits
Niches and alcoves
Anubis Non-consolidated and smooth region
Some scattered boulders and smooth deposits
Aker Strongly consolidated, dark-toned unit
Tectonic-like features
Several small smooth areas are evident
200 m-long angular fractures
Apis Strongly consolidated and smooth unit
Irregular and polygonal lineations
Polygonal crack patterns
Ash Non-consolidate and dust-covered material
Main debris-covered region of the body
Aten Depression not covered by debris
Possibly formed through a violent short-term event
High concentration of talus deposits and rockfalls
Atum Strongly consolidated and highly complex region
Minimal bouldering, small depressions
Irregular complex mounds
Babi Transitional region exposing brittle mantling material
Bes Terraced and fractured surface
Internal layering
Polygonally-fractured surface
Boulders, pits, debris
Geb Consolidated cliff regions
Rarity of boulders and debris deposits
Rectilinear and polygonal fractures
Imhotep Non-consolidate, smooth material
Extremly smooth, probably recently re-surfaced
Conical structures and pits, large boulders
Khepry Strongly consolidated, rough and bright region
Numerous ponds of smooth deposits
Khonsu Exposure of internal structure
Lack of smooth material
Pancake-like feature
Seth Lacking a dust cover, bouldered region

Presence of circular features that display polygonal cracks
Strong evidence of collapse

Table 2.2: Description of the regions located on the small lobe of comet 67P
(El-Maarry et al., 2016).
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Region Description
Big Lobe
Anuket Strongly consolidated and complex unit
Bastet Strongly consolidated region with minimal bouldering
Oriented lineaments
Hator Strongly consolidated region
900 m-high cliff
Heavly lineated in two dimensions and signs of detachment
Hatmehit Depression filled with fine-grained
Ma’at Non-consolidated and dust-covered region
Smooth deposits and sharp outcrops

Maftet Strongly consolidated and rough terrain,

bouldered with scattered patches of debris

Many small irregular depressions and pits
Neith Strongly consolidated

Main cliff of the big lobe
Polygonal fractures
Nut Bouldered small depression
Serqet Strongly consolidated material region
Smooth plain with few boulders

Wosret Smooth region

Parallel lineaments

Table 2.3: Description of the regions on the big lobe of comet 67P (El-Maarry

et al., 2016).
Neck
Hapi Non-consolidated and smooth region
The most active region and site of regular jet activity
Smooth dusty-looking material
Dispersed linear large boulders
Sobek No smooth deposits

High concentration of boulders
Rough surface texture

Table 2.4: Description of the regions located on the neck of comet 67P (El-
Maarry et al., 2016).
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Figure 2.8: Twenty-six geological regions identified on comet 67P.

account. The Landing Site Selection Group (LSSG) selected five potential
landing sites. On 14 October, 2014, it was decided to land in Agilkia (see
Fig. 2.9) on 12 November, when the comet was at 3 au far from the Sun.
This distance ensured that the Sunlight was sufficient for Philae’s solar cells
to generate enough power to operate. Philae touched down the surface of the
comet at 16:34. Unfortunately, the cold gas jets responsible for the stability
of the lander and the harpoons failed to fire, causing its bouncing after the
first ground contact. It floated above the comet for about two hours. In this
period the lander touched the comet twice before the final landing. It was
stabilized in an unknown landing site at 18:31 (Biele et al., 2015).

The ROLIS camera imaged the descent of the lander. In all pictures, the
regolith appears uniformly dark, boulders and pebbles measure from a few
centimeters to five meters in diameter. The CIVA camera system imaged
the final landing-site, showing a very dark environment due to the location
of the site with respect to the Sun. The battery recharge was strongly com-
promised, and this situation changed the sequence of experiments. It was not
possible to drill the surface and investigate the chemical composition of the
terrains. However, the radio investigation revealed a homogeneous internal
structure of the comet, and the magnetometer did not reveal an intrinsic
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Credits: ESA/Rosetta/NavCam/MPS for OSIRIS Team

Figure 2.9: Agilkia landing site.

magnetic field surrounding the nucleus (Auster et al., 2015). The location of
the lander remained unknown for a long period of time, until CONSERT and
ROMAP circumscribed the final position, and less than a month before the
end of the mission, the OSIRIS-Narrow Angle Camera revealed the Philae
lander stuck into a dark crack. High-resolution images of the surface taken
by the ROLIS camera revealed a surface with no dust. If the global surface
appears covered in dust and regolith, some specific areas of the comet reveal
a different scenario. The non-uniform regolith suggests that probably this
material has been eroded by the activity of the comet, transported across the
surface, and deposited elsewhere. It is also possible that the regolith might
be ejected and subsequently fell back on the surface. Some mechanical prop-
erties of the material have been measured by the SESAME-CASSE sensor,
such as the elasticity and porosity. SESAME measured also the maximum
temperature across a cometary day (—165°C) (Mohlmann et al., 2018), and
this value was complemented by the MUPUS thermal probe investigations.
Having encountered a hard layer, the hummer penetrated only a few millime-
ters, revealing a material with a low thermal conducivity, and a temperature
ranging from —165° at night up to —140° in the daytime (Kossacki et al.,
2015).
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Chapter 3

Fragmentation and Fractals.
The Case of Isolated Boulder
Fields on Comet 67P

Fragmentation is a complex phenomenon defined as the breakage of a
continuous body into several pieces. This phenomenon is seen ubiquitously
in nature and manifests itself in different contexts and at different scales.
Its understanding is fundamental to predict the behavior of some materials
under different stresses, and this leads to design innovative materials and im-
prove industrial, medical, transport facilities, and many other applications.
The physical mechanisms underlying the fragmentation have been studied
across different fields such as material properties, geophysics, sub-atomical
interactions (Anishetty et al., 1980), mineral formation, astrophysics, and
planetary science. At the most fundamental level, the fragmentation may
help to recount the history of our Solar System and its components, being
limited only by the fundamental units of the matter itself. The wide range
of applications led to a new branch of research that aimed to study this phe-
nomenon during the previous century. The complexity and the violence of
the fragmentation were recognized immediately, and for this reason scientists
began by studying the output of fragmentation, namely the number of frag-
ments and the distribution of the fragment sizes. The size distribution of the
resulting material is fundamental to statistically describe the processes un-
derlying the fragmentation, and to predict possible boulder fragmentations
once the governing physical processes have been identified. In the context
of planetary science, the study of fragmentation is complicated by the fact
that often terrestrial models are extended to planetary environments usually
rather different from terrestrial conditions, by relying on the universality of
the related physical processes.

39
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In the first part of this chapter, a survey of fragmentation processes and their
relations with fractal theory are provided. The aim is to define a statistical
and mathematical method applicable to planetary surfaces in general. The
reason for this is that planetary exploration helps in solving the big enigma
of the formation of our own planet Earth, the Solar System, and the galaxy
to which it belongs. On one hand, a detailed description of the soil allows
to better understand the global geological history of a planet or body; on
the other, it complements engineering studies fundamental to the success of
a planetary mission. In the second part of the chapter, the case of isolated
boulder fields on comet 67P is presented. The Rosetta mission reveals a com-
plex nucleus surface made of different terrains, partially or entirely covered
by dust, exposing consolidated materials, fractures, and boulders, from the
meter scale to the decimeter scale (Thomas et al., 2015b). This research
focuses on boulders, and the aim is to characterize these features to better
understand their origin and nature. For doing this, we will apply different
techniques to define the size-frequency distribution of boulders, investigate
their location, and connect these elements with the fractal theory. Finally,
we will introduce a shape parameter set able to describe the morphology of
the boulders, when high-resolution images are available.

3.1 Fragmentation Models in the Past Cen-
tury

In the past century, fragmentation has been studied from different point of
views. Empirical, analytical, and physics-based models have been developed
to better understand the fragmentation process in different fields. In this
section, an overview of the most important models is given.

3.1.1 Empirical Observational Models
Rosin-Rammler particle size distribution

The description of material consisting of various size fractions is a difficult
target to describe. In 1933, Rosin and Rammler conducted experiments to
determine empirical equations able to fit fragment size distributions resulting
from fragmentation. The Rosin-Rammler equation is (Rosin, 1933)

y(z) =1 — e~ @) (3.1)
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where y is the cumulative fraction of material smaller than the size x, n
is the shape parameter describing the material uniformity, and z( is the
characteristic particle size. The latter indicates an intrinsic size of particle
for a given system.

Schumann distribution

Schumann distribution (Schuhmann Jr, 1940) is defined as the limiting
case of the Rosin-Rammler distribution. For small fragments, equation 3.1

can be simplified as follows:
T n
vo = () (32)

Zo

As shown in the next paragraphs, the direct proportionality between the
cumulative fraction of material and the size raised to a constant value will
be reused by Turcotte in the context of fractal theory.

Mott-Linfoot distribution

Mott-Linfoot distribution is used when the fragments can be easily counted
and the mass can be measured. They carried out experiments on fragmen-
tation of bomb shells, and fitted their results with (Mott, 2006b)

1/2

f(m) =1 — elm/mo) (3.3)
where m is the fragment mass, and mg is the characteristic mass. This
distribution is still used in the context of explosion of ductile materials. The
logarithm of the cumulative number of fragments plotted against fragment
masses defines the Mott plot.

3.1.2 Statistical and Geometrical Models
Lienau distribution

In 1936, Lienau proposed an exponential distribution. He described the
one-dimensional fragmentation problem with a probability distribution func-
tion of random fracture. Considering a line that is about to collapse into
several fragments, when the size of a fragment [ is much smaller than the to-
tal length L, the distribution of breakpoints can be described by the Poisson
distribution. In this case, the probability density distribution of fragments is

FO) = (1/\)e (3.4)
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where A is the size scale parameter of the distribution. When the fragment
size [ is not much smaller than the total length, the random distribution
of fracture points should be described by a random distribution, and the
cumulative distribution is then:

fley =" ! (1 _ %)H (3.5)

where n = [/\ is the total number of fragments (Lienau, 1936).

In 1943, Mott and Linfoot extended the Lienau distribution to the multi-
dimensional fragmentation. They focused their study on a two-dimension
plate submitted to biaxial tension, concluding that the distribution of frag-
ment sizes is strongly dependent on the geometric partitioning of the plate.
This conclusion laid the foundation for shape analysis in fragmentation.

Voronoi-Dirichlet distribution

The Voronoi-Dirichlet diagram consists of a random distribution of points
in a 2-d plate. The plane is splitted into regions, called Voronoi cells, by
construction of perpendicular bisecting lines. In one dimension, the Voronoi-
Dirichlet construction is considered as the dual of the Lienau distribution,
since the single point in the middle of a cell can be represented also by the
Lienau’s breakpoint. In multi-dimensional context, partitioning an area or a
volume, the fragment distribution is described by

where m is the fragment mass, and n is a constant equal to 2, 4, or 6 if a
line, surface, or volume is considered (Grady, 2007).

3.1.3 Physics-Based Models

Dynamic analysis of fragmentation. Mott approach.

A perfect plastic material with yield strength Y can fail in both time and
space. The failure is considered as an instantaneous event, which reduces the
stress from Y to 0 at the breakpoint. This sudden failure results in stress
waves, which propagate in the surrounding material. At the breaking point,
the boundary between rigid and plastic regime is located in the position x:

o) = || o (3.7)
Pt
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where p is the volumetric mass, and de/dt is the strain rate.
Mott described also the occurrence of fracture in a stressed material. The
probability that a fracture occurs in a length dl at strain € is:

p(e) = A(e)dedl (3.8)

Considering L as the length of the damaged object, which has not undergone
fracture yet, the probability can be rewrite as follows:

dL

7 —(e)de (3.9)

Eq. 3.9 describes a complex geometrical situation of dynamic fragmentation,
which involves the activation of breakpoints and subsequent stress release
waves (Mott, 2006a).

Dynamic models

In his model, Mott assumed that the material is perfectly plastic and
that the fractures is istantaneously generated in a breakpoint. These two
assumption have been considered as physical limitations because this model
does not take into account the failure duration and the dissipation of the
energy. Grady (Grady, 2007) suggested that when stress decreases from a
maximum value o,,,, to 0, crack opens releasing the fracture energy

czjzsam;“% (3.10)

where J, is the maximum length of the crack. Studying the motion of the frag-
mentation, Grady derived also the spacing between two consecutive break-

points as
AN
s—-< &;> (3.11)

Continuous fragmentation

Fragmentation is a complex phenomenon which occurs through different
steps, usually described into three categories (Astrém, 2006): uncorrelate
breakup history, cascade fragmentation, and statistical rate equations. De-
scription of fragmentation through its time evolution became fundamental
to lay the groundwork of a new concept of fragmentation: the continuous
fragmentation. The three categories are described as follows:
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o Uncorrelated breakup history: in the uncorrelated breakup history, if
a fragment breaks i—times, where ¢ has a Gaussian probability distri-
bution, the density function of the fragment size distribution can be
described as follows (Delannay et al., 1996):

f(s) o eap(H)

(3.12)
where p and o are constant;

e (Cascade fragmentation: cascade fragmentation has been studied by
different authors (Turcotte, 1986; Bourne et al., 1997; Krapivsky and
Majumdar, 2000; Kadono and Arakawa, 2002). Each of them defined
this process starting from a fragment of unit area, broken into n pieces
of area 1/n. For a fragment that is not broken, the process is over.
Otherwise, each fragment is further split, and the probability density
function is described by:

F(s) ox s TGy~ (3.13)

where D is the space dimension, and p is the probability of a fragment
to be splitted;

e Rate equations of fragmentation: for any application where the sizes of
the particles are measured experimentally whereas the fragmentation
rates are unknown, a kernel k(s,z) defines the probability to form a
fragment of size s from a parent of size x. A general form of the rate
equation is:

6f(s, 1)
ot

= —a(s,t)f(s,t) + /00 f(z,t)a(z,t)k(x, t)dx (3.14)

where a(z,t)dt is the breakup rate for a fragment of size s in a time
interval ¢, and f is the probability density function of the fragment
sizes. The first term of Eq. 3.14 is the loss term, and determines the
breakup of a fragment. The second term is the gain term, and defines
the formation of fragments.

3.1.4 Material Defects in Fragmentation

Following Mott’s approach, the activation of a defect within the materials
generates stress waves, which propagate from the activation point to the
surrounding area. As a result, scientists began to examine the conditions
under which cracks interact.
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Fragmentation model with no crack interactions

In the context of no crack interactions, defects placed randomly within
the materials do not influence each other. In 1969, Lindborg approached this
problem neglecting stress concentration form preexisting cracks and deter-
mined the fraction of cracked grains in a sample as follows:

M, 1/n
=02 — Nl
p—0 (N) (3.15)

where n is the number of cracks aggregates, and N is the number of grains
within the sample. He found that in any case, at least 20% of the grains are
cracked before complete fracture (Lindborg, 1969).

Fragmentation model with crack interactions

In 2000, Astrom stated that if cracks are close enough, their interaction
cannot be neglected, arguing that in the small range, crack merging pro-
cess prevails and induce scale-invariant size distribution (Astrom, 2006). He
described the distribution of fragment mass as:

F(m) = am®e~™/Mo (3.16)

where a and « are constant values depending on loading conditions, m is the
mass, and M, is a system-dependent length.

3.2 Soil Fragmentation and Fractal Theory

Fragmentation is defined as the action or process of breaking a body into
smaller parts. Focusing on soil fragmentation, this process can be classified
as instantaneous or continuous. In the first case, the fragmentation is caused
by a single and violent event (Hernandez et al., 2012), such as the blasting
of a rock or an impact. In the latter case, the fragmentation is due to events
occurring progressively in time. Each of them contributes to the formation
of a Particle Size Distribution (PSD), and the proper understanding of the
physics behind the fragmentation leads to different interpretations of the
fragments’ distribution. Schmidt (Schmidt et al., 1999) defined the PSD as a
fundamental statistical property of a soil since it allows to directly investigate
the soil’s origin and the processes that have altered it through time. In
general, the PSD of a granular material is described as a series of functions
that define the amount of particles present in a soil according to their size.
Each different soil textural elements are defined into main classes (e.g. sand,
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silt and clay) and each one of these is described by a statistical cumulative
distribution. The differences between the various classes can be detected
plotting the data bi—logarithmically. Each class depicts its linear, power-law
behavior, suggesting that different processes have influenced the formation
and evolution of the soil over time. The power of the PSD is also due to the
fact that it may be described by the fractal theory (Turcotte, 1986). The
exponents derived from the power-law can be explicitly considered as the
fragmentation fractal dimension of the distribution.

3.2.1 Fractal Geometry

Fractal geometry is a branch of mathematics (Mandelbrot, 1983) that
describes most physical systems of nature characterized by a non-regular ge-
ometric shapes of the standard Euclidean geometry. In fact, unlike Euclidean
dimension Dpg, the fractional dimension falls in between the integers of topo-
logical dimension Dp. This property is defined as non-integer dimension.
Classical geometry defines objects by means of integer dimensions: points
are zero dimensional objects, lines are one dimensional objects, plane figures
are two dimensional objects, and solids are three dimensional objects. Frac-
tal geometry describes many natural phenomena using a dimension between
the previous. In this scenario, a fractal curve will have a dimension be-
tween one and two, depending on how much space occupies as it curves. The
self-similarity is another important property of fractals. This mathematical
features states that parts of the whole pattern are redundantly reproduced at
increasingly reduced scales. In other words, the self-similarity is the variation
of pattern repetition of a starting object (initiator) at one scale, or applied as
a generator at another. The fractal dimension is determined by generators.
An example of this iterative process is shown in Fig. 3.1. The Koch Curve
fractal generation starts with the definition of a simple initiator. This can
be further divided into different sections, 4 in this case, and each section is
1/3 of the length of the initiator, which has a unit length of 1. In the second
order of the Koch Curve, each of the 4 sections of the generator is replaced
with the same shape. This results in a shape composed of 16 segments, each
of wich with a size of 1/9 of the unit length. The total length of the second
order curve is 16/9. The more the iteration continues, the longer the figure,
becoming infinitely long.

3.2.2 Fractal Dimension

In 1967, Mandelbrot (Mandelbrot, 1967) discussed self-similar curves ex-
amining the coastline paradoz: the property that the measured length of a
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Figure 3.1: Generation of the Koch Curve fractal. The fractal can be made
by starting with an initiator (order 0) and replacing every section of the
pattern with a smaller copy of the initiator itself.

stretch of coastline depends on the scale of measurement €. In particular,
the length of the coast is increased indefinitely as € is getting smaller and
smaller. Mandelbrot concluded that the total perimeter length of a coast line
L is equal to

L(e) ~ Be™P (3.17)

with B a constant and D an exponent variable as the measured coast changes.
The length of the coast can be considered as proportional to N times the
specific scale €, then the total length can be calculated as

L(e) ~ Be"™P = BePe = N(e)e (3.18)

= N(e) = Be ? (3.19)

~—

Adding the concept of self-similarity, Mandelbrot expressed a new rela-
tionship by a general definition of number and size distribution

N(A>a)=Ca? (3.20)

where the right term is the cumulative total number of islands with an area
A larger than a possible value «, C' is a proportionality constant, and D is
the fractal dimension. This number defines the measure to which the fractal
fills a space.
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This theory can be applied in the context of soil particle sizes as follows
N(R>7r)=CrPr (3.21)

where N (R > r) is the number of particles with a linear dimension R greater
than r, C is a constant value, and Dy is the fragmentation fractal dimension.
Taking into account the self-similarity of a system, the comparison between
the size-frequency distribution of an object N(r) and the cumulative distri-
bution, N(R < r) can be written including the k-iterations needed to form
the fractal object as

N(ry) = C(ry)~" (3.22)

for k=0,1,...,00.

In the context of this research, the cumulative form of Eq. 3.22 is preferred
compared to the number-size density distribution. The reason is that we are
interested in characterizing particle populations and a cumulative form can
apply to discrete objects larger than a specific radius R (Perfect, 1997). Eq.
3.22 becomes thus a scalar-invariant relationship

N(r>R)=kR" (3.23)

where N(r > R) is the cumulative number of objects of length r larger than
a specific R, k is a constant equivalent to the number of elements at a unit
length scale, and D is the fractal dimension.

3.2.3 Fractal Fragmentation Model

As shown in the previous sections, the fragmentation looks like a complex

mechanism found ubiquitously in nature. It is also strongly related to fractals
since they are the cause of its self-similarity and scale-invariant events. To
explain this connection, Turcotte (Turcotte, 1986) proposed a fragmentation
model based on fractal theory.
The starting point of this model is that the fragmentation of a given material
is due to the propagation of preexisting fractures and damages under applied
stress (Allegre et al., 1982). Turcotte began considering a cubic particle of
hxhxh side dimensions (see Fig. 3.2).

The cube is divided into eight equal cubes of size h/2 with a probability of
catastrophic fragmentation p.. Each of these has the probability p. of expe-
riencing a further fragmentation into eight daughter elements of size length
h/4, which themselves may be further divided into eight cubes. The proba-
bility of fracture p. is constant in this iterative process, and this latter can
be repeated at infinitely logarithmically-spaced smaller scales. This model
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Figure 3.2: Turcotte’s cube after the Renormalization Group (RG) approach
application. It represents the initial intact cube and the resulting fractal
model occurring by the process of fragmentation.

is based on the Renormalization Group (RG) approach, according to which
each resulting daughter is assumed to be different from its parent fragment
only by a constant scaling factor. The RG approach refers to a mathematical
apparatus that allows systematic investigation of the changes of a physical
system as viewed at different distance scales.
Let us consider hy and h; as the length of the initial cube and the daughter
particle respectively. The two factors are related by a constant reductive
factor a

hi1 = ahg (3.24)

and after ¢ iterations, the geometric progression transforms Eq. 3.24 in

hi+1 = &hi (325)

Mass conserving was the initial assumption for fragmenting the parent
cube, and the catastrophic probability of fragmentation p. has been con-
sidered constant. When the initial mass is passed successively at another
iteration to smaller scale, it must be exponentially decreased. Assuming uni-
tary density, the mass of the cube is equal to its volume, which is in turn
dependent to the length h such that V = h3.
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Introducing the mass concept in the fractal fragmentation model, this leads

to
M, = pcMO (327)
MZ'+1 = pchL (328)
M; = pi.Mj (3.29)

where M, is the total mass of the initially cube of side length hg, and M; is
the total cumulative mass at size 1.
Since a® = b = x = log,b and solving for i gives:

oo(3) _ oo (1)
log(pe)  log(a) (3.30)

By removal of logarithms and substituting v = log(p..)/log(a),

M, hi\"”
=|— 3.31
- () (3.31)
Equation 3.31 is a fundamental relationship which completely describes
the nature of a scale-invariant fragmentation. In fact, the dependence be-

tween the cumulative mass M; at the " iteration and the ratio between sizes
raised power v, satisfies the power-law condition.

For mass conservation assumption, the initial mass of the cube My must
be equal to the total mass of the final fragments. The total mass is related
to the largest observable fragment of size hg, which is considered the upper
size limit of the distribution. In this context, Eq. 3.31 becomes (Tyler and

Wheatcraft, 1992)
M, <r) R \"
= 3.32
My R ( )

upper

where M, p) is the cumulative mass with linear size smaller than a spe-
cific value R, My is the total cumulative mass up to the upper observable
limit (Rypper), and v is a constant exponent.
Since it is not alway possible to have information about the initial mass of a
fragmented system, the upper mass limit in Eq. 3.32 must be removed, and
the equation becomes

M(r < R)=cR’ (3.33)
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To link the mass and size distributions with the volume, the probability
density functions can be obtained deriving the Eq.s 3.23 and 3.33

dN

E - R_D_l (334)
dM
ﬁ - val (335)

Since M oc V o< R?, assuming a constant density p = M/V, we obtain

R*dN oc dM (3.36)

Combining equations 3.35 and 3.36, the following relationships are ob-
tained:

R*dN oc R*'dR (3.37)
AN R
— = 3.38
dR RS )
= Rl = pmP (3.39)
Finally, —D —1 = —3+v — 1 and

log(P,
Dog_y—g_ logl) (3.40)

log(a)

The fractal dimension D can also be related to the volume and surface
area of the resulting fragments. The total volume of fragments can be calcu-
lated as

V= /Tmm r3dN ~ 3 _1 D(rf;;lf — 3Dy (3.41)
where 7,4, 18 the size of the object which has been fragmented, and
Tmin 1S a value controlled by the scale of the heterogeneity responsible for
fragments. If 0 < D < 3, it is not necessary to specify 7,,;, because the
volume is predominantly in the largest fragments. In contrast, if D > 3 the
role of smaller particles is predominant.
The total surface area A of the fragments is similarly

rmea C 1 1
A= 0/ N~ (HH - TD,Z) (3.42)

min mazx

Considering the initial cube of density py and initial length size rg, the density
of the fractal medium scale is finally calculated as follows:

% _ @)P’_D (3.43)
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3.3 Quantitative Analysis of Isolated Boulder
Fields on Comet 67P

As described in the first chapter, the surface of the comet shows different

terrains and surface features. The large blocks are one of the ubiquitous and
most important geological features of 67P: these boulders can be found both
isolated and in clusters, and their size distribution depends on the formation
and evolution they have undergone (Pajola et al., 2015). Being exposed on
the surface of the comet, these objects undergo intense thermal fatigue, and
reveal imprints of erosional and geological processes (Ehlmann et al., 2008).
It is therefore important to understand the origin of these boulders and what
this means in the framework of cometary evolution.
In this section a method to quantitatively analyze boulder fields is shown. We
are interested in characterizing isolated boulder populations that are unre-
lated to specific niches or detachment scarps. Boulders are scattered all over
the surface of the comet, and we cannot be sure about their origin. These
boulders could have been the result of past collapses or gravitational events.
However, by discarding boulder populations originating from confirmed grav-
itational phenomena, we can investigate other types of fragmentation, such
as the thermal fatigue and the sublimation of ices. Fragmentation processes
on a cometary body are indeed thought to be the result of cumulated thermal
fatigue (Pajola et al., 2017), propagating fractures within the material, and
the combined effect of gravitational force (Pajola et al., 2015). It is impor-
tant to note that the following analysis focuses on specific and confined areas
within three regions of 67P, and the obtained results might not be represen-
tative of the entire regions.

3.3.1 Data Selection

We selected three areas (Fig. 3.3) located on the head, neck, and body
of 67P, in order to study the correlation between boulder fragmentation and
their location on the comet nucleus. The selected regions are Imhotep, Hapi,
and Hatmehit respectively (Thomas et al., 2015b; El-Maarry et al., 2015).
The Hatmehit region is located on the small lobe at the equator, where the
sublimation of ices can be strong and the erosion can be fast (Kossacki et al.,
2015). The Hapi region is located in the northern hemisphere of 67P, in
the neck that joins the large and small lobe of the comet. Because of its
location and self-shadowing, Hapi experiences day-night cycles twice every
comet rotation (Pajola et al., 2019) during the northern summer when the
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Figure 3.3: OSIRIS NAC images taken on 5 and 6 August, 2014 showing the
location of the Hatmehit (A, red), Hapi (B, green), and Imhotep (C, blue)
regions of 67P. The first image of this set (A) was taken at 23.19.25 UT at
a distance of 123.3 km and a scale of 2.30 m/pixel. Image B was taken at
03.19.25 UT at a distance of 115.2 km and has a scale of 2.14 m/pixel, while
the last one (C) was taken at 06.19.26 UT at a distance of 109.7 km and a
scale of 2.04 m/pixel.

comet is at heliocentric distances >1.6 au pre-perihelion and > 2.6 au post-
perihelion (Keller et al., 2015). Imhotep is a complex region located close to
the cometary equator. It is illuminated daily from aphelion (5.7 au) to peri-
helion (1.2 au), and it is relatively flat compared to the shape of the nucleus
(Auger et al., 2015). Because of its location, illumination conditions, and
geomorphology, this region is a good candidate for investigating sublimation
erosion close to perihelion. The size of boulders located in this region has no
obvious correlation with the gravitational slope of the terrain on which they
stand (Auger et al., 2015), and they vary widely in size, shape, and surface
texture.

As mentioned in the previous paragraph, we focused on areas that are un-
related to detachment scarps and niches. To confirm that these populations
are not altered by local gravitational slopes, we report the gravitational slope
maps (Fig. 3.5, the centrifugal force is included), that is, the angle between
the local surface normal and the vector opposite to the estimated accelera-
tion fields (Penasa et al., 2017). All areas have gravitational slopes ranging
between 0° and 20°, which is below the angle of repose of loose granular
material on 67P, that is 30° (Vincent et al., 2015b).
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Figure 3.4: OSIRIS NAC pre- and post-perihelion images used in this work
(see Table 3.1 for image ID). (A) OSIRIS NAC image taken on 12 December,
2014. The spatial scale of the image is 0.36 m/pixel. This area is located in
the Hatmehit region. (B) OSIRIS NAC image taken on 23 July, 2016 with
a spatial scale of 0.19 m/pixel. This area is located in the Hatmehit region.
(C) OSIRIS NAC image taken on 10 December, 2014 with a spatial scale
of 0.38 m/pixel. This area is located in the Hapi region. (D) OSIRIS NAC
image taken on 20 July, 2016. The spatial scale of the image is 0.17 m/pixel.
This area is located in the Hapi region. (E) OSIRIS NAC image taken on
29 September, 2014. The spatial scale of the image is 0.35 m/pixel. This
area is located in the Imhotep region. (F) OSIRIS NAC image taken on 23
July, 2016 with a spatial scale of 0.28 m/pixel. This area is located in the
Imhotep region. In panels E and F we highlight a detail of the Imhotep case
study area.
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Figure 3.5: Gravitational slopes of the selected areas. Panels A, C, and D
show the OSIRIS NAC pre-perihelion images used in this work (see Table
3.1) for image ID. In panels G, H, and I the related slopes maps are shown.
The value ranges from 0 to 90 degrees.

3.3.2 Size-Frequency Distribution and Cumulative Frac-
tional Area

Boulders on a rocky surface result from geological processes that have
formed and altered the surface. Understanding the size-frequency distribu-
tion and the position of these objects is important because may lead to a
better comprehension of the geologic history of the surface itself (Garvin
et al., 1981). Boulder counting can be used to characterize surface prop-
erties (Tang et al., 2017) and the processes that result in fragmentation.
Using orthorectified images from the OSIRIS-NAC, we derived the cumula-
tive size-frequency distribution of three populations of boulders located in
Hapi, Imhotep, and Hatmehit. In Fig. 3.4 the areas of interest are shown.
Following the definition of "boulder” given by Pajola et al. (2015), we used
the Arcgis 10.3.1 software (ESRI, 2011) to manually outline all positive reliefs
detectable in multiple images obtained with different observing geometries.
This software allows to measure the position of boulders on the surface, the
corresponding projected area, and their mean long axis. We only considered
fully resolved boulders, that is, features larger than 3 pixels (Pajola et al.,
2015), to minimize the possibility of misidentification (Nyquist, 1928). This
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implies a boulder size of at least 1.08 meters on Hatmehit, 1.05 meters on
Imhotep, and 1.14 meters on Hapi.

We performed our analysis on images acquired before and after the perihelion
passage (13 August, 2015). Being the closest point of the comet’s orbit to
the Sun, the surface receives the largest quantity of insolation. Hence, it is
expected that perihelion plays a fundamental role in terms of fragmentation.
Pre- and post-perihelion images have a different spatial resolution because of
the different spacecraft distance, which affects boulder mapping. To directly
compare these two situations and to obtain a homogeneous data set, we used
the lowest resolution images as reference, and degraded the highest resolution
images to the same levels. The spatial reference scale for the Imhotep case
study area is that obtained on 29 September, 2014, at 13:29 UT and is equal
to 0.35 m/pixel. For the Hapi area we used a spatial scale of 0.38 m/pixel,
derived from an image dated 10 December, 2014. For Hatmehit we used an
image acquired on 12 December, 2014, with a spatial scale of 0.36 m/pixel.
In Table 3.1 we present the observing log of the image dataset we used in
this work. As displayed in the panels E and F of Fig. 3.4, a sub-population
of the Imhotep region is highlighted (white boxes in Fig. 3.4 are used to
indicate this particular). We decided to analyze both the entire population
of the Imhotep region and this sub-population consisting of a main boulder
surrounded by its smaller fragments (hereinafter 'detail’) to compare this sit-
uation with the entire population, assuming that the fragments derive from
the parent body.

Finally, we derived the cumulative fractional area, which is the curve of area
covered by boulders versus diameter represented in a log-log plot (Golombek
et al., 2003). As shown by Golombek and Rapp (1997), a general cumulative
area distribution of blocks can be described by the following equation:

F(R)=CR™%, (3.44)

where F'(R) is the cumulative fractional area covered by blocks of a given
diameter R or larger, C' is a constant derived from the cumulative area cov-
ered by boulders greater than 3 pixels, and S is a parameter that explains
how abruptly the area covered by rocks decreases with increasing diameter.

3.3.3 Fractal Theory

As shown in the previous section, empirical data indicate that the size-
frequency distribution of material expected from fractures and fragmentation
follows a fractal rule (Bittelli et al., 1999). Fragmentation is caused by the
propagation of fractures at different length scales (Li et al., 2017), and this
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Image  Region Day Time  Spatial Phase Incidence Emission
ID Scale Angle Angle Angle
(UT) (UT) (m/pixel) (degree) (degree) (degree)
A Hatmehit | 12-12-2014 17:42 0.36 95.34 8.76 88.91
B Hatmehit | 23-07-2016 17:53 0.19 101.81 16.47 87.79
C Hapi 10-12-2014  06:29 0.38 91.79 31.79 99.84
D Hapi 20-07-2016  08:02 0.17 89.02 71.65 25.16
E Imhotep | 29-09-2014 13:29 0.35 92.94 63.44 39.47
F Imhotep | 09-09-2016 11:25 0.28 89.95 56.38 44.93

Table 3.1: Observing log of the OSIRIS NAC images.

behavior can therefore be described by connecting the number of crack ini-
tiators with the fractal dimension. In this context, a fractal fragmentation
model can be used to quantify and predict the size-frequency distribution of
fragments produced by a given energy input. The size-frequency distributions
can be interpreted as the fractal behavior of the boulder populations, pro-
duced by fragmentation processes, and the power-law exponent determined
by the size-frequency analysis can be interpreted as a fractal dimension.
The size-frequency distribution of the boulders for an area combines the num-
ber of counted boulders N and their size R, with the relation (Mandelbrot,
1983; Matsushita et al., 1985; Turcotte, 1986)

N(R) = kR™P" (3.45)

where N(R) is the number of boulders with a diameter larger than a fixed
value R, k is a constant proportionality, and D is the power-law exponent.
D characterizes the population itself and the degree of fragmentation. Eq.
3.45 can also be interpreted as the number of elements N at the R-th level
in the hierarchy of a fractal system, k is the number of crack initiators of
unit length, R represents the element size, and D is the fractal dimension
(Mandelbrot, 1983).

To verify the fractal behavior of the analyzed populations, we used the box-
count approach (Smith et al., 1989; Miloevic et al., 2013), which is a common
method for analyzing complex patterns and to determine their fractal dimen-
sion in a Euclidean space. The image is overlaid with a grid (Miloevic et al.,
2013) and is subdivided into progressively smaller squares. Then, each box
is checked to determine whether it contains any boulders. At each scale a
different number of boxes N will contain boulders, and that number is used
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to obtain the fractal dimension. If N(r) is the number of boxes of side length
r required to cover the image, the fractal dimension Dy is defined as

log(N(r))
log(1/r)

If the definition of limit is not met and this limit does not exist, the analyzed
image does not show fractal behavior.

(3.46)

3.3.4 Shape of Boulders

The primary measuring information of image analysis is the projected
area of a boulder, which contains key information about both the boulder
size and shape. The shape of boulders may provide indications on geolog-
ical processes that leave morphological marks on rock surfaces at different
spatial scales (Viles, 2001). The original shape of a particle, its lithology,
its composition, and the duration of the processes responsible for the ero-
sion are the main influencer on its final shape. In particular, the lithology
of a block is the primary factor that constrains whether and how a particle
breaks (Yingst et al., 2007). The shape of a boulder can be quantitatively
described by shape factors, which are dimensionless quantities independent
of boulder size. They represent the degree of deviation from an ideal shape,
such as circle or sphere, and are calculated from measured dimensions, such
as diameter (d), perimeter (P), area (A), and major (a) and minor (b) axis.
The shape factors used in this study are described below.

SHAPE FACTORS to describe a boulder

e FLlongation: the major-to-minor axis ratio of a particle (i.e., the pro-
jection of its shape) is defined by

E=b/a, (3.47)
where a and b are the major and minor axis respectively.

e Cox Circularity: the measure of how closely a polygon shape matches
that of a circle is defined by the Cox circularity. These parameters
indicate the presence or absence of edges and corners and may therefore
describe if the polygon has a relatively simple boundary with vertices
that are relatively equidistant from the centroid. This parameter is
defined as:

Circ = 4w A/ P?, (3.48)

where A is the area, and P is the perimeter.
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o Solidity: if A is the area, and H is the convex hull area of the shape
(Ballan et al., 2005)), the solidity describes the extent to which the
shape is convex or concave. In particular, it expresses how the border
is ruffled or how many concave cavities are on the surface and is defined

as follows:
S=A/H. (3.49)

The convex hull is defined as the smallest convex region that contain
the polygon, constructed by connecting a subset of the polygon vertices.

e Feret diameter: the size of an object along a specified direction is
quantified by the Feret diameter (dy). In general, it can be defined as
the distance between the two parallel planes that restrict the object
perpendicularly to that direction.

In addition to these parameters, another important particle shape factor
is its sphericity. This is the measure of how closely the shape of an object ap-
proaches that of a mathematically perfect sphere. This is a three—dimensional
parameter that can be estimated by measuring only two dimensions of a par-
ticle. This is possible because the correlation coefficient between sphericity
values calculating two to three dimensions is 0.85 (Riley, 1941). Defined by
Wadell (1933), the sphericity W of a particle is the ratio of the surface area
of a sphere, which has the same volume as the given particle, to the surface
area of the particle. To address the problem of the dimensionality, particle
sphericity has been defined in various ways (Zheng and Hryciw, 2015). The
four most commonly used formulations are

e the area sphericity,
As

b
Acirc
where A, is the projected area of a particle, and A, is the area of the
minimum circumscribing circle.

v, =

(3.50)

e The diameter sphericity,
D,

Dci'rc 7
where D, is the diameter of a circle that has the same projected area as
the particle, and D, is the diameter of the minimum circumscribing
circle.

\112:

(3.51)

e The circle ratio sphericity,

-

s 3.52
Dcirc 7 ( )
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where D;,, is the diameter of the largest inscribing circle and D, .. is
the diameter of the minimum circumscribing circle.

e The perimeter sphericity,

(3.53)

where P, is the circumference of a circle that has the same projected
area as the particle and P; is the perimeter of the particle.

The method we present here was adapted to the specific limitations of
data derived from boulders in the OSIRIS NAC images. To evaluate the
boulder shape, we manually outlined every boulder on the selected image to
fix the shape and to calculate the area of all boulders, their perimeter, and the
major and minor axes. After the image mapping, we analyzed every shape
through a Java program called ImageJ (Schneider et al., 2012) to quantify
the shape parameters.

3.3.5 Error Sources

The poor pixel selection in outlining the border of the boulder represents
one of the sources of error for particle shape analysis (Yingst et al., 2007).
These errors depend on the capability of the analyst to create an accurate
contour of the particle. Yingst et al. (2007) estimated uncertainty by the
mean values of resulting morphologic parameters derived by each one of sev-
eral operators. The resulting error is approximately 3% for sphericity and
20% for roundness. Analyzing pre- and post-perihelion images of the same
regions, errors due to different incidence angles or inclination of the focal
plane with respect to the target surface and the position of the spacecraft,
are introduced. In this context, to assess the reliability of the shape param-
eter set, we performed two tests to validate our method.

Two-dimensional test

We created a test image containing different shapes, ranging from the
simplest, like a circle, to the most complex, like a star (see Fig. 3.6). We
rotated and tilted the image under different angles, varying the azimuth and
the elevation angles of the view in order to simulate the real conditions of the
observations. This process is equivalent to applying different homographies,
increasing perspective (high elevation), or changing the image plane rotation
(by changing the azimuth) to the image. We randomly rotated the image
for the first test; we tilted the image by an azimuth angle of 120° and an
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Figure 3.6: Variation in azimuth and elevation angle of the test im-
age. (A) Random rotation of the test image. (B) Azimuth=120°, and
elevation=20°. (C) Azimuth=>55°, and elevation=40°. (D) Azimuth=120°,
and elevation=>50°.

elevation of 20° for the second test; used an azimuth of 55° and elevation of
40° for the third test; and finally, an azimuth angle of 120° and elevation of
50° for the last test. We repeated the test several times with different values
of azimuth and elevation. Following the method described in the previous
section, all the test images were then given as input to ImageJ for the shape
detection and parameter measurements. Table 3.2 shows that the circularity
and solidity are invariant shape factors. Their invariance allows us to use
them to characterize the boulder populations.

Three-dimensional test

To quantify the biases introduced by measuring a two-dimensional projec-
tion of a three-dimensional object, we simulated a boulder field and accord-
ingly measured the shape parameters. The surface has a cometary texture
and is composed of 10 boulders, the sizes of which vary from 1 to 5 meters.
Figure 3.7 shows an example of the synthetic boulder field. The shape of the
boulders is random. We combined different emission and incidence angles to
include shadows and to measure the shape at different observational geome-
tries. The emission values are 0°, 20°, 35°, and 60°. The incidence angles
are 0°, 30°, 45°, and 60°. The zero-emission and zero-incidence cases set the
shape parameters, because they are able to measure them in a nadiral way.
Table 3.3 shows that the results are consistent with the previous test, and
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Image Circ S Feret E  Sphl Sph2 Sph3 Sph4
(pixel)

Original | 0.55 0.86 | 698.28 0.57 045 0.65 0.46 0.76
Random | 0.54 085 | 83.85 0.55 0.46 0.66 046 0.75
120°-20° | 0.54 0.85| 61.21 0.44 034 056 036 0.72
55° - 40° | 0.54 0.85 80 045 049 065 047 0.83
120°-50° 1 0.55 0.85 | 80.55 0.57 047 047 047 0.77
Mean 0.54 085 | 80.55 0.55 0.46 0.65 0.46 0.76
Stdev 0.01 0.01 | 278.25 0.07 0.06 0.08 0.05 0.04

Table 3.2: Shape parameters determined with the synthetic image test, in-
cluding circularity (Circ), solidity (S), Feret’s diameter (Feret), elongation
(E), and the four formulations of sphericity (Sph). Mean values and standard
deviations are shown.
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Figure 3.7: Simulation of a boulder field composed of 10 boulders. (A)
Emission=0°, and incidence=0°. (B) Emission=0°, and incidence=30°. (C)
Emission=0°, and incidence=45°. (D) Emission=0°, and incidence=60°.
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Image Circ S Feret E
(pixel)
Em=0In=0 | 0.89 096 | 4456 0.81
Em=0In=30 | 0.79 0.94 | 53.94 0.68
Em=0 In=45 | 0.79 0.93 | 51.65 0.71
Em=0 In=60 | 0.83 0.95| 58.70 0.78
Em=20 In=0 | 0.86 0.95| 43.57 0.75
Em=20 In=30 | 0.86 0.96 | 52.88 0.63
Em=20 Inc=45 | 0.84 0.95 | 53.60 0.66
Em=20 Inc=60 | 0.87 0.95 | 42.68 0.73
Em=35In=0 | 0.86 0.95| 41.81 0.66
Em=35In=30 | 0.85 0.94 | 40.09 0.55
Em=35 In=45 | 0.82 0.95| 73.11 0.58
Em=35 In=60 | 0.86 0.94 | 32.56 0.63
Em=60 In=0 | 0.86 0.96 | 55.27 0.41
Em=60 In=30 | 0.85 0.95 | 40.97 0.34
Em=60 In=45 | 0.85 0.94 | 41.81 0.40
Em=60 In=60 | 0.86 0.95 | 41.55 0.39
Mean 0.85 0.95| 48.40 0.60
Stdev 0.03 0.01| 9.77 0.15

Table 3.3: Shape parameters resulting from the three-dimensional test. Cir-
cularity (Circ), solidity (S), Feret’s diameter (Feret), and elongation (E) are
listed. Mean values and standard deviations are shown.

the solidity and circularity are invariant even in this test.

3.3.6 Results

Size-frequency distribution and cumulative fractional area

By excluding boulders with diameters smaller than 3 pixels, a power-law
function can be used to fit the data from each boulder population to represent
the general form of the size-frequency distribution:

n(R) = kR™P, (3.54)

where n(R) is the cumulative density of boulders per km? with diameter
larger than R. K and D are constants. The cumulative distribution is ap-
proximately linear, and we applied a nonparametric statistical method (e.g.,
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Figure 3.8: Cumulative size-frequency distribution of boulders per km?2. The
left panel refers to the Hatmehit pre-perihelion image, and the right panel
refers to the Hatmehit post-perihelion image. The vertical error bars indicate
the root of the cumulative number of counting boulders. The fitted regression
curves have a power-law index of -2.7 +0.1/-0.2 and -2.8 +0.1/-0.1.
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Figure 3.9: Same as Fig. 3.8 for Hapi. The fitted regression curves have a
power-law index of -1.7 +0.2/-0.2 and -1.2 40.2/-0.3.
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Figure 3.10: Same as Fig. 3.8 for Imhotep. The fitted regression curves give
a power-law index of -2.4 +0.1/-0.2 and -2.4 +0.1/-0.1.
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Figure 3.11: Same as Fig. 3.8 for Imhotep (detail). The fitted regression
curves have a power-law index of -2.7 +0.1/-0.1 and -2.7 +0.1/-0.1.
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Kolmogorov-Smirnov method) to find the slope of the cumulative distribu-
tion (for the method, see Lamy et al. (2004); also Pajola et al. (2017)). We
derived the cumulative size-frequency distribution per km? using the equiva-
lent area computed from the 3D shape model of 67P (Preusker et al., 2017).
For each size-frequency distribution we used a constant bin-size of 0.35 m,
0.36 m, and 0.38 m for the Imhotep, Hapi, and Hatmehit study areas, re-
spectively. This corresponds to the size of the pixel resolution of the OSIRIS
NAC images.

The total number of identified boulders in this analysis is 11811, of which
4581 belong to the Imhotep case study area, 641 to the Imhotep detail, 1402
to the Hapi case study area, and 5187 to the Hatmehit study area. The cu-
mulative boulder size-frequency distribution per unit area on the Hatmehit
area has a power index of -2.7 +0.1/-0.2 before perihelion and -2.8 +0.1/-0.1
after perihelion. The Imhotep population shows a power-law trend with an
index of -2.4 40.1/-0.2 before perihelion, and -2.4 +0.1/-0.1 after perihelion.
The results for the detail of the Imhotep boulder population (see Fig. 3.4,
panel E) show a power index in the pre-perihelion image equal to -2.7 +0.1/-
0.1, and -2.7 40.1/-0.2 for the post-perihelion picture. The Hapi study area
shows a power index of -1.7 40.2/-0.2 before the perihelion passage, and
-1.2+40.2/-0.3 after the perihelion passage. In Table 3.4 we summarize the
power-law indices for the areas we analyzed. In Figs. 3.8, 3.9, 3.10, and 3.11,
the cumulative size-frequency distributions of boulders per km? are shown.
We also included the total number of counted boulders, the area calculated
trough triangulating the boulder point cloud on the 3D shape model, the
corresponding fragmented area, the minimum, the maximum, and the aver-
age diameters. The squared correlation R? resulting from the least-squares
fit of Eq. 3.54 is larger than 98% for all of the cases.

Finally, we analyzed the cumulative fractional area, i.e. the area covered
by boulders with a diameter larger than R as a function of the diameter
itself. As shown in Table 3.5, these distributions can be fit by the following
power-law equation:

F(R) = CR ") (3.55)

where F'(R) is the cumulative fractional area covered by boulders with di-
ameters equal to or larger than R, C represents the total area covered by
all boulders, and S(R) indicates how abruptly the area covered by boulders
decreases with increasing size. We found that the Hatmehit and Imhotep
areas show a cumulative fractional area that is well fit by a power law, as
expected. The Hapi case study area instead shows a lower value of the square
correlation. This suggests that this population does not cover the area in the
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Region # A %A Min Max Avg D +AD -AD
() (m?) (%) (m) (m) (@ () () ()

Hatmehit | 2538  0.22 30 041 2765 191 -2.7 0.1 0.2

(pre)
Hatmehit | 2649 022 26 0.39 28.21 186 -28 0.1 0.1
(post)
Hapi 692 0.1 16 043 2814 210 -1.7 02 0.2
(pre)
Hapi 710 011 30 027 28.66 153 -12 02 0.3
(post)
Imhotep | 2192 0.18 18 0.40 36,53 1.62 -24 0.1 0.2
(pre)
Imhotep | 2389 0.18 17 0.32 33.76 128 -24 0.1 0.1
(post)

Imhotep 300 0.0045 96 040 3145 169 -27 0.1 0.1
detail (pre)
Imhotep 340 0.0045 98 032 29.05 144 -27 0.1 0.2
detail (post)

Table 3.4: Results from the size-frequency distributions analysis. We list the
name of the selected region, the area (A), and the corresponding fragmented
area (%A), the total number of boulders #, the minimum and maximum
diameter (Min, Max), the average diameter (Avg), the power-law index (D),
and the associated errors (+AD, -AD).
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Region Trend line R?
Hatmehit pre y=0.0632z ~%72  (.9942
Hatmehit post y=0.0594z ~%-639  (.9875

Hapi pre y=0.0648 x ~%17  (.9120
Hapi post y=0.05562 ~9150  (.8545
Imhotep pre y=0.0697 x 9364 (.9945
Imhotep post y=0.0548  ~9378  (.9910
Imhotep detail pre | y=0.0041 x ~%37"  0.9865
Imhotep detail post | y=0.0032 = ~%4% (.9908

Table 3.5: Trend lines and square correlations of the cumulative fractional
area distributions.

same way.

Fractal behavior

To further investigate whether the analyzed boulder populations can be
described by a fractal law, we used the box-count method. The aim of this
approach is to quantify the fractal scaling, although this factor is not always
known a priori. The calculation begins with an arbitrary number of boxes
of size r. These elements are then applied to the dataset and counted. This
optimized way of cutting an image will reveal the scaling factor.

The number N of boxes of size r needed to cover the set follows a power law:

N = Nor~%s, (3.56)

with D; the fractal dimension. Applying the algorithm, we determined the
number of boxes N as a function of the size r, and it is represented by a solid
line in Figs. 3.12, 3.13, 3.14, and 3.15. In the same figure, the scaling law
n oc 772 (required to completely space-fill a 2-dimensional image) is repre-
sented by a dashed line. A clear separation between the two curves indicates
a possible fractal behavior of the data set.

The analyzed populations seem to be fractal at all sizes, without differ-
ences before and after the perihelion passage. The Hapi distribution, how-
ever, does not show a fractal behavior at large sizes. Table 3.6 lists the
resulting fractal dimensions Dy .
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Figure 3.12: Results of the box-count method for the Hatmehit region. The
dashed line shows the scaling n oc 72 expected for a space-filling 2D image.
The solid line represents the power law N = Nyr~"f. The possible fractal
behavior of the dataset is indicated by the discrepancy between the two
curves.
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Figure 3.13: Results of the box-count method for the Hapi region. The
dashed line shows the scaling n oc 72 expected for a space-filling 2D image.
The solid line represents the power law N = Nor~Pf. The possible fractal
behavior of the dataset is indicated by the discrepancy between the two
curves.
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Figure 3.15: Results of the box-count method for the Imhotep (detail) area.
The dashed line shows the scaling n oc r=2 expected for a space-filling 2D
image. The solid line represents the power law N = Nyr~P7. The possible
fractal behavior of the dataset is indicated by the discrepancy between the
two curves.
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Region Dy StDev

Hatmehit pre 1.64 0.17
Hatmehit post 1.54 0.21

Hapi pre 1.48 0.18
Hapi post 1.44  0.08
Imhotep pre 1.55  0.11

Imhotep post 1.50  0.22
Imhotep detail pre | 1.30  0.52
Imhotep detail post | 1.23  0.72

Table 3.6: Results from box-count analysis. We list the name of the region,
the fractal dimension Dy, and the associated standard deviation.

Boulder shape

The quantitative shape factors can provide a powerful method for assess-
ing the geological history of the surface when the data provision is limited
(Yingst et al., 2007). The mean value of each boulder shape factor is con-
sidered representative of the entire population. Table 3.7 shows that the
average solidity of boulders ranges from 0.87 to 0.89. The concept of circu-
larity is strictly connected to the compactness and complexity of a particle.
The values range from 0.83 to 0.92, and this means that boulders at all sites
are generally compact and there are small cavities at the edge of the boul-
ders. We graphically represent the values of circularity and solidity for all
populations (Fig. 3.16).

Finally, we report a comparison between circularity, solidity, and boulder
size for each population (Figs. 3.17, 3.18, 3.19, and 3.20). The trend lines
show that the circularity and solidity decrease with increasing diameter. This
result would be consistent with the fragmentation process due to thermal
fatigue. This process removes facets and corners and rounds smaller features
more quickly because they are characterized by fewer sensing elements.

3.4 Discussion

From our analysis of 11811 boulders we found differences between the
Imhotep, Hapi, and Hatmehit study areas in size-frequency distribution, cu-
mulative fractional area, and fractal analysis. The fractal mathematical ap-
proach applied to the size-frequency distribution allows to characterize par-
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Figure 3.16: Graphical representation of circularity (square) and solidity
(triangle). The average values of these shape parameters suggest boulders
with a moderate circularity and solidity. These values are considered as
representative of the entire populations.
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Figure 3.17: Comparison between circularity, solidity, and boulder size. The
upper panel refers to the circularity, and the lower panel refers to the solidity.
The stars represent the Hatmehit pre-perihelion case (the solid line is the
corresponding trend line), and the diamond represents the Hatmehit post-
perihelion case. The dotted trend line refers to the post-perihelion case.
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Figure 3.18: Comparison between circularity, solidity, and boulder size. The
upper panel refers to the circularity, and the lower panel refers to the solidity.
The stars represent the Hapi pre-perihelion case (the solid line is the corre-
sponding trend line), and the diamond represents the Hapi post-perihelion
case. The dotted trend line refers to the post-perihelion case.
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Figure 3.19: Comparison between circularity, solidity, and boulder size. The
upper panel refers to the circularity, and the lower panel refers to the solidity.
The stars represent the Imhotep pre-perihelion case (the solid line is the
corresponding trend line), and the diamond represents the Imhotep post-
perihelion case. The dotted trend line refers to the post-perihelion case.
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Figure 3.20: Comparison between circularity, solidity, and boulder size. The
upper panel refers to the circularity, and the lower panel refers to the solidity.
The stars represent the Imhotep (detail) pre-perihelion case (the solid line is
the corresponding trend line), and the diamond represents the Imhotep (de-
tail) post-perihelion case. The dotted trend line refers to the post-perihelion

case.



3.4 Discussion

77

Region Circularity Stdev Solidity Stdev
Hatmehit pre 0.87 0.02 0.88 0.04
Hatmehit post 0.86 0.01 0.88 0.03

Hapi pre 0.92 0.05 0.89 0.05

Hapi post 0.91 0.04 0.89 0.05
Imhotep pre 0.89 0.02 0.87 0.05
Imhotep post 0.89 0.02 0.87 0.05
Imhotep Detail pre 0.86 0.01 0.89 0.04
Imhotep Detail post 0.83 0.01 0.89 0.04
Mean 0.88 0.17 0.88 0.17

Table 3.7: Average shape parameters. Circularity and solidity are given for
pre- and post-perihelion passage. Mean values and standard deviations are
shown.

ticle sizes in soil. These distributions are often considered as cumulative
function, in particular as number of particles larger than a certain diameter,
or a mass smaller than a certain diameter. A power-law relations characterize
the behaviors of these distributions, and the exponent D can be considered
as the fractal dimension, reflecting different domains or setting lower and
upper limits to the validity of fractal relations. Analyzing the cumulative
size-frequency distributions, we noted a substantial difference between the
power index of Imhotep, Hatmehit, and Hapi populations. The first two are
in the range of -2.3/-2.7. The Hapi area differs from this behavior, with a
value of -1.2/-1.7 pre- and post-perihelion. As suggested by Pajola et al.
(2015), these data might indicate different formation processes of the boul-
ders. In particular, collapses and pit formation are characterized by power-
law exponents of about -5 to -6.5. Indices between -3.5 to -4.5 are typical for
gravitational events caused by sublimation and thermal erosion, while ma-
terial formed during gravitational events and collapses that has undergone
continuous sublimation typically shows power-law indices of -1 to -2 (Pajola
et al., 2015). The values of -2.3 to -2.7 could therefore represent a transition
between these two scenarios.

Table 3.4 shows that the minimum, maximum, and average values of the
boulder diameters change after perihelion passage. The highest resolution of
post-perihelion images allows us to outline more boulders and more details,
decreasing the minimum and the average value of diameters. The maximum
diameter changes because pre- and post-images have different observing con-
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ditions, and this is reflected in a diameter variation that is justified by an
intrinsic error in the boulder selection method. From this, we conclude that
the distribution of boulders does not show significant variations with respect
to the perihelion passage, in agreement with what is found in other works
(Stern et al., 2007; Pajola et al., 2015). There may be several explanations
for this: a first reason might be that the heat flux density received during
perihelion passage is not enough to change the examined populations. Sec-
ond, there could have been changes, but the erosion was uniform and the
shape parameters can only distinguish differential erosion. This erosion oc-
curs at irregular or varying rates caused by the differences in the resistance
and hardness of surface materials. This uniformity in erosion could therefore
reflect the uniformity of cometary material.

We examined the spatial distribution of the boulders with respect to their
size. The cumulative fractional area explains how abruptly the area covered
by the boulders decreases with increasing diameters. A power law fits well
the Imhotep and Hatmehit populations, but not the Hapi one. Moreover in
Hapi, that is on the neck of the comet, the analyzed boulders also reveal a
spatial distribution different from the other populations.

To verify the fractal behavior of the analyzed populations, we used the box-
count approach. This method allows to calculate the fractal dimension dis-
playing a plot in which the scaling line n oc 7% expected for a space-filling
2D image, and the power-law N = Nyr?s are shown. The possible fractal
behavior of the data set is indicated by the discrepancy between the two
curves. The calculated fractal dimension indicates that all study areas show
a possible fractal behavior, except for the bigger boulders of Hapi. In fact, as
shown in Fig. 3.13, the discrepancy between the two curve is evident only for
boulders of small size. We then hypothesize that the analyzed boulders on
the neck of 67P do not follow the fractal fragmentation rules, suggesting the
possibility of a different origin of these features. The results obtained so far
show that the Hapi area differs from the others in size-frequency distribution,
cumulative fractional area, and fractal analysis. One possible explanation
could be that these boulders collapsed during gravitational events and their
fragmentation in situ is controlled by thermal fatigue. This can be justified
by the location of Hapi, which is a connecting region between the two lobes
of comet 67P that represents a gravitational potential well. Another scenario
takes into account the configuration of the Hapi region. Penasa et al. (2017)
showed that the peculiar alignment of boulders in the Hapi region is geo-
metrically consistent with the inner layering of comet 67P (Massironi et al.,
2015). The boulders appear to be aligned along a specific layer of the large
lobe. The low values of the power index derived for the boulders of Hapi
and the differences found in the various parameters analyzed here compared
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to other populations might reflect this particular relationship with a specific
layer of the large lobe. This layer may have undergone fragmentation, which
left behind a field of boulders that is aligned with the layering. These boul-
ders would then represent the tops of outcrops, immersed in a deposit of
back-fall material that is several tens of meters thick (Keller et al., 2007).
We defined a set of shape parameters to describe the boulder morphology.
Solidity and circularity are invariant shape parameters under changes of ob-
serving geometries. We noted that boulders have a homogeneous morphology
across the different populations. They consist of compact, convex, rounded,
and solid boulders without many inlets. Boulders with average dimensions
appear not to exhibit an enhanced tabular shape (i.e., low elongation values),
which would be expected for a fragmentation that preferentially occurs along
planes that are defined by a tight alternation of layers. The current rounded
shape might be connected to a pattern of equally spaced planes of weakness
and/or to the weathering processes that follow any kind of fragmentation
(i.e., sublimation processes). This result also indicates how sublimation and
thermal stress act on the surface of the comet. The near-circularity of all
boulders points to a limiting case, where uniform erosion shrinks the boulders
on all sides. This might also reflect that the processes involved in the frag-
mentation are not much influenced by preexisting planes of weakness such as
layers or fractures (and hence other factors exert larger control on the final
shape), or that layering on this scale (as opposed to the global scale of the
body) might be not present at all. This case would be consistent with the
observations made by Belton et al. (2018), who suggested a layer thickness of
about 10 meters, and with the observation that the studied boulders do not
exhibit evident layering. Similarly, a tight alternation of layers characterized
by a variable attitude to sublimation would have been expected to produce
more inlets by favoring differential sublimation (enhancing the sublimation
of the more erodible layers), suggesting that this kind of heterogeneity is not
present at the boulder scale either, or that it cannot be observed due to other
prevailing processes. On the other hand, larger boulders have diameters of
20-30 m, comparable to the layer thickness (or multiples of it) suggested
by Belton et al. (2018). In that case, decameter-scale layers would provide
decameter-scale boulders with moderate to high values of circularity and so-
lidity (Fig. 3.16). Finally, when we compare the mean values of the shape
parameters before and after perihelion, we do not note significant differences
among the analyzed regions.
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3.5 Conclusions

Size-frequency distribution in soil is one of the most fundamental tools
for analyzing soil physical properties. Commonly, they are reported as cumu-
lative distributions, and different functions have been proposed to fit exper-
imental data. In this chapter, we introduced the concept of soil fragmenta-
tion, investigating fragmentation models in the past century, and exploring
the link between this process and the fractal theory. In this context, we
presented a detailed quantitative analysis of isolated boulder populations
that are located in three different regions of the cometary nucleus of 67P:
Imhotep, Hapi, and Hatmehit. By using OSIRIS-NAC images, we identified
11811 boulders, 4581 of which belong to the Imhotep population, 641 to the
Imhotep detail, 5187 to the Hatmehit population, and 1402 to the Hapi re-
gion. We proposed techniques for analyzing boulder populations that can
complement previous studies, analyzing the size-frequency distribution and
the cumulative fractional area of these populations, and connecting these
data with the fractal theory. We also outlined the boulder morphology, pro-
viding a shape parameter set that does not depend on variations of observing
geometries. The analysis of the cumulative fractional area, the link with the
fractal theory, and the analysis of the shapes can provide additional infor-
mation about the population of boulders. As demonstrated by the Hapi case
study area, anomalies can be identified, and these differences give the possi-
bility to further investigate the origins of these boulders. The analysis was
also performed to understand the role of the perihelion passage of 67P in the
fragmentary and erosive processes. We expected some variations in terms
of number and shape of fragments after the perihelion passage, which is the
point of the comet orbit closest to the Sun and results in the position with
the highest insolation. Our results do not show variation of this type, at least
within the limit of this image resolution.



Chapter 4

Time Evolution of Dust in the
Hapi Region

The comet rendezvous mission Rosetta revealed that the nucleus of comet
67P consists of two lobes (Sierks et al., 2015), connected by a narrow neck
(see Fig. 4.1), with a stable spin axis. The nucleus rotates with an obliquity
of 52° (Keller et al., 2007). Due to the inclination of the axis of rotation, the
comet experiences strong seasons, resulting in significant differences in insola-
tion between the northern and southern hemispheres. This strong dichotomy
is reflected in the morphology between the two hemispheres. The OSIRIS
observations revealed that the northern regions, such as Ash, Ma'at, Seth,
and Hapi (Thomas et al., 2015b; El-Maarry et al., 2015) are fully covered by
dust. On the contrary, equatorial regions such as Anubis, Aket, and Bastet,
look different. In these regions, dust deposits appeared to have been replaced
by consolidated and coarse terrains (Keller et al., 2017). Differences between
the two hemispheres are mainly due to differences in insolation. Southern
summer coincides with the perihelion passage and this causes the erosion in
the southern hemisphere to be much stronger than on the northern regions
(Jorda et al., 2016; Keller et al., 2017). The approach to perihelion causes
the rise in nucleus temperature, sublimating the ices. Observations of the
coma revealed water to be the most abundant volatile (Gulkis et al., 2015).
Keller et al. (2017) calculated the erosion due to sublimation of water ice to
investigate the link between insolation, erosion, and water content of the nu-
cleus surface. The value was found to be four times stronger on the southern
hemisphere, than on the northern one. The strong insolation and the water
ice content in the south could erode the surface up to 20 m (Keller et al.,
2017) at the perihelion. In Fig. 4.2, the erosion due to water ice sublima-
tion is shown. The northern hemisphere, particularly Hapi, is characterized
by a minimal amount of insolation, and therefore a minimal erosion. These
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Time Evolution of Dust in the Hapi Region
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(El-Maarry et al., 2015)

Figure 4.1: (a) NAC image of comet 67P taken on 16 August, 2014, at
10.59.16 UT. (b)Same image with regional boundaries.

evidences confirmed that the dichotomy in appearance between the two hemi-
spheres is linked to the dichotomy in erosion, and that the dust cover in the
northern regions can be the result of transport mechanisms of particles from
the southern hemisphere during the southern summer (Keller et al., 2015).
The erosion of the southern hemisphere, the subsequent transport of mate-
rial, and then its fallout on the nucleus, are fundamental to investigate the
pristine water ice abundance in comet 67P, assuming that 67P’s ice content
is representative of the average value of all comets.

In this chapter, we describe the mass transfer mechanism from the south-
ern hemisphere to north, linking this process with the activity of the comet
and the erosion of the comet’s surface. The erosion is linked to the comet’s
pristine ice content, which represents a long-standing problem of the comet’s
formation. Comets formed beyond Neptune and water was incorporated in
form of ices embedded in the refractory matrix of their nuclei (Blum et al.,
2017). The difference in water content between different bodies is essential to
shed light on their distinct formation processes, clarifying the different effi-
ciency in trapping water ice from the protoplanetary disc (Lorek et al., 2016).
To provide an upper limit of comet’s water ice fraction, fixing the pristine
67P ice content, we quantified the seasonal erosion and deposit/accretion
in the Hapi region. We developed a tool which allows to monitor the time
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Hapi: area of minimal insolation,

Figure 4.2: Total (integrated over one orbit) water erosion. Left: northern
areas and neck, middle: equatorial view, right: southern view. (Keller et al.,
2015).

evolution of boulders height, defined as the difference between the top of the
boulders and the surrounding pebble deposit surfaces. This technique has
led to measure the seasonal evolution of the deposit erosion/accretion of the
Hapi region with a vertical accuracy of 0.2 m, fixing the pristine 67P ice
content of the meters-thick layers eroded every perihelion from the southern
hemisphere.

4.1 The Refractory-to-Ice mass ratio

Water content and delivery to the terrestrial planets is still today subject
of debate. Water is present in different bodies of the Solar System, even
in the outer asteroid belt and beyond in form of ices. In Fig. 4.3, the
association between water contents of materials and heliocentric distance
is shown. Primitive meteorites such as CI chondrites are believed to come
from C-types asteroids that dominated the outer part of the asteroid belt
(Burbine et al., 2002), and can have ~ 5-20% water by mass (OBrien et al.,
2018). Growth processes of carbonaceous Cl-chondrites, characterized by a
chemical composition mostly resembling the solar photosphere, allow water
to be trapped in their silicates at a molecular scale (Garenne et al., 2014).
Ordinary chondrites are linked to S-type asteroids, which are present in the
inner asteroid belts, and contain a different amount of water. Water in
comets was incorporated in form of ices embedded in the refractory matrix
of their nuclei (Blum et al., 2017). The radial distribution of water and ices
is recorded in the refractory-to-ice mass ratio in comets (Fulle et al., 2018b).
This ratio is a fundamental parameter which constrains the origin of comets
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Figure 4.3: Water contents of material estimated to have formed at different
heliocentric distances. The range of Earth’s possible water content is shown
for comparison (Morbidelli et al., 2012).

and KBO’s. Quantifying the difference in water content between comets
and other bodies allows to distinguish between different formation processes,
providing knowledge on the origin of the Solar System.

4.1.1 Mass Transfer on 67P

Differences in insolation between the northern and southern hemispheres
cause differences in erosion. The eroded southern surface is subjected to a
strong insolation (Keller et al., 2015), and this leads to strong water sublima-
tion, which contributes to release dust particles of different sizes. Small dust
particles are in the size range from 3 x 107 to 45 mm (Fulle et al., 2016).
Larger particles have also been detected by OSIRIS. These particles, named
chunks, are defined as pieces of the nucleus of average mass of 1 kg, in the 10
to 20 cm range (Fulle et al., 2018b). To constrain the refratory-to ice mass
ratio, Fulle et al. (2019) calculated the chunk volume ejected by 67P from
24 July, 2015, to 15 September, 2015. The lost volume is about 4 x 107 m?,
corresponding to an eroded southern surface of about 10 km? (Keller et al.,
2015; Blum et al., 2017). This corresponds to an average erosion thickness of
about 4 m (Fulle et al., 2018b). Assuming that the southern erosion occurrs
because of the ejection of chunks, Keller et al. (2015) estimated the southern
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erosion from a nucleus surface of 65 m? due to a constant insolation, finding
a water loss rate of about 20 g s™!, which correspond to a negligible mass
fraction of the corresponding chunk loss rate (Q'v = 8.3 &+ 2.1 m?® s~! (Fulle
et al., 2016)). This result suggests that the chunk ejection from the nucleus
surface is dominated by perihelion erosion of the southern hemisphere, but
behaves independently of water ejection. In this context, chunks at their
ejection reflect the refractory-to-ice mass ratio of the 67P nucleus, and the
comparison between the chunk loss rate and gas loss rate is no longer a useful
strategy to constrain the refractory-to-ice mass ratio of comet 67P.

As mentioned before, the dichotomy in appearance between the two hemi-
spheres is linked to the dichotomy in erosion. The dust cover in the northern
regions is the result of transport mechanisms of particles from the southern
hemisphere during the southern summer (Keller et al., 2015). Furthermore,
OSIRIS observation of the nucleus reveal a surface characterized by a var-
ied surface granularity. Pebbles of &~ 25 cm in size have been observed in
Sais region (Pajola et al., 2017), suggesting a deposit built up by chunks,
and confirming the chunk mass distribution in the 67P coma (Fulle et al.,
2016; Ott et al., 2017). This distribution can be explained with the dust fall-
out mechanism, which causes chunks ejected during perihelion falling back
over the whole nucleus. Finally, as the outbound equinox approaches, the
southern erosion decreases, and the outgassing in the northern hemisphere
self-cleans the fallout, removing the dust and leaving chunks, because the
nuclues outgassing is too low to lift these objects.

The peculiar shape of comet 67P and its inclination are not the only fac-
tors influencing the distribution of material deposit. The distribution is also
strongly influenced by the local activity of the comet. When a comet ap-
proaches the inner Solar System, the heating of the nucleus can cause the
sublimation of ices below the surface. The sublimation generates gases which
break out of weak spots on the surface of the nucleus, causing a stream of
dust and gas. The activity can be described by two different events, which
differ by their duration and strength. First, regular flows of material have
been observed coming from comet 67P. These events regularly recur from one
comet rotation to the next. Second, outburst events are characterized by a
sudden release of dust, and look brighter than the previous jet-like features.
Outbursts are transient events, and three types of jets have been identified:

e Type A: collimated and very bright jet that extend far from the nucleus;
e Type B: broad plume with a wise base;

e Type C': hybrid event between types A and B.
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Figure 4.4: Gravitational potential of comet 67P. The central green region on
the left projection is Imhotep; the white region on the right is Hapi (Keller
et al., 2017).

The strong seasonal variation causes the ejection of chunks from the south
during the southern summer around perihelion, and deposition during the
northern summer as a result of the strong activity of the comet (Keller et al.,
2017). The activity is therefore linked to the appearance and physical prop-
erties of the surface. An increasing activity is the indication of an increasing
insolation which modifies the properties of the comet’s surface.

4.1.2 The Hapi Region

The Hapi region is located in the northern hemisphere (Thomas et al., 2015b),
between the two lobes of comet 67P. It has been classified as a deposit of
debris (Thomas et al., 2015b), and is characterized by a distribution of boul-
ders and/or outcrops (Cambianica et al., 2019) scattered all over the debris
plain. Hapi is also dominated by smooth terrains (El-Maarry et al., 2015)
and dune fields. Due to the presence of boulders and outcrops of tens of
meters in size, El-Maarry et al. (2015) suggested a dust deposit thickness
of several meters. In Fig. 4.4, the gravitational potential of comet 67P is
shown. The neck region corresponds to the gravitational minimum of the
nucleus (Keller et al., 2017), and is therefore considered as the preferred lo-
cation for the accumulation of the back falling material (Keller et al., 2017).
A secondary local minimum gravitational potential is located in the small
lobe, in the center of the Imhotep region. This area lies near the equator,
and is also fully covered by dust.
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0  Crust thickness A Qq
(cm) (kg m~2 s71)

2.5 0 2.5 1075

5.0 1 5.4 107°

10 3 13 107°

20 5 32 107

Table 4.1: Refractory-to-ice mass ratio in the nucleus (§) and in the chunks
(A). The increase of these values are due to the crust dehydration after 1.8
days of perihelion insolation with an average erosion of 1 cm (Fulle et al.,
2018b). In the last column, the water production rate is reported.

Chunks ejected at perihelion fall back over the whole nucleus, including
Hapi. The deposit of pebbles in this region can be explained in terms of
self-cleaning (Pajola et al., 2017), as well as for Sais and Agilkia regions.
As the outbound equinox approaches, the outgassing where fallout occurred
increases. This event self-cleans the fallout, removing dust and leaving chunks
on the surface. Hapi’s outgassing is significant from 2.5 to 4 au outbound
(Fulle et al., 2018b), and negligible elsewhere. This implies that Hapi ejects
sub-cm dust only (Rotundi et al., 2015), acting as a chunk deposit with a
thickness of meters. This can be explained as follows. Chunks ejected at
perihelion have a refractory-to-ice mass ratio larger than inside the nucleus,
having an upper exposed dehydrated crust, whose thickness increases as the
refractory-to-ice mass ratio increases (Fulle et al., 2018b). Fresh ice on the
surface of Hapi is exposed to Sunlight by water ice migration to the surface
(De Sanctis et al., 2015) and by the removal of chunks dehydrated crust. This
causes outgassing coming from the interior of the chunks, preventing any
outgassing from below the surface. Because the strength of the outgassing
depends on the ice mass fraction in chunks, Fulle et al. (2019) calculated
the variation of refractory-to-ice mass ratio in the chunks by varying the
dehydrated crust thickness (see Table 4.1).

Keller et al. (2017) calculated the water production of the nucleus along
its orbit. They found that the production rates of the northern regions follow
the insolation trend, controlled by the peculiar shape of the nucleus and the
inclination of the spin axis. Hapi represents the conjunction point between
the two lobes. This cavity reached insolation for short intervals of a cometary
day because of the shading by the lobes. This should mean that this region
cannot be active as other regions located in the south. However, Hapi ap-
pears to be the most active area during northern summer. The solution of
this enigma lies in the composition of the surface. Spectra reveal that Hapi
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Figure 4.5: Zoom of the 21 August, 2014 image. The figure reports the
corresponding ID for each boulder.

contains more water ice than the plains covered with the back fall material
(Keller et al., 2017). Because of the morphology of this region, the absorbed
energy is not sufficient to sublimate ices producing a strong gas flux, but this
big cavity provides up to 50% additional energy input by self-heating from
Hator and Seth regions. This amount of energy is then enough to activate
the neck. The enhancement is due to a thinner dessicated dust layer formed
during the inactive aphelion passage (Keller et al., 2017). This dust cover is
composed of dust which remains on the top of the dust-to-ice ratio matrix
material. This fact explains the variation of the spectral slope of the Hapi
region which becomes bluer during the approach of the comet towards the
Sun and turning red after southern equinox (Fornasier et al., 2016). The
dessicated dust cover is reduced during approach and accumulated after per-
ihelion, thereby justifying the reddening of the spectra. In this context, the
seasons of Hapi allow to link (Fulle et al., 2018b) its processed ice abundance
to the pristine ice content of the meters-thick layers eroded every perihelion
from the southern nucleus hemisphere.

To provide an upper limit for Hapi’s water ice fraction, fixing the pristine
67P ice content, we measured the seasonal evolution of Hapi’s deposit ero-
sion/accretion with a vertical accuracy of 0.2 m. The adopted method is
described in the following section.
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4.2 Method

4.2.1 Data Selection

For the analysis of dust erosion and deposit on the Hapi region we used
19 OSIRIS NAC images (see Table A.1 in Appendix A for image IDs) and
the photogrammetric SHAP8 V.2.1 comet shape model, which represents
an advanced model based on a data set of 20679 OSIRIS-NAC images and
6072 OSIRIS-WAC images acquired between 11 July, 2014, and 30 Septem-
ber, 2016 (https://www.cosmos.esa.int/web/psa/rosetta). The first set of 16
NAC images was acquired from 21 August, 2014, to 10 December, 2014, that
is before the comet inbound equinox. The spatial scale ranges from 1.26
m /pixel to 0.37 m/pixel. The second set of 3 NAC images was acquired from
19 June, 2016, to 30 September, 2016 (spatial scale of 0.56 m/pixel, 0.54
m/pixel, and 0.26 m/pixel, respectively) after the outbound equinox. To fix
the value of the 67P’s pristine ice content, we monitored the time evolution of
boulders heigth from 21 August, 2014 up to the end of the mission. For doing
this, we developed a MATLAB (MATLAB, 2010) tool, which is based on the
measurement of the shadow length projected by the boulder itself. Here, the
height is defined as the difference between the top of the boulders and the
surrounding pebble deposit surfaces. This technique requires high resolution
images (at least 1.30 m/pixel). High resolution NAC images provided global
views of the Hapi region, allowing us to analyze as many boulders as pos-
sible. According to the illumination and visibility conditions, we measured
the height of 22 boulders. Boulders location is shown in Fig. 4.5. The figure
reports the corresponding ID for each boulder (see Table A.2 in Appendix A
for the ID of the boulders and their latitudes and longitudes).

4.2.2 Surface Plane Definition and Image Alignment

The procedure to measure the height H of the boulders is based on the
interaction between the OSIRIS NAC image and the 3D shape model of the
comet. This is allowed by the projection of the image on the 3D model.
To obtain the correct projection, we defined a set of uniquely identified tie
points both on the shape model and on the images. From the correspondence
between these points, we derived the proper homography transformation for
each projective system. As a result, we could associate to each pixel of the
images the corresponding 3D point on the comet nucleus surface photogram-
metric model. In Fig. 4.6, an example of the bundle adjustment procedure
and a possible misalignment between the two is shown. Once this misalign-
ment is corrected and the proper boulder is identified, having the knowledge
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Figure 4.6: (a) 10 December, 2014 OSIRIS NAC image. (b) Results of the
bundle adjustment procedure. The misalignment between the shape model
and the image is evident. Axis report the number of pixels along the two
dimensions.

on the photogrammetric model of the 3D surface imaged by OSIRIS, it is
possible to draw on it the contour of the boulder. Considering a grid of 3D
points around this contour and by suitable interpolation, it is possible to
define the surface plane ¥ around the boulder (see Fig. 4.7). This is the sur-
face in which the boulder shadow is projected. The definition of an average
surface plane is fundamental to avoid the local granularity of the mesh and
to smooth possible surface irregularities, since the topography and surface
texture of Hapi are non-homogeneous. Other parameters to be defined are
the incidence angle ¢ of the solar direction with respect to the normal to
the plane ¥, and the length L of the boulder shadow. These three elements
completely define the adopted geometry for determining the boulder heigth.

4.2.3 Boulder Profile Reconstruction and Height Cal-
culation

The definition of the incidence angle allows to know the direction of the
illumination vector. This vector uniquely identifies the position of the peak of
the shadow on the average surface, and therefore on the 3D model (the peak
of the shadow is the point @ in Fig. 4.7). It is assumed that the peak is the
point of the shadow contour with the longest extension along the illumination
direction. Following this, it is necessary to define a plane II perpendicular
to X which contains the direction of the illumination direction, and passes
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Figure 4.7: Schematic representation of the adopted geometry and of the
parameters used for determining the boulder height.

through the point (). This plane cuts the boulder along the direction of the
solar illumination and passes through its highest point P. The bi-dimensional
boulder profile obtained by sectioning the comet shape model with the plane
IT finally allows us to determine the position of the peak P, being the highest
boulder point tangent to the illumination direction (see Fig. 4.7). Then, the
length L of the shadow on the ¥ plane can be defined as the distance between
the @ point and the projection of P on X. Finally, the boulder height H can
be calculated as follows:

H=1L-tan (g—@> (4.1)

In Fig. 4.8 an example of the height measurement is shown.

4.2.4 Gravitational Slopes

To validate our analysis, it is necessary to confirm that our measurement
has not been performed on a deposit of thickness altered by local gravitational
instabilities processes, i.e. landslides and granular flows, or on a local point of
fallout accumulation on the comet surface. For this reason, we analyzed the
surface gravitational slope, i.e. the angle between the local surface normal
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Figure 4.8: (a) NAC view of the Hapi region (0.37 m/pixel); this image was
acquired in 2014. (b) Close-up of a boulder and of its shadow. The green
line represents the projection of the Sun illumination direction. (c¢) Boulder
section (note the different scales on the plot axes deforming the boulder
shape). The y-axis is oriented as the normal to the average plane around the
peak of the shadow. The x-axis is obtained by projecting the green line in
panel b on this average plane; the x-axis origin coincides with the peak of
the shadow. Note that by comparing the b and ¢ panels, the shadow lengths
appear different. The reason is that measuring the length of the shadow
directly on the image causes underestimates due to the projection effects.
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Figure 4.9: Gravitational slopes of the 67P nucleus surface. The values are
restricted to the 0°-60° ranges to emphasize the slopes below the repose angle
of loose materials (Groussin et al., 2015). The green ellipse defines the surface
of 0.2 km? encircling all the boulders considered in this work.

and the vector opposite to the estimated acceleration field (Penasa et al.,
2017) (see Fig. 4.9, the centrifugal force is included). The whole Hapi region
has gravitational slopes ranging between 0° and 20°, below the angle of repose
of loose granular materials on 67P (Groussin et al., 2015) of (45 & 5)° . This
is consistent with the assumption that Hapi’s deposits are the result of a
homogeneous deposition driven by fallout.

4.2.5 Method Validation

To validate the used method, we performed a comparison test. El-Maarry
et al. (2017) measured the height of a boulder located in the Imhotep region
(see Fig. 4.10 for the location of the region and the considered boulder)
finding a value of 3.9 40.1/ -0.2 m high. We applied our method to the same
boulder, and we found 4.08 4+ 0.35 m, , that is a value perfectly consistent
with the determination of El-Maarry et al. (2017). Being the two methods
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Figure 4.10: OSIRIS-NAC image taken on 25 December, 2016. The white
circle indicates the analyzed boulder. The bottom right panel shows the
location of the Imhotep region on the comet nucleus.

completely independent, this check confirmed the reliability of our method.

4.3 Results

4.3.1 Data Analysis

A summary of the boulder height measurements is reported in Table A.3
in Appendix A. We provide the corresponding acquisition time UTC, the
calculated incidence (7) and emission (e) angles, the measured length of the
shadow (L), and the height (H) of boulders with the associated average error
bar (0H). As shown in Eq. 4.1, the height calculation does not depend on the
emission angle, defined as the angle of camera boresight relative to the surface
normal. However, we report both the emission and incidence values to show
the statistical variability of the images used. To mediate the error bars,
we used OSIRIS high resolution images with the best visibility conditions
to compare as much heights as possible. We measured 22 boulders, but
some measurements have not been included because of their large uncertainty
due to the adverse illumination or visibility conditions. The reported error
bars have been estimated propagating the individual errors associated to the
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Figure 4.11: Incidence angle error as a function of the surface standard de-
viation.

selection of the pixel identified as the shadow peak, and the calculation of the
incidence angle. The accuracy of the manual selection of the pixel depends
on the ability of the operator in selecting the proper pixel. The accuracy
of the incidence angle strongly depends on the accuracy of the normal to
the 3 plane. This is intrinsically associated to the standard deviation of the
distance of the surface points around the boulder from the ¥ plane. Figure
4.11 shows the Montecarlo analysis of the impact of the surface granularity
with respect to the definition of the surface normal. Being the incidence
angle related to the definition of the above mentioned normal, the derived
standard deviations for the measured surfaces range between 0.02 and 0.1 m.
As seen in Fig. 4.11, in this range the maximum error on the incidence angle
value is lower than 0.5°.

After measuring the height of each boulder, we calculated the correspond-
ing maximum and minimum values considering the associated errors (see
Table A.3). These values have been obtained as follows:

(z’:l:éz’)) (4.2)

where L is the calculated length of the shadow, dp is the error due to the
manual selection of the peak of the shadow, the POG is the pixel on ground

™

H i jmaz = [LFOp(POGTFOL)] tan ( 5
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(target-spacecraft distance x pixel size / focal length), 6l is an error related
to the uncertainty of the Digital Terrain Model (51 = dhtan(e), where dh is
the average uncertainty of the location of the DTM with respect to the zero
level of the image and e is the emission angle), i is the incidence angle, and
the error on the incidence angle, d1, is estimated to be equal to 0.5° (see Fig.
4.11).

To better analyze the data and provide the calculated difference A’s between
the height measurement of a generic image and the height measured on 21
August, the images have been divided as follows: Subset 1: 21 - 22 August,
2014, Subset 2: 28 August, 2014 - 1 September, 2014, Subset 3: 10 - 22
September, 2014, Subset 4: 10 December, 2014, Subset 5: 19 June, 2016, and
Subset 6: 30 September, 2016. Having used 19 images, per each subset there
are more than one images for which the boulder heights can be measured.
Therefore, we have calculated the weighted average height of each boulder
< H > . The associated error (< H >) is calculated as follows:

1
< H>)= W (4.3)

where 0 H is the largest absolute value difference between the measured
height and Hzin/aae- The reported A values are the differences between the
< H >’s of two subsets, A =< H; > — < H, >. The associated error is
finally calculated as:

6A = /6(< Hy >)2 + (< Hy >)? (4.4)

In Table A.4 and A.5, the time evolution of the weighted average height
of each boulder and the time evolution of the boulder height difference A are
shown.

4.4 Discussion

We present observations by the Rosetta mission of comet 67P addressing
its pristine ice content. As discussed before, the refractory-to-ice mass ratio
represents a long standing problem in cometary formation, and the value we
have found solves this part assuming that 67P’s ice content is representative
of the average value of all comets. Figure 4.12 shows the time evolution of
the boulder heights during the observations. Here the difference A between
the height measurement of a generic image and the height measured on 21
August, 2014 is shown as a function of time. We found a systematic increase
of A of about 2 m during all of 2014, followed by a decrease of similar amount



4.4 Discussion

97

2 { 1.7 (m)
1.5 ] 1.2 (m) l
h [0.7(m) |
: 0.4 (m 0.3 (m
os| |1 : () (m)
oLl P L [ 1]
§ Perihelion: i
o 13/08/2015
01/09/2014 22/09/2014 10/12/2014 19/06/2016 30/09/2016
21/08/2014 21/08/2014 21/08/2014 21/08/2014 21/08/2014

Figure 4.12: Time evolution of the boulder height differences A (as defined
in text). Each time step contains information related to 22 boulders and
the values correspond to the weighted average. The erosion during inbound
orbit until December, 2014 nearly balances the fallout from the southern
hemisphere during perihelion cometary activity. The dotted red line indicates
the perihelion.

between the equinoxes and by a plateau up to the end of the observations.
The assumption here is that any height variation is not due to boulder intrin-
sic changes but to erosion or accretion of the surrounding pebbles and dust
deposit. Furthermore, we assumed that due to the dominant cross section of
the fallout chunks (& 500 cm? (Fulle et al., 2018b)), only a minimal fraction
of the fallout sticks on the boulder’s top. Following the method developed by
Cambianica et al. (2019), we analyzed the location and the morphology of
these boulders/outcrops, and no variation in morphology or position of the
boulders was seen during the mission.

The erosion of the southern hemisphere, the subsequent transport of ma-
terial, and then its fallout on the nucleus (Fulle et al., 2018b; Keller et al.,
2017) are responsible for the time evolution of the boulder height, which is
linked to the likely source of the deposit surrounding them. This mainly
happens at the perihelion phase (Fulle et al., 2018b; Keller et al., 2017), as
evidenced by the similarity between the size distributions of large particles
suspended in the coma (Fulle et al., 2016; Ott et al., 2017), and of the cob-
bles in Sais and Agilkia (Pajola et al., 2017). The measured decrease of the
boulder heights at the perihelion phase from 2014 to 2016, §Asg14—2016 =
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-1.4 4+ 0.4 m has thus to be interpreted as a direct measurement of the fall-
out thickness. This value matches the predicted (Fulle et al., 2018b) fallout
thickness of 1.8 £ 0.7 m, making consistent the perihelion erosion with the
total nucleus lost mass per orbit (Patzold et al., 2018). The height difference
between boulders and debris field steadily increases during the inbound orbit,
indicating an ongoing erosion of Hapi’s deposits before the comet reached its
spring equinox. As shown in Fig. 4.12, between June and September, 2016,
A variations are lower than their error bars, consistent with negligible fallout
and erosion after the outbound equinox. This is consistent with the suggested
process mainly driving the fallout (Fulle et al., 2018b; Bertini et al., 2018),
i.e. the expelled chunks in bound orbits are slowed by the friction with the
coma gas and finally collapse onto the nucleus. After the outbound equinox,
the coma of 67P is too tenuous to further affect the chunk motion. The
negligible Hapi’s erosion from June to September, 2016 also suggests that
Hapi maintains all its ice during the outbound orbit, up to the next inbound
activity (Fulle et al., 2018b; Keller et al., 2017). Any possible ice regression
without dust ejection would soon build-up an insulating crust of thickness
of a few cm at most (sufficient to dump any further ice sublimation), much
thinner than the chunk size. Knowing the amount of eroded material (A), we
calulated the average erosion rates. This value can be calculated as follows:

A XA
ot

where A is the area of the considered elliptical surface encircling all boulders.
The average erosion rates decrease from 0.15 4+ 0.07 m?/s in August, 2014,
to 0.06 £ 0.03 m3/s in September, 2014, and to 0.012 4+ 0.010 m3/s in
October-December, 2014. Since the adopted surface of 0.2 km? is only 10%
of Hapi’s one, and there is no reason that Hapi’s deposits occurs only around
the boulders, the provided erosion rates are probably lower limits only. Such
a trend is consistent with a self-cleaning (Fulle et al., 2018b; Pajola et al.,
2017) of the deposits due to the outgassing of the chunks composing them.
This self-cleaning erodes the ice-rich fallout from the previous perihelion,
and exposes the underlying strata that may be either less rich in ice, or
consolidated terrain of material bonded by tensile strengths much stronger
than in the chunks. This justifies the fact that Hapi’s erosion rate decreases
as the comet approaches the Sun. At the same time, the activity of the
southern hemisphere acts increasing the total gas and dust loss rates as the
comet approaches the Sun (Fougere et al., 2016). By comparing the Hapi’s
erosion rate and the dust volume loss rate measured in the coma, it is possible
to directly estimate the fallout from the activity of the neck region. The
measured erosion rate in August, 2014 is 0.15 4= 0.07 m3/s, a factor 25 larger

(4.5)
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than the volume loss rate measured in the coma (0.006 m?/s (Migliorini
et al., 2016)). This means that the fallout from Hapi is ~96% in volume
(0.006 m?/s represent the 4% of the total erosion rate calculated in the same
period). Fulle et al. (2018) estimated the fallout of the perihelion southern
erosion. This value is about 80% in volume, lower than the fallout from
Hapi’s activity. This probably means that the structure of the neck, which is
a region surrounded by steep walls, causes dust particles to direct collide with
the walls themselves (Shi et al., 2018). The power index of the differential
dust size distribution is -4 at dust sizes >1 mm (Rotundi et al., 2015), and this
allows to assume that the fallout is mainly composed of particles smaller than
about 1 cm, and that the bulk density of the fallout is about 80015 kg/m?®.
In this context, the erosion rate in August, 2014 from the considered 0.2 km?
becomes 1201’%80 kg /s, which, divided by the corresponding water vapor loss
rate of 1.2 kg /s (Gulkis et al., 2015), provides Hapi’s dust-to-water mass ratio
(Rotundi et al., 2015) at the erosion of 1007 5". The inverse of the lower limit
of the dust-to-water ratio provides Hapi’s water ice fraction of 2% in mass.
Since the Hapi’s surface ejecting dust was probably larger than 0.2 km?, this
value can be considered as an upper limit because a larger area means an
increasing of the dust volume loss rate. Coming from the crust of the chunks
in the deposit (Fulle et al., 2018b), the dust ejected by Hapi is dry (Fulle
et al., 2018a). This is supported by the match between the water loss rates
provided by local (ROSINA) and remote (MIRO) observations (Marshall
et al., 2017) in August, 2014, which are < 1% in mass of the measured
Hapi’s erosion rate. The fallout from Hapi is inert, but Hapi’s erosion of
1.7 m during the inbound orbit is statistically diluted by a factor about 250
(namely, the total nucleus surface divided by 0.2 km?), providing an average
dry fallout <1 em thick over all the nucleus. This layer is negligibly thin with
respect to the total southern erosion of at least 4 m (Fulle et al., 2018b), with
about 97% in volume of the total ejected material in chunks of size >1 cm,
according to the perihelion dust size distribution (Fulle et al., 2016). VIRTIS
measured the average water ice abundance at a maximum depth of a few pym
(Capaccioni et al., 2015). At Hapi’s sunrise, the water ice fraction was up to
15% in volume due to the surface ice accumulation during the night. This
frost sublimates after sunrise and is consistent with the found average upper
limit of 2% in mass. This value is also consistent with the assumptions of
thermo-physical models (Blum et al., 2017; Hu et al., 2017a,b) fitting the
inbound time evolution of the water loss rate.
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4.5 Conclusions

In this study, we measured the seasonal evolution of Hapi’s deposit ero-
sion/accretion with a vertical accuracy of 0.2 m, providing an upper limit
of 2% in mass for Hapi’s water ice fraction, which fixes the pristine 67P ice
content in the range from 1% to 15% in mass. The corresponding Hapi’s
fallout of about 96% is consistent with the model (Fulle et al., 2018b) linking
the meters thick southern erosion of pristine nucleus material to the northern
fallout. With this model, considering all the possible ice losses during the
transfer of the fallout from the southern sources onto Hapi (using Eq.s 2 and
3 in Fulle et al. (2018b)), the water ice fraction in Hapi’s deposit of (1.2 +
0.8)% in mass provides a refractory-to-ice mass ratio ranging from 6 to 110 in
the perihelion-eroded volume of pristine nucleus material of 4 x 107 m?, cor-
responding to a 67P pristine ice mass fraction of (8 £ 7)% in mass. This value
is in the range from 5% (Mogi et al., 2017) to 20% (Garenne et al., 2014)
measured in Cl-chondrites and in the InterStellar Medium (ISM) (about
20%). The molecular abundance of water ice in molecular clouds (Boogert
et al., 2015), and likely in the outer protoplanetary discs, HoO/H ~ 1074,
and the hydrogen-to-refractory mass ratio ~ 100 in the InterStellar Medium
(Spitzer Jr, 2008) imply a refractory-to-water mass ratio ~ 10*/(18x100) ~
5 in the discs beyond the snow line. This implies that either the water abun-
dance of the ices incorporated into comet 67P were lower than the ISM value
mentioned above, or some water was lost in its formation. The first hypoth-
esis is supported by observations indicating a <10~ abundance of the water
sublimated from ices in the hot corinos of Solar-type protostars (Ceccarelli
et al., 2000; Visser et al., 2013). These results imply water trapping mecha-
nisms more efficient in possible asteroidal chondritic parents than in comets
(Lorek et al., 2016), a negligible water loss by the catastrophic collisions frag-
menting asteroids into chondrites (unless Cl-chondrites, after their formation
were enriched of water to values higher than the ISM average), and a rather
uniform water ice radial distribution in the protoplanetary disc beyond the
snow line, consistent with the significant radial mixing of the disc explaining
the minerals found in comets (Fulle et al., 2017; Ogliore et al., 2009). The
possibility that such a mixing from the inner to the outer disc involved also
water ice might help to explain the differences in the D/H ratio measured in
comets, and the possible origin of some Cl-chondrites much more external
than the asteroidal belt (Walsh et al., 2011; Gounelle et al., 2006).



Chapter 5

Thermal and Stress Analysis in
Boulders of Comet 67P

The output from a fragmentation process depends on the geometry of
the parent body and on the type of fragmentation applied to this material.
Thermally induced fragmentation is considered to be an active process in the
Solar System. Thermal stress weathering is defined as rock breakdown due
to the expansion and contraction of a rock induced by heating and/or cool-
ing (Lamp et al., 2017). The two mechanisms responsible for the breakdown
of rock via thermal stress weathering are thermal shock and thermal fatigue
(Hall and Thorn, 2014). Thermal shock causes rapid failure in the material as
a result of a sudden variation in temperature. Thermal fatigue failure results
from cyclic thermal contraction and expansion of the material. This stress
leads to deformation and macroscopic cracks in the involved medium. In
this scenario, temperature changes, spatial temperature gradients, and high
temperatures are considered as the main constraints responsible for ther-
mal fatigue that can result even without mechanical loads. In addition to
macroscopic cracks, rocks contain microscopic cracks at the scale of their in-
dividual mineral grains, and thermally induced rock breakdown is driven by
the propagation of cracks at both scales (Kranz, 1983; Molaro et al., 2015).
The minerals expand and contract by different amounts as the temperature
changes, and propagate in different directions with respect to their crystal
lattice. The accumulation and propagation of microcracks in boulders over
time contributes to propagation of macroscopic-scale fractures, resulting in
an overall reduction in strength of material and disaggregation of rocky ma-
terial (Molaro et al., 2017). The response of rocks to the application of heat
depends upon their composition, structure, density, thermal properties, and
mechanical properties. Furthermore, the morphology and superficial texture
of a boulder determines the amount of radiation received from the Sun (Mo-
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laro et al., 2015).

There are many active processes on airless bodies that contribute to rock
breakdown, such as space weathering (physical, chemical, and sublimation
weathering), impact cratering, and micrometeorite bombardment.

These processes will interact with each other to some degree, but each of
these dominates on a given body. For example, micrometeorite bombard-
ment dominates regolith generation on the Moon (Basilevsky et al., 2015;
Ghent et al., 2014; Horz and Cintala, 1997), and on Mercury macro- and
micro-impactor flux plays an important role in regolith production (Cintala,
1992; Le Feuvre and Wieczorek, 2011). However, breakdown due to thermal
stress is not yet well constrained, and a better understanding about how this
process acts on airless surfaces will lead to a better characterization of me-
chanical and thermal processes of these bodies.

In 1936, Griggs performed a series of experiments to determine whether ther-
mal stress can cause and contribute to rock breakdown. The effects of pres-
sure and temperature on fracture was investigated, and he concluded that
there were insufficient evidences to link solar insolation and deformation of
rocks (Griggs, 1936). However, the thermal stress weathering has assumed
an increasing role in the study of fragmentation, allowing the emergence of
new laboratories focused on the understanding of how changes in rock tem-
perature can contribute to rock breakdown. Fatigue and shock processes can
be studied from two different perspectives. The deformation of the material
and the propagation of fractures can occur both at the level of mineral grains,
but also at the macro level. The thermal expansion behavior of consecutive
mineral grains due to the expansion and contraction of the material can prop-
agate microfractures along several grains (Kranz, 1979; Sprunt and Brace,
1974). The propagation of microfractures over time may disaggregate the
material, increasing the porosity, and decreasing the material strength (Viles
and Goudie, 2007). If the stress exceeds the strength of the material, the ob-
ject’s structure fails. The large diurnal temperature range and the repeated
heating and cooling exerts stress on the outer part of the rock, contributing
to microfractures to coalesce into larger cracks. It became clear soon that
laboratory tests should have been supported by field studies, to collect in
situ data. The desert was considered to be the ideal place for analyzing
the solar-induced fragmentation. McFadden et al. (2005) and Eppes et al.
(2016) investigated fractures in desert boulders in Australia and Mongolia,
finding that these boulders show a predominant N-S orientation, suggesting
a link between cracks formation and Sun moving (D. McFadden et al., 2005;
Eppes et al., 2016). Viles and Goudie (2013) monitored marble in the Namib
desert to detect any possible structural weakening of rocks due to daily tem-
perature fluctuations. Fracture mechanics was developed during World War
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I by A. A. Griffith. He formulated a theory according to which the amount of
energy required to propagate cracks is related to the amount of energy of the
crack walls at the edge (Griffith and Gilman, 1968). He performed several
experiments to calculate the strength of materials, noticing that this param-
eter was higher in vacuum than in atmosphere. This led to the exploration
of the role of the atmosphere in fragmentation. What distinguishes the two
situations is the presence of fluids in materials. This can be reflected in the
variation of some physical properties of materials, such as the strength, which
is influenced by the presence of fluid within the microcracks (Orowan, 1944).
The presence of fluids causes a decrease of localized strength of the material.
Experiments on lunar analogue showed that thermal expansion in a vacuum
is the same as in atmosphere (Thirumalai and Demou, 1974), suggesting that
vacuum may not arrest the solar-induced thermomechanical fragmentation,
but may change its properties (Molaro et al., 2017).

In this context, the opportunity to study the thermal stress weathering on
airless bodies became fundamental. Spacecraft observations allow to measure
diurnal temperatures and temperature gradients, while numerical simulations
contribute to the analysis of thermal stresses.

In this chapter we examine the question whether thermal fatigue weather-
ing plays a role in the fragmentation of boulders on comet 67P. Following the
work of Molaro et al. (2017), we performed a theoretical study of transient
temperature, thermal stress, and fracture analysis in the context of general
fracture mechanics theory. The aim is to determine if subcritical crack prop-
agation is likely to occur under thermal stresses. To model stresses in boul-
ders, we use COMSOL Multiphysics Modeling Software, a cross-platform
finite element analysis, solver and multiphysics simulation software. This
simulation environment allows to set up the model by defining the geometry
and mesh, specifying physics and material properties, solving the model, and
post-processing the results.

5.1 Thermal and Stress Model

In this section, we will model temperatures and stresses in a specific
boulder located in the Imhotep region of comet 67P. We selected two specific
points of the comet’s orbit, aphelion (22 May, 2012) and perihelion (13 Au-
gust, 2015). This choice was made to compare the two points with the largest
possible insolation difference. To build a suitable thermo-mechanical model,
we used a terrestrial approach based on quantifying temperature changes and
use them as the cause of thermally induced damage and crack propagation.
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Figure 5.1: Left panel: split rock from the Atacama Desert, Chile. Volcanic
rocks in the coastal plain here are affected by intense heating and cooling as
well as salt weathering. Right panel: fissuring through displacive growth of
gypsum in limestone, Namib Desert (Bourke et al., 2007a).

The obtained preliminary results do not intend to describe the global behav-
ior of the comet, but are considered as a starting point to extend the analysis
to different areas of the comet nucleus.

5.1.1 Data Selection

The selection of the proper boulder is not a straightforward matter be-
cause it is difficult to link the morphology and texture of a rock with the
processes responsible for its appearance. As shown in the Photographic atlas
of rock breakdown (Bourke et al., 2007a), physical and thermal weathering
(Dorn, 2003) can enhance the preexisting weakness, such as fractures and
joints, within boulders and produce split rocks. In Fig. 5.1, examples of
boulders affected by thermal weathering are shown. The processes respon-
sible for the production of split rocks are scalar dependant (Bourke et al.,
2007a). In fact, larger blocks may be produced by unloading, whereas smaller
blocks are likely to be formed by physical weathering.

The cyclic stresses that develop within boulders due to the sudden tem-
perature variation related to the day/night cycle, lead to crack’s growth at
different scales. Cracks can be produced by different processes, but each of
them is reflected in the final pattern and orientation of the resulting cracks.
Eppes et al. (2016) collected crack orientation measurements in 1500 rocks
photographed by Spirit rover on the Martian surface, concluding that cracks
exhibit preferred orientation compatible with solar-induced thermal stresses.
On the contrary, fractures produced by shattering would exhibit random az-
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(D. McFadden et al., 2005)

Figure 5.2: Link between the diurnal solar pattern that creates tensile stress
in rock, and boulder that exhibits cracking. The crack is perpendicular to
the direction of the Sun’s rays. Hot and cold temperatures are associated to
warm and cool colors.

imuthal orientation, and the freezing process would not produce orientations
depending on the Sun’s angle. The preferred orientation can be explained by
directional insolation heating, as they reflect the recurring thermal stresses
(Eppes et al., 2015). In Fig. 5.2, a cartoon depicting the link between the
diurnal solar pattern and boulder cracking is shown. In this figure, it is ev-
ident that the crack is perpendicular to the direction of the Sun’s ray. For
these reasons, we looked for a boulder showing signs of erosion, small frag-
ments around it, and a preferred cracks orientation. In Fig. 5.3, the selected
boulder is shown. As described in Chapter 3, Cambianica et al. (2019)
characterized this sub-population calculating the cumulative size-frequency
distribution, and analyzing the shape of fragments. The cumulative boulder
size-frequency distribution per unit area has a power-index of 2.7 +0.1/ -0.1
(see Fig. 3.11). This population is composed of a main boulder (23.1 m
in size) and 341 fragments, the size of which ranges from 0.3 to 8.3 m in
diameter. The distribution of the fragments follows fractal rules (see Fig.
3.15), and the fragments are generally compact and roundish in shape (see
Fig. 3.20). To complete the quantitative description, we analyzed the visible
cracks on the surface of the boulder. We measured the cracks dimensions,
the spacing between them, and their orientation. Following the definition of
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Figure 5.3: OSIRIS NAC image taken on 23 July, 2016, with a spatial scale
of 0.28 m/pixel. This area is located in the Imhotep region. The selected
boulder is singled out (orange box).

crack as a linear void of which ambient light does not illuminate the bottom
(Eppes et al., 2015), we used Arcgis 10.3.1 software (ESRI, 2011) to man-
ually track all cracks. The 12 measured cracks are between 3.8 and 26.6 m
in length, and the average length is 13.2 m. We also measured the spacing
between two adjacent fractures, coming up with an almost constant value of
1 m. In Fig. 5.4, a sketch of the crack distribution is shown. The measure-
ments are reported in Table 5.1. Finally, we analyzed the orientation of the
cracks. All traced cracks show a non-random, and strong north-south orien-
tation. This preferred orientation is compatible with solar-induced thermal
stresses.

5.1.2 Geometry and Mesh

The geometry used in this study consists of a geodesic polyhedron em-
bedded in a rectangular volume (see Fig. 5.5). Geodesic polyhedra are a
good approximation both of a sphere (for the basic model) and a boulder,
allowing to define more complex and realistic shapes. To define the radius of
the boulder, we virtually joined all fragments to the parent body, knowing
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Figure 5.4: Detail of the OSIRIS NAC image taken on 23 July, 2016. The
middle box shows the mapped cracks (in green). In the right box, a sketch
of the fractures pattern is shown. The green number defines the ID of each
crack (see Table 5.1), the orange number defines the spacing between two
consecutive fractures.

ID Length Spacing
(m) (m)
1 5.6
2 13.7 1.4
3 11.8 1.1
4 10.1 0.8
5 10.9 1.1
6 10.7 0.8
7 26.6 1.1
8 18.1 0.8
9 18.2 1.4
10 19.1 1.1
11 3.8 1.1
12 9.5 1.1
Average length 13.2
Average spacing 0.98

Table 5.1: Length of cracks and spacing between two consecutive cracks
(distance between the referred crack and the previous one). The ID of each
crack refers to Fig. 5.4.
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Figure 5.5: Geometry and mesh of the cubic volume (1 km x 1 km x 1 km)
with a 40 m size boulder.

their number and sizes. The final shape is composed of a 40 m size boulder,
and the volume is modeled with a width and depth of 1 km.

As the size of the model domain can affect its thermal behavior, we defined
the depth of the cubic volume much larger than that of the diurnal thermal
skin depth (estimated to be ~ 6 mm by MIRO (Gulkis et al., 2015)). COM-
SOL provides tools to generate objects and perform Boolean operation on
them, but we preferred to use BLENDER (R Core Team, 2013), an open
source 3D creation suite, because it allows to build objects directly on the
3D comet shape, keeping the proper orientation of the selected region. We
used the SHAPS8 V.2.1 comet shape model, which represents an advanced
model based on a data set of 20679 OSIRIS-NAC images and 6072 OSIRIS-
WAC images acquired between 11 July, 2014, and 30 September, 2016. The
average image resolution is 4.2 m/pixel. This model covers the whole surface
of the nucleus including the south pole region which was not imaged at the
time the SHAP2 was reconstructed. As shown in Fig. 5.6, the z-axis of the
reference system is parallel to the rotating axis of the comet. This assump-
tion allows to calculate the insolation in realistic geometric conditions. We
performed Boolean operations on the two domains. The boulder and the
block are contacting (but not intersecting) objects, and the cloud of contact
points is defined as a smooth depression of where the boulder is placed. To
generate the mesh we used COMSOL’s built in tools. Physically, the two
objects are discrete and have different properties. Therefore, we generated
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Figure 5.6: Location of the used reference system with respect to the comet
nucleus. The z-axis is parallel to the rotating axis of the comet 67P.

two different meshes, one for the boulder and one for the block. The bound-
ary between the two domains is defined as Thermal contact, since heat is
exchanged between them. This approximate method computes the effective
thermal conductance between two surfaces in contact. The resulting mesh is
composed of 6552 tetrahedral facets (of which 2232 are superficial elements),
and the sizes parameters in each domain has been adjusted to ensure the
quality of the elements was appropriate. The reason is that the shape of the
mesh elements directly affects the numerical convergence and accuracy of the
solution. A mesh element has a good quality, if these effects are beneficial.
In Fig. 5.7 the skewness of the superficial mesh elements is shown. The
minimum quality of the elements is 0.33 and the average value is 0.85, where
unity expresses the highest quality.

5.1.3 Material Properties

Comets nuclei composed of rock, dust, H,O and CO, ices (as major com-
ponents), represent a general picture of the nucleus composition. One of the
major achievements of the Rosetta mission has been the possibility to ana-
lyze the chemical composition of the surface. A recent review about the cur-
rent knowledge of comet 67P nucleus composition (Filacchione et al., 2019)



110 Thermal and Stress Analysis in Boulders of Comet 67P

Shape quality of all mesh elements
3000 ‘ P .q ]y. . : :

2500

N

o

o

o
T

1500 -

Number of Elements

T
o
o
o
T

500 |

0 .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Element Shape Quality

Figure 5.7: Statistical analysis of the mesh shape elements. The x-axis shows
the element shape quality in terms of skewness, while the y-axis shows the
number of triangular elements.

Property Symbol Unit Value

Thermal Conductivity k, W/m K 24
Density Py kg/m? 2250
Porosity Dy % 0.7-53

Surface Emissivity €q 0.90

Heat Capacity Cp, J/kg K 708

Coefficient of Thermal Expansion ay 1/K 4-8 1076

Modulus of Elasticity E, GPa 20

Thermal Inertia I, K/m? s/2  10-50

Table 5.2: Material properties for graphite.
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states that the nucleus consists of a mixture of organic components, miner-
als, and water ice. The organic compounds contain COOH- and OH-groups,
polycyclic aromatic hydrocarbons, and refractory macromolecular materials
(CH; and CH3). Carbons are considered as the most plausible materials con-
tributing to the reflectance spectra of the comet. These elements are mixed
with minerals, including silicates, Fe-sulfides (pyrrohtite and/or troilite), and
possibly ammonia salt. Carbon can be found in two natural crystalline al-
lotropic forms, such as diamond and graphite. In this scenario, the boulder
and the block are assigned with the properties of graphite. The material
properties for graphite are provided in Table 5.2. All of these properties are
constant. In the case of 67P it was found by MIRO that the thermal inertia
of the cometary surface is between 10 and 50 K/m? (Gulkis et al., 2015). We
decided to modify this property of graphite to simulate the propagation of
heat in a material as realistic as possible.

5.1.4 Physics

To model temperatures and stresses throughout a cometary day, COM-
SOL solves the heat equation for heat transfer in solids and displacement
over time. The two heat equations are given by:

dT
— =0 5.1
T +vQ (5.1)
and 7

where cp is the specific heat, p is the density, 17" is the temperature, @) is
the heat flux, k is the thermal conductivity, and z is the depth into the rock
interior. The heat equation for the temperature used to model heat transmis-
sion by conduction, convection, and radiation in solid domains, corresponds
to the differential form of the Fourier’s law. Deformations in solids may
be caused by external loads, chemical reactions, weathering, and changes
in temperature. To evaluate the transformation of a body from a reference
configuration, the following equation can be used:

o

M
dt?
where M is the mass density tensor, u is the displacement field, and o is

the stress tensor. The displacement u is proportional to the Cauchy Stress
Tensor (S):

+vo =0 (5.3)

5%u

P =f VS (5.4)
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where f is the volume force vector, and the density is that of the deformed
state. The Cauchy Stress tensor is a second order tensor composed of nine
components o;; that defined the state of stress at a point inside the material.
According to Cauchy’s fundamental theorem, by knowing the stress vectors
and the three mutually perpendicular planes of point, the stress vector on
any other plane passing through that point can be found through coordinate
transformation equations. In the case of thermal stress, the stress tensor is
related to both the elastic strain (X.;) and strain tensor (3;,):

S=D:(Su—Su)=D: (Su—a(T —Tp)) (5.5)

where Ty is the strain reference temperature, and D is a 4" order elasticity
tensor that depends on the poisson’s ratio (v) and Young’s modulus (E) of
the material as follows:

1—v v v 0 0 0
v 1—v v 0 0 0
FE v v 1—-v 0 0 0
b= (I+v)1—2v) | O 0 0 == 0 0 (56)
0 0 0 0 1=2v 0
0 0 0 0 0 1=2v

The heat transfer and solid mechanics physics are coupled by the COMSOL’s
Multiphysics tool, which creates a thermal expansion link between the two
environments.

COMSOL can perform the calculation using a fully coupled or segregated
method. The fully coupled approach forms a single system of equation that
solve for all the fields and includes all of the couplings between the multi-
physics effects at once, within a single iteration. The segregated approach
will not solve for all the fields, but it subdivides the problem in segregated
steps. We choose the second approach because it solves sequentially within
a single iteration, and thus less memory is required. The model was run for
several iterations of the cometary day to ensure stable behavior.

5.1.5 Boundary Conditions and Model Assumptions

Incident solar radiation () is applied to the geometry surface by utilizing
the COMSOL’s Heat transfer in solids module. COSMOL allows to define
the external solar radiation source by defining the heat source as a black
body at infinite distance with a specific temperature. However, thanks to
the Rosetta mission, several specific models of insolation and sublimation of
comet 67P have been developed. We therefore decided to calculate the inci-
dent heat flux received by the surface of the boulder following the method
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Figure 5.8: Absorbed heat flux (Qus) by the boulder at aphelion as a function
of space and time. The x-axis represents the time steps used to discretize the
cometary day (100 step = 1 cometary day), y-axis contains information about

the coordinates of each facets of the mesh, and z-axis shows the absorbed
heat flux (W/m?).

developed by Keller et al. (2015). The insolation is calculated as a function
of heliocentric distance and diurnal variation in order to predict the subli-
mation of water ice. This model consists of about 108000 facets and the
insolation of a single facet is calculated taking into account its orientation
with respect to the Sun. Because of the concave shape of the comet, for each
time step the mutual occlusion of the facets is checked. Furthermore, the
energy balance of the comet is influenced by Sunlight reflected by mutually
facing facets in the presence of concavities. This enhancement of the local
flux is included in the final amount of heat flux. This consideration is funda-
mental because allows to consider different geometries. To calculate the heat
flux, the orbit of comet 67P around the Sun has been discretized in steps of
2.5° in true anomaly, and the spin is discretized in steps of 2% in rotational
phase (Keller et al., 2015). We performed the calculation using the same
geometry and mesh used in our model to keep the correspondence between
facets in both models.

The surface of the volume and the boundary of the boulder that protrudes
above the volume are the only boundaries that receive incident radiation. We
calculated the insolation received at aphelion (22 May, 2012) and perihelion
(13 August, 2015) as a start. The resulting incident solar radiation has been
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supplied to COMSOL via text file, and COMSOL considered this data as
a surficial boundary conditions. In Fig. 5.8 an example of how COMSOL
interprets these data is shown.

After the generation of the two meshes, we defined the two domains in ther-
mal contact since they interact radiatively with each other. This condition
acts as a boundary layer between domains, and this layer moves through
the domains, remaining in contact with each other. As shown by Molaro et
al. (2017), this assumption generates an articifial stress of the order of 107!
MPa, neglegible compared the other stresses considered in this research. The
heat transfer across thermal contact boundary is calculated as follows:

Q = cAT (5.7)

where T is the temperature and ¢ = % is the gap conductance, K.s¢ is the
effective thermal conductivity, and 0 is the thickness of the boundary layer.
The cubic volume is defined as periodic with respect to temperature, and
fixed with respect to displacement. This choice is necessary to improve com-
putational efficiency, and does not affect the final calculated stresses and dis-
placements (Molaro et al., 2015; Molaro et al., 2017). The bottom boundary
of the cubic volume is also held fixed. The surfaces are defined mechanically
free, and we defined a strain reference temperature set for the boulder’s ini-
tial temperature.

Stresses are influenced by different factors. Material inhomogeneity is one
of these, and it can cause internal loading. Using a Finite Element Method,
material inhomogeneity and anisotropy can be handled rather easily. Each
consitutent for a given rock type differs from others in both texture and grain
size. At the same time, average grain size varies with rock types. Individual
crystals are chemically heterogeneous and, in general, possess different phys-
ical properties. However, the grain distribution is very random. As a result,
on a microscopic scale, hard rocks usually have homogeneous properties. An
isotropic behavior is pronounced only for sedimentary stratified rocks and
metamorphic rocks which have well defined cleavage planes. For hard rocks,
properties are assumed to be isotropic.

Preexisting microcracks represent another influencing element. Cracks are
created in the form of voids as a result of removal of gases and water vapor
which are trapped at high pressure and temperature during rock formation.
These voids are extremely small compared to faults and joints and are usually
in the form of microcracks in non porous, hard, dense rocks. Nevertheless,
they have very defined effects on rock properties, due mainly to material dis-
continuity and the pressure of accumulated moisture in the cracks. Cracks
have a very significant effect on fracture propagation. For comparatively
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Figure 5.9: Initial temperature of the geometry. The bright spot on the right
is an artefact.

non-porous, hard rocks, cracks occupy less the 1% of the total volume of
rock as compared to 10 — 20% for highly porous rocks. Hence, for hard rocks
which possess a very low apparent porosity, the microcracks effects can be
neglected.

5.1.6 Initial Values

The ambient temperature is set to 2.7 K, the temperature of airless en-
vironment. To calculate the initial temperature of the geometry, we run the
simulation as many diurnal cycles at aphelion as required to stabilize tem-
perature at the boulder’s center. As a result, the temperature distribution
shown in Fig. 5.9 is obtained, in which the initial temperature of the block
and boulder surfaces are of the order of 30 K and 50 K respectively. This
is in line with the subsurface temperatures measured by MIRO during the
polar night in the southern regions. During the period August-October 2014,
the subsurface temperatures were in the range 25 - 50 K (Choukroun et al.,
2015). Before these observations, the southern polar regions had not been
illuminated for approximately five years.
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5.1.7 Stress Parameters

In structural engineering and strength of materials, an object may be
subject to different types of forces and torques or a complex combination
of them. These forces and torques give rise to different types of stresses at
different points in the object. Depending on the material and the stress gen-
erated, the object may fail due to exceedence of different types of stresses.
Before presenting and discussing the results, we introduce the most common
theories used to describe the thermal stress weathering and the crack prop-
agation. The reason for that is to understand which is the most suitable
damage theory able to describe our results.

Von Mises Stress

In 1933, Von Mises proposed that yielding occurs when the distortion en-
ergy reaches a critical value. This critical value is specific for each material,
and can easily be obtained by performing a simple tension test. When a body
in an initial state of equilibrium is subjected to a force, the body deforms
until it reaches a new state of mechanical equilibrium or deformed state. The
relations between stresses and the deformation of the body, which character-
izes strain, are called Stress-Strain relations (Von Mises and Windenburg,
1933). The Von Mises stress is a value used to determine if a given ductile
material will fail. The Von Mises yield criterion states that if the stress of a
material exceeds the yield limit of the same material under simple tension,
then the material will yield. The amount of distortion energy u, required to
deform the shape of an object defines the Von Mises stress parameter. This
energy is given in terms of the principal stress as:

U _1+1/ (0’1—0'2)2+(O'2—0'3)2+(0'3—0'1)2
YD 2

(5.8)
where v is the Poisson’s ratio and E is the Young’s modulus. The distortion
energy at the time of failure in a simple tension test is given as follows:

1+v ,
Uqg = 3E O'y

(5.9)

where o, is the tensile yield strength of the material by definition. The
condition of failure occurs when:

(0’1 — 0'2)2 + (0'2 — 0'3)2 + (0’3 — 0'1)2 1/2
2

oy < (5.10)
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Figure 5.10: Von Mises stress (black dashed), and the first (green), second
(cyan), and third (magenta) principal stresses at the top of the boulder (z=R)
in panel a, and between the top and the boulder center (z=R/2) in panel b,
over one solar day (Molaro et al., 2017).

The Von Mises Stress or equivalent stress og can thus be obtained as follows:

_ 2 . 2 . 271/2
op = (0'1 O'Q) +(O’2 20’3) +(O’3 0'1) (511)

Molaro et al. (2017) tested the validity of the Von Mises stress in the
case of an airless boulder. Figure 5.10 shows the comparison between the
Von Mises tress (black dashed line) and the principal stress on the top (z=R)
and in the center (z=R/2) of the boulder over time. On the top, the Von
Mises stress mirrors the principal stress. Considering a point in the middle
of the boulder, this stress is less significant even though the three principal
stresses are relevant. This suggests that the ductile yield strength in case
of hydrostatic stress (equal tension or compression on all axes) in higher
than under simple tension (Molaro et al., 2017). On the contrary, thermally
induced stresses are not ductile processes. This leads to the fact that on the
top of the boulder, the Von Mises stress quantifies the energy available to
propagate cracks when it mirrors the maximum principal stress. However,
considering a point in the center of the boulder, the Von Mises stress can
not be used similarly, because it is not reflected by the equivalent stress
parameter.
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Paris’ Law

The Paris’ law (Paris and Erdogan, 1963) is a crack growth equation that
characterizes the rate of growth of a fatigue crack. The Paris equation is:

da n

where a is the crack length, N is the number of cycles, and ¢ is an empir-
ically determined parameter. k represents the stress intensity factor which
characterizes the load around a crack and is used to predict the stress in-
tensity caused by a residual stress or remote load. The rate of crack growth
is experimentally linked to the range of stress intensity Ak seen in a load-
ing cycle. The Paris’ law predicts the fatigue crack growth for an N-cycle
load. The reason why this cannot be used in our case is that, according to
this law, at mid-range of growth rates, variations in microstructure, mean
stress (or load ratio), thickness, and environment have no significant effects
on the crack propagation rates, by definitions. In the case of boulder frag-
mentation, instead, chemical environment, ambient temperature, size of the
boulder, composition, and cyclic frequency should be considered since they
are very influential in crack propagation.

Maximum Principal Stress

The Maximum Principal Stress Theory states that failure in any material
occurs when the principal stress in that material due to any loading exceeds
the principal stress at which failure occurs in the one dimensional loading
test. Furthermore, the Maximum Principal Stress criterion postulates that
the growth of the crack will occur in a direction perpendicular to the max-
imum principal stress, controlling the plane in which the direction of crack
propagation occurs. To determine whether this stress causes crack propaga-
tion, the linear elastic fracture mechanics theory has to be involved. This
theory states that a crack will propagate to failure when the stress intensity
factor K7 of a crack exceeds a critical value knows as fracture toughness K.,
of the material (Lamp et al., 2017). The stress intensity factor is defined as
follows:

e 2
K; = 2A0, (-) (5.13)

™

where ¢ is the radius of a penny shaped cracks, and oy is the Maximum
Principal Stress. The critical fracture toughness is difficult to define if the
composition of the rock is unknown. In this case, laboratory experiments
have found that for a given material, the critical fracture toughness can be
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determined as follows:
oy

Kcr: oo
fer = 6.88

(5.14)

where o, is the rock tensile strength.

To conclude, we will present results in terms of Maximum Principal Stress,
using the convention that compressional stress is negative and tensile stress is
positive. In this context, failure occurs when oy reaches a value equal to some
yield stress. The Maximum Principal Stress lies along a single plane as long as
the material has an isotropic strength, and this assumption can be considered
reasonable for rocky materials (Molaro et al., 2017). The Maximum Principal
Stress will quantify the amount of tensile stress is available for microcrack
propagation.

5.2 Results

In this section we present preliminary results in terms of temperatures
and Maximum Principal Stresses (o1). We modeled temperatures in two
specific points of the 67P orbit, aphelion (22 May, 2012), and perihelion (13
August, 2015).

5.2.1 Aphelion

The farthest point from the Sun of comet 67P’s orbit is located at 5.6829
AU. Figure 5.11 shows the temperature cut plane for the considered geometry
at intervals throughout the solar day. Midnight is the starting point of the
simulation. When the Sun rises (panel a), the upper-right side of the boulder
begins to heat quickly, while the left side remains cold because is still in
shadow. When the Sun is higher in the sky, more of the boulder is warm
(panel b). The boulder starts cooling on the right side when the Sun begins
to set. In panel ¢, the boulder takes longer to cool due to the low thermal
conductivity of the graphite. The boulder reaches a maximum temperature
of 150 K, and a minimum of 50 K. Despite the strong temperature gradient,
the heat is not conducted in the boulder’s interior. This is reasonable because
in a 40 m boulder made of graphite, the heat wave takes more than 12 hours
to propagate. The temperature gradient shows a spatial distribution which
follows the motion of the Sun. Figure 5.12 shows the Maximum Principal
Stress on a 2D cut plane through the boulder. At sunrise, the boulder begins
to heat up, allowing the surface to expand. The expansion creates a new
region of tension on the right side of the boulder with a peak of 1.4 MPa.
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Figure 5.11: Snapshots of the boulder surface temperature at the aphelion.
The time between two consecutive snapshots is about 4 hours.
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Figure 5.12: Snapshots of the Maximum Principal Stress on a 2D cut plane
through the boulder. The time between two consecutive snapshots is about
4 hours. These results refer to the aphelion.

The sudden variation in temperature induces a local thermal gradient in the
subsurface, causing a difference in temperature between the surface and the
boulder’s interior. The center of the boulder remains in a state of strong
compression. Stresses during sunset are shown in panel ¢ of Fig. 5.12. The
boulder begins to cool and the sudden decrease in temperature causes the
contraction of the surface resulting in an increasing of the surface stress.

5.2.2 Perihelion

Figure 5.13 shows the surface temperature for the considered geometry
at intervals throughout the solar day. The boulder reaches a maximum tem-
perature of 270 K, and a minimum of 50 K. The maximum temperature is
definitely much larger than the aphelion case, as expected. The simulated
temperature of the boulder changes throughout the day mirroring the aphe-
lion trend. The right side of the boulder heats up quickly at sunrise, and
the center of the boulder remains cool. The temperature gradient is stronger
than before, and its spatial distribution follows the movement of the Sun.
Figure 5.14 shows the Maximum Principal Stress on a 2D cut plane through
the boulder. As the Sun rises, high stresses are induced on the right side of
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Figure 5.13: Snapshots of the boulder surface temperature at the perihelion.
The time between two consecutive snapshots is about 4 hours.

Figure 5.14: Snapshots of the Maximum Principal Stress on a 2D cut plane
through the boulder. The time between two consecutive snapshots is about
4 hours. These results refer to the perihelion.

the boulder, when it begins to heat up. As the edge expands, it creates a
region of strong tension with a peak of 12 Mpa. This stress is induced by the
thermal shock which suddenly generates a difference in temperature between
the surface and the boulder’s interior. The center of the boulder remains
in a state of strong compression. When the Sun is higher in the sky, new
regions of tension forms, but changes in temperature are uniform throughout
the day and stresses remains quite stable. Panel ¢ refers to stresses induced
during sunset. The boulder begins to cool, and the surface is in a new state
of tension due to the sudden variation in temperature. Stresses in boulder’s
exterior are due to the contraction of the surface.

5.2.3 Linear Elastic Fracture Mechanics Theory

To understand whether the simulated stresses can cause crack propaga-
tion, we applied the linear elastic fracture mechanics theory. As mentioned
in the previous section, the linear elastic fracture mechanics theory states
that a crack will propagate to failure when the stress intensity factor K7
of a crack exceeds a critical value knows as fracture toughness Kj.. of the
material (Lamp et al., 2017). at the aphelion, the Maximum Principal Stress
Ao reached the maximum value of 1.4 MPa. This leads to a stress intensity
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Property Symbol ~ Unit  Value
Thermal Conductivity ky W/m K 2
Density Db kg/m? 2700
Surface Emissivity €g 0.95
Coefficient of Thermal Expansion 0y 1/K 107°
Young’s Modulus E, GPa 50
Poisson’s ratio v 0.23
Bolometric Albedo Ay 0.1

Table 5.3: Material properties for basalt.

factor (see Eq. 5.13) of K; = 2A0 (§)2 = 0.1 MPa m?. The radius ¢ of
a shaped crack has been calculated starting from the length of the smallest
crack (3.8 m) and this results in ¢ of about 0.61 m. The graphite tensile
strength is in range of 4.8 - 76 MPa. This leads to the lower bound of the
critical values of the fracture toughness for the graphite equal to 0.70 MPa
m?. This leads to the conclusion that the amount of insolation received by
the surface at aphelion is not sufficient to propagate internal microcracks
in the boulder. On the contrary, analyzing the perihelion data, the stress
intensity factor is K; = 1.0 MPa m?. This value is sufficient to propagate

microcracks.

5.3 Validation Test

To verify the validity of the results, we performed a validation test using
the same geometry and varying the composition. The geometry is assigned
with the property of basalt. This assumption is not realistic, but allows to
test the model comparing the results with those found in literature. The
material properties for basalt are reported in Table 5.3. We focused on the
surface temperature to compare the results with those obtained by applying
the model developed by Keller et al. (2015). The initial values are set at
zero. After one complete rotation, the surface temperature of the geometry
ranges from 20 to 140 K. The results obtained with the method developed by
Keller et al. (2015) show a temperature range from 60 up to 153 K. The two
results are different and our temperatures are lower than the temperatures
calculated with the Keller et al. (2015) model. This is reasonable because
the model we developed is a transient model and considers the heat exchange
between the outer space and the geometry. On the contrary, the other model
is a stationary model and the received heat flux is stored in the surface.
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Figure 5.15: Surface and interior stresses in a finite boulder and infinite
halfspace. White arrows denote the orientation of the Maximum Principal
Stress, and gray arrows denote the direction of crack propagation (Molaro
et al., 2017)

5.4 Conclusions

In this chapter we investigated the macroscopic thermomechanical behav-
ior of a 40 m boulder located on the Imhotep region by modeling its response
to diurnal thermal forcing. The aim was to explore whether the simulated
stress is enough to propagate preexisting cracks, since stresses represent the
amount of energy available for crack propagation. Another objective was
to confirm that exterior stresses are controlled by the sudden variation in
temperature, while interior stresses are controlled by the thermal gradient.
We modeled the Maximum Principal Stress because it controls the plane in
which the direction of crack propagation occurs. Surface stresses drive the
propagation of surface-perpendicular cracks, contributing to granular disin-
tegration. Interior stresses act on a plane perpendicular to the path of the
Sun and drive the propagation of surface parallel cracks and contribute to
surface exfoliation (see Fig. 5.15). Therefore the orientation of cracks can
provide insights of how thermal stresses act. Our preliminary results show
that in a 40 m boulder size, the combination of thermal contraction and ex-
pansion due to the sudden variation in temperature produces high surface
stresses regardless of thermal gradient between the interior and the surface of
the boulder. No interior stress is present, and the strong flux of heat outside
the boulder induces a local thermal gradient in the subsurface, contributing
to surface stresses. Usually a boulder shows a bimodal response to diurnal
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Figure 5.16: Peak surface (blue) and interior (red) stresses experienced in
boulders of varying diameter. The curve is the best fit to the surface stresses
for diameters > 10 m. The grey dotted line represents an infinite halfspace
(Molaro et al., 2017)

thermal forcing, where surface stresses are induced at the sunrise and sun-
set due to the expansion and contraction of the surface, while macroscopic
thermal gradients during daytime induced interior stresses (Molaro et al.,
2017). The fact that this large boulder does not experience internal stress is
confirmed by Molaro et al. (2015) and is linked with the surface curvature
of the boulder. As shown in Fig. 5.16, boulders whose diameters are ideally
infinite can experience only surface stresses. The surface of large boulders
as the one under consideration approaches that of infinite halfspace (Molaro
et al., 2017). An infinite rock undergoes compression at the surface and can
still have tensile stress at the depth as the thermal wave travel downward,
but have the same effects as surface stresses. A 40 m boulder can be ap-
proximated to an infinite flat rock with no surface curvature. This leads to
surface expansion or contraction with no increase in circumference or volume
variation (see Fig. 5.17).

In conclusion, the modeled boulder experienced surface stresses induced by
the amount of expansion and contraction that it experiences during sun-
rise and sunset. Sunrise and sunset are then the primary control of shock
strength. The heat flux received at aphelion is not sufficient to propagate
preexistent cracks due to the large distance from the Sun. At perihelion,
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Figure 5.17: Surface and interior stresses in an infinite boulder and infinite
halfspace. White arrows denote the orientation of the Maximum Principal
Stress, and gray arrows denote the direction of crack propagation.

on the contrary, the surface of the boulder experiences a strong variation
in temperature, and this contributes to the propagation of microcracks and
weakening of the boulder.

5.5 Future Works

The upper layer of comet 67P reveals a uniform surface covered by re-
golith composed of elements ranging in size from centimeters up to 5 meters.
The thickness of this layer varies from 0 to 2 meters (Mottola et al., 2015).
The heat capacity of the regolith is strongly temperature dependent and
for this reason we expect that boulders cool slowly if surrounded by warm
insulating regolith. In the future, we will model temperature and stresses
including a regolith layer with variable thickness to understand the rule of
this layer in terms of thermal conduction and cracks propagation.

One of the major limit of this study is the composition of the boulder. Hy-
pothesis about the mixture of materials can be made, but several models
including different materials with variable thermal and physical properties
are necessary. For doing this, we will apply the Cheng and Vachon theory
to calculate the thermal conductivity of two- and three-phase solid heteroge-
neous mixtures (Cheng and Vachon, 1969). Thermal conductivity is defined
as the rate at which heat is transferred by conduction through a unit-cross
section area of a material, when a temperature gradient exists perpendicular
to the area. We will adapt the model to calculate the appropriate thermal
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conductivity of the boulder with different mixtures, comparing the result
with the thermal conductivity of the comet measured by MIRO. This will
allow to speculate about the composition of the comet’s nucleus. We will
consider two different models. The first defines a boulder as consisting of ice
mixed with solid and cometary materials in the form of dust and agglomer-
ated particulates. In the second model we will describe a boulder in which
the icy part sublimated, leaving a porous boulder composed of solid and
cometary material with residual gases confined in the porous structure. The
porosity and the phase volume fraction, i.e. the ratio between the continu-
ous and the discontinuous phases, will be modified to investigate their role
in heat conduction. Finally, we will perform simulations over the entire orbit
of the comet to include in our study the thermal fatigue, and to determine
the number of orbits necessary for the fragmentation of the surface.



Chapter 6

Conclusions

Until the sixteenth century, comets were considered to be omens of death
of kings and noble men. They were interpreted also as coming catastro-
phes or attacks against terrestrial inhabitants. Before 1600, it was not clear
whether these objects were astronomical or meteorogical phenomena in the
atmosphere of the Earth. Today, comets are considered leftovers from the ma-
terial that initially formed the Solar System. Travelling almost undisturbed
from the time of their formation, they keep within them secrets about the
origin of the Solar System and its evolution. They are made of primordial
ice and dust, with generally unstable orbits, and interacting with the solar
radiation. Farly space missions to comet 21P/Giacobini-Zimmer in 1985,
and 1P /Halley in 1986, provided the first in situ observation of comets, re-
vealing their complexity and the need to study them in detail. The European
Space Agency’s Rosetta mission was the first designed to orbit and land on
a comet. The spacecraft was launched on 2 March 2004, on a 10-year jour-
ney towards comet 67P /Churyumov-Gerasimenko. Rosetta flew by two main
belt asteroids, 2867 Steins (in 2008) and 21 Lutetia (in 2010), before entering
deep-space hibernation mode in June, 2011. On 12 November, 2014, Rosetta
deployed the Philae probe to the comet for the first time in history. Dur-
ing the next phase of the mission, Rosetta accompanied the comet through
perihelion (13 August, 2015), and concluded on 30 September, 2016, with a
controlled impact onto the surface. The objectives of the Rosetta mission
were to rendezvous with and enter orbit around comet 67P/Churyumov-
Gerasimenko, and to perform observations of the comet’s nucleus and coma
while the comet moved along its orbit. The spacecraft and the lander were
equipped with several remote sensing and in situ instruments, which allowed
to study the physical and chemical properties of the nucleus, the evolution
of the coma and of the nucleus during its orbit around the Sun, and link
the morphological features present on the nucleus surface with the interac-
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tion with the solar influence. The nucleus, its composition, morphology and
activity, have been observed by the Optical, Spectroscopic and Infrared Re-
mote Imaging System (OSIRIS) onboard Rosetta spacecraft. It consisted of
a Narrow and a Wide Angle Cameras. High-resolution images reveal that the
nucleus is a collection of morphological contrasts, characterized by different
terrains and different striking types of landforms, such as smooth flat regolith
plains, vertical cliffs, and talus aprons. The presence of large boulders is one
of the most important geological features of 67P. These objects can be found
ubiquitously on the surface, both isolated and in clusters, and their size dis-
tribution depends both on the formation and evolution they have undergone.
In this work we focused on boulders because their presence on comet 67P
offers the opportunity to study the physical properties and the evolution of
the comet itself. They reveal imprints of erosional and geological processes
that affected the surface of the nucleus, allowing to study all the phenomena
which lead to the fragmentation of the surface. Thermal stresses, gravita-
tional phenomena, and comet activity are considered the best candidates.

This work has been divided into three parts. In the first part, we have pro-
posed a detailed quantitative analysis of isolated boulder fields that are lo-
cated in three different regions of comet 67P. This analysis has taken into ac-
count the size-frequency distribution and cumulative fractional area of 11811
boulders. We have investigated the validity of the theory according to which
the power-law exponent of the size-frequency distribution can be interpreted
as the fractal dimension of the population. We have finally analyzed the
shape of these boulders, finding a suitable set of shape parameters useful
to describe their morphology. Our results show that there are significant
differences between the studied regions. The size-frequency distributions of
Imhotep, Hapi, and Hatmehit populations reveal that the first two regions
are characterized by a similar power index, in the range of -2.3/-2.7. The
Hapi area shows a different value of the power index. This might indicate
different formation processes of the boulders. We have also found that the
distribution of boulders does not show significant variations with respect to
the perihelion passage, in agreement with what is found in literature. We
tested the relationship between the size-frequency distribution and the fractal
theory by applying the box-count approach to investigate the fractal behavior
of the population. The calculated fractal dimension indicates that all stud-
ied areas show a possible fractal behavior, except for the bigger boulders on
Hapi. These difference might suggest a different origin of these boulders. To
explain this result, we have suggested two different solutions: the first sug-
gests that the boulders located in Hapi collapsed during past gravitational
events and their fragmentation is the result of an ongoing thermal weather-
ing. The second one proposes a different scenario. Due to the location and
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peculiar alignment of these boulders, these objects would represent the tops
of outcrops, immersed in a deposit of back-fall material. This is consistent
with the presence of layers, because the boulders appear to be aligned along
a specific layer of the big lobe. Finally, we have defined solidity and circular-
ity as invariant shape factors. These quantities are fundamental to describe
the boulder morphology across the different populations. All the analyzed
boulders show a rounded and solid shape without many inlets. We have com-
pared the mean values of the shape parameters before and after perihelion,
and we have not observed significant differences among the analyzed regions.
In the second part of this work, we have quantified the seasonal erosion and
deposit/accretion in the Hapi region. Due to the inclination of the spin axis,
the southern hemisphere of comet 67P experiences a strong insolation during
perihelion. This results in an insolation dicothomy between the northern
and southern hemisphere, which is reflected also in the morphology between
the two hemispheres. Northern regions are fully covered of dust. On the
contrary, equatorial regions are characterized by consolidated and coarse ter-
rains. During the approach to perihelion, the temperature of the nucleus
surface increases, causing the sublimation of ices. Water has been defined
as the most abundant volatile in the coma, suggesting a strong erosion of
the surface due to the sublimation of water ice. The strong insolation in the
south and the water ice content could erode the surface up to 20 m around
perihelion. The northern hemisphere has shown a minimal erosion due to
the minimal amount of received insolation. For this reason, the presence of
dust in the northern region has been suggested to be the result of transport
mechanisms of particles from the southern hemisphere during the southern
summer. The amount of dust transported from south to north can shed light
on the content of 67P’s pristine ice, assuming that the value can be repre-
sentative of the average value of all comets. To provide an upper limit of
comet’s water ice fraction, we have developed a tool which allowed to quan-
tify the seasonal erosion and deposit/accretion in the Hapi region. We have
monitored the time evolution of 22 boulders heights with a vertical accuracy
of 0.2 m, defined as the difference between the top of the boulders and the
surrounding pebble deposit surfaces. We have found a decrease of the boul-
der heights at the perihelion phase from 2014 to 2016 of 0Agg14_2016 = -1.4 +
0.4 m. This value has been thus interpreted as a direct measurement of the
fallout thickness. The predicted (Fulle et al., 2018b) fallout thickness of 1.8 +
0.7 m is consistent with our results. The comparison between the thickness of
the eroded layer and the dust density found in the coma in the same period,
leads to the Hapi’s fallout of about 96%. This provides an upper limit of 2%
in mass for Hapi’s water ice fraction, which fixes the pristine 67P ice content
in the range from 1% to 15% in mass. Following the model developed by
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Fulle et al. (2018b), considering all the possible ice losses during the transfer
of the fallout from the southern sources onto Hapi, the water ice fraction in
Hapi’s deposit of (1.2 + 0.8)% provides refractory-to-ice mass ratios ranging
from 6 to 110 in the perihelion-eroded volume of pristine nucleus material of
4 x 10" m?, corresponding to the 67P pristine ice mass fraction of (8 + 7)%.
Comparing this value with other components, it is evident that is a bit lower
than the range from 5% (Mogi et al., 2017) to 20% (Garenne et al., 2014)
measured in Cl-chondrites and in the InterStellar Medium (about 20%).

Finally, we have investigated how thermal weathering influenced the prop-
agation of preexisting cracks on boulders of comet 67P. Thermal shock and
fatigue are considered as the most important processes responsible for the
fragmentation of the nucleus surface. There are two different stresses that
can contribute to the erosion of a boulder. The exterior stress is controlled
by a sudden variation in temperature during sunset and sunrise, while inte-
rior stresses are controlled by the thermal gradient due to the day and night
cycle. The aim was to explore which stress can affect the simulated boulder
and explore whether the simulated stress is enough to propagate preexisting
cracks. We have selected a specific boulder located in the Imhotep region
because it shows elements attributable to thermal fragmentation: the sur-
face of the boulder is highly fractured, and fractures are perpendicular with
respect the path of the Sun. This aspect is fundamental because the orienta-
tion of cracks can provide insight of how thermal stresses act. The boulder
is surrounded by smaller fragments, and this population is unrelated to spe-
cific gravitational deposits. Following the method developed by Keller et al.
(2015), we have calculated the incident heat flux during aphelion and perihe-
lion. The results have been used as boundary conditions for our thermal and
stress model. We used COMSOL Multyphysics to simulate the propagation
of heat inside a 40 m boulder, model the surface and interior temperature,
and the Maximum Principal Stress. We have selected this crack propagation
theory because this stress controls the plane in which the direction of crack
propagation occurs. Our preliminary results show that the sudden variation
in temperature after the sunset and sunrise produces high surface stresses
regardless of thermal gradient between the interior and the surface of the
boulder. No interior stress is present, and the strong flux of heat outside the
boulder induces a local thermal gradient in the subsurface, contributing to
surface stresses. The reason is that the surface of a large boulder approaches
that of infinite halfspace, and cannot experience internal stresses during day-
time. Infinite rocks can have tensile stress at the depth as the thermal wave
travel downward, but have the same effects as surface stresses. We have
finally applied the Linear Elastic Fracture Mechanics theory to understand
whether the simulated stress was sufficient to propagate cracks. The heat
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flux received at aphelion is not sufficient to propagate preexistent cracks due
to the large distance from the Sun. At perihelion, on the contrary, the sur-
face of the boulder experiences a strong variation in temperature, and this
contributes to the propagation of microcracks and weakening of the boulder.
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NAC-OSIRIS image Spatial scale
(m/pixel)
NAC_2014-08-21T16.42.56.5497 _1D30_1397549300_F22 1.26
NAC_2014-08-21T19.42.54.5587_1D30-1397549900_F22 1.25
NAC_2014-08-21T20.42.54.5817_1D30-1397549100_F22 1.25
NAC_2014-08-22T08.42.54.5507_1D30_1397549000_F 22 1.26
NAC_2014-08-28T20.42.53.590Z_1D30_1397549900_F22 1.01
NAC_2014-08-29T14.42.55.551Z_1D30_1397549700_F22 1.02
NAC_2014-08-29T20.42.53.538Z_1D30-1397549900_F22 1.02
NAC_2014-08-29T21.42.53.565Z_1D30-1397549100_F22 0.99
NAC_2014-08-29T23.12.53.5247,_1D30_1397549500_F22 1.01
NAC_2014-08-30T02.42.53.5447,_1D30_1397549800_F22 1.04
NAC_2014-08-30T03.42.53.5467_1D30-1397549000_F22 1.05
NAC_2014-08-31T15.42.53.546Z_1D30-1397549000_F22 1.24
NAC_2014-09-01T16.42.53.5517_1D30-1397549400_F22 0.97
NAC_2014-09-10T11.54.24.601Z_1D30-1397549000_F24 0.55
NAC_2014-09-22T21.09.48.386Z_1D30-1397549000_F16 0.54
NAC_2014-12-10T06.29.11.4477 1D30-1397549002_F24 0.37
NAC_2016-06-19T11.09.40.836Z_1D30-1397549000_F41 0.56
NAC_2016-06-19T15.30.03.468Z_1D30-1397549004_F16 0.54
NAC_2016-09-30T03.37.09.738Z_1D30-1397549200_F22 0.26

Table A.1: The NAC-OSIRIS images used in this work. The first three letters
indicate the instrument used to acquire the image; the following digits are the
time (in Coordinate Universal Time, UTC) of imaging (year-month-day, then
hour-minute-seconds) as reported in the file name (this time is not corrected
for S/C drift and leap seconds); the last two numbers correspond to the used
filter identifier. The spatial scale (m/pixel) is shown.
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ID Boulder | Latitude Longitude
(*) @)
1 27.69 18.20
2 30.76 22.61
3 30.25 30.35
4 33.82 31.72
) 33.39 27.18
6 36.58 20.36
7 38.93 22.81
8 40.52 25.49
9 36.86 9.64
10 36.09 7.92
11 39.50 12.15
12 39.71 7.98
13 50.93 354.56
14 55.09 345.15
15 49.93 0.03
16 56.05 2.95
17 59.19 6.85
18 47.03 357.43
19 51.33 0.60
20 47.92 4.99
21 44.89 5.62
22 31.06 25.07

Table A.2: ID, latitude, and longitude of the analyzed boulders.
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Boulder Image UTC Subset i e L H ¢H
() () (m) (m) (m)
80.5 55.3 50.0 84 0.8
441 362 83 86 19
83.9 47.1 86.1 9.1 0.9
70.5 31.7 25.7 9.1 0.8
724 343 288 9.1 0.8
424 115 83 9.1 1.5
353 102 6.8 9.6 1.8
50.9 41.7 121 98 1.1
40.3 56.3 81 95 2.1
61.5 26.5 15.1 82 0.7
40.7 26.8 9.0 105 1.9
70.8 32.2 32.1 11.2 0.8
65.9 29.0 24.6 11.1 0.9
36.9 263 83 11.1 1.9
455 56.3 11.9 11.7 1.8
45.0 63.1 11.5 11.5 2.1
79.0 14.6 623 12.1 0.7
59.8 27.5 189 11.1 0.8
46.7 19.1 6.4 6.0 1.5
73.8 463 224 6.5 0.7
70.6 339 185 6.5 0.7
76.0 37.1 279 6.9 0.7
747 374 23.7 65 0.7
457 335 72 7.0 1.6
309 159 42 70 22
45.1 121 74 74 15
41.0 20.7 6.5 75 1.5
40.6 56.1 6.0 7.0 2.0
374 588 57 75 23
77.0 142 333 7.7 0.7
57.1 30.1 9.7 6.3 08
244 196 59 13.0 3.6
51.3 33.0 16.5 132 1.5
66.7 434 31.8 13.7 1.1
771 384 61.5 14.1 0.9
64.1 254 29.0 14.1 1.0
60.6 23.5 24.1 136 1.0
43.4 10.3 133 14.1 1.7

1 21/08/2014 16:42:56
22/08/2014  8:42:50
29/08/2014  20:42:53
29/08/2014  21:42:53
29/08/2014  23:12:53
30/08/2014  2:42:53
30/08/2014  3:42:53
10/9/2014  11:54:24
22/09/2014  21:09:48
19/06/2016 11:09::40

2 22/08/2014  8:42:50
29/08/2014  21:42:53
29/08/2014  23:12:53

1/9/2014 16:42:53
10/9/2014  11:54:24
22/09/2014  21:09:48
10/12/2014  6:29:11
19/06/2016  11:09::40

3 21/08/2014 19:42:54
28/08/2014  20:42:53
29/08/2014  20:42:53
29/08/2014  21:42:53
29/08/2014  23:12:53
30/08/2014  2:42:53
30/08/2014  3:42:53
31/08/2014 15:42:53

1/9/2014 16:42:53
10/9/2014  11:54:24
22/09/2014  21:09:48
10/12/2014  6:29:11
19/06/2016  11:09:40

4 21/08/2014  19:42:54
22/08/2014  8:42:50
28/08/2014  20:42:53
29/08/2014  20:42:53
29/08/2014  21:42:53
29/08/2014  23:12:53
31/08/2014 15:42:53

DN DN NN O WWNDNDNDNDDNNDNDDN O W WD NDNRFROEW WD DNDNDNDDND - =
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Boulder Image UTC Subset i e L H JH
() () (m) (m) (m)
10/9/2014  11:54:24 3 474 51.0 156 143 1.5
10/12/2014  6:29:11 4 75.5 15.6 574 14.8 0.7
19/06/2016  11:09:40 5 60.1 28.6 234 13.5 0.8
) 21/08/2014 19:42:54 1 43.9 253 10.1 105 1.8
22/08/2014  8:42:50 1 45.7 30.7 11.0 10.8 1.7
28/08/2014  20:42:53 2 68.4 458 288 114 1.0
29/08/2014  20:42:53 2 69.5 31.3 29.7 11.1 0.8
29/08/2014  21:42:53 2 67.2 285 266 11.2 09
29/08/2014  23:12:53 2 76.4 384 456 11.0 0.8
30/08/2014  2:42:53 2 44.6 21.2 11.3 114 1.5
31/08/2014 15:42:53 2 42.6 10.8 10.8 11.8 1.7
1/9/2014 16:42:53 2 43.0 336 11.1 11.9 1.7
10/9/2014  11:54:24 3 44.1 528 115 11.9 1.7
10/12/2014  6:29:11 3 81.1 14.3 786 124 0.8
19/06/2016  11:09:40 5 57.0 30.1 176 114 0.8
6 21/08/2014  16:42:56 1 65.6 49.2 620 28.1 1.6
21/08/2014  19:42:54 1 55.2 30.3 40.0 27.8 1.7
22/08/2014  8:42:50 1 49.3 375 32,5 28.0 2.0
29/08/2014  20:42:53 2 59.5 224 488 28.7 1.3
20/08/2014 21:42:53 2 68.6 30.0 732 287 1.3
29/08/2014  23:12:53 2 66.5 27.3 65.8 28.7 1.3
30/08/2014  2:42:53 2 48.9 11.2 32,6 284 1.5
30/08/2014  3:42:53 2 394 155 234 284 2.0
31/08/2014 15:42:53 2 496 49 334 284 1.6
1/9/2014 16:42:53 2 48.5 377 328 29.0 1.8
10/9/2014  11:54:24 3 58.4 414 483 29.7 1.3
22/09/2014  21:09:48 3 55.4 H3.7 41.3 285 1.6
19/06/2016  11:09:40 5 62.3 26.8 528 27.7 1.1
7 21/08/2014  19:42:54 1 494 26.7 182 156 1.7
29/08/2014  20:42:53 2 771 394 717 164 1.0
29/08/2014  21:42:53 2 69.8 30.9 438 16.1 1.0
29/08/2014  23:12:53 2 40.0 186 13.5 16.1 1.8
10/9/2014  11:54:24 3 449 457 169 170 1.6
22/09/2014  21:09:48 3 48.1 46.5 185 166 1.4
10/12/2014  6:29:11 4 68.9 229 449 173 0.7
19/06/2016  11:09:40 5 66.5 25.1 36.6 159 0.8
8 29/08/2014  20:42:53 2 75.5 37.0 21.7 56 0.6
29/08/2014  21:42:53 2 59.9 209 103 6.0 0.9
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Boulder Image UTC Subset i e L H ¢H
() () (m) (m) (m)
49.8 234 6.9 58 1.2
49.6 402 7.8 6.6 1.1
52.7 344 80 6.1 09
61.0 32.7 123 6.8 0.6
62.8 25.7 11.3 5.8 0.6
86.0 62.2 83.0 58 0.8
65.8 28.6 249 11.2 0.9
722 328 356 114 0.8
50.0 472 143 120 1.3
57.6 57.3 187 119 1.3
544 439 6.1 44 1.3
629 286 7.7 39 08
67.7 302 96 39 0.7
53.0 247 59 45 1.1
49.0 22.0 45 39 1.2
56.6 56 6.5 4.3 09
53.8 396 6.0 44 1.2
60.1 454 84 48 0.8
51.9 51.8 58 45 1.2
746 29.3 12.0 33 04
62.7 422 57.1 295 1.6
56.6 34.6 453 29.8 1.7
59.4 51.0 50.7 30.0 1.8
58.4 34.7 49.1 30.2 1.5
50.5 12.0 378 31.2 1.5
61.2 23.2 556 306 14
60.2 21.3 53.2 305 14
59.4 18.2 50.6 30.0 1.5
57.5 49.6 479 30.5 1.7
59.2 43,5 52.1 31.0 1.3
65.50 26.1 69.2 31.5 1.1
66.7 474 40.1 172 1.3
62.0 37.0 320 170 1.3
66.0 549 39.1 174 14
60.9 394 324 18.0 1.2
62.9 26.3 349 178 1.1
61.1 227 322 17.7 1.1
55.3 24.2 26.1 18.1 1.3

30/08/2014  2:42:53
10/9/2014  11:54:24
22/09/2014  21:09:48
10/12/2014  6:29:11
19/06/2016  11:09:40
30/09/2016  3:37:09
9 29/08/2014 21:42:53
29/08/2014  23:12:53
10/9/2014  11:54:24
22/09/2014  21:09:48
10 29/08/2014 14:42:55
29/08/2014  21:42:53
29/08/2014  23:12:53
30/08/2014  2:42:53
30/08/2014  3:42:53
31/08/2014  15:42:53
1/9/2014  16:42:53
10/9/2014  11:54:24
22/09/2014  21:09:48
19/06/2016  11:09:40
11 21/08/2014 19:42:54
21/08/2014  20:42:54
22/08/2014  8:42:50
29/08/2014  14:42:55
29/08/2014  20:42:53
29/08/2014  21:42:53
30/08/2014  2:42:53
31/08/2014  15:42:53
1/9/2014  16:42:53
22/09/2014  21:09:48
10/12/2014  6:29:11
12 21/08/2014 19:42:54
21/08/2014  20:42:54
22/08/2014  8:42:50
29/08/2014  14:42:55
29/08/2014  23:12:53
30/08/2014  2:42:53
30/08/2014  3:42:53

DN DN W DNDNDNDNDN R RFOWWh DNDDNDNDNDNDDRNRDWWNDNDOS Ok W WwN
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Boulder Image UTC Subset i e L H JH
() ) (m) (m) (m)
31/08/2014  15:42:53 2 60.6 20.0 322 181 1.2
1/9/2014 16:42:53 2 59.8 504 31.1 181 14
22/09/2014  21:09:48 3 624 416 354 185 1.0
13 21/08/2014  16:42:56 1 71.9 54.2 520 17.0 1.2
21/08/2014  20:42:54 1 64.1 42.0 350 17.0 1.3
22/08/2014  8:42:50 1 66.7 57.8 39.0 168 1.4
29/08/2014  14:42:55 2 65.6 34.5 376 170 1.1
29/08/2014  20:42:53 2 352 13.0 12.1 171 2.0
29/08/2014  23:12:53 2 66.6 13.0 399 172 1.1
30/08/2014  2:42:53 2 66.4 26.7 41.3 18.1 1.0
30/08/2014  3:42:53 2 60.0 24.1 31.5 182 1.2
31/08/2014 15:42:53 2 67.3 254 43.1 18.0 1.1
1/9/2014  16:42:53 2 64.9 55.8 377 176 1.3
22/09/2014  21:09:48 3 67.1 38.1 429 181 09
19/06/2016  11:09:40 5 79.3 304 90.0 17.0 1.0
14 21/08/2014  19:42:54 1 69.8 51.9 475 175 1.3
21/08/2014  20:42:54 1 65.2 41.3 379 175 1.3
22/08/2014  8:42:50 1 76.9 68.0 745 174 14
28/08/2014  20:42:53 2 457 19.3 185 181 1.5
29/08/2014  14:42:55 2 66.6 41.8 408 176 1.1
29/08/2014  20:42:53 2 35.3 7.8 128 181 19
29/08/2014  21:42:53 2 42.2 15.0 164 181 1.6
29/08/2014  23:12:53 2 62.2 13.6 345 182 1.1
30/08/2014  2:42:53 2 67.4 28.2 438 182 1.0
30/08/2014  3:42:53 2 64.7 283 388 183 1.1
31/08/2014  15:42:53 2 69.9 26.8 50.6 185 1.1
1/9/2014 16:42:53 2 67.9 56.7 46.7 19.0 1.3
22/09/2014  21:09:48 3 71.2 38.7 55.1 187 0.9
10/12/2014  6:29:11 4 53.1 399 256 19.2 1.1
19/06/2016  15:30:03 5 69.3 16.6 472 178 0.8
30/09/2016  3:37:09 6 65.4 429 381 174 0.8
15 29/08/2014  14:42:55 2 54.9 34.5 31.3 220 14
29/08/2014  23:12:53 2 64.9 324 59.1 216 1.1
30/08/2014  2:42:53 2 62.0 257 414 221 1.2
30/08/2014  3:42:53 2 56.3 21.1 321 214 1.3
31/08/2014 15:42:53 2 65.6 19.8 472 214 1.2
1/9/2014 16:42:53 2 64.8 54.0 46.8 220 14
22/09/2014  21:09:48 3 71.8 43.6 67.7 223 1.0
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Boulder Image UTC Subset i e L H ¢H
() () (m) (m) (m)
6 69.8 44.3 426 20.0 0.9
1 58.4 44.0 283 174 1.5
1 52.7 375 228 17.3 1.7
1 71.3 659 51.0 173 14
2 55.1 283 253 176 1.3
2 50.4 13.2 21.8 18.0 1.3
2 55.5 193 26.3 18.1 1.2
2 534 149 239 17.7 1.2
2 57.7 16.8 29.1 184 1.2
2 52.7 11.5 24 183 1.2
2 59.4 254 31.1 184 1.3
2 57.7 53.1 288 182 1.6
3 60.3 352 326 186 1.0
4 68.2 24.8 478 19.1 0.8
5 79.4 209 93.0 174 1.0
5 734 13.1 59.2 176 0.8
6 70.3 50.0 49.3 17.7 0.9
17 21/08/2014  20:42:54 1 57.1 38.8 16.2 10.5 14
29/08/2014  20:42:53 2 414 27 100 11.3 14
29/08/2014  21:42:53 2 47.1 86 119 11.1 1.2
2
2
2
3
4
5
5
6
1
1
2
2
2
2
2
2
2
2

30/09/2016  3:37:09
16 21/08/2014 19:42:54
21/08/2014  20:42:54
22/08/2014  8:42:50
29/08/2014  14:42:55
29/08/2014  20:42:53
29/08/2014  21:42:53
29/08/2014  23:12:53
30/08/2014  2:42:53
30/08/2014  3:42:53
31/08/2014  15:42:53
1/9/2014  16:42:53
22/09/2014  21:09:48
10/12/2014  6:29:11
19/06/2016  11:09:40
19/06/2016  15:30:03
30/09/2016  3:37:09

30/08/2014  2:42:53 64.2 234 230 11.1 0.9
30/08/2014  3:42:53 56.2 164 16.8 11.2 1.1
31/08/2014  15:42:53 56.7 216 173 114 1.2
22/09/2014  21:09:48 64.0 403 242 11.8 0.8
10/12/2014  6:29:11 499 43.1 146 123 1.1
19/06/2016  11:09:40 78.0 23.1 51.0 10.8 0.7
19/06/2016  15:30:03 70.8 15.5 29.7 104 0.6
30/09/2016  3:37:09 62.0 40.0 19.9 106 0.7
18 21/08/2014  19:42:54 75.7 506 143 3.6 0.7
22/08/2014  8:42:50 67.8 55.0 135 55 1.0
29/08/2014  14:42:55 63.0 375 114 58 09
29/08/2014  20:42:53 458 82 53 H2 1.2
29/08/2014  21:42:53 61.0 276 105 58 0.9
29/08/2014  23:12:53 72.8 354 131 41 0.6
30/08/2014  2:42:53 66.9 279 102 43 0.7
30/08/2014  3:42:53 67.7 295 125 51 0.7
31/08/2014 15:42:53 719 246 19.1 6.2 0.7
1/9/2014  16:42:53 68.0 54.3 129 52 09
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Boulder Image UTC Subset i e L H JH

) () (m) (m) (m)

22/09/2014 21:09:48
10/12/2014  6:29:11
19/06/2016  15:30:03
30/09/2016  3:37:09

7.7 449 221 56 0.5
65.3 278 133 6.2 0.5
743 1277 160 45 04
68.5 504 11.2 44 0.6

57.0 287 170 11.1 1.1
53.8 14.7 145 106 1.1
60.5 24.6 18.0 10.2 1.0
65.0 24.1 21.8 10.2 0.9
63.6 36.2 21.1 105 1.1
67.3 308 264 11.1 0.7
59.4 327 19.6 11.6 0.7
78.9 19.3 51.0 10.0 0.6
755 176 363 94 0.5
70.3 40.7 275 99 0.6

19 29/08/2014 14:42:55
29/08/2014  23:12:53
30/08/2014  2:42:53
30/08/2014  3:42:53
31/08/2014  15:42:53
22/09/2014  21:09:48
10/12/2014  6:29:11
19/06/2016  11:09:40
19/06/2016  15:30:03
30/09/2016  3:37:09

60.6 296 93 52 1.0
66.6 483 128 55 1.0
73.5 352 206 6.1 0.6
60.5 154 115 6.5 0.9
65.4 480 13.1 6.0 0.9

20  21/08/2014 20:42:54
22/08/2014  8:42:50
29/08/2014  23:12:53
31/08/2014  15:42:53

1/9/2014  16:42:53

68.1 38.7 202 81 09
659 470 181 81 1.0
54.6 164 122 87 1.0
546 419 126 89 1.3
46.2 458 100 96 1.2
76.7 524 3377 80 0.6

21 21/08/2014 20:42:54
22/08/2014  8:42:50
29/08/2014  21:42:53

1/9/2014  16:42:53
10/12/2014  6:29:11
30/09/2016  3:37:09

22 28/08/2014 20:42:53
29/08/2014  21:42:53
29/08/2014  23:12:53
30/08/2014  2:42:53

1/9/2014  16:42:53
10/9/2014  11:54:24
22/09/2014  21:09:48

72.9 457 114 3.5 0.6
73.1 348 112 34 0.6
746 36.6 122 34 0.5
44.0 257 33 34 1.5
371 316 3.0 40 19
45.0 519 4.0 40 1.5
51.3 573 5.1 41 14

W WNNNDNDNDOD NN RN DNDNRF RO OO R WD NDNDNDDNDOO O W

Table A.3: Summary of the boulder height measurements, reporting (for
each boulder) the date of the image on which the height is calculated, the
corresponding UTC as reported in the file name (this time is not corrected for
S/C drift and leap seconds), the corresponding subset, the incidence angle (1),
the emission angle (e), the measured length of the shadow (L), the measured
height of boulder (H) with the associated average error bar (6H).
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S1 S1 S2 S2 S3 S3 S4 S4 S5 S5 S6 S6
Boulder | <H> d(<H>) <H> §<H> <H> §<H> <H> 6<H> <H> 06<H> <H> §<H?>)
(m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)
1 8.4 0.5 9.1 0.4 9.8 0.43 8.2 1.5
2 10.5 0.5 11.1 0.4 11.6 0.4 12.1 1.5 11.1 1.3
3 6 0.7 6.7 0.3 7.2 0.3 7.7 1.4 6.3 1.3
4 13.2 0.3 13.9 0.4 14.3 0.7 14.8 1.5 13.5 1.2
5 10.6 0.4 11.3 0.3 11.8 0.6 12.4 1.3 11.4 1.2
6 27.9 0.3 28.6 0.2 29.2 0.5 27.7 0.9
7 15.6 0.6 16.2 0.4 16.8 0.5 17.3 1.4 15.9 1.3
8 5.8 0.2 6.3 0.3 6.8 0.2 5.8 1.7 5.7 1.2
9 11.3 0.8 11.9 0.6
10 4.1 0.4 4.7 0.7 3.3 2.7
11 29.8 0.3 30.5 0.3 31.1 0.8 31.5 1.0
12 17.2 0.4 18.0 0.3 18.5 1.0
13 16.9 0.4 17.7 0.3 18.1 1.1 16.9 1.0
14 17.5 0.5 18.2 0.3 18.7 1.1 19.2 0.9 17.8 1.3 17.4 1.2
15 21.7 0.3 22.3 1.0 20.1 1.1
16 174 0.4 18.1 0.3 18.6 1.0 19.1 1.3 17.6 0.8 17.7 1.1
17 10.5 0.7 11.2 0.4 11.8 1.2 12.3 0.9 10.6 1.2 10.6 1.5
18 4.2 0.8 5.1 0.4 5.6 1.9 6.1 2.1 4.5 2.9 4.4 1.8
19 10.4 0.3 11.1 1.5 11.6 1.4 9.7 1.7 9.7 1.7
20 5.4 0.7 6.2 0.7
21 8.1 0.7 8.8 0.6 9.6 0.8 8 1.7
22 3.4 0.4 4.1 0.5

Table A.4: Time evolution of the weighted average height of each boulder. Each subset (S) contains the weighted
average height (< H >) of each boulder and the associated error (§(< H >)).
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