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Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS
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Aims. We investigated Wosret, a region located on the small lobe of the 67P/Churyumov-Gerasimenko comet subject to strong heating during the perihelion passage. This region includes the two last landing sites of the Philae lander as well as, notably the final one, Abydos, where the lander performed most of its measurements. We study Wosret in order to constrain its compositional properties and its surface evolution. By comparing them with those of other regions, we aim to identify possible differences among the two lobes of the comet. Methods. We analyzed high-resolution images of the Wosret region acquired between 2015 and 2016 by the Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) on board the Rosetta spacecraft, at a resolution ranging from 2 to 10 m px -1 before and close to perihelion, up to 0.07-0.2 m px -1 in the post-perihelion images. The OSIRIS images were processed with the OSIRIS standard pipeline, then converted into I/F radiance factors and corrected for the viewing and illumination conditions at each pixel using the Lommel-Seeliger disk function. Spectral slopes were computed in the 535-882 nm range. Results. We observed a few morphological changes in Wosret, related to local dust coating removal with an estimated depth of ∼1 m, along with the formation of a cavity measuring 30 m in length and 6.5 m in depth, for a total estimated mass loss of 1.2 × 10 6 kg. The spectrophotometry of the region is typical of medium-red regions of comet 67P, with spectral slope values of 15-16%/(100 nm) in pre-perihelion data acquired at phase angle 60 • . As observed globally for the comet, also Wosret shows spectral slope variations during the orbit linked to the seasonal cycle of water, with colors getting relatively bluer at perihelion. Wosret has a spectral phase reddening of 0.0546 × 10 -4 nm -1 deg -1 , which is about a factor of 2 lower than what was determined for the nucleus northern hemisphere regions, possibly indicating a reduced surface micro-roughness due to the lack of widespread dust coating. A few tiny bright spots are observed and we estimate a local water-ice enrichment up to 60% in one of them. Morphological features such as "goosebumps" or clods are widely present and larger in size than similar features located in the big lobe. Conclusions. Compared to Anhur and Khonsu, two southern hemisphere regions in the big lobe which have been observed under similar conditions and also exposed to high insolation during perihelion, Wosret exhibits fewer exposed volatiles and less morphological variations due to activity events. Considering that the high erosion rate in Wosret unveils part of the inner layers of the small lobe, our analysis indicates that the small lobe has different physical and mechanical properties than the big one and a lower volatile content, at least in its uppermost layers. These results support the hypothesis that comet 67P originated from the merging of two distinct bodies in the early Solar System.

Abstract

Small bodies -comets, asteroids, TNOs are relics of the planetesimals that formed during the early stages of the Solar System and thus, studying these objects is crucial for understanding the formation and evolution of the Solar System. We are currently living in the golden age for the exploration of small bodies that includes many recent and ongoing space missions, of which the Rosetta mission has conducted the most detailed study of a comet so far and gathered an enormous amount of data on comet 67P/Churyumov-Gerasimenko, some of which deserve a closer investigation.

My thesis applies a multidisciplinary approach to the investigation of the primitive surface of comet 67P/CG, combining analysis of observational data and laboratory experiments. During the first half of my thesis, I studied the morphology, spectrophotometry and activity of comet 67P through the analysis of over one thousand Rosetta/OSIRIS images taken between 2014 and 2016, some of which are high resolution images that had not yet been published in literature. On the other hand, the second half of the thesis was dedicated to producing and measuring the spectra of different types of analogs of icy cometary surfaces. Our research focused on a number of regions of interest on the surface: the Wosret region on the small lobe of the comet, including the two final landing sites of the Philae lander; and the bright spots enriched in water ice exposed to the comet surface.

Our study of the Wosret region indicates that the surface layer of the small lobe of comet 67P may consist of more consolidated materials and have lower volatile content than the big lobe, which supports the hypothesis that comet 67P is the result of a merge between two independently formed bodies. We also confirmed that water ice had been exposed at Philae's second touchdown point in Wosret, implying that comet 67P's surface is made of low strength materials that covers highly ice-rich subsurface layers, which helps provide constraints for future space missions to comets. In addition to the ice exposed due to Philae, we also identified approximately 700 bright ice-rich spots that were seen from 2014 to 2016, some of which are correlated with cometary activity and surface changes. About 1/10 of the spots have unusually blue spectral slope compared to most other spots, whose high reflectance factor mostly matched pure water ice/frost samples, indicating that these "blue" spots formed by water recondensation into frost instead of outcrops of underlying dirty ice. On the other hand, measurements of other types of icy surface analog show that the reflectance of a mixture between a dark component and a bright component is controlled by three parameters: volume fraction of the dark particles, grain size of the dark and bright particles, therefore determining the composition of a "dirty" icy surface is a complicated process that requires constraining the grain size.

Résumé

Les petits corps -comètes, astéroïdes, objets transneptuniens sont les reliques des planétésimaux qui se sont formés au cours des premières étapes du système solaire et, par conséquent, l'étude de ces objets est cruciale pour comprendre la formation et l'évolution du système solaire. Nous vivons actuellement l'âge d'or de l'exploration des petits corps qui comprend de nombreuses missions spatiales récentes et en cours, dont la mission Rosetta a fait l'étude la plus détaillée d'une comète à ce jour et a obtenu une énorme quantité de données sur la comète 67P/Tchourioumov-Guérassimenko, dont certains méritent une enquête plus approfondie.

Ma thèse applique une approche multidisciplinaire à l'investigation de la surface primitive de la comète 67P/TG, combinant analyse des données d'observation et des expériences de laboratoire. Au cours de la première moitié de ma thèse, j'ai étudié la morphologie, la spectrophotométrie et l'activité de la comète 67P à travers l'analyse de plus d'un millier d'images Rosetta/OSIRIS prises entre 2014 et 2016, dont certaines sont des images haute résolution qui n'avaient pas encore été publiées dans littérature. D'autre part, la seconde moitié de la thèse a été consacrée

Introduction

Comets are essential for our understanding of the Solar System for a number of reasons. Like other small bodies such as asteroids or TNOs, they are remnants of the building blocks that survive from the early era of the Solar System without major changes, therefore studying them gives us insight into various aspect of the Solar System including dynamics and composition. Moreover, comets are believed to be more pristine than other small bodies because their surface is frequently renewed by cometary activity and less impacted by space weathering, and they typically originate from the outer reaches of the Solar System. Comets may also have played an important role in the development of the Earth, as they may have brought water to our oceans or they may have collided with the Earth in the past, altering the ecosystem and shaping the subsequent forms of life on Earth.

The Rosetta mission (2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016), a rendez-vous mission to comet 67P/Churyumov-Gerasimenko, has conducted the most extensive study of a comet to date, in which the Rosetta spacecraft is the first spacecraft to orbit a comet while its lander Philae is the first human-made object to land "softly" as well as carry out in-situ mesurements on a comet. Both the spacecraft and the lander carried cameras that imaged the comet surface at unprecedented spatial resolution, which permitted first detection and imaging of fine details such as boulders or meter-scale fractures on a comet. The cameras also resolved the comet activity at a much better spatial and temporal resolution than ground-based observation, which permitted imaging of individual jets, some of which were first observations of very short-lived jets that lasted for less than a few minutes.

My thesis is devoted to the investigation of the surface of primitive small bodies of the Solar System through a multidisciplinary approach that combines two main activities: (i) analysis of observational data from space missions and (ii) measurements of the spectro-photo-goniometric reflectance of analogs of small bodies inside laboratories. Our research focuses on two main topics: (i) the two final touchdown sites of the Philae lander as well as their hosting region located in the small lobe of the comet named Wosret and (ii) the bright ice-rich spots exposed to the comet surface, in which I assembled an extensive catalog of the hundreds of bright spots that I analyzed from the OSIRIS cameras onboard Rosetta, then produced and measured various types of analogs of icy surfaces to complement my analysis of the Rosetta data.

The manuscript is organized as follows: Chapter 1 describes the formation of the Solar System and the different classes of small bodies. Chapter 2 is about the Rosetta mission, in which I cover its scientific payload and its main target -comet 67P/Churyumov-Gerasimenko (hereafter comet 67P), followed by the results that I obtain from our analysis of the Rosetta data in chapter 3. Chapter 4 describes the experiments that I conducted at IPAG, including the instruments, materials and experiment procedures that I used and chapter 5 provides the results of our experiments. The final chapter discusses our main findings as the next step of our research.

Chapter 1

Overview of small bodies of the Solar System

Formation of the Solar System

The Solar System (see Fig. 1.1) consists of the Sun and all objects bound to it by gravity 1 . The Sun, like most stars, formed inside a molecular cloud i.e. a dense concentration of intersellar dust and gas e.g. H 2 and CO. Most star formation takes place inside a giant molecular cloud with typical size of about 10 parsecs and mass up to one million solar masses M ⊙ , although stars also form in smaller clouds with masses of about 10000 M ⊙ that span only a few parsecs. Star formation occurs at cloud cores i.e. smaller (a few parsecs across), denser clumps containing between 10 3 and 10 4 solar masses of gas and dust, which may form as a result of the compression due to turbulent gas motions or gas ejected from a star within the molecular cloud [START_REF] Fix | Astronomy : journey to the cosmic frontier[END_REF]. A cloud core collapses under its own weight into a protostar and produces gravitational energy, which is converted into the kinetic energy of the infalling gas and dust particles, whose motion generates friction and heat. Once the protostar becomes opaque due to accumulating dust and other infalling materials, the infrared radiation emitted from the heat is no longer able to escape, raising both temperature and pressure at the center until the internal pressure can balance the weight of the protostar, at which point the collapse stops. The protostar keeps accumulating materials until it develops a powerful wind to counter the flux of infalling matter, and it produces internal energy through the Kelvin-Helmholtz contraction until the inner temperature is high enough to allow hydrogen fusion to take place. At this point the star enters the main sequence (i.e. the region containing the most stars in an H-R diagram of luminosity or absolute magnitude vs. temperature or spectral type). The Sun likely experienced about 10 million years of Kelvin-Helmholtz contraction, and its hydrogen fusion is expected to last for about 10 billion years (ibid).

The evolution of the Solar System can be divided into three phases of development: Solar Nebula, Primordial Solar System and the Modern Solar System [START_REF] Coradini | Vesta and Ceres: Crossing the History of the Solar System[END_REF]. The Solar Nebula phase began around 4.56 billion years ago, when the oldest solids in the Solar System -Ca-Al-rich inclusions (CAIs, a component of meteorites) condensed [START_REF] Bertotti | Physics of the Solar System -Dynamics and Evolution[END_REF]; this phase lasted for less than 10 million years [START_REF] Coradini | Vesta and Ceres: Crossing the History of the Solar System[END_REF] and ended when the nebular gas was dispersed by the solar wind resulting from the vigorous surface activity of the Sun entering its T-Tauri (cool, luminous pre-main sequence stars) phase [START_REF] Bertotti | Physics of the Solar System -Dynamics and Evolution[END_REF][START_REF] Fix | Astronomy : journey to the cosmic frontier[END_REF]. The solar nebula started cooling after the Sun stopped accumulating infalling materials, allowing solids to condense until the remaining solar nebula was blown away. The microscopic condensed grains then accumulated into a few mm to hundreds of km bodies called planetesimals [START_REF] Fix | Astronomy : journey to the cosmic frontier[END_REF], and this process began within the first 1 million years of the Solar System formation [START_REF] Baker | Early planetesimal melting from an age of 4.5662Gyr for differentiated meteorites[END_REF][START_REF] Bizzarro | Rapid Timescales for Accretion and Melting of Differentiated Planetesimals Inferred from 26 Al-26 Mg Chronometry[END_REF] and lasted for about 5 million years as planetesimal accretion may have been delayed inside the snow line i.e. the minimum [START_REF] Doressoundiram | Aux confins du système solaire / Alain Doressoundiram[END_REF]. heliocentric distance at which volatiles condense into solids [START_REF] Scott | Meteoritical and dynamical constraints on the growth mechanisms and formation times of asteroids and Jupiter[END_REF][START_REF] Scott | Chondrites and the Protoplanetary Disk[END_REF]. The gas giants formed during the Solar Nebula phase, in which Jupiter is likely the first to form and triggered the Jovian Early Bombardment, which lasted for a few 10 5 years [START_REF] Turrini | Probing the history of Solar system through the cratering records on Vesta and Ceres[END_REF]. If Saturn formed its core and accumulated materials for its gaseous envelope during or close to the Jovian Early Bombardment, Saturn and Jupiter would both perturb the inner and outer Solar System, leading to the Primordial Heavy Bombardment. Both bombardment events were likely the most violent bombardment events in the Solar System history since it occurred prior to the depletion of planetesimals that occurred in the next phase [START_REF] Coradini | Vesta and Ceres: Crossing the History of the Solar System[END_REF].

The Primordial Solar System phase followed the Solar Nebula phase and concluded around 3.8 -4.0 billion years ago, when the Late Heavy Bombardment ended. Terrestrial planets formed during this phase [START_REF] Coradini | Vesta and Ceres: Crossing the History of the Solar System[END_REF], in which Earth accreted materials and formed its core between 30 million years to 100 million years after CAIs formation while the Mars core formed within the first 20 million years of the Solar System [START_REF] Kleine | Hf-W chronology of the accretion and early evolution of asteroids and terrestrial planets[END_REF]. Even though Mars formed earlier and farther away from the Sun than Earth, the Mars/Earth mass ratio is small (0.107, Williams 2000) likely due to the Grand Tack scenario: during the first 5 million years of the Solar System [START_REF] Walsh | The grand tack[END_REF], Jupiter gradually migrated inward from 3.5 AU to 1.5 AU in 10 5 years. At this point Saturn reached 60 Earth masses, and rapidly migrated inward until it was trapped in the 2:3 mean motion resonance with Jupiter, causing both Jupiter and Saturn to migrate outward, together with Uranus and Neptune when they were captured in resonance with the two biggest gas giants. In this scenario, the inward migration of Jupiter scattered outwards the planetesinals in the inner disk and limited materials to grow Mars. Additionally, the inward movements of both Jupiter and Saturn scattered carbonaceous rich asteroids, presumably formed beyond 5 AU, to the main asteroid belt as well as it drove part of the silicate rich asteroids, formed closer to the Sun, in the outer part of the main belt, resulting in the current structure of the asteroid belt where both C-and S-type asteroids co-exist [START_REF] Walsh | A low mass for Mars from Jupiter's early gas-driven migration[END_REF]. The Nice model scenario likely occurred 500 million years after the Grand Tack [START_REF] Walsh | The grand tack[END_REF]: Jupiter and Saturn crossed the 1:2 resonance, increasing their orbital eccentricity while causing Uranus and Neptune to drift outward from below 20 AU heliocentric distances to their current orbits. This migration scattered the planetesimals beyond Neptune's orbit until the disk was depleted, triggering the Late Heavy Bombardment, that is an important surge of the impact rate in the Solar System, that could have lasted between approximately 10-150 million years [START_REF] Gomes | Origin of the cataclysmic Late Heavy Bombardment period of the terrestrial planets[END_REF][START_REF] Tsiganis | Origin of the orbital architecture of the giant planets of the Solar System[END_REF]. Recent models however put in discussion the timing of the Giant planets migrations: [START_REF] Morbidelli | The timeline of the lunar bombardment: Revisited[END_REF] propose a much early instability for the Giant planets, and a late heavy bombardment for the Moon consistent with an accretion tail more than with a cataclysmic event.

After the Late Heavy Bombardment, the Solar System transitioned to its modern configuration [START_REF] Coradini | Vesta and Ceres: Crossing the History of the Solar System[END_REF], with 8 planets, 5 dwarf planets and small bodies mainly located in the main asteroid belt, the Kuiper Belt and the Oort cloud. A planet is a celestial body that orbits the Sun, has enough mass for its self-gravity to assume a hydrostatic equilibrium (near spherical) shape and has cleared the neighborhood around its orbit. There are 8 planets in the Solar System: Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus and Neptune, the first four are classified as terrestrial planets because of their compact and rocky surface while the latter four are considered gas giants because they are mostly made of gas 2 . The terrestrial planets are relatively small in diameter (0.383 -1 × Earth diameter of 12,756 km), have low mass (0.0553 -1 × Earth mass of 5.97 ×10 24 kg), high density (0.714 -1 × Earth density of 5514 kg/m3 ) and possess only 3 natural satellites in total while the gas giants are large in size (3.88 -11.21 × Earth diameter), have high mass (14.5 -317.8 × Earth mass ), low density (0.125 -0.297 Earth density) as well as multiple natural satellites, in which the number ranges from 14 for Neptune to 82 for Saturn [START_REF] Williams | Planetary fact sheet -metric[END_REF][START_REF] Williams | Planetary fact sheet -ratio to earth values[END_REF]. A dwarf planet is a celestial body that orbits the Sun and is massive enough to assume a near spherical shape but has not cleared the neighborhood around its orbit. Currently the IAU recognizes 5 dwarf planets: Ceres, Pluto, Eris, Makemake and Haumea 3 . A small body is a Sun-orbiting celestial body that is not a planet, a dwarf planet or a satellite.

My thesis work is focused on the small bodies of the Solar System, notably on comet 67P/Churyumov-Gerasimenko, meteorites and laboratory experiments to interpret ground and space based observations of these primordial objects. In fact, small bodies, in particular comets and transneptunians, have undergone minimal heating processes and alteration since their formation4 . Therefore they contain a record of the initial conditions that existed in the solar nebula some 4.6 billion years ago and they gives us clues on the compositional gradient of the solar nebula and about the processes which governed the Solar System at different heliocentric distances. The study of minor bodies thus cast light on the planetesimal composition, on the location of the snow lines, on the thermal conditions of the early Solar System, on planetary migration theories, and on the alteration processes acting on the Solar System (Daviddson et al., 2021). They also have a high biological importance, because some are rich in volatiles and organic compounds, and they might thus have enriched our planet of complex molecules favoring the appearance of Life.

Classification of small bodies 1.2.1 Comets

Comets (see Fig. 1.2) are "dirty snowballs" of frozen gases e.g. H 2 O, CO, CO 2 , NH 3 , rock and dust that revolve around the Sun. The comet structure includes several main components (see Fig. 1.3): the nucleus, a small (typically 1-10 km in size) and solid core; the coma, an "atmosphere" of gas and dust around the nucleus that forms when the comet approaches the Sun, causing the frozen gases to sublimate; tails, long and bright streams of materials pushed from the coma by the sunlight and Sun particles. A comet has two main tails: a whitish-yellow dust tail made of tiny dust that reflects sunlight and traces a 1-10 million km broad, gently curving path behind the nucleus; and a bluish ion/plasma tail of electrically charged molecules or ions formed via the breakdown of gas molecules by UV light, which can be tens of km long and always points directly away from the Sun5 6 . There are two main comet reservoirs in the Solar System [START_REF] Dones | Origin and Evolution of the Cometary Reservoirs[END_REF]: the Kuiper Belt [START_REF] Levison | From the Kuiper Belt to Jupiter-Family Comets: The Spatial Distribution of Ecliptic Comets[END_REF] located at heliocentric distances of approximately 40 -50 AU [START_REF] Stern | Collisional Erosion in the Primordial Edgeworth-Kuiper Belt and the Generation of the 30-50 AU Kuiper Gap[END_REF] which is the source of the short-period comets (period < 200 year), including the Jupiter-family comets; the Oort cloud located at about 50000 -150000 AU from the Sun [START_REF] Oort | The structure of the cloud of comets surrounding the Solar System and a hypothesis concerning its origin[END_REF], which is the source of the long-period comets, including Halley-type comets. In addition, a third reservoir exist in the asteroid main belt, where some objects exhibiting cometary activity and called main belt comets or active asteroids exist. It should be noted that in the past 10 years water ice has been reported on the surfaces of asteroid [START_REF] Licandro | Cybele: detection of small silicate grains, water-ice, and organics[END_REF] Themis as well as (65) Cybele, both from the outer part of the asteroid belt [START_REF] Campins | Water ice and organics on the surface of the asteroid 24 Themis[END_REF][START_REF] Licandro | Cybele: detection of small silicate grains, water-ice, and organics[END_REF], and water vapor and evidences of exposed water ice, beside aqueous altered products and carbonates, found on the dwarf planet Ceres, from Herschel and Dawn missions observations [START_REF] Küppers | Localized sources of water vapour on the dwarf planet (1)Ceres[END_REF][START_REF] De Sanctis | Ceres's global and localized mineralogical composition determined by Dawn's Visible and Infrared Spectrometer (VIR)[END_REF]). An evolutionary link among the different populations of small bodies of the Solar System most likely exists: primitive small bodies are related, although they may have formed in different parts of the solar nebula.

Comets play an important role in our study of small bodies. Firstly, cometary materials are believed to be more primitive than other small bodies e.g. asteroids and meteorites due to two reasons: they formed at higher heliocentric distances, and their frozen and icy nuclei indicate that comets have undergone less thermal processing than other small bodies. Secondly, cometary activity drives surface and sub-surface materials into space, which can be subjected to remote and in-situ analysis methods than cannot be applied to the inert surface of an asteroid [START_REF] Hsieh | Asteroid-comet continuum objects in the solar system[END_REF] e.g. measurements of interactions between ionized materials offloaded from the comet and solar winds [START_REF] Glassmeier | Interaction of the solar wind with comets: a rosetta perspective[END_REF], in-situ measurements of comet dust particles [START_REF] Hilchenbach | Mechanical and electrostatic experiments with dust particles collected in the inner coma of comet 67p by cosima onboard rosetta[END_REF]. And thirdly, comets typically originate from beyond Neptune, hence they allow us to analyze sample from the outer reaches of the Solar System, permitting deeper analysis compared to trans-neptunian objects that stay at large heliocentric distances [START_REF] Hsieh | Asteroid-comet continuum objects in the solar system[END_REF].

Currently 3743 comets have been discovered, although there could be billions of comets residing in the Kuiper Belt and the Oort Cloud7 . While that comets can be divided into long-period comets and short-period comets with 200 years as the limit, [START_REF] Levison | Comet Taxonomy[END_REF] updates the classification scheme using the Tisserand parameter T J with respect to Jupiter:

T J = a J a + 2 (1 -ec 2 ) a a J 1/2 cos(inc) (1.1)
where a j is the semi-major axis of Jupiter; a, ec, inc are respectively the semi-major axis, eccentricity and inclination angle of the object (comet) of interest.

• 2 < T J < 3: Jupiter family comets (JFCs), with orbital periods not exceeding 20 years, low-inclination orbits and aphelia located at 5 -6 AU from the Sun [START_REF] Lowry | Kuiper Belt Objects in the Planetary Region: The Jupiter-Family Comets[END_REF]. Currently JPL's Small-Body Database Query registers 727 such comets, with comet 67P/Churyumov-Gerasimenko (67P/CG) being the most studied and will be presented more extensively in the next chapters.

• T J > 3, a < a J : Encke-type comets, of which the JPL database counts 67 members. This class also include so-called "main belt comets" or "active asteroids", which are part of the main belt asteroids but eject mass [START_REF] Jewitt | The Active Asteroids[END_REF]).

• T J > 3, a > a J : Chiron-type comets, of which the JPL database counts 17 members.

• T J < 2, a < 40 AU: Halley-type comets, 94 are registered in the JPL database

• T J < 2, 40 < a < 10000 AU: returning external comets

• T J < 2, a > 10000 AU: new comets Since Mariner 10's observations of comet Kohoutek in January 1974 [START_REF] Kumar | The Lyman-alpha observations of comet Kohoutek from Mariner 10[END_REF], great progresses have been made in the in-situ investigation of comets (see Fig. 1.4). The first spacecraft to encounter a comet is NASA's International Comet Explorer, which passed through the tail of comet Giacobini-Zinner on 11 September 1985 and carried out in-situ measurements of particles, waves and magnetic field [START_REF] Von Rosenvinge | The International Cometary Explorer Mission to Comet Giacobini-Zinner[END_REF]. The return of comet 1P/Halley was an important landmark in cometary study as multiple spacecrafts encountered and measured it in March 1986: Soviet Academy of Sciences' Vega 1 and Vega 2 on 6 and 9 March 1986, respectively [START_REF] Sagdeev | Vega spacecraft encounters with comet Halley[END_REF], ISAS (Japan)'s Suisei and Sakigake on 8 and 11 March 1986, respectively [START_REF] Itoh | The Sakigake and Suisei encounters with comet Halley[END_REF], and ESA's Giotto on 14 March 1986 [START_REF] Reinhard | The Giotto encounter with comet Halley[END_REF]. This mission took the first images of a comet nucleus revealing a dark single body with a limited part of the surface active. et al., 2005) as well as flew by and acquired images of the nucleus of another JFC 103P/Hartley in November 2010 [START_REF] Ksanfomaliti | The physical mechanism of future separation of comet 103R/Hartley 2 nucleus[END_REF]); NASA's Stardust, which collected more than 10000 particles from new JFC 81P/Wild 2 on 2 January 2004 that were returned to Earth on 15 January 2006 (Brownlee et al., 2006), and afterwards the mission was extended for a flyby of comet Tempel 1 on 14 February 2011 (Veverka et al., 2013); and ESA's Rosetta, which carried out the most extensive study to date of a comet and will be described in the next chapter.

Asteroids

Asteroids (see Fig. 1.5) are rocky and airless bodies that orbit the Sun, whose diameter ranges from a few meters to hundreds of km, the largest body being Vesta (500 km, [START_REF] Russell | Dawn at Vesta: Testing the Protoplanetary Paradigm[END_REF]. As of April 2022, over one million asteroids have been discovered8 , including the main asteroid belt, near-Earth asteroids (NEAs) and Jupiter Trojans.

The main asteroid belt is located at approximately 2.0 -3.2 AU heliocentric distances and includes the vast majority of asteroids. About 11000 asteroids are Trojans located at the L4 and L5 stable Lagrange points of Jupiter 9 and near 28000 asteroids are classified as NEAs, with perihelion distance q below 1.3 AU.

There are four types of NEA named after one main asteroid member: a) Amors (semi-major axis a > 1.0 AU, 1.017 AU < q < 1.3 AU), Earth-approaching NEAs whose orbits are exterior to the Earth one but interior to Mars; b) Apollos (a > 1.0 AU, q < 1.017 AU), Earth-crossing NEAs with orbital semi-major axes larger than that of the Earth; c) Atens (a <1.0 AU, aphelion distance Q > 0.983 AU) and d) Atiras (a < 1.0 AU, Q < 0.983 AU), NEAs that orbit entirely inside the Earth's orbit. Particularly scrutinized are the NEA define as Potentially Hazardous Asteroid (PHA), that is having the closest distance to the Earth below 0.05 AU and the absolute magnitude equals or smaller than 22.0, which implies a diameter larger than about 140 m10 . Asteroids can be divided into 24 classes based on the Bus-DeMeo taxonomy (see Fig. 1.6), the majority of which fall into three main complexes: S-complex, which dominates the inner main asteroid belt (2.0-2.5 AU) alongside Vesta; C-complex, which co-exists with the S-complex in the inner and middle (2.5-2.82 AU) main belt while dominates the outer main belt (2.82-3.3 AU) by mass [START_REF] Demeo | The Compositional Structure of the Asteroid Belt[END_REF]. The S-complex includes silicate-rich bodies with silicate absorption bands at 1.0 µm and 2.0 µm [START_REF] Bus | Phase II of the Small Main-Belt Asteroid Spectroscopic Survey. A Feature-Based Taxonomy[END_REF], and it contains 5 classes: S-class, with moderate absorptions at 1.0 µm and 2.0 µm; Sa-class, with deep and broad absorption at 1 µm and high spectral slope; Sq-class, with wide absorption band at 1 µm that also shows evidence of a secondary absorption near 1.3 µm; Sr-class, with fairly narrow absorption at 1.0 µm; Sv-class, with very narrow absorption at 1.0 µm [START_REF] Demeo | An extension of the Bus asteroid taxonomy into the nearinfrared[END_REF]. The C-complex asteroids are carbonaceous bodies amongst the less altered since the formation of the Solar System, with low to medium spectral slope and small or no absorption bands in the 0.4-2.5 µm range. This complex include 6 classes: B-class, with a negative spectral slope; C-class, which has neutral visible slope and weak positive slope in the 1.3 -2.5 µm range; Cb-class, which has a linear spectra with a small positive spectral slope around 1.1 -2.5 µm; Cg-class, which has a weak positive slope in the 1.3-2.5 µm range and steep spectral UV slope; Cgh-class, which also has a steep slope in the UV range and a weak positive spectral slope in the ∼1 -2.5 µm range; Ch-class, which has a less steep UV slope compared to the Cg and Cgh classes and small positive slope in the ∼ 1. 1 -2.5µm (ibid).

The Cgh and Ch classes are hydrated bodies which have absorption bands at 2.7-3 mum and at 0.7 µm [START_REF] Demeo | The Compositional Structure of the Asteroid Belt[END_REF], which are the result of the aqueous alteration process in their parent body in the past, implying the presence of liquid water interacting with minerals.

The last complex is X-complex, which includes 4 classes with different mineralogy: X-class, with a linear spectrum and medium to high spectral slope in the 0.4 -2.5 µm range; Xc-class, with lightly curved and concave downward spectra and low to medium slope; Xe-class, which has low to medium spectral slope and an absorption band in the region shorter than 0.55 µm [START_REF] Demeo | An extension of the Bus asteroid taxonomy into the nearinfrared[END_REF] attributed to sulfides like oldhamite [START_REF] Fornasier | Visible and near infrared spectroscopic investigation of E-type asteroids, including 2867 Steins, a target of the Rosetta mission[END_REF]; Xkclass, whose spectra are similar to Xc-type asteroids but contains a weak feature at 0.8 -1 µm [START_REF] Demeo | An extension of the Bus asteroid taxonomy into the nearinfrared[END_REF] due to orthopyroxene [START_REF] Fornasier | Spectroscopic survey of X-type asteroids[END_REF]. Other endmember classes that do not belong to any complex include D-class, which has the steepest slope [START_REF] Demeo | An extension of the Bus asteroid taxonomy into the nearinfrared[END_REF] and are believed to be organic rich, and found mostly in the outer main belt and in the Jupiter Trojans swarms [START_REF] Barucci | Small D-type asteroids in the NEO population: new targets for space missions[END_REF]; and Q-class, which are mostly found in the NEA population [START_REF] Bus | Phase II of the Small Main-Belt Asteroid Spectroscopic Survey. A Feature-Based Taxonomy[END_REF] and share with S-class the same absorption bands at 1 and 2 µm, but has a lower spectral slope because these asteroids may have experienced less space weathering or their surface lacks fine particles [START_REF] Hasegawa | Q-type asteroids: Possibility of non-fresh weathered surfaces[END_REF].

Figure 1.6: The Bus-DeMeo asteroid taxonomy. Credits: Francesca DeMeo.

Several space missions have been devoted to asteroids investigation, including both flybys and sample return missions. Examples of asteroid flyby missions include NASA's NEAR, which encountered C-type asteroid Mathilde in June 1997 and orbited S-type NEA Eros from 14 February 2000 to its landing on the asteroid surface on 12 February 2001, at which point the spacecraft continued operations on the asteroid surface until 28 February 2001 [START_REF] Prockter | The near shoemaker mission to asteroid 433 eros[END_REF]; NASA's Deep Space 1 that flew by Q-type asteroid Braille on 29 July 1999 [START_REF] Oberst | A Model for Rotation and Shape of Asteroid 9969 Braille from Ground-Based Observations and Images Obtained during the Deep Space 1 (DS1) Flyby[END_REF]); NASA's Dawn, which orbited Vesta from 16 July 2011 to 5 September 2012 and whose scientific results confirm that Vesta is a differentiated object and the parent body of Howardite, Eucrite, and Diogenite meteorites, which represents about 6% of the meteorite falls on Earth [START_REF] Rayman | Dawn's exploration of Vesta[END_REF]. This mission also closely observed the dwarf planet Ceres starting from 2015, finding pervasive evidences of aqueous altered materials indicating that Ceres may have hosted an ocean in the past (De Sanctis et al., 2020); and ESA's Rosetta, which visited Xe-type Steins and Xc-type Lutetia during its 10-year cruise towards comet 67P [START_REF] Lamy | Asteroids (21) Lutetia and (2867) Steins: same origin but different evolution ?[END_REF].

On the other hand, sample return missions include JAXA's Hayabusa, which successfully returned samples from Stype NEA Itokawa to Earth on 13 June 2010 [START_REF] Yano | Touchdown of the Hayabusa Spacecraft at the Muses Sea on Itokawa[END_REF][START_REF] Nakamura | Itokawa Dust Particles: A Direct Link Between S-Type Asteroids and Ordinary Chondrites[END_REF], and subsequent analysis of these samples established a link between S-type asteroids and ordinary chondrites [START_REF] Tsuchiyama | Threedimensional microstructure of samples recovered from asteroid 25143 Itokawa: Comparison with LL5 and LL6 chondrite particles[END_REF][START_REF] Terada | Thermal and impact histories of 25143 Itokawa recorded in Hayabusa particles[END_REF]); JAXA's Hayabusa2, which returned 5.424 g of materials from C-type asteroid Ryugu on 6 December 2020 [START_REF] Yada | Preliminary analysis of the Hayabusa2 samples returned from C-type asteroid Ryugu[END_REF]) and NASA's OSIRIS-Rex, which successfully collected at least 60 g of material from Btype asteroid Bennu [START_REF] Clark | Asteroid (101955) 1999 RQ36: Spectroscopy from 0.4 to 2.4 µm and meteorite analogs[END_REF][START_REF] Hergenrother | Lightcurve, Color and Phase Function Photometry of the OSIRIS-REx Target Asteroid (101955) Bennu[END_REF][START_REF] Binzel | Spectral slope variations for OSIRIS-REx target Asteroid (101955) Bennu: Possible evidence for a fine-grained regolith equatorial ridge[END_REF] on 22 October 2020 11 and is due to return to Earth on 24 September 2023 12 . Future missions to asteroids include NASA's Psyche 13 , which is expected to orbit the Xk-type asteroid Psyche [START_REF] Avdellidou | Exogenous origin of hydration on asteroid (16) Psyche: the role of hydrated asteroid families[END_REF] in January 2026; NASA's Kinetic Impact Test Mission DART 14 , which is planned to impact the binary asteroids Didymos and Dimorphos in late September or early October 2022 and ESA's Hera 15 , which is expected to arrive at the Didymos system in early January 2027; and NASA Lucy, which was launched on October 2021 to visit, starting from 2027, 6 Trojans asteroids 16 .

Continuum objects

Figure 1.7: Nine spatially resolved main belt comets [START_REF] Jewitt | The Active Asteroids[END_REF].

Continuum objects are small bodies that exhibit properties of both asteroids and comets, and they encompass several types of objects. The first type is dormant and extinct comets e.g. comets at the end of their active lifetime with depleted volatile reservoir, and they are estimated to comprise from 4% [START_REF] Fernández | Albedos of Asteroids in Comet-Like Orbits[END_REF] to 15% (Binzel and Lupishko, 2006) of the known NEA population. Another type of continuum objects is main belt comets (see Fig. 1.7), which are objects located at the main asteroid belt but lose mass under various mechanisms: ice sublimation e.g. comets 133P/Elst-Pizarro and 238P/Read, impact e.g 596 Scheila, possible cracking and/or dehydration e.g. 3200 Phaethon and others [START_REF] Jewitt | The Active Asteroids[END_REF]. Other types of continuum objects include asteroids that are parent bodies of meteors e.g. 1566 Icarus, 2101 Adonis, 2201 Oljato, 2212 Hephaistos, 1937 UB (Hermes), 5025 P-L, 1982 TA, and 1984 KB, Apollo asteroids that are strongly associated with the two Adelaide radar meteor orbit surveys of the 11 https://www.nasa.gov/press-release/nasa-s-osiris-rex-spacecraft-collects-significant-amount-of-asteroid 12 https://www.nasa.gov/press-release/nasa-s-osiris-rex-spacecraft-heads-for-earth-with-asteroid-sample 13 https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=PSYCHE 14 https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=2021-110A 15 https://nssdc.gsfc.nasa.gov/nmc/spacecraft/display.action?id=HERA 16 https://www.nasa.gov/mission_pages/lucy/overview/index 1960s [START_REF] Olsson-Steel | Identification of meteoroid streams from Apollo asteroids in the Adelaide radar orbit surveys[END_REF]; "Manx comets", low-activity and nearly tailless comets that have been hypothesized to be mostly non-icy bodies that formed in the inner Solar System before being ejected into the Oort cloud due to planetart migration, and they recently returned to the inner Solar System through perturbations; centaurs, icy planetesimals between Jupiter and Neptune17 that are considered as the dynamical transition state between Kuiper Belt/scattered disc objects and JFCs [START_REF] Hsieh | Asteroid-comet continuum objects in the solar system[END_REF].

Trans-Neptunian Objects

Trans-Neptunian Objects (TNOs) are objects that orbit the Sun beyond Neptune, and currently 2907 TNOs have been discovered18 although the possible total number of TNOs are estimated to be 70000 19 . TNOs are a diverse population with albedo ranging from 2-3% to up to 96% for Eris while the size vary between a few tens of km to over 1000 km e.g. Pluto [START_REF] Barucci | The Transneptunian Objects as the Context for Pluto: An Astronomical Perspective[END_REF]. They can be classified into four dynamical classes: classical TNOs, with low orbital eccentricities (below 0.1 in most cases, few others ∼0.2) and low inclination compared to the ecliptic plane (below 10 • in about 80% cases); resonant TNOs, whose ratio of orbital period with that of Neptune can be expressed by two small integers e.g. 3:2 (plutinos, which complete three orbits around the Sun in the same amount of time that Neptune completes two orbits), 4:3, 5:3 and 2:1 [START_REF] Schulz | Trans-neptunian objects[END_REF]; scattered disk objects, objects that are currently actively scattering off Neptune and usually have highly eccentric orbits with perihelion close to Neptune; detached objects, whose orbit are also highly eccentric (lower limit 0.24) with large perihelion distances that are away from Neptune's influence [START_REF] Gladman | Nomenclature in the Outer Solar System[END_REF]. Classical TNOs may be divided further into two populations: cold classicals, which have inclination below 5 • and are found to have smaller sizes and red spectra/colors and supposed to have formed in-situ; hot classicals (inclination above 5 • ), which have larger sizes and diverse colors and may have formed at closer heliocentric distances before being injected in their present orbits [START_REF] Doressoundiram | The Color Distribution in the Edgeworth-Kuiper Belt[END_REF]. TNOs and centaurs can also be classified based on their spectra into four groups: BB ("blue") e.g. 90482 Orcus, 136199 Eris, with flat spectra that are somewhat bluish in the near infrared (NIR) and generally stronger ice absorption bands; BR e.g. Pluto, an intermediate group with a small amount of H 2 O ice present on the surface; IR e.g. 20000 Varuna and 38628 Huya, with moderately red spectra; RR e.g. 90377 Sedna, 5145 Pholus, highly red colors [START_REF] Fulchignoni | Transneptunian Object 164 Taxonomy[END_REF][START_REF] Barucci | The Transneptunian Objects as the Context for Pluto: An Astronomical Perspective[END_REF].

TNOs concentrate in a disk region named the Kuiper Belt, which can be divided into two overlapping region: the main inner edge that begins at Neptune's orbit at about 30 AU and ends at about 50 AU, and a scattered disk that extends to nearly 1000 AU from the Sun and beyond for some bodies 20 . The belt was originally located between about 20 and 35 AU from the Sun with total mass about 35 Earth masses, most of which was lost due to gravitational perturbations [START_REF] Tsiganis | Origin of the orbital architecture of the giant planets of the Solar System[END_REF][START_REF] Gomes | Origin of the cataclysmic Late Heavy Bombardment period of the terrestrial planets[END_REF]. Currently, the total mass of the Kuiper Belt is estimated to be on the order of 10-20% Earth mass [START_REF] Schulz | Trans-neptunian objects[END_REF].

Currently, New Horizons is the only space mission to TNOs, which flew by Pluto and its moons on 14 July 2015 and 486958 Arrokoth (see Fig. 1.8) on 1 January 2019 (Stern et al., 2019). The Pluto flyby has revealed at unprecedented details a diversity of composition e.g. CH 4 , N 2 and H 2 O ices as well as surface morphology e.g. a basin of freshly deposited ice named Sputnik Planitia, a bright and red-colored graben named Virgil Fossae that shows evidence of cryovolcanism, statification of dark and icy materials [START_REF] Barucci | The Transneptunian Objects as the Context for Pluto: An Astronomical Perspective[END_REF], while Arrokoth is shown to have a bilobed shape with geometric albedo of 16.5% and highly red visible spectral slope of 31.1%/(100 nm) (Stern et al., 2019). The mission should be able to remain in operation until the late 2030s, and the New Horizons team is searching for the next potential flyby target in the Kuiper Belt21 . 

Meteorites

Meteoroids are extraterrestrial rocks in space, whose size ranges from dust grains to small asteroids. A meteoroid can enter the Earth's atmosphere at high speed and burn up during their entry, forming a fireball called meteor. If the meteoroid survives the atmospheric entry and reaches the surface of the Earth, it is named a meteorite22 . Most meteors originate from comets e.g. C/1861 G1 (Thatcher) is the parent of the April Lyrids, Halley is the parent of May η-Aquariids and the October Orionids and 21P/Giacobini-Zinner is the parent of the Draconids meteor shower [START_REF] Jenniskens | Meteor Showers and their Parent Comets[END_REF] while the majority of meteorites come from asteroids [START_REF] Morbidelli | Orbital and temporal distributions of meteorites originating in the asteroid belt[END_REF]. As of April 2022, near 70000 meteorites have been registered by the Meteoritical Bulletin Database23 , of which 1244 are confirmed meteorite falls whose entrance through the Earth atmosphere was observed (see Fig. 1.9 as an example) while most of the rest are meteorite finds, which cannot be associated with a recorded fall event. The primary source of meteorites is Antarctica, followed by hot deserts: Korotev stated that Antartica was the leading source (63.2%) of meteorites recorded in the Meteoritical Bulletin Database on 25 November 2019, followed by Northern Africa (20%) and the Arabian Peninsula (6.6%); [START_REF] Gattacceca | The densest meteorite collection area in hot deserts: The san juan meteorite field (atacama desert, chile)[END_REF] estimated that about 70% and 25% of known meteorites collected up to early 2011 were found in Antarctica and hot deserts, respectively.

Meteorites can be classified based on their metal abundance: stones (97.4% total and 94.9% of falls, Korotev), irons (2.0% total and 4.1% of finds, Korotev) and stony irons i.e. equal in nickel-iron metal and stony components. An alternative classification scheme composes of two groups, namely "undifferentiated" i.e. chondrites and "differentiated" meteorites, in which the first group account for about 93.5% of stony meteorites (Korotev) while the second group includes "irons" and "stony irons" meteorites (see Fig. 1.1024 ). Of the aforementioned groups, chondrites play a particularly important role in shaping our understanding the formation of the Solar System. They have four major components: chondrules, refractory inclusions (Ca-Al-rich inclusions (CAIs) and amoeboid olivine aggregates (AOAs)), Fe-Ni metals, and fine-grained matrix [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF]. CAIs are the oldest solids in the Solar System with an estimated age of 4567.30 ± 0.16 million years [START_REF] Connelly | The Absolute Chronology and Thermal Processing of Solids in the Solar Protoplanetary Disk[END_REF] and help establish the age of the Solar System [START_REF] Connolly | Chondrules: The canonical and noncanonical views[END_REF], while chondrules are at younger ages between 4567.32±0.42 My and 4564.71±0.30 My [START_REF] Connelly | The Absolute Chronology and Thermal Processing of Solids in the Solar Protoplanetary Disk[END_REF], providing a timeline of the evolution of rock-forming minerals and rocks [START_REF] Connolly | Chondrules: The canonical and noncanonical views[END_REF]. In addition, chondrites also contain pre-solar grains that formed between 3.9±1.6 million years to about 3±2 billion years before the Solar System [START_REF] Heck | Lifetimes of interstellar dust from cosmic ray exposure ages of presolar silicon carbide[END_REF] and offer clues about nucleosynthetic processes [START_REF] Connolly | Chondrules: The canonical and noncanonical views[END_REF]. Their bulk composition is similar to the solar photosphere, in which the CI chondrites provide a good match for the majority of elements [START_REF] Anders | Abundances of the elements: Meteoritic and solar[END_REF], while other chondrite groups have similar composition that varies within a factor of 3 for most non-volatile elements [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF]. Chondrites also contain relics of the materials that formed and the processes that took place before and early after (i.e. tens of millions of years) the accretion of their parent bodies [START_REF] Scott | Chondritic Meteorites and the High-Temperature Nebular Origins of Their Components[END_REF][START_REF] Weisberg | Systematics and Evaluation of Meteorite Classification[END_REF].

Classification of chondrites can be based on several characteristics [START_REF] Weisberg | Systematics and Evaluation of Meteorite Classification[END_REF]: whole-rock chemistry; petrologic characteristics i.e. chondrule size, modal abundances, and mineral compositions; and O-isotopic compo-sitions, which is usually expressed in δ units i.e. deviations in the 17 O/ 16 O and 18 O/ 16 O ratios from Standard Mean Ocean Water values [START_REF] Yurimoto | Origin and Evolution of Oxygen-Isotopic Compositions of the Solar System[END_REF]. Currently there are three major classes of chondrites, which consist of 15 official groups:

• Carbonaceous (C) chondrites: This class is defined by refractory lithophile element abundances that equal to or exceed those of CI chondrites and oxygen isotopic compositions near or below the terrestrial fractionation25 (TF) line [START_REF] Weisberg | Systematics and Evaluation of Meteorite Classification[END_REF]. Except for CI chondrites, the oxygen isotopic composition δ 17 O ≤ -2‰ [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-CI (Ivuna-like) chondrites: These chondrites are composed of matrix materials and lack chondrules (see [START_REF] Weisberg | Systematics and Evaluation of Meteorite Classification[END_REF], Table 1). Compared to other chondrites, their bulk composition match best the solar photosphere [START_REF] Anders | Abundances of the elements: Meteoritic and solar[END_REF].

-CM (Mighei-like) chondrites: They contain ∼20-30 vol% of relatively small chondrules (∼ 300µm) and ∼70 vol% of matrix while Fe-Ni metal is virtually absent due to aqueous alteration. Many chondrules are enclosed by fine-grained accretionary rims, and CAIs and AOAs are common [START_REF] Weisberg | Systematics and Evaluation of Meteorite Classification[END_REF][START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF] -CO (Ornans-like) chondrites: About 35-45 vol% is occupied by relatively small (∼ 150µm) and rounded chondrules while matrix only takes up 30-45 vol%. These chondrites are rich in metal-rich magnesian and ferroan chondrules, and CAIs and AOAs are also abundant with volume proportion of approximately 10% [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-CR (Renazzo-like) chondrites: Their abundant chondrules are large, rich in Fe-Ni metals, magnesian and porphyritic, whose rims are typically multilayered coarse-grained and igneous. They are also rich in highly hydrated matrix and dark inclusions while poor in CAIs and AOAs, and Fe-Ni metal are also abundant in CR chondrites. Their bulk abundances of refractory lithophile elements are close to solar level, and the AOAs and most CAIs has a uniform 16 O enrichment [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-CH (ALH 85085-like) chondrites: Their name is due to the high content of Fe-Ni metal (∼20 vol%), and these chondrites contain small-sized chondrules and CAIs (∼ 20µm on average) while lack matrix. Similar to CR chondrites, they have near solar abundances of refractory lithophile elements while volatile and moderately volatile elements are depleted [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-CB (Bencubbin-like) chondrites: These chondrites are highly metal-rich (60-70 vol%) and depleted in moderately volatile lithophile elements, with bulk abundances of refractory lithophile elements 1.1-1.5× that of CI chondrites. They contain Mg-rich, Fe-Ni-free chondrules and heavily hydrated dark inclusions while matrix materials are nearly absent, the former has uniform 16 O-depletion. [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-CV (Vigarano-like) chondrites: They contain mm-sized chondrules, most of which are Mg-rich and porphyritic in textures, and about half the chondrules have coarse-grained igneous rims. They have high matrix-to-chondrule ratios at about 0.5-1.2, and mm-sized to cm-sized CAIs and AOAs are abundant [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-CK (Karoonda-like) chondrites: These chondrites are abundant in matrix while poor in CAIs and AOAs, and they contain large porphyritic chondrules (700 -1000 µm). They have experienced high degree of oxidation and Fe-Ni metal is almost absent. Their bulk abundances of refractory lithophile elements are about 1.2× that of CI chondrites, which are between those of CV and CO chondrites; while moderately volatile elements are relatively depleted compared to those aforementioned groups [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

• Ordinary (O) chondrites: The chondrites in this class have Mg-normalized refractory lithophile abundances about 0.85× CI chondrites and oxygen isotopic compositions plotting above the TF line [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-H chondrites: "H" refers to high total iron abundance.

-L chondrites: "L" refers to low total iron abundance.

-LL chondrites: "LL" means low iron and low metal abundance.

• Enstatite (E) chondrites: This class is characterized by a unique mineralogy e.g. CaS, Si 2 N 2 O and bulk oxygen isotopic compositions plotting along the TF line, close to those of the Earth and Moon [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

-EH chondrites: This group is distinguished by the higher concentration of opaque minerals and the presence of niningerite and many alkali-sulfides. These chondrites are enriched in Si in kamacite and perryite, and alkali elements in sphalerite and chalcopyrite [START_REF] Lin | A comparative study of opaque phases in Qingzhen (EH3) and MacAlpine Hills 88136 (EL3): Representatives of EH and EL parent bodies[END_REF].

-EL chondrites: This group is characterized by alabandite, and the Mn contents of daubreelite and sphalerite are higher than those of EH chondrites [START_REF] Lin | A comparative study of opaque phases in Qingzhen (EH3) and MacAlpine Hills 88136 (EL3): Representatives of EH and EL parent bodies[END_REF].

• R (Rumuruti-like) chondrites: These chondrites are abundant in matrix (about 50 vol%), and they are in high oxidation states with presence of rich NiO-bearing olivine and close to total absence of Fe-Ni metals. R chondrites are similar to ordinary chondrites in their abundances of refractory lithophile and moderately volatile elements, which are about 0.95× CI chondrites, but they are not depleted in Mn and Na and enriched in volatile elements e.g. S, Zn [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

• K (Kakangari-like) chondrites: K chondrites are similar to carbonaceous chondrites in the high abundance of matrix (70 -77 vol%), which is dominated by enstatite. They are similar to H chondrites in metal abundances, similar to ordinary chondrites in terms of abundances of refractory lithophile and volatile elements and their abundance of chalcophile elements as well as oxidation state are between between H and enstatite chondrites [START_REF] Krot | Classification of Meteorites and Their Genetic Relationships[END_REF].

Two other carbonaceous chondrite groups have been suggested: CY (Yamato-like), whose properties include the highest oxygen isotopic compositions compared to all other meteorite groups, high Fe-sulfides and phosphates content, large periclase grains and unique mineral objects [START_REF] King | The Yamatotype (CY) carbonaceous chondrite group: Analogues for the surface of asteroid Ryugu?[END_REF]; CL (Loongana-like), which is characterized by low matrix fraction of 17 -21 vol%, CAI abundance of about 1.4 vol%, depletion of volatile elements compared to other main groups of C chondrites due to low matrix abundance, typical lithophile element ratios within other C groups and Fe-Ni metal abundances similar to CR chondrites [START_REF] Metzler | The Loongana (CL) group of carbonaceous chondrites[END_REF]. In addition, a number of chondrites are currently ungrouped e.g. Tagish Lake, an ungrouped carbonaceous chondrite [START_REF] Zolensky | Mineralogy of Tagish Lake: An ungrouped type 2 carbonaceous chondrite[END_REF] or El Médano 301, an ungrouped chondrite that is similar to ordinary chondrites in terms of overall texture and trace-element distribution with more reduced silicate compositions [START_REF] Pourkhorsandi | The ungrouped chondrite El Médano 301 and its comparison with other reduced ordinary chondrites[END_REF].

Chapter 2

The Rosetta mission Rosetta (2004Rosetta ( -2016) ) was one of ESA's four "Cornerstone" missions of the Horizon 2000 programme, with the following scientific objectives: firstly, global characterization of the comet nucleus including dynamic properties, surface morphology and composition; secondly, studying the compositions of the volatiles and refractories in the nucleus in terms of chemistry, mineralogy and isotopy; thirdly, investigation of the physical properties and interrelation of volatile and refractory cometary materials; monitoring the cometary activity and dust/gas interaction in the surface of the nucleus and inner coma [START_REF] Schwehm | Rosetta Goes to Comet Wirtanen[END_REF]. The mission was conceived in 1985 [START_REF] Burke | ESA's report to the 30th COSPAR meeting[END_REF] as a comet-nucleus sample-return mission with in situ study as a secondary goal [START_REF] Schwehm | Rosetta/CNSR, ESA's planetary cornerstone mission[END_REF], however due to technological and financial constraints, the concept was revised in 1992 and the baseline became a rendez-vous with a comet in addition to one or two flybys of asteroids [START_REF] Burke | ESA's report to the 30th COSPAR meeting[END_REF]. The mission was scheduled to launch in January 2003 with baseline as a rendez-vous mission to comet 46P/Wirtanen in addition to flybys at asteroids Otawara and Siwa, however technical problems with the launch vehicle Ariane-5/P1+ delayed the launch to 2 March 2004, at which point the mission was redesigned so that the final target was JFC comet 67P/Churyumov-Gerasimenko (henceforth 67P) with flybys at asteroids Steins and Lutetia [START_REF] Schoenmaekers | Re-design of the Rosetta mission for launch in[END_REF].

During its 10-year cruise to the eventual destination, Rosetta made Earth gravitaty assists in March 2005, November 2007 and November 2009 [START_REF] Ulamec | Rosetta Lander-After seven years of cruise, prepared for hibernation[END_REF] and a Mars swing-by in February 2007 [START_REF] Ferri | Rosetta in the year of the swing-bys[END_REF], carried out an observation campaign of comet Tempel 1 in support of the Deep Impact mission [START_REF] Montagnon | Rosetta on its way to the outer solar system[END_REF], flew by asteroid 2837 Steins on 5 September 2008 [START_REF] Accomazzo | The first Rosetta asteroid flyby[END_REF] and asteroid 21 Lutetia on 10 July 2010 [START_REF] Accomazzo | Rosetta visits asteroid (21)Lutetia[END_REF] before entering hibernation on 8 June 2011 [START_REF] Ferri | Rosetta enters hibernation[END_REF]. Rosetta "woke up" on 19 January 2014 and arrived at nucleus of comet 67P on 6 August 2014 1 , from which point Rosetta followed an extensive roadmap that could be divided into the following phases: 'First Time' (December 2014 to March 2015) -fundametal measurements were conducted for the first time and observation campaigns were carried out in support of the First Science Sequence of the Philae lander; 'Observing the development of cometary activity' (April -12 August 2015); 'Comparison with pre-perihelion conditions' (13 August -December 2015); extension (December 2015 -September 2016), which studied post-perihelion activity and conducted investigations that were not possible during the previous phases and addressed unfulfilled goals by taking larger risks and approaching the nucleus at very close distances [START_REF] Vallat | Liaison scientists Group. The science planning process on the Rosetta mission[END_REF]. The mission ended on 30 September 2016, when the spacecraft performed a controlled descent towards the surface of the comet2 (see Fig. 2.1).

In addition to Rosetta being the first spacecraft to orbit a comet, its lander Philae is the first human-made object to achieve a "soft" landing on a comet. The objectives of Philae included obtaining an in-situ analysis of primitive material of a comet and providing ground truth for the instruments onboard the Rosetta orbiter [START_REF] Biele | Philae (Rosetta Lander): Experiment status after commissioning[END_REF], in which the original landing date was set on 10 November 2014 [START_REF] Biele | Capabilities of Philae, the Rosetta Lander[END_REF]Ulamec et al., 2016).

The process of selection of the landing site began at the end of July 2014, after observations became sufficiently detailed to show the bi-lobe shape of the comet nucleus, and on 14 September 2014 the candidate landing site 'J', later renamed Agilkia (longitude -25 • , latitude 15 • ) was chosen and the date of the lander delivery was pushed back to 12 November 2014 [START_REF] Jurado | Rosetta lander Philae: Flight Dynamics analyses for landing site selection and post-landing operations[END_REF]. On 12 November 2014, Philae began its historic descent towards Agilkia at 8h35 UTC and made its first touchdown at the site at 15h34, however the malfunction of the anchoring system caused Philae to bounce back and collide with the crater rim at 16h20, make a second touchdown at 17h23, before finally resting at a site named Abydos at 17h31 (Biele et al., 2015;O'Rourke et al., 2020). The lander managed to implement an improvised FSS prior to hibernation on 15 November 2014 at 00h08, and it likely "woke up" between May and June 2015 and made 8 successful contacts with the Rosetta spacecraft between 13 June and 9 July 2015 (Ulamec et al., 2016). After four extensive search campaigns involving multiple instruments onboard both the spacecraft and the lander (O'Rourke et al., 2019), Philae was finally umambiguously captured on the OSIRIS/NAC camera on 2 September 2016 (Ulamec et al., 2017).

2.1 Rosetta's scientific payload 2.1.1 OSIRIS: Rosetta's scientific imaging system

Optical, Spectroscopic and Infrared Remote Imaging System (OSIRIS) was the imaging instrument onboard the Rosetta spacecraft, whose name was chosen in honour of the Egyptian god of the underworld Osiris (see Fig. 2.2).

The instrument was the result of an ambitious project that aimed to advance Europe's lead in the field of remote sensing of cometary nuclei, and its proposal included two camera systems with an infrared imager incorporated into one of the systems [START_REF] Thomas | Osiris-The optical, spectroscopic and infrared remote imaging system for the Rosetta Orbiter[END_REF]. The infrared imager was later dropped from the approved version due to financial constraints, and OSIRIS was integrated into Rosetta in 2002 (Keller et al., 2007). In addition to the incredible amount of images of comet 67P taken during the Rosetta's two-year rendezvous with the comet, OSIRIS also observed a few other Solar System bodies: comet 9P/Tempel 1 (2005), asteroids Steins (2008) and Lutetia (2010) (see Fig. 2.3). OSIRIS was composed of two cameras: the Wide Angle Camera (WAC) whose main focus was to study the coma, and the higher resolution Narrow Angle Camera (NAC) that studied the nucleus composition and morphology of the comet (see Table 2.1 for some basic information). Our study of comet 67P is mostly based on data from the NAC camera, whose 11 colour filters are presented in Table 2.2 and Fig. 2.4. Our work utilized images corrected up to level 3B of the OSIRIS pipeline (including bias, dark current, flat field, geometric distortion correction, Tubiana et al. 2015), in which the radiance factor I/F is computed for each pixel (Fornasier et al., 2015):

I/F(λ) = πI(i, e, α, λ) F λ (2.1)
in which I is the observed scattered radiance that depends on incidence angle i, emission angle i and phase angle α; F is the incoming solar irradiance at the heliocentric distance of the comet. We study thousands of OSIRIS images including high-resolution ones (a few cm/px) that were imaged during the last months of the Rosetta mission and not yet investigated by others. The areas of interest include special landmarks, volatile-rich surfaces and active areas observed during the 2015 perihelion passage of the comet.

Table 2.1: Some features of the OSIRIS cameras (Keller et al., 2007;Tubiana et al., 2015). The OSIRIS/NAC filters [START_REF] Oklay | Characterization of OSIRIS NAC filters for the interpretation of multispectral data of comet 67P/Churyumov-Gerasimenko[END_REF]Feller et al., 2016;Hasselmann et al., 2019). 

VIRTIS

Visible and Infrared Thermal Imaging Spectrometer (VIRTIS) was designed with the following scientific objectives: firstly, to determine the composition of ices, dust and characterize organics that compose the solids on the nucleus surface; secondly, to find out about the gaseous species; thirdly, to observe the gaseous activity; fourthly, to monitor the physical conditions of the coma and measure the temperature of the comet nucleus and finally to participate in the selection of the landing sites and support other instruments [START_REF] Coradini | Virtis : an imaging spectrometer for the rosetta mission[END_REF]. The instrument was delivered to ESA in November 2001 and integrated in the spacecraft prior to the original launch date in January 2003 [START_REF] Reess | Virtis-H: an infrared spectrometer for the Rosetta mission -calibration results[END_REF]. VIRTIS was composed of two channels: VIRTIS-M, which conducted high resolution visible (0.25 -1.0 µm) and infrared (1.0 -5.0 µm) imaging at low spectral resolution and hosted two data channels devoted to spectral mapping; and VIRTIS-H, which carried out high resolution spectroscopy in the 2.0 -5.0 µm range and housed a data channel that solely devoted to spectroscopy. The wavelength range of VIRTIS covered the signature absorption features of the ices, minerals and organics expected to be found on the comet surface, and surface temperature could be studied based on the longer wavelengths when the heliocentric distance of the comet did not exceed 3 AU [START_REF] Coradini | Virtis : an imaging spectrometer for the rosetta mission[END_REF].

ALICE

ALICE is the first UV-imaging spectrograph to study a comet at close range, which operated in the 700 -2050 Å range with spectral resolution of 8 -12 Å. The instrument was funded by NASA and developed at the Southwest Research Institute with the following scientific objectives: a) to look for and identify the evolved rare gas content of the nucleus in order to investigate the temperature of formation and thermal history of the comet, as the trapping of noble gases e.g. He, Ne, Ar, Kr is dependent on temperautre due to the chemical inertness and high volatility (Tubiana et al., 2015).

of frosts of these species; b) to determine the production rates and spatial distribution of key molecule species H 2 O, CO and CO 2 , whose data could be coupled with dust measurements yield information on the dust/gas ratio in the cometary coma or with IR mapping measurements by VIRTIS to reveal the depths of icy reservoirs; c) to investigate the evolution of the atomic budget of C, H, O, N, S in the coma with time; d) to study the onset of nuclear activity of species that were "harder" for other Rosetta instruments e.g. N 2 , CO 2 , noble gases; e) to carry out spectral mapping of the entire nucleus at far UV wavelengths; f) study small grains in the coma photometrically and spectrophotometrically to gain a better understanding of their size distribution and temporal evolution; and g) map the variations of O + , N + , S + and C + emissions in space and time to find a link between nuclear activity and differences in tail morphology and structure due to activity near perihelion [START_REF] Stern | Alice: The rosetta Ultraviolet Imaging Spectrograph[END_REF].

CONSERT

Comet Nucleus Sounding Experiment by Radio wave Transmission (CONSERT) aimed to determine the mean dielectric properties of the cometary nucleus through the use of long wavelength radio waves, as an electromagnetic wave experiences a change in velocity and energy loss when it travels through a cometary nucleus, both of which depend on the complex permittivity of the cometary materials as well as the ratio of the wavelength to the size of inhomogeneities. Rosetta would send a signal to be picked up by Philae, and many paths between Rosetta and Philae would be recorded due to Rosetta orbiting the comet and the comet's own rotation, and time information could be extracted through highly accurate measurements of the propagation delay between the lander and orbiter signals and information of the orbit relative to the surface, the latter could be obtained through Rosetta cameras [START_REF] Kofman | The Comet Nucleus Sounding Experiment by Radiowave Transmission (CONSERT): A Short Description of the Instrument and of the Commissioning Stages[END_REF].

ROSINA

Rosetta Orbiter Spectrometer for Ion and Neutral Analysis (ROSINA) was designed with the primary objective of determining the compositon of the atmosphere and ionosphere of the comet in addition to find the temperature and bulk velocity of the gas and the reactions of the gas and ions in the dusty cometary atmosphere and ionosphere. The primary scientific objectives are: a) to determine the molecular, elemental, and isotopic composition and characterize the physical, chemical and morphological properties of the cometary nucleus; b) to determine the formation processes of the dusty cometary atmosphere and ionosphere and characterize their dynamics in terms of time and positions relative to the Sun and the comet; c) to investigate the origin of comets, the link between cometary and interstellar material and how these findings affect current knowledge of the origin of the Solar System and d) to investigate possible asteroid outgassing and establish how comets and asteroids are linked; and it was also used to determine the mass of the comet nucleus [START_REF] Pätzold | The Nucleus of comet 67P/Churyumov-Gerasimenko -Part I: The global view -nucleus mass, mass-loss, porosity, and implications[END_REF]. These highly demanding objectives required unprecedented capabilities e.g. 1 -> 300 amu mass range to account for both small atoms and complex organic molecules, mass resolution m/δm > 3000 to resolve molecules or atoms with similar mass such as CO and N 2 which no single instrument could fulfill, hence a three-sensor design was applied: DFMS, a double focusing magnetic mass spectrometer optimized for very high mass resolution i.e. 3000 at 1% peak height and large dynamic range, with a mass range of 12 -150 amu; RTOF, is a reflectron type time-of-flight mass spectrometer optimized for high sensivity over a broad mass range, with mass range 1 -> 300 amu and mass resolution better than 500 at 1% peak height; COPS, two pressure gauges that measures density and velocity of cometary gas [START_REF] Balsiger | Rosina Rosetta Orbiter Spectrometer for Ion and Neutral Analysis[END_REF].

COSIMA

COmetary Secondary Ion Mass Anaylzer (COSIMA) was one of three Rosetta instruments that analyzed cometary dust, and the first instrument to apply secondary ion mass spectrometry in-situ to cometary grains. The instrument produced primary ions through an ion source, and the primary ions struck a target that collected cometary dust in order to produce secondary ions, which were then accelerated to the same, constant kinetic energy. The accelerated ions hit a detector and their flight time was measured, from which the mass of the ion can be derived [START_REF] Kissel | Cosima High Resolution Time-of-Flight Secondary Ion Mass Spectrometer for the Analysis of Cometary Dust Particles onboard Rosetta[END_REF].

GIADA

Grain Impact Analyzer and Dust Accumulator (GIADA) was another dust instrument onboard Rosetta whose purpose was to measure to dust dynamical parameters in the coma of comet 67P. A dust particle entering GIADA would be measured by three detection sub-systems: first it entered the Grain Detection System (GDS), which detected the particle without changing its dynamics and constrainted its optical equivalent size; then it impacted the sensitive plate Impact Sensor (IS), which measured its momentum; and afterwards it passed the Microbalances System (MBS), which measured the cumulative dust deposition. GIADA was capable of measuring particles as fine as ≤ 5µm (Della Corte et al., 2016).

MIDAS

Micro-Imaging Dust Analysis System (MIDAS) was the third dust instrument onboard Rosetta, and it provided 3D images and statistical parameters of nm-µm-sized cometary particles. MIDAS contained 61 specially prepared target surfaces to be exposed to the dust flux, producing one or more images of the dust-covered target from which statistical data and locations of particles of interest could be derived. It applied a measurement technique named Atomic Force Microscope whose smallest visible grains were below 20 nm, allowing MIDAS to distinguish four different morphologies: round; elongated; flat, platy individuals; particle agglomerates. In addition to obtaining 3D images of single dust particles, the scientific objectives of MIDAS included producing images that showed the complexity in texture of dust aggregates; identification of crystalline material and sub-features on clean surfaces, the latter provided clues on the growth conditions and/or storage environment; particle statistics on size, shape and volume; changes in particle flux between individual exposures of the collector unit and detection of ferromagnetic minerals or visualisation of the -magnetic structure inside a grain. [START_REF] Riedler | MIDAS The Micro-Imaging Dust Analysis System for the Rosetta Mission[END_REF].

MIRO

Microwave Instrument for the Rosetta Orbiter (MIRO) was the first millimeter-submillimeter spectrometer instrument launched into deep space. It consisted of an offset parabolic reflector telescope that was 30 cm in diameter and followed by two heterodyne receivers 3 , whose center-band operating frequencies were near 190 GHz (1.6 mm) and 562 GHz (0.5 mm) with broadband continuum channels implemented. The sub-mm receiver was also connected to a Chirp Transform Spectrometer with 180 MHz total bandwidth and 44 kHz resolution that was tuned to measure four major volatile species: CO, CH 3 OH, NH 3 , H 2 O (H 2 16 O, H 2 17 O and H 2 18 O). MIRO measured surface temperature, gas production rates and each gas species in terms of velocity, excitation temperature and spatial and temporal distribution, which aimed to address the following scientific objectives: (1) characterize abundances of the four major volatile species and oxygen isotope ratios 17 O/ 16 O and 18 O/ 16 O; (2) study the processes that control outgassing in the upper layers of the comet nucleus; (3) understand the processes that control the growth of the inner coma; (4) characterize the nucleus subsurface to depths of at least several mm and (5) search for low amount of gas in asteroids [START_REF] Gulkis | MIRO: Microwave Instrument for Rosetta Orbiter[END_REF].

RPC

Rosetta Plasma Consortium (RPC) measured the plasma environment of comet 67P in-situ. The instrument composed of five sensors: Ion and Electon Sensor (IES), provided by the Southwest Research Institute (Texas, USA); the Ion Composition Analyser (ICA), provided by the Swedish Institute of Space Physics (Kiruna, Sweden); the Langmuir Probes (LAP), provided by Swedish Institute of Space Physics (Uppsala, Sweden); the Mutual Impedance Probe (MIP), provided by Laboratoire de Physique et Chimie de l'Environnement (CNRS Orléans, France) the Magnetometer (MAG), provided by Institut für Geophysik und extraterrestrische Physik (Braunschweig, Germany); and the sensors interfaced to the spacecraft through the Plasma Interface Unit (PIU) developed by The Blackett Laboratory Imperial College (London, UK). RPB studied natural plasma waves up to 3.5 MHz, including plasma instabilities due to outgassing activities at large heliocentric distances and the degree of shielding of comet activities from solar wind as well as coma ionisation rate close to perihelion [START_REF] Carr | RPC: The Rosetta Plasma Consortium[END_REF].

RSI

Rosetta was the first spacecraft to use occultation techniques and bistatic radar i.e. scattering at oblique incidence angles using propagation paths between the spacecraft, the comet surface and an Earth station, as well as gravity radio observation i.e. using the spacecraft as a "test particle" falling in the gravity field of the body system when the radio path is not obstructed by occulting material. The Radio Science Investigation (RSI) experiment utilized of the radio subsytem that conducted the majority of communication between Rosetta and the ground stations on Earth, instead of having a dedicated instrument on board the spacecraft. The Rosetta radio subsystem consisted of a High Gain Antenna, which was primarily responsible for communications in the operational phase, two medium gain antennae and two Low Gain Antennae, which were used during commissioning phases and emergency; while the ground segment included antennae, related equipment and operating systems in ESA's tracking complexes in New Norcia, Australia and the NASA's Deep Space Network in California (USA), Spain, and Australia [START_REF] Pätzold | Rosetta Radio Science Investigations (RSI)[END_REF].

Philae's scientific payload

Philae was planned with four scientific objectives: characterization of the cometary surface matter in terms of composition e.g. elemental abundances, isotopes, ices, carbonacenous compounds (as a function of time and insoltation); determination of the structure, physical, chemical and mineralogical properties of the cometary surface; investigation of local depth structure as well as internal structure; and study plasma environment. These objectives were expected to be fulfilled with the following instruments [START_REF] Biele | Philae (Rosetta Lander): Experiment status after commissioning[END_REF]: α-particle-X-ray spectrometer (APX) determined the chemical composition of the nucleus surface through the use of α-and X-ray induced spectra.

Comet Infrared and Visible Analyser (CIVA) consisted of three instruments: CIVA-P/S, a panoramic camera system; CIVA-M/V, a visual microscope to image samples; CIVA-M/I, an IR imaging spectrometer.

Cometary Sampling and Composition Experiment (COSAC) consisted of a time-of-flight mass spectrometer and a gas chromatograph.

CONSERT-L (Lander) was part of the CONSERT experiment onboard Rosetta.

Multi-Purpose Sensors for Surface and Subsurface Science (MUPUS) contained various thermal sensors in order to investigate the thermal and mechanical properties of surface and subsurface cometary layers.

Ptolemy functioned both as a chromatograph and an ion trap mass spectrometer for analysis of chemicals and isotopes.

Rosetta Lander Imaging System (ROLIS) was a down-looking camera, whose purposes were to image landing/drilling sites and investigate the mechanical properties of subsurface and surface layers.

Rosetta Magnetometer and Plasmamonitor onboard Philae (ROMAP) consisted of a magnetometer, an electron/ion sensor and a pressure sensor for determining the global and local magnetic, gas and plasma properties.

Sample-Drill-Distribution (SD2) was a system of a drill with sampling tool, a sample volume checker and a carousel with 26 sample oven positions, the latter included medium-and high-temperature ovens used for preparation of COSAC and Ptolemy samples. SD2 aimed to study the mechanical properties of surface and subsurface layers.

Surface Electrical Sounding and Acoustic Monitoring Experiment (SESAME) consisted of a dust impact monitor (DIM); Cometary Acoustic Surface Sounding Experiment (CASSE), an active/passive sensor system at the feet of the lander; a permittivity probe (PP). SESAME aimed to investigate the electrical and mechanical properties of surface and subsurface layers as well as local and global gas and plasma. [START_REF] Lamy | A Portrait of the Nucleus of Comet 67P/Churyumov-Gerasimenko[END_REF].

Comet 67P/Churyumov-Gerasimenko is a Jupiter family comet, with an orbital period of 6.45 years4 and a rotational period of 12.4 hours (Mottola et al., 2014). It was discovered by Soviet astronomers Klim Churyumov and Svetlana Gerasimenko on plates (see Fig. 2.5) taken by the Kiev University cometary expedition to Alma-Ata (Kazakhstan) in September 1969 [START_REF] Churyumov | Physical Observations of the Short-Period Comet 1969 IV[END_REF]. Prior to its selection as a target for the Rosetta mission, 67P was a relatively unknown comet that had been occasionally observed by ground-based telescopes in 1982-1983 (one month after perihelion in November 1982 5 ), 1991, 1995-1996 (before and after perihelion in January 1996 5 ), 1999-2003 (Snodgrass et al., 2013). After being chosen as the new Rosetta destination, the comet was more extensively observed by both ground-based telescopes and the Hubble Space Telescope (see Fig. 2.6) from after its perihelion passage in August 2002 to its aphelion passage of the subsequent orbit in 2011-2012, making 67P one of the best characterized JFCs that had not been visited by a spacecraft by 2010. A coordinated observation campaign in support of the Rosetta mission was carried out with ESO's VLT from 17 April 2013 to 20 September 2016 (Snodgrass et al., 2017), and post-Rosetta observations have been conducted such as those of the GROWTH-India telescope close to 67P's November 2021 perihelion [START_REF] Sharma | Outbursts of Comet 67P/Churyumov-Gerasimenko[END_REF].

Morphology

The nucleus has a bilobed shape (see Fig. 2.7), in which the dimension of the small and big lobes are 2.6 × 2.3 × 1.8 km and 4.1 × 3.3 × 1.8 km, respectively (Sierks et al., 2015) and density of 537.8 ± 0.7 km/m 3 (Preusker et al., 2017). Its mass at the start of the prime Rosetta mission (August -November 2014) has been estimated at 9982±3×10 12 kg, and the nucleus is estimated to have lost about 0.1% of its mass i.e. 10.5±3.4×10 9 kg as estimated close to the end of the Rosetta mission [START_REF] Pätzold | The Nucleus of comet 67P/Churyumov-Gerasimenko -Part I: The global view -nucleus mass, mass-loss, porosity, and implications[END_REF]. The nucleus is enveloped by a set of strata for each lobe (see Fig. 2.8) with thickness up to 650 m, and it is evidenced to be a combination of two distinct bodies with onion-like stratification before the merge (Massironi et al., 2015). The surface of comet 67P is mapped using the Cheops reference system, in which the boulder named Cheops in the Imhotep region (see Fig. 2.9) is fixed at 142.35 • longitude, -0.28 • latitude and radial distance of 1395 m (Preusker et al., 2015). The comet surface is divided into 26 distinct regions, which can be categorized into the following types: consolidated materials, rocky-looking units that are cohesive enough to display (Sierks et al., 2015). lineaments and fractures despite having lower bulk density than terrestrial rocks; brittle materials, which shows signs of mechanical failure and slowly evolves into talus-like deposits; smooth terrains, apparently non-cohesive units that are thick enough to mask the underlying units; dust-coating terrains, which show signs of wide-spread mobilization and seem thin enough to reveal underlying outcrops. Regions on the small lobe were named after female Egyptian deities while the names of male Egyptian deities were used for the big lobe, and 19 regions were first defined in the northern hemisphere (see Fig. 2.10) based on OSIRIS images taken in 2014 (El-Maarry et al., 2015):

Khepry is a consolidated region of the big lobe. The region is rough, bright looking and moderately lineated, and it shows multiple ponds of smooth deposits.

Aker is a consolidated region of the big lobe, with mixed roughness that is overall less than the neighbouring Khepry. The region is lineated with 200 m long angular fractures and shows tectonic-like features and several small smooth areas.

Imhotep is a smooth region of the big lobe. It is the most geologically diverse region of the comet, showing a field of large boulders enclosed by ridges that are horizontally bedded and vertically jointed. Imhotep may have experienced mass wastings in the smooth areas as well as mud volcanism that resulted in conical structures and pits. As the comet approached perihelion, circular features were observed to form and expand in Imhotep (see Fig. 2.11) at a rate of 5.6-8.1×10 -5 m s -1 between 24 May and 11 July 2015, which is a fast-erosion process unique to comets that cannot be solely attributed to sublimation of volatiles (Groussin et al., 2015).

Ash is a dust-covered region of the big lobe. It is the main debris-covered region of the body, with very fine and possibly a few meters thick deposits, and it contains the only identified candidate impact crater with 40 m diameter (Massironi et al., 2015).

on the comet surface (see Fig. 2.12).

Seth is a brittle region of the big lobe. The region shows brittle or weakly-consolidated materials, with a number of talus and deposits resulting from material collapsing, the most peculiar features being active circular pits. The first observed landslide on a comet occurred in the Seth region as the Rosetta Navigation Camera (NavCam) captured a cliff collapse at the Aswan cliff on 10 July 2015, which exposed the underlying ice-rich interior, leaving a bright edge at the Aswan site (see Fig. 2.13) while the cumulative number of boulders ≥1.5 m increased from 11784/km 2 pre-collapse to 18438/km 2 post-collapse (Pajola et al., 2017).

Aten is a depression in the big lobe, with high concentration of talus deposits and rockfalls.

Babi is a dust-covered and brittle region of the big lobe, which transitions smoothly into Ash and Seth with changing levels of dust cover. It shows brittle layered materials and a diamond-shaped mesa with bright boulders at its foot, in which the mesa shows evidence for mass wasting.

Apis is a consolidated region of the big lobe. The region is flat and smooth, showing polygonal crack patterns.

Atum is a consolidated region of the big lobe, with low bouldering, small depressions with lineation and irregular complex mounds. Anubis is a smooth region of the big lobe. It has scattered boulders that may have formed due to mass wasting and smooth deposits with linear features that suggest terracing and fold-like structures.

Hapi is a smooth and narrow region that connects the small and big lobes of the comet. It shows smooth dustylooking materials and a linear field of dispersed large boulders.

Hathor is a consolidated 900-m cliff in the small lobe, which is heavily lineated both vertically and horizontally. One particular feature of Hathor is an alcove structure with longitunal terraces that are perpendicular to the neck plane.

Anuket is a consolidated region of the small lobe, which lacks parallel lineations seen in its neighboring region Hathor. The region has a peculiar morphology that resembles melted wax, and it shows a 500-m long linear fracture.

Ma'at is the main dust-covered region of the small lobe. It shows smooth deposits with ripple-like structures around the rim of the Hatmehit region and sharp underlying outcrops.

Serqet is a consolidated region of the small lobe, which encloses a sharp ridge and a flat and smooth plain with a few boulders.

Nut is a small and heavily bouldered depression of the small lobe. It borders the Serqet ridge and the Ma'at/Hatmehit (Groussin et al., 2015).

region.

Maftet is a consolidated region of the small lobe with rough, multi-terraced and fractured terrains. The region shows numerous irregular shallow depressions and a 35-m wide pit that may have experienced an outflow of fluidized materials.

Bastet is a consolidated region of the small lobe. The region is rough and fractured, with long lineaments that are roughly parallel to the Hatmehit plane but still occasionally cross-cuts each other.

Hatmehit is a 0.49 m 2 flat and circular depression on the small lobe (La Forgia et al., 2015). The depression's floor shows a hogback-like curvilinear ridge across its center and contains 175 boulders with size ranging from 7 m to up to ∼30 m (Pajola et al., 2015).

Starting from March 2015, the southern hemisphere of the comet ended its long winter and started to become illuminated, which allowed the remaining seven regions to be defined (El-Maarry et al., 2016):

Bes is a consolidated, rough region of the big lobe. It displays signs of terracing and contains diverse features including pits, fractures, collapsing materials and patches of smooth materials.

Khonsu is a mostly consolidated near-equatorial region, with a distinctive 220-m high "pancake" feature (see Fig. 2.14). In addition to the rough terrains, Khonsu also displays a smooth-looking "bank" that is dissected into two sections by a cliff at roughly -20 • latitude: the "High bank" between -10 • and -20 • latitude, and the "Low bank" between -20 • and -30 • , near the pancake feature (Hasselmann et al., 2019). Khonsu contains more than 600 boulders with size ranging from ∼3 m to 40 m (Deshapriya et al., 2016), and the region has undergone various geological processes including jumping boulders, cavity formation and retreating walls (Hasselmann et al., 2019).

Geb is a consolidated region that comprises a part of the main cliff in the southern hemisphere of the big lobe, with polygonal fracture patterns.

Anhur comprises the second, less consolidated part of the aforementioned cliff. The region is dominated by outcropping consolidated terrains with an elongated canyon-like structure, degraded sequences of strata suggestive of layering, an active pit and various types of deposits e.g. fine particle with/without boulders, talus, gravitational accumulation (Fornasier et al., 2017); and Anhur has experienced extensive morphological changes including formation of scarps and cliff retreats, mass loss near the canyon, dust removal inside the canyon, appearance, displacement and fracturing of boulders and area resurfacing due to one or more of these processes (Fornasier et al., 2019a).

Sobek is a narrow, rough consolidated region that connects the two lobes in the southern hemisphere. It shows terraced morphology near the boundary with Anuket and contains debris and accumulations of collapsed materials from surrounding cliffs, especially from the Anhur region.

Neith is a consolidated region and the main cliff of the small lobe in the southern hemisphere. It is rough, steep and has very similar morphology to Sobek.

Wosret is a consolidated, flatten region that takes up most of the face of the small lobe in the southern hemisphere. Its diverse surface morphology includes two bands of layered and fractured materials that are roughly parallel to the boundary between the northern and southern hemisphere, and 300-m long linear fractures close to the Neith cliffs. This region will be described more in details in Chapter 3 together with the new results on it that I obtained.

Pits, which had been previously observed on comets 19P/Borrelly [START_REF] Soderblom | Observations of Comet 19P/Borrelly by the Miniature Integrated Camera and Spectrometer Aboard Deep Space 1[END_REF], 81P/Wild 2 [START_REF] Brownlee | Surface of Young Jupiter Family Comet 81 P/Wild 2: View from the Stardust Spacecraft[END_REF], 9P/Tempel 1 (Thomas et al., 2013), were also found on comet 67P (see Fig. 2.15). 18 quasi-circular active and non-active pits were found in the northern hemisphere of the comet in the Ash, Seth, Hathor, Ma'at and Bastet region (Vincent et al., 2015), while only one active pit was detected in Anhur (Fornasier et al., 2017). The diameter of the pits ranges from ∼50 m to over 300 m, and active pits of the northern hemisphere are much deeper than inactive pits as the average depth-to-diameter ratio (d/D) of active northern pits and inactive pits 0.73± 0.08 and 0.26±0.08, respectively. The active pits of comet 67P are also deeper than those of other comets: d/D ∼ 0.1 on comet 9P (Thomas et al., 2013) and 0.2 on comet 81P [START_REF] Basilevsky | Comet nuclei: Morphology and implied processes of surface modification[END_REF], which may be attributed to the relative young age of comet 67P i.e. its perihelion reduced from 2.7 AU to 1.2 AU in 1959 due to an encounter with Jupiter, as well as the fact that the 67P pits are less exposed to the Sun than those of comet 81P. The terrains inside the 67P pits are uneven and can be classified as very smooth texture; fractured terrain, terraces and alcoves; or globular texture; the latter was only detected in the deep pits and a few other locations where deeper layers were visible. Pits may have formed on comet 67P through sinkhole collapse as expressed in Fig. 2.16: subsurface volatiles sublimate and leave a void behind, whose ceiling propagates upwards with escaping or relocating gas until the ceiling becomes too thin to support itself and collapses. A subsurface cavity may form through three posible scenarios: a) primordial voids inherited from the formation of the comet, which is possible if the comet formed by slow accretion of cometesimals; b) direct sublimation of supervolatiles (CO and CO 2 ), since the temperature at the required depths is low due to poor thermal conduction (Gulkis et al., 2015), therefore water ice would sublimate too slowly compared to supervolatiles. As pits are not evenly distributed across the comet surface, this may indicate that supervolatile subsurface distribution is uneven. c) a subsurface energy source, possibly amorphous water ice transitioning to crystalline water ice, that triggers deep subsurface sublimation (Vincent et al., 2015).

While that boulders had been previously observed in asteroids e.g. Ida [START_REF] Lee | Phobos, Deimos, and the Moon: Size and distribution of crater ejecta blocks[END_REF][START_REF] Geissler | Erosion and Ejecta Reaccretion on 243 Ida and Its Moon[END_REF], Eros [START_REF] Thomas | Shoemaker crater as the source of most ejecta blocks on the asteroid 433 Eros[END_REF] and Itokawa [START_REF] Michikami | Size-frequency statistics of boulders on global surface of asteroid 25143 Itokawa[END_REF], the Rosetta mission was the first to observe boulders on the surface of a comet thanks to the high resolution of the OSIRIS cameras. Boulders are ubiquitous on both lobes and the "neck" of comet 67P, in which 3546 boulders ≥7 m were identified in the northern hemisphere and 3503 boulders ≥7 m were identified in the southern hemisphere despite that the southern hemisphere (12 km 2 ) was about three times smaller than the northern hemisphere (36.4 km 2 ). The boulder distribution in different regions follow different power law indices γ that reflect the processes of boulder formation and evolution: -6.5 < γ < -5, in which the boulders formed through high fracturing as a result of escape of high-pressure volatiles due to collapses or pit formation and creation of depressions e.g. two circular pits on Seth (see Fig. 2.17); -4 < γ < -3.5, in which the Khonsu is highlighted with red lines, and the "Low bank" and "High bank" were indicated with orange lines (Hasselmann et al., 2019).

boulders formed as a result of regressive erosion due to gravitational events triggered by sublimation and/or thermal fracturing e.g. the 7-13 m boulders of the Hatmehit depression; -2 < γ < -1, in which the boulders were the result of an evolution of the original materials or were located where high and continuous sublimation occurred or is still ongoing e.g. the 13 -22 m boulders of the Hatmehit depression (see Fig. 2.18). As the southern hemisphere has three times the number of boulders per area with a power-law index of -3.6±0.2, the southern hemisphere may be more affected by thermal fracturing and sublimation that caused stronger gravitational events (Pajola et al., 2015;Pajola et al., 2016).

Many places on comet 67P also shows "goosebumps" or "clods" (see Fig. an intrinsically lumpy surface being made visible due to sublimation (Davidsson et al., 2016).

The Rosetta mission provided the first observations of meter-scale fractures on the surface of a comet, which are ubiquitous on the surface of comet 67P (see Fig. 2.20). The most common fracture pattern is irregular polygonal network, usually found on quasi-flat surfaces such as in the Apis, Nut and Atum regions. The individual fractures 

Spectrophotometry

Among the comets explored by spacecrafts, 67P is the brightest with a geometric albedo A geo = 6% measured by both OSIRIS and VIRTIS at 500 nm (Fornasier et al., 2015;Ciarniello et al., 2015), compared to A geo = 4% for Halley [START_REF] Keller | Comet P/Halley's nucleus and its activity[END_REF] and Tempel 1 [START_REF] A'hearn | Deep Impact: Excavating Comet Tempel 1[END_REF]; 3% for 19P/Borelly [START_REF] Soderblom | Observations of Comet 19P/Borrelly by the Miniature Integrated Camera and Spectrometer Aboard Deep Space 1[END_REF], Wild 2 [START_REF] Brownlee | Surface of Young Jupiter Family Comet 81 P/Wild 2: View from the Stardust Spacecraft[END_REF] and 4.5% for 103P/Hartley 2 [START_REF] Li | Photometric properties of the nucleus of Comet 103P/Hartley 2[END_REF]. Comet 67P's nucleus is dominated by dark and spectrally "red" terrains i.e. reflectance increases with longer wavelength, and it was found to be heterogeneous in colors and composition. Fornasier et al. 2015 define 3 groups of terrains based on the analysis of the spectral slope in the 535-882 nm range at 50 • phase angle : "blue" -10-14%/(100 nm), which is linked to volatile-rich regions such as Hapi or Seth; "medium" -14-18 %/(100 nm) and "red" -18-22%/(100 nm), related to dusty regions. e.g. Ma'at and Ash. Both the surface and the coma of the comet experienced seasonal variations (see Fig. 2.21), as OSIRIS and VIRTIS data showed that the surface became more spectrally blue while the coma became redder during the perihelion passage of the comet in 2015, and the surface reddened while the coma became spectrally bluer when the heliocentric distances increased after perihelion. This behavior is attributed to the dust removal on the comet surface during perihelion, which in turn was the result of high levels of cometary activity maintained through the energy provided by increased solar heating at close distances to the Sun (Fornasier et al., 2016;[START_REF] Filacchione | An orbital water-ice cycle on comet 67P from colour changes[END_REF]..

Phase reddening, that is the increase of the spectral slope with increasing phase angle, was also observed in the comet. The global phase reddening coefficient of comet 67P pre-perihelion (when only the northern hemisphere was visible) is 0.104 ×10 -4 nm -1 deg -1 (Fornasier et al., 2015), which decreased by half to 0.041 ×10 -4 nm -1 deg -1 during perihelion due to global dust lift-off (Fornasier et al., 2016). This phenomenon has been observed on other small bodies e.g. asteroids Lydia (Taylor et al., 1971), Eros (Clark et al., 2002) and Lutetia (Magrin et al., 2012), and satellites e.g. the Moon (Gehrels et al., 1964), Uranian satellites Ariel, Titania and Oberon (Nelson et al., 1987) and it is related to multiple scattering at high phase angles and/or small-scale surface roughness and depends on a couple of factors: 1-surface texture, as (Schröder et al., 2014) finds that microscopically rough regolith produces phase reddening while smooth surfaces result in an arched shape i.e. spectral slope increases with increasing phase angle from 0 until it peaks, then decreases at higher phase angle, similar to the Martian surface (Guinness, 1981); 2particle size, in which particles exceeding a certain limit 6 leads to phase bluing like asteroid Nysa (Rosenbush et al., 2009) instead of reddening; 3-type of scattering, as single particle scattering produces a monotonous relationship between spectral slope and phase angle while multiple scattering results in non-monotonous dependence [START_REF] Grynko | Light Scattering from Particulate Surfaces in Geometrical Optics Approximation[END_REF]. Therefore, phase reddening it is a possible indicator of a top surface layer composed of microscopically rough regolith. 

Composition

The comet nucleus is dominated by a "dark and red" terrains, with broad absorption band between 2.9 and 3.6 µm while lacking in water ice absorption bands at 1.5 µm, 2.0 µm and 3.0 µm (see Fig. 2.22). The low reflectance and red spectral slope are caused by dark, dehydrated refractory polyaromatic carbonaceous component mixed with opaque minerals which are most likely FeS and Fe-Ni alloys (Capaccioni et al., 2015;Quirico et al., 2016), while the absorption band is controlled by ammonium salts (Poch et al., 2020) and aliphatic organics (Raponi et al., 2020).

Only two volatile species have been detected on the surface of comet 67P in particular and comet nuclei in general: crystalline water ice (De Sanctis et al., 2015;Barucci et al., 2016;Filacchione et al., 2016a) and carbon dioxide, the latter was the first time CO 2 had been found in a comet nucleus (Filacchione et al., 2016b).

Both COSAC and Ptolemy managed to collect samples during Philae's accidental adventure across the comet, in which COSAC detected 16 organic compounds, including 4 compounds (methyl isocyanate, acetone, propionaldehyde, and acetamide) that had not been reported in other comets [START_REF] Goesmann | Organic compounds on comet 67P/Churyumov-Gerasimenko revealed by COSAC mass spectrometry[END_REF] while Ptolemy found CHObearing, non-aromatic organic compounds, and the measurements from both instruments show a few N-bearing compounds but lack S-bearing species [START_REF] Wright | CHO-bearing organic compounds at the surface of 67P/Churyumov-Gerasimenko revealed by Ptolemy[END_REF]. ROSINA had detected almost all known species in cometary coma, including hydrocarbons e.g. CH 4 , C 2 H 6 , O-bearing organics e.g. CH 3 OH, HCOOH, CH 3 CHO, N-bearing species e.g. NH 3 , CH 3 CN as well as S-bearing species e.g. H 2 S, SO 2 , S 2 ; in which water is the most abundant species, followed by CO 2 , which constituted 80% water fraction in the southern hemisphere and 2.5% in the northern hemisphere and CO, which constituted 20% water fraction in the southern hemisphere and 2.5% in the northern hemisphere during 2014 observations (Le [START_REF] Roy | Inventory of the volatiles on comet 67P/Churyumov-Gerasimenko from Rosetta/ROSINA[END_REF], see Table 2).

From Rosetta's arrival at comet 67P in August 2014 until the end of the mission in September 2016, the total gas mass loss is estimated to be about 6 × 10 9 kg [START_REF] Marschall | The dust-to-gas ratio, size distribution, and dust fall-back fraction of comet 67P/Churyumov-Gerasimenko: Inferences from linking the optical and dynamical properties of the inner comae[END_REF][START_REF] Läuter | Surface localization of gas sources on comet 67P/Churyumov-Gerasimenko based on DFMS/COPS data[END_REF][START_REF] Combi | The surface distributions of the production of the major volatile species, H 2 O, CO 2 , CO and O 2 , from the nucleus of comet 67P/Churyumov-Gerasimenko throughout the Rosetta Mission as measured by the ROSINA double focusing mass spectrometer[END_REF], in which the majority volatile species was water as the water mass loss was roughly 4.8 ± 1.5 × 10 9 kg with highest production rate of (6.1 ± 0.3) × 10 2 kg s -1 , followed by CO 2 (mass loss (7.0 ± 2.8) × 10 8 kg, peak gas production rate (8.6 ± 0.4) × 10 kg s -1 ), CO (mass loss (1.7 ± 0.5) × 10 8 kg, peak gas production rate (2.0 ± 0.1) × 10 kg s -1 ) and O 2 (mass loss (1.4 ± 0.4) × 10 8 kg, peak gas production rate (1.4 ± 0.7) × 10 kg s -1 ). Gas production peaked at 730 ± 30 kg s -1 within 17 to 28 days after the 2015 perihelion and the southern hemisphere of the comet released more gas than the northern one due to stronger illumination in the southern hemisphere during perihelion. The asymmetric (Davidsson et al., 2016) mass production ratios between the southern and northern hemisphere range between 1.7:1 to 2.0:1 for H 2 O, CO and O 2 and 4.9:1 for CO 2 , which suggests that the sources of CO 2 production on comet 67P were mostly in the southern hemisphere [START_REF] Läuter | Surface localization of gas sources on comet 67P/Churyumov-Gerasimenko based on DFMS/COPS data[END_REF].

In terms of isotopic composition compared to solar and terrestrial abundances, ROSINA measured the following isotopic ratios: [START_REF] Hässig | Time variability and heterogeneity in the coma of 67P/Churyumov-Gerasimenko[END_REF]; D/H = (5.3 ± 0.7) × 10 -4 , about 3 times the terrestrial value [START_REF] Altwegg | 67P/Churyumov-Gerasimenko, a Jupiter family comet with a high D/H ratio[END_REF].

Activity

Before and after Rosetta's operations, 67P's activities have been monitored by ground-based telescopes (see Fig. 2.23).

The comet nucleus started to become active at ≥4.3 AU inbound heliocentric distances (Snodgrass et al., 2013), and the activity including gas and dust production peaked about one month after perihelion [START_REF] Osip | Comets: Groundbased observations of spacecraft mission candidates[END_REF][START_REF] Weiler | Optical observations of Comet 67P/Churyumov-Gerasimenko[END_REF]). Although it is not possible to resolve the individual outbursts on the ground, the total area of the active sources were estimated to take up only about 3-4% of the total surface area of the comet nucleus [START_REF] Schleicher | Compositional and physical results for Rosetta's new target Comet 67P/Churyumov Gerasimenko from narrowband photometry and imaging[END_REF]).

Rosetta's monitoring of the activity started a few months before the arrival of the spacecraft at the comet, as OSIRIS captured an unresolved outburst at the end of April 2014 (Tubiana et al., 2015), followed by MIRO's detection of water vapor in early June 2014 (Gulkis et al., 2015). During the first few months after Rosetta's arrival at the comet nucleus, most activities were observed from the Hapi region, which is brighter than average and spectrally bluer compared to other regions of the northern hemisphere (Fornasier et al., 2015). Weak activity was also observed through sequences with long exposure time dedicated to investigating faint cometary gas and dust emissions e.g. a cluster of sunset jets in the Ma'at region (see Fig. 2.24) in late April 2015 (Shi et al., 2016), an outburst from Imhotep on 12 March 2015 (Knollenberg et al., 2016). Activities on comet 67P peaked during the 2015 perihelion, in which Vincent et al. 2016 reported 34 outbursts that were imaged between July and September 2015 and we identified 200 different sources of jets that were captured by OSIRIS/NAC color sequences between June and October 2015, including the first detection of transient jets that lasted for a few minutes or shorter (Fornasier et al., 2019b), which I will present in more details in section 3.4.

The comet nucleus also experienced post-perihelion activity, in which a couple of outbursts were observed by multiple instruments onboard Rosetta: an outburst on 19 February 2016 was analyzed by 9 Rosetta instruments (OSIRIS, NavCam, ALICE, MIRO, RPC, ROSIAN, GIADA, MIDAS, Star Tracker) as well as the ground-based telescope TRAPPIST at ESO's La Silla Observatory and a Rosetta observer campaign by amateur astronomers, with 10 3 kg estimated dust mass of µm-sized particles, ∼ 7×10 4 kg of total emitted gas and ∼ 2.7-3× local plasma density (Grün et al., 2016); and an outburst was seen from a circular basin in the Imhotep region on 3 July 2016 (see Fig. 2.25) and captured by five Rosetta instruments (ALICE, COSIMA, GIADA, OSIRIS and star stracker STR-B), in which the ejecta composed of sub-µm water ice grains and several hundred µm dust particles, with estimated total dust mass of 6500 -118000 kg (Agarwal et al., 2017). 

Philae's findings

As the first instrument to conduct in-situ measurements of a comet, Philae was able to provide valuable information regarding its landing sites in particular and the comet in general. Its unique viewpoint was captured in great details thanks to two imaging system (see Fig. 2.26): CIVA, which operated on 13 November 2014 at 06h13m46s UTC at phase angles 20-50 • (Bibring et al., 2015) and ROLIS, which looked downward at phase angles typically below 5 • in two sessions on 13 November 2014 at 00h10m43s -00h15m04s and 14 November 2014 at 23h20m10s, respectively (Schröder et al., 2017). The CIVA images feature a morphology that includes a blacklit block, networks of ubiquitous fractures, granular agglomerates with millimeter-to-centimeter grains and 3-5% albedo alongside smoother textures having brighter grains that can exceed 10% reflectance (Bibring et al., 2015). A more detailed description is provided in Poulet et al. 2016, which counts dozens of fractures of various lengths (sub-cm to tens of cm) and nearly 700 "pebbles" of sizes between 3.7 and 12.5 mm. On the other hand, ROLIS showed a lumpy surface that includes both relatively smooth dark areas and more rough and clumpy bright areas with no large-scale colour variations (Schröder et al., 2017).

Several results of the in-situ measurements of diurnal temperature at Abydos have been published so far: 90-130 K through a combination of radiometer data and MUPUS-PEN recordings (Spohn et al., 2015), 110-130 K from MUPUS-TM measurements (Kömle et al., 2017) and 109-149 K as measured by the SESAME-CASE PT1000 temperature sensors (Lethuillier et al., 2016). The surface emissivity was determined to be ∼0.97, and the local thermal inertia was 85±35 J m -2 K -1 s -1/2 (Spohn et al., 2015), higher than the values of ∼10 -50 J m -2 K -1 s -1/2 estimated from MIRO measurements from June to September 2014 (Gulkis et al., 2015). Previous VIRTIS measurements in August and September 2014 showed that Abydos was at the time situated on the boundary between permanent nightside and dayside with maximum temperature of 207 K, slightly lower than the average value of 213±3 for the dayside of the comet nucleus; though it must be noted that the spatial resolution of these measurements was typically about ten times the size of Philae, which prevents an effective comparison between the two time periods (Tosi et al., 2019).

None of the Philae instruments succeeded in penetrating the landing site, rendering the estimation of the surface strength at Abydos a difficult task. Some authors derived lower limit values to explain this lack of success: ≥4 MPa of local penetration resistance and ≥2 MPa of uniaxial compressive strength from MUPUS (Spohn et al., 2015), >2 MPa based on CASSE (Biele et al., 2015), while Knapmeyer et al. 2018 The grey rectangles mask instrumental artefacts (Quirico et al., 2016). Bottom: The four macro-regions superimposed on a map of single scattering albedo values: head (red), neck (green), body (blue) and bottom (orange) (Ciarniello et al., 2015).

less regid layer that might be composed of the same porous and low density materials as the bulk of the comet. On the other hand, using Philae as an impact probe, Heinisch et al. 2019 estimated that the overall surface compressive strength of the landing sites could not exceed ∼ 800 Pa: 399±393 Pa where Philae had a collision with the rim of the circular Hatmehit depression, 147±77 Pa at the site of the second touchdown and 8±7 -73±70 Pa for several scratch marks found close to Philae.

The dielectric constant at the surface of the final landing site appeared to decrease with increasing depth: ≥ 2.45 ± 0.20 at the first meter of Abydos from SESAME-PP measurements (Lethuillier et al., 2016) and ∼1.7 at the surface to ∼1.3 at an approximate depth of 100 m as estimated from CONSERT data [START_REF] Ciarletti | CONSERT suggests a change in local properties of 67P/Churyumov-Gerasimenko's nucleus at depth[END_REF], with possible explanations including an increase in porosity and a decrease in dust-to-ice ratio with depth [START_REF] Ciarletti | CONSERT suggests a change in local properties of 67P/Churyumov-Gerasimenko's nucleus at depth[END_REF]Lethuillier et al., 2016). CONSERT was able to probe the small lobe of the comet at the southern border of the Hatmehit depression with an expected penetration depth up to 100 m and found that the comet interior was homogeneous at spatial scale of a few meters or larger (Herique et al., 2019), and the real part of the permittivity was 1.27 ± 0.05, which hinted that the dust permittivity was below 5.4. They deduced a dust ratio of 4 ± 2, 533 ± 6 kg m -3 nucleus bulk density and 2000 -3500 kg m -3 dust density. Any possible heterogeneity in porosity at a few meters scale corresponded to a local variation below 10 percent points, i.e. a total porosity range of 65-85%.

The comet can be considered non-magnetic, as the lander magnetometer ROMAP detected no global magnetic fields [START_REF] Auster | The nonmagnetic nucleus of comet 67P/Churyumov-Gerasimenko[END_REF]. No dust impact was detected near Abydos by the Dust Impact Monitor (DIM), and the et al., 2004).

two most notable possible reasons are shielding by ambient cliffs close to Philae and absence of cometary activity (Krüger et al., 2015). Ptolemy recorded a CO/CO 2 ratio of 0.07 ± 0.04 [START_REF] Morse | Low CO/CO 2 ratios of comet 67P measured at the Abydos landing site by the Ptolemy mass spectrometer[END_REF], much lower than the typically ≥ 1 values obtained by ROSINA for the whole comet nucleus in August and September 2014 [START_REF] Hässig | Time variability and heterogeneity in the coma of 67P/Churyumov-Gerasimenko[END_REF]. Using a comet nucleus model, [START_REF] Brugger | Subsurface Characterization of 67P/Churyumov-Gerasimenko'S Abydos Site[END_REF] were able to reproduce the difference between Ptolemy and ROSINA measurements for all considered structures of water ice, in which a heterogeneity in the comet nucleus was possible in the case of crystalline ices, while spatial variations in illumination conditions could be the answer in the case of amorphous ices or clathrates. Chapter 3

Characterization of comet 67P/CG nucleus throughout OSIRIS observations I started my thesis working on the images of the comet 67P acquired by the OSIRIS imaging system. The Rosetta mission orbited around the comet 67P/Churyumov-Gerasimenko for more than 2 years, getting an incredible amount of unique data of the nucleus, and allowing to study the comet and its evolution from 4 AU inbound, to the perihelion passage (1.37 AU) and up to 3.6 AU outbound. More than 80000 images were acquired with the OSIRIS imaging system with spatial resolution going from few meters per pixel to few cm per pixel, allowing the most detailed study ever attempted of a comet. I mostly worked on multi-filters sequences acquired with the NAC camera of the OSIRIS instrument in order to characterized the composition and morphology of the 67P nucleus, their evolution over time and to study the sources of activity and their link with the local geomorphology and composition. I analyzed thousands of Rosetta/OSIRIS images, including high-resolution images (up to a few cm/px) taken during the extended phase of the Rosetta mission in 2016 . This chapter presents the results that I obtained by studying different regions of interest (ROIs) across the 67P nucleus:

• The southern hemisphere region Wosret in the comet small lobe: Wosret hosts the final landing site of Philae and the second touchdown. Its characterisation provides the context for the measurements taken at the final landing site Abydos. In addition, Wosret covers a large fraction of the southern part of the small lobe and exposes the inner layers because the region is highly eroded (Penasa et al., 2017). We also investigated surface colors and possible compositional variations between the two lobes through comparison of Wosret properties with those of southern hemisphere regions located in the big lobe subject to a siimilar high erosion level.

• Philae's final landing site Abydos: I characterized the landing site physical properties as well as their evolution during the Rosetta mission observations.

• Philae's second touchdown site (TD2): Our analysis of OSIRIS/NAC color sequences of this location helped to confirm that the lander Philae partly penetrated a boulder, exposing pristine water ice as a result. We also estimated the water ice fraction and local dust to ice mass ratio of this pristine ice.

• Bright spots on comet 67P: I compiled the most extensive catalog (about 700 entries) of exposures of water ice observed on comet 67P from August 2014 to September 2016.

• Jets on comet 67P: I identified and built the most extensive catalog available nowadays of sources of jets and outburst on the 67P nucleus. This catalog includes about 200 active sources observed by OSIRIS/NAC color sequences mostly during, or close to, the 2015 perihelion passage. I also characterized them through the analysis of high resolution images, mostly acquired post-perihelion.

3.1 Wosret: The most eroded region of the small lobe of comet 67P

Wosret is a 2.36 km 2 region of the southern hemisphere located in the small lobe of comet 67P, with the Hatmehit depression bordering to the North, Neith to the South, Maftet to the West and Bastet to the North-East (see Fig. 3.1).

We investigated this region because it contains the two final landing sites of the Philae lander, thus its characterization provides the context for the measurements taken by Philae in Abydos, its final landing site. Moreover, Wosret covers the majority of the small lobe southern part and, being illuminated during the perihelion passage, it experiences high thermal heating and it is thus highly eroded, exposing the inner layers of the small lobe (Penasa et al., 2017). Therefore, studying Wosret and comparing it with other southern hemisphere regions in the big lobe subject to the same high solar radiation, it is possible to investigate the compositional variation between the two lobes [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF]. Wosret, as the other regions of the southern hemisphere, became observable from Rosetta only since February 2015.

To investigate its spectral properties, we analyzed 59 OSIRIS/NAC color sequences (Table 3.1) acquired between February 2015 and August 2016 at a resolution varying from 7 m at perihelion to ∼ 0.1 m close to the end of the mission, and covering a phase angle range of 40 • -106 • . Since only a tiny portion of Wosret was illuminated in 2014 (see Fig. 3.2), sequences acquired during 2014 were not considered for the spectral slope analysis but used for the identification and the study of volatiles exposure.

Figure 3.1: Left: The southern hemisphere of comet as imaged on 2 May 2015, 10h42 superposed with regional boundaries. Philae's final landing site is indicated by an arrow. Middle: Same background image as the left, but with overlay of the geomorphological map of Wosret from Lee et al. 2016. Right: Sub-regions of comet 67P as defined by Thomas et al. 2018 (top) and associated comet view on 2 January 2016, 17h23 [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].

Spectrophotometry analysis of Wosret

To analyze OSIRIS/NAC color sequences we applied the same procedure previously used for comet 67P investigation and presented for instance in Fornasier et al. 2015;Barucci et al. 2016;Oklay et al. 2017;Deshapriya et al. 2018;Fornasier et al. 2019b. The first step is to co-register the images acquired with different filters of a given sequence into a color cube, in order to correct the slightly different view between them. This step was executed thanks to a python script based on the scikit-image library (Van Der Walt et al., 2014) and the optical flow algorithm (Farnebäck, 2003), in which the orange filter (F22/F82) was selected as the reference and the remaining filters were transformed in one of the following methods: affine, which preserves lines and ratios of distances and includes translation, rotation and shearing [START_REF] Weisstein | Affine transformation[END_REF]; similarity, which preserves ratios of distances and angles and includes translation and rotation Table 3.1: Observing conditions for the NAC images, in which α is the phase angle, ∆ is the distance between comet and spacecraft, and "res" the spatial resolution [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF] The arrow points to the final landing site Abydos while the box indicates a roughly 5 • area from Abydos, and the two ellipses cover the position of two spectrally bluer "stripes" seen in post-perihelion images (Hoang et al., 2020). [START_REF] Weisstein | Similarity[END_REF]; projective, which preserves collinearity (i.e. a set of points lying on a single line), concurrency (i.e. lines intersecting at a single point), tangency and incidence1 [START_REF] Beardsley | Projective transformations[END_REF]; and optical flow, which is the distribution of apparent displacement of brightness patterns in an image and "breaks" images into segments based on discontinuities [START_REF] Horn | Determining optical flow[END_REF].

Depending on the purpose of the analysis, the co-registration could be carried out on the entire 2048 × 2048 pixels image or on a specific region of interest (ROI). After co-registration, we used the STIFF code (Bertin, 2012) to generate false-color RGB maps (see Fig. 3.3) with three distinct filters ( "default" setting: "green"= 649.2 nm, "blue"= 480.7 nm and "red"= 882.1 nm; other combinations used in this paper will be specified). These images allow for a quick visual inspection permitting to identify peculiar features, such as jets or ice-rich spots which appear as bright and bluish area compared to the dark nucleus average terrain.

The next step of the procedure was to correct the images for topographic-photometric conditions. We retrieved the observing conditions (illumination + geometry) of every pixel (see Fig. 3.4) using a stereophotoclinometric shape model (5 million or 12 million facets, Jorda et al. 2016) and NAIF SPICE kernels2 (Acton et al., 2018), which provide relevant trajectory and instrumental information. Then, in order to correct a given image for the illumination conditions, we divides it by the Lommel-Seelinger disk function (D)3 , which has been proven to be suitable for dark extraterrestrial surfaces (Li et al., 2015): where µ 0 and µ were respectively the cosines of the incidence angle i and emission angle e.

D(i, e) = 2µ 0 µ 0 + µ (3.1)
The coordinates i.e. longitudes and latitudes of each pixel were determined by converting its x-, y-, z-coordinates according to the following formula:

lon = tan -1 y x lat = tan -1 z x 2 + y 2 (3.2)
and using the Cheops reference frame (Preusker et al. 2015, see Fig. 2.9).

To compute the spectrophotometry of a given region of interest (ROI), I integrated the radiance over an area of 3×3 pixels. Spectrophotometry was finally normalized at 535 nm, that is dividing by the radiance of the OSIRIS green filter (named F23 of F83). If a sequence did not contain the green filter, I linearly interpolate the radiance values of the blue and orange filters, centered at 480 and 649 nm, respectively, to derive the normalization factor at 535 nm.

Finally, I calculated the spectral slope in the 535-882 nm wavelength range as: in which R 882 and R 535 are the mean radiance factor I/F (see Equation 2.1) values in the near-IR and green filters, respectively. This wavelength range was chosen to be consistent with previous studies of the 67P nucleus (Fornasier et al., 2015).

slope = R 882 -R 535 R 535 × (882 nm -535 nm) (3.3)
The average spectral slope of the 67P nucleus visible in a given image was evaluated from a Gaussian fit of the slope distribution4 , in which the center of the peak represents the typical spectral slope value and the standard deviation of the fitted Gaussian acts as the error (see Fig. 3.5). Spectral slope maps were also generated, in which ice-rich areas appear bluer than the average dark terrain.

Wosret colors & spectrophotometry

As previously mentioned in chapter 2, the terrains of the 67P nucleus can be classified into three groups based on the analysis of the spectral slope in the 535-882 nm range at 50 • phase angle : "blue" -10-14%/(100 nm), "medium" -14-18 %/(100 nm) and "red" -18-22%/(100 nm). Our investigation of Wosret shows that the average spectral slope of the region, in the 535-882 nm range, is 15.5%/100 nm at α = 61 • , thus Wosret belongs to the medium group of terrains in terms of colors as defined by Fornasier et al. 2015. Wosret also experienced seasonal variations as the region got "bluer" close to perihelion than in 2016 (see Fig. 3.6). Moreover the region shown some local spectral evolution as evidenced in Fig. 3.7: the area inside ellipse A was spectrally "bluer" than the one within ellipse B in pre-perihelion images, but it became "redder" than ellipse B in post-perihelion images. This, together with a few morphological changes, indicates potential dust transport within the region and/or changes in surface roughness [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].

Phase reddening i.e. the increase of spectral slope with increasing phase angle was also observed in the Wosret region (see Fig. 3.6), as well as on the entire nucleus. Similar increase in spectral slope with larger α has been reported in other asteroids such as Lydia (Taylor et al., 1971), Eros (Clark et al., 2002) and Lutetia (Magrin et al., 2012) as well as satellites including the Moon (Gehrels et al., 1964) and a few Uranian moons (Nelson et al., 1987), and it may be caused by a top surface layer of microscopically rough regolith. From the global study of the nucleus 

Wosret clods and morphological changes

Wosret is a particularly "flattened-out" region (El-Maarry et al., 2016) due to the high level of erosion which has been estimated to be four times stronger in the southern hemisphere than in the northern one (Keller et al., 2017). In particular, Wosret is estimated to lose up to 1.8 m of dust mantle per orbit (Lai et al., 2016). High resolution images taken in 2016 reveal the presence of polygonal block patterns on highly fractured terrains, as shown on the top-right size of Fig. 3.8. These structures, named clods or informally goosebumps, were observed also in the northern hemisphere regions, and interpreted to be or the results of fracturing processes, or the original cometesimals which formed, by aggregation, the nuclues (Daviddson et al., 2016). The diameter of these structures, evaluated on about 250 clods, ranges between 2 and 12 m with an average value of 4.7±1.5 m [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF]. This value is larger than the one found in similar structures in the big lobe: Davidsson et al., 2016). This difference is interpreted as Wosret having a more consolidated terrain, and reinforces the hyphothesis formulated by El-Maarry et al. 2016 that the small lobe materials have different physical and mechanical properties than the ones constituting the big lobe. The different properties among the two lobes will be further discussed in section 3.5

⟨⟨D Anubis ⟩⟩ = 2.5 m, ⟨⟨D Seth ⟩⟩ = 2.2 m, ⟨⟨D Imhotep ⟩⟩ = 3.1 m (
Wosret is also a highly active region, as detailed in the following sections. We thus look for morphological changes in the region comparing pre-and post-perihelion images. We found that, conversely to other highly active southern hemisphere regions like Anhur and Khonsu, Wosret has experienced minor morphological changes: a cluster of bright outcrops at longitude -16.8 • and latitude -15.15 • (feature A in Fig. 3.8), a cavity at longitude -24.1 • and To estimate the dimension of these features and their evolution over time, we applied a method develop on the shadow length by Arthur (1974); Chappelow and Sharpton (2002) and already successfully applied previously on comet 67P in Hapi and Anubis (El-Maarry et al., 2017;Cambianica et al., 2020), Khonsu (Hasselmann et al., 2019), and Anhur regions (Fornasier et al., 2019a):

h = L shadow × tan(π/2 -i) (3.4)
with:

• h: landmark height

• L shadow : shadow length

• i: incidence angle estimated from the mean value of all the shape model facets within a given pixel that intercept the shadow tops

Using this formula we estimated that the new Wosret cavity has a length of 30 m, a width of 11 -15 m, and a depth 6.5 ± 0.8 m. Assuming Preusker et al. 2017's mean density value of 537.8±0.7 kg/m 3 , the mass loss corresponding to the new Wosret cavity is 1.2 × 10 6 kg, similar to those of several cavities or scarps in Anhur but about 1-2 orders of magnitude smaller than other morphological changes found in Anhur and Khonsu (Fornasier et al., 2019a;Hasselmann et al., 2019). For the outcrops of boulders (indicated by A in Fig. 3.8), we estimate that a ∼1 m thick layer of dust was locally removed. Thus, despite the fact that Wosret is an highly active region, as discussed in the next section, the activity produces minor changes compared to other southern hemisphere regions subject to a similar thermal flux. This provides an additional evidence that the material composing the small lobe is different and more consolidated than that composing the large lobe. indicates the new cavity and some landmark boulders are marked with a white bar and numbers [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].

Bright spots & Activity in the Wosret region

Wosret was one of the most active regions during the 2015 perihelion passage, having the highest estimated water production rate that peaked at approximately 10 28 molecules per second (Marshall et al., 2017). I identified in the region 39 individual sources of jets (see Fig. 3.9), including a bright outburst (Vincent et al., 2016;Fornasier et al., 2019b), and five cavities found to be periodically active (see Fig. 3.10) localized at :

• Cavity A: longitude -28.7 ± 3.5 • and latitude -26.6 ± 1.6 • , active in 61 color sequences. Occasionally bright volatile-rich ice patches were observed inside this cavity (see Fig. 2 of Fornasier et al. 2019b).

• Cluster of B cavities: two or three cavities at longitude -34.8 ± 3.6 • and latitude -30.3 ± 4.1 • , active in 33 color sequences.

• Cavity C: longitude -40.7 ± 1.6 • and latitude -31.8 ± 3.6 • , active in 16 color sequences.

• Cavity D: longitude -14.7 ± 3.1 • and latitude -25.2 ± 1.3 • , active in 37 color sequences.

• Cavity E: longitude -15.3 ± 2.8 • and latitude -36.4 ± 0.9 • , active in 3 color sequences.

The cavities often emitted faint jets, sometimes with unusual morphology (see Fig. 3.10). The majority of Wosret jets were mostly driven by local insolation that produces the sublimation of volatiles recondensed during the cometary night and/or in shadowed areas.

Despite the huge activity, direct exposure of volatiles were rarely observed on Wosret. A few bright spots were identified in high resolution images, and they are very small with a surface smaller than 2 m 2 (see Fig. 3.11 as an example), and with an estimated water ice abundance of 26-64%. Frosts close to shadows, rapidly sublimating when illuminated, were also observed [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF], but, as for the bright spots, less frequently observed that in other southern hemisphere regions e.g Anhur and Khonsu, both exposed to the same high solar flux than Wosret but located in the big lobe. , with black squares denoting cavities found to be periodically active [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].

3.2 Abydos -Philae's final landing site

Abydos's morphology

The adventurous descent of Philae to the comet nucleus stops in Abydos (see Fig. 3.1), a site located in Wosret region near the boundary with Bastet, at -1.6 • longitude and -8.04 • latitude (Ulamec et al., 2017). This area is covered in talus deposits where 447 boulders of size 0.8 -11.5 m were identified [START_REF] Lucchetti | [END_REF]. Their distribution follows a power-law index of -4.0 +0.3 -0.4 , similar to what observed in other regions of the nucleus. Pajola et al. (2015) suggests that boulders are generated by gravitational events and erosion mechanisms produced by sublimation and thermal fracturing. Diverse terrains were observed in close proximity to Abydos: layered outcropping consolidated terrains with 30-50 m long fractures that were roughly perpendicular with the rim of the circular Hatmehit depression [START_REF] Lucchetti | [END_REF]; layered "knobby" terrain; a 9000 m 2 area of small (< 10 m) boulders that was only visible in high-resolution images taken in 2016; a steep wall and a complex terrace structure that served as the boundary between Hatmehit and Wosret/Bastet (Hoang et al., 2020). I deeply investigated the properties of this final landing site of Philae by analyzing over 1000 OSIRIS/NAC images of the site as well as its surroundings. These observations cover the time period between the spacecraft's arrival at the comet nucleus in early August 2014 until near the end of the Rosetta mission in late September 2016 with a spatial resolution ranging from near 10 m/px to approximately 6 cm/px (details on the observing conditions are reported in Table 3.2). The Abydos site and surroundings have experienced minor changes in morphology: O'Rourke et al. 2020 identified two sites of boulder displacement between 22 October 2014 and 14 May 2016 as well as some minor changes Philae exerted on the second touchdown site. In addition, I identified three possible sites of dust removal (see Fig. 3.12) from comparison of pre-and post-perihelion images and estimated their dimensions using Equation 3.4: site AA (longitude 0.62 • , latitude -4.70 • ), a V-shaped structure that is composed of two "walls", one being 1.7±0.3 m high and 28.6±0.6 long and the other 2.1±0.3 m high and 29.9±0.6 m long; site BB (longitude 1.40 • , latitude -5.44 • ), a fracture whose height and width were respectively 36.0±0.5 m and 4.1±0.1 m and whose width varied from 2.0±0.5 (Fornasier et al., 2019b). m to 4.0±0.5 m; site CC (longitude 1.79 • , latitude -3.92 • ), a shallow depression with a ∼289 m 2 irregular surface and depth below 0.8 m. We applied Preusker et al. 2017's mean density value of 537.8±0.7 kg/m 3 , and found that the three aforementioned sites correspond to a total mass loss of (4.7 -7.0) × 10 5 kg (Hoang et al., 2020), which is about 41 times smaller than the new Wosret cavity [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF] previously discussed, and 1-2 orders of magnitude lower than the mass-losses reported in Fornasier et al. 2019a;Hasselmann et al. 2019 in other regions.

Abydos's albedo

I calculated the albedo of Abydos using the Hapke 2008 model, in which the bidirectional reflectance r Hapke at wavelength λ is expressed according to the incidence i, emission e and phase angle α as follows:

r Hapke (i, e, α, λ) = K ω(λ) 4π µ 0e µ 0e + µ e p(α, λ) (1 + B SH (α)) + H µ 0e K , ω H µ e K , ω -1 (1 + B CB (α)) S (i, e, α, θ)
(3.5) where:

• µ 0e = cos(i e ) and µ e = cos(e e ), in which i e and e e are respectively the incidence and emergence angles corrected for roughness

• ω(λ): single scattering albedo.

• K: porosity factor

• H: multiple scattering function, which can be analytically described by the second-order approximate Ambartsumian-Chandrasekhar function:

H(ψ, ω) = 1+2ψ 1+2ψ √ 1-ω
• θ: macroscopic roughness of the surface • S : shadowing function, which describes how the reflectance depends on shadows cast on the surface particles.

• B SH and B CB : respectively the shadow hiding and coherent backscattering opposition effects terms.

• p(α, λ): phase function

The above formula allows us to carry out photometric corrections to a chosen phase angle α and wavelength

λ ′ : A eq (α, λ ′ ) = r F(i,e,α,λ) r Hapke (i, e, α, λ) r Hapke (..., α, λ ′ ) (3.6)
In case of Abydos, I corrected the I/F of an image to 0 phase angle using the parameters derived from global analysis of the nucleus by Hasselmann et al. 2017: single-scattering albedo ω = 0.027, shadow-hiding amplitude B 0 = 2.42, shadow-hiding width h s = 0.081, asymmetry factor g sca = -0.424, average macroscopic roughness slope θ = 26 • , and porosity factor K = 1.245. In fact, our attempts at generating a specific parameter set for Abydos did not return satisfactory results due to the lack of observations near opposition and frequent poor illumination conditions at the landing site.

We analyzed 32 distinct observations at λ = 649 nm that covered the period between Rosetta's arrival at the space- craft in early August 2014 and near the end of the mission in September 2016 (see Tables 3.3, and 3.2), although sequences taken during the 2015 perihelion period were omitted since they were taken at lower spatial resolution.

For each image we consider a ROI of 0.5 • around the Abydos location to estimate the albedo at the landing site. We found for Abydos a normal albedo of 6.5 ± 0.2% at 649 nm (Hoang et al., 2020), similar to the values found for other regions: 6.5% for mostly the Northern hemisphere of the comet in July-August 2014 (Fornasier et al., 2015), 6.15% at the Imhotep/Ash boundary on 14 February 2015 (Feller et al., 2016), and 6.7% at the original landing site Agilkia (La Forgia et al., 2015). This suggests that the Abydos terrains are very similar in reflectance and presumably in composition compared with the rest of the comet.

The Abydos site and surroundings also occasionally showed bright spots. While the majority of the spots have flat spectra and are likely enriched in water ice (see the subsection 3.2.4), I also found a few bright localized areas that were spectrally "red" similar to the comet dark terrains. One example is the "triangle" feature circled on the right of Fig. 3.13, which was observable between November 2014 to August 2016 with normal albedo up to 30-40%. Bright areas with "red" spectra had been previously reported in other regions of comet 67P (Feller et al., 2016;Fornasier et al., 2017), and similar variations in brightness had been observed in the immediate surroundings of Philae: CIVA observed granular agglomerates with 3-5% reflectance alongside mm to cm grains to smoother textures with reflectance up to over 10% (Bibring et al., 2015), and ROLIS captured both smooth dark areas and more rough and clumpy bright areas (Schröder et al., 2017). Possible explanations for these bright features include observing geometry that favours specular reflection, difference in texture and/or grain size and mineral grains, the latter two possibilities being more likely to explain long-lived features such as the "triangle" one.

Abydos' colors

Abydos is located on dark and moderately red terrains of likely similar composition to the rest of the comet nucleus. I computed the spectral slope value for 54 colors sequences taken from August 2014 to altmost the end of Rosetta mission, covering the phase angle range from 20 to 102 • (Table 3.3). I found that Abydos spectral slope ranged between 16.5 and 17.5 %/(100 nm) in the 535 -882 range and at phase angle of ∼ 50 • . This value is very similar to that of the entire Wosret region (15.5%/100 nm at α = 61 • ). I also find that the Abydos surroundings included two "stripes" (see Fig. 3.14) that were 1.5-2.3 times brighter and spectrally bluer (spectral slope 13.5-15.0%(100 nm) at 50 • phase angle) than the average dark terrain: a ∼3000 m 2 "stripe" that covered strata in the Wosret region; and an ∼3800 m 2 stripe that crossed a fracture and a few layers in the Bastet region and may have existed since at least September 2014 (see Fig. 3.15).

Phase reddening was also present at Abydos. The linear fit of the spectral slope values represented in Fig. 3.16 give a phase reddening coefficient of 0.0486 ± 0.00751 × 10 -4 nm -1 deg -1 in the 535 -882 nm range. This value is very close to the one of the whole Wosret region determined in the previous section, and it is about half of the phase reddening coefficient (0.104 × 10 -4 nm -1 deg -1 ) determined by Fornasier et al. (2015) from OSIRIS observations covering mostly the northern hemisphere, and acquired in July -August 2014. The lower coefficient for Abydos may be attributed to the fact that this region is dust poor compared to other regions of the comet (Hoang et al., 2020). Similar to the global comet nucleus, the Abydos surroundings also experienced seasonal variations as both the spectral slope and phase reddening significantly decreased when the comet approached the Sun in August 2015 (see Fig. 3.16), which was likely caused by the removal of dust due to the high level of activity during the perihelion • . The two spectrally blue "stripes" near Abydos are encircled with ellipses, and the Gaussian fitted slope is 16.9 ± 1.5 %/(100 nm) (Hoang et al., 2020).

passage.

Table 3.3: Sequences including the Abydos site and surroundings with the observing conditions (the time refers to the acquisition time of the orange filter (F22 or F82) used as reference), with the spectral slope value 535-882 nm wavelength range and a short description of the area imaged. ∆: distance between the Rosetta spacecraft and the comet surface; α: phase angle; N: Number of available filters. When N= 3, the three available filters are F22, F24 and F41, which required linear interpolation of the signals of the F24 and F22 filters in order to calculate the spectral slope in the 535-882 nm wavelength range; [r5], [r10] indicate the ROI is the smallest rectangle that covers a 5 • and 10 • radius from Abydos, respectively; [Ab] when Abydos is visible in the corresponding sequence.

Date ∆ (km) α ( • ) N Slope1 Std1
Description 2014-08-02T23:22:22 [r10] 395.3 27.1 7 15.1 2.1 Mostly Hatmehit depression. 2014-08-03T20:40:22 [r10] 261.8 39.6 7 16.3 0.7 Hatmehit and Bastet visible. 2014-08-06T00:20:22 [r5] [Ab] 118.9 49.6 7 17.4 1.6 Mainly Hatmehit depression, with partially illuminated Wosret and Bastet 2014-09-02T07:44:02 [r5] [Ab] 51.5 40.7 9 17.6 2.3 Mainly Hatmehit depression, but Bastet and (patially illuminated) Wosret also visible. F15 (269.3 nm) and F61 (931.9 nm) filters omitted from slope calculation. 2014-09-15T05:43:21 [r5] [Ab] 27.1 69.0 5 19.9 2.4 Mainly Hatmehit depression, but Bastet and (patially illuminated) Wosret also visible. 2015-02-19T00:39:33 [r5] [Ab] 188.9 81.6 11 19.0 1.4 Hatmehit, Wosret and Bastet all visible, but the latter two were poorly illuminated. 2015-02-21T12:54:04 [r5] [Ab] 69.5 44.3 3 15.5 1.3 Hatmehit, Wosret and Bastet all visible. 2015-04-13T06:00:30 [r5] [Ab] 151.8 79.2 3 15.9 1.4 Mostly Wosret and Bastet, but Hatmehit depression also visible.

Volatile exposures near Abydos

Many localized bright spots characterized by brighter reflectance and a low-neutral spectral slope were observed near Abydos, having size in the range of 0.1-27 m 2 (except an approximately 56 m 2 spot captured at comparatively lower resolution of 1.4-2.2 m/px), and a lifetime varying from at least a few minutes to a few months. Only a few isolated spots were found near Abydos pre-perihelion5 , the longest-lived one being a 27 m 2 spot that was imaged by OSIRIS from 2 September to 14 December 2014 alongside its 3.4 m 2 neighbor (see Fig 3 .13b), and I estimated using linear mixing model of water ice (assuming 30 µm and 100 µm grain size, the methodology to estimate the water ice abundance is the same detailed in Section 3.3) and cometary dark terrain that their ice fraction is > 57% , considering that both the large and small spots contain saturated pixels. This relatively large spot was exposed at the surface for about 3.5 months, very probably thanks to the low temperature that was estimated to range between 90 and 150 K from the in-situ measurements of Philae (Spohn et al., 2015;Lethuillier et al., 2016) Several bright spots were observed close to the Abydos site after the perihelion passage, and most of them were located in the terrace structure that formed part of the Hatmehit rim that borders Wosret (see Fig. 3.17), and on the area of talus deposits under a prominent mound (see Fig. 3.18). This latter includes a tiny 1.2 m 2 spot with a high estimated water ice abundance (∼ 80%), indicating a very fresh exposure of water ice (Hoang et al., 2020).

Activity near Abydos

I only identified five jets near Abydos from OSIRIS images (see Fig. 3.19), all of which occurred between March and September 2015. The three pre-perihelion jets i.e. H-1, H-2 and H-3 were observed from shadowed areas of the Hatmehit depression and may have been caused by local insolation (Fornasier et al., 2019b), of which H-3 was the brightest with radiance factor I/F less than 20% of the comet dark terrains and spectral slope similar to the dark terrains (see Hoang et al., 2020, Fig. 15). Jet W-1 was captured only by the NAC/F15 filter, whose radiance factor was about 1.4× brighter than its immediate surroundings and located on the "knobby" terrain in the Bastet region. The "knobby" terrain shows fractures that may have triggered the jet by allowing heat to spread through underlying layers enriched in volatiles (Belton, 2010;Bruck Syal et al., 2013).

On the other hand, the mini-outburst W-2 was the brightest jet observed near Abydos, having a reflectance approximately 2.5 times higher than the comet dark terrains. The spectral behavior of its ejecta in the VIS&NIR range is bluer than the comet dark terrain (see Fig. 3.20), indicating that they may be enriched in volatiles and/or they are composed of small particles (sub-micron sized).

3.2.6

The "skull" boulder: Philae's second landing site O'Rourke et al. 2020 identified the location of the second touchdown point (TD2) of Philae on two adjoining boulders located on a ridge region near Abydos, and nicknamed it the "skull-top ridge" and the boundary between the boulders "skull-top crevice" due to the impression from a top-down view of TD2. By combining attitude information from ROMAP and Rosetta Plasma Consortium Fluxgate Magnetometer (RPC-MAG1) as well as analysis of ORISIS images, Philae's movements at the TD2 site were reconstructed as follows: Philae first made contact with the "skull boulder" between 17h23m48±10s and 17h24m22±1s at site TD2a, creating a groove-like crater that was 1.92±0.24 m in length and 1.53±0.24 m in width; then Philae made the second contact at the "skull-top ride" between 17h24m53±1s and 17h24m57±1s at site TD2b, which resulted in a dust wall. Philae bounced back and Out of the four impressions created by Philae on the "skull boulder", the TD2c site at the "skull-top crevice" is of particular interest as it harbored a bright, exposed ice-like feature that appeared to have been produced by an objected slicing through the surface and was evidenced to have surface features that matched the impact of the feet and top face of Philae. Our analysis of multi-color (3 filters) OSIRIS/NAC sequences taken on 12 and 14 June 2016 confirmed that the "skull-top crevice" did indeed contain water ice inside a 3.5 m 2 area (see Fig. 3.22) with estimated water ice fraction of 46% (the methodology to calculate the water ice fraction will be described in Section 3.3). This is in fact an exposure of water ice originated by the Philae imprint in the boulder, because the color sequences (2-11 filters) of the same area acquired before the Philae landing do not display any evidence of bright material. The exposure of volatiles persists for several months, as tested by the OSIRIS images acquired until the end of the Rosetta mission in September 2016, and indicating the presence of bright material on this area.

From the estimated water ice franction linearly mixed to the comet dark terrain, we derive a dust to ice volume ratio of 1.15 +0.1 -0.08 . Assuming a dust to ice bulk density ratio of 2 (Fulle et al., 2017), and similar porosity for dust and ice materials, we estimate a local dust to ice mass ratio of 2.3 +0.2 -0.16 . The volatile exposure was confirmed also by VIRTIS measurements, even if the spectro-imager covered only partially the TD2 site and with a much lower spatial resolution than OSIRIS images, thus underestimating the local water ice abundance (0.1±0.04 %, considering that VIRTIS missed the TD2 location by about one pixel line and only captured the "skull boulder" at the edge of the field of view, hence only 20% photons from the second touchdown point were collected by VIRTIS (O'Rourke et al., 2020)).

The detection of water ice in the recently formed crevice confirms that even if the surface of a comet is dominated by dark refractory material, water ice is abundant just beneath the top dust layer (Filacchione et al., 2016a;Oklay et al., 2016a;Fornasier et al., 2016Fornasier et al., , 2019a)). Additionally, O'Rourke et al. 2020 found that the cometary materials have extremely low strength (12 Pa), and reported a porosity of about 75±7%for the icy subsurface layers, similar to value of 70-80% reported for the whole nucleus Sierks et al. 2015. These results on the structure, composition, strength, and porosity of the first top layers of a cometary nuclei are essential to understand the nucleus properties and structure, and relevant for planning future missions devoted to the exploration and sample return of comets (O'Rourke et al., 2020).

Comet 67P's bright spots

I assemble a catalog of 741 bright spots (see Table A. 1 and Fig. 3.23) observed on the surface of comet 67P mostly through our study of 109 OSIRIS/NAC sets of color sequences taken between August 2014 and September 2016, and including literature results e.g. Pommerol et al. 2015;Barucci et al. 2016;Deshapriya et al. 2016;Deshapriya et al. 2018. We identify white and usually blue-tinged spots from inspection of RGB maps generated from OSIRIS/NAC color sequences (i.e. at least 3 color filters), and a spot was selected for the catalog if it satisfied the two following criteria: a) It is brighter (at least 15%) than the comet dark terrain; b) It has a lower spectral slope value than the reference dark terrain (thus appearing blue colored in RGB maps), which means a spectral slope value in the 535 -882 nm range <13%/(100 nm), but usually lower than 8%/(100 nm). These criteria in identification of volatile exposures have been validated by previous joint studies between OSIRIS and VIRTIS (Filacchione et al., 2016a;Barucci et al., 2016), which have proven that bright spots having a moderate or neutral spectral slope value are water ice enriched. To compute the surface of the bright spots, I consider the area occupied by the associated pixels that are at least 10% brighter than its immediate surroundings. The lifetime of these volatiles exposures is estimated as the time in which a bright spots remains visible in different observing sequences. This estimation is of course biased by the observing frequency-conditions, thus the real lifetime is usually longer than the one reported in the catalog (Table . A.1). I compute the spectral slope value of the bright spots when the observing sequences include filters where the shortest wavelength is at most 535.7 and the longest wavelength is at least 882.1 nm (F41). In the case where a sequence does not contain the F41 filter, I linearly interpolate the reflectance between the nearby filters F51 (805.3 nm) and F61 (931.9 nm) in order to estimate the reflectance value at 882 nm.

Even if the catalog of bright spots here presented is the most complete one so far, it does not include the totality of those that might be present at the 67P surface as OSIRIS observations may have missed a number of them because of observing frequency/condition, for instance some bright spots were not on the line-of-sight of OSIRIS, or they were only exposed between two consecutive OSIRIS sequences. Moreover, in the catalog I did not include all the tiny spots observable in the RGB images, especially the individual components of a cluster of exposure of volatile, nor those captured by a single filter, or a couple of filters but not covering the 535-882 nm range, thus preventing the spectrophotometric analysis.

Once the bright spots identified, for some of them I attempt estimating the water ice content. To do so I had to consider a simple geographical model where water ice is linearly mixed to the comet dark terrain. In fact, more complex models or intimate mixture require the knowledge of ice parameters like the grain size, that cannot be constrained using solely OSIRIS data due to the lack of water ice bands in the visible range (I remember that no IR observations of VIRTIS were available after May 2015). I thus applied a geographical mixture of water ice and the comet dark terrain (Fornasier et al., 2016;Oklay et al., 2017) according to the following equation:

R spot = ρR ice + (1 -ρ)R DT (3.7)
where:

• ρ: volume fraction of water ice

• R spot : the reflectance of the spot at zero phase angle, derived from the measurement value at a given geometry and photometrically corrected using the Hapke model. For the photometric correction I used the Hapke parameters of the 67P nucleus determined by Hasselmann et al. 2017, that are: single-scattering albedo ω = 0.027, shadow-hiding amplitude B 0 = 2.42, shadow-hiding width h s = 0.081, asymmetry factor g sca = -0.424, average macroscopic roughness slope θ = 26 • , and porosity factor K = 1.245

• R DT : the reflectance of the dark terrain at phase zero, photometrically corrected using the same approach than for the bright spots. The dark terrain was selected in a give image usually on a flat surface nearby a given bright spots, and having a spectral slope value in line with the average one of the imaged region

• R ice : the water ice reflectance, which was derived from the optical constants of Warren and Brandt 2008, and using water ice grain sizes of 30 and 100 µm, that corresponds to the typically size of water ice grains observed on cometary nuclei (Sunshine et al., 2006;Filacchione et al., 2016;Capaccioni et al., 2015). We also attempted modeling with larger ice grains, which usually results in poorer fits.

Bright spots could be found isolated on the nucleus surface or grouped in a cluster. Isolated bright spots are observed in different type of morphological terrains. Some are found on smooth terrains, the most notable ones being two ∼1500 m 2 large each bright area observed close to the Anhur -Bes boundary 5 months before the perihelion passage, at the end of April 2015 and beginning of May 2015 (see Fig. 3.24). The water ice abundance was estimated to be 21-23% in the patch located in the Anhur region (patch A), and 29-32% in the nearby one (patch B) located in Bes region (Fornasier et al., 2016). About one month before the water ice exposure observed by OSIRIS in patch A, VIRTIS reported in the same location the first and unique detection so far of carbon dioxide ice on a comet (Filacchione et al., 2016b), indicating the presence of different layers of volatiles and compositional heterogeneities with scales of tenths of meters on the cometary nucleus (Fornasier et al., 2016). Nearby patch B, a new scarp was imaged a few months after (see Fig. 3.24) indicating local erosion due to the activity and a mass loss estimated around 2.6 millions kg (Fornasier et al., 2017). These bright patches may have formed when the comet was in the previous outbound orbit from recondensation of volatiles and sintering process, then covered by dust fall afterword and later exposed when the local activity lifted up the dust layer. Isolated spots could also be found close to irregular structures or on boulders, and both types were observed during the Rosetta mission (Deshapriya et al., 2018). Some of these spots formed as the result of comet activity that ejected the upper layers and exposed underlying volatile-rich materials below the surface. Notable examples are: the fresh water ice area 6 times brighter than the surrounding dark terrains exposed in the Aswan site after the cliff collapse on 10 July 2015, generated by an outburst, and observed until at least the end of 2015 (Pajola et al., 2017); a 15 × 5 m 2 bright patch formed inside a circular basin in Imhotep after an outburst on 3 July 2016 and lasted for at least 7 weeks (Agarwal et al., 2017). Several bright spots were also found to be direct sources of activity, and I identified faint jets emitting from some of them (see for instance Fig. 6 of Fornasier et al. 2019b).

On the other hand, some clusters of bright spots were located at cliffs and likely formed as a result of cliff collapse such as the "Seth alcove" feature (see Fig. 3.25) or CF1, CF2, CF3 clusters described in Oklay et al. 2017, while the tiny spots (i.e. under 1 m 2 ) inside the Hatmehit rim in May 2016 (see Fig. 3.17) were likely frosts that accumulated inside the shadows of a complex terrace structure (Hoang et al., 2020). All the aforementioned clusters were longlived features that lasted for months on the comet surface, and the longest-lived feature is the "Seth alcove" that was observable for more than two years. The water ice content varies locally and with time for the clusters: the CF1, CF2 and CF3 contained spots with water ice fraction from 6.5% to 24.5% (Oklay et al., 2017); while the water ice content of individual spots in the Hatmehit rim was estimated to be below 15% in late November and early December 2015, and exceeding 50% in late December 2015 and early 2016 (Hoang et al., 2020). Some bright spots clusters are associated with activities: CF2, CF3, "Seth alcove" (Vincent et al., 2016;[START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF], while no jets have been reported from the Hatmehit rim (Vincent et al., 2016;Fornasier et al., 2019b;Hoang et al., 2020).

The distribution of the spectral slope values of the investigated bright spots reported in Table A.1 are synthesized in Figures 3.26, 3.27 and 3.28. Few longer-lived spots were included in more than one histogram:

• The spectral slope of the "Seth alcove" was 11%/(100 nm) in 2014 (Oklay et al., 2017), while its individual spots listed in Table A.1 were identified in 2016 images, hence spots #22-#29 are included in the postperihelion histogram and not the pre-perihelion histogram..

• The spectral slope of the RF feature of Oklay et al. 2017 (listed in Table A.1 as spot #52) was 11%/(100 nm) in 2014, 10%/(100 nm) in 2015 and 11%/(100 nm) in 2016, which are used for the pre-perihelion, perihelion and post-perihelion histograms, respectively.

• The slope values listed in Table A.1 for spots #161 and #162 come from 2016 observations (Hasselmann et al., 2019), hence these values are used for the post-perihelion histogram.

• The spectral slope of spot #205 was 8.2%/(100 nm) on 30 August 2015, 6h49 (perihelion) and 4.0%/(100 nm) on 23 January 2016, 23h45 (post-perihelion).

• The spectral slope of spot #206 was 0.6%/(100 nm) on 27 July 2015, 11h40 (perihelion) and 2.1%/(100 nm) on 22 November 2015, 11h41 (post-perihelion).

• The spectral slope of spot #207 was 6.6%/(100 nm) on 27 July 2015, 11h40 (perihelion) and 7.2%/(100 nm) on 24 January 2016, 3h06 (post-perihelion).

The post-perihelion spots have a lower spectral slope value than pre-perihelion and perihelion ones, as shown in Figs. 3.26,3.27 and 3.28. In fact, the average spectral slope in the 535-882 nm range of pre-perihelion, perihelion and post-perihelion spots are 5.0%/(100 nm), 7.2%/(100 nm) and 1.1%/(100 nm), respectively. The distribution of the spectral slope values of perihelion spots peaks at around 10%/(100 nm) and that of pre-perihelion spots are more evenly distributed between 0 and 10%/(100 nm), while the post-perihelion spots are dominated by spectrally flat spots i.e. approximately zero spectral slope. It should be noted that many pre-and perihelion spots were observed at phase angles higher than 65 • and most of the observations at perihelion were acquired at relatively high distances and low spatial resolution (3-10 m/px), preventing the identification of square m 2 -sized bright spots. This last condition explain why so few bright spots were observed close to perihelion compared to the post-perihelion observations.

Moreover, we found that 73 spots have unusually "blue" slope i.e. below -3%/(100 nm) in the 535-882 nm range, all of which were detected after perihelion as the earliest spot was observed near the end of December 2015 (see Fig. 3.30). Unfortunately, none of them have an available NIR spectrum since the NIR channel of VIRTIS-M stopped operating after May 2015 due to out-of-service cryocooler. The "blue" spectra are unlikely to be the result of unstable and quickly sublimating bright spots as the order of filter acquisition does not correspond to increasing wavelength, one example being spots #611 and #612 (see Fig. 3.31) in which the order of acquisition is as follows: F22 (649.2 nm) -F23 (535.7 nm) -F24 (480.7 nm) -F16 (360.0 nm) -F27 (701.2 nm) -F41 (882.1 nm) -F71 (989.3 nm).

Nearly half of the "blue" spots [START_REF]6 Spot (10c)[END_REF] were observed in the Anhur region, inside or close to the big canyon structure (see Fig. 3.31) that also hosted one of the brightest outbursts reported for comet 67P during the Rosetta observation, that is the so-called perihelion outburst which take place on 12 August 2015 (Fornasier et al., 2019b). Khonsu also showed a number of blue spots ( 12), most of which were located in the "low bank" region (i.e. a flat area between -20 • and -30 • latitude in the Khonsu region, surrounded by the distinctive pancake feature and a cliff around -20 • that separates the "low bank" from the "high bank", as reported in Hasselmann et al. 2019). This area originated also a number of jets seen during the perihelion passage including an outburst on 14 September 2015 (Vincent et al., 2016;Hasselmann et al., 2019). The presence of "blue" spots is not restricted to the big lobe or to the southern hemisphere of the comet, as more than one "blue" spot is found in Wosret, Babi and Seth regions. However in these last regions activity events were rarely directly associated with the blue spots: spots #596 (slope -4.08%/(100 nm), blue symbol on the right side of Fig. 3.11) and #597 (slope -3.12%/(100 nm), magenta symbol on the right side of Fig. 3.11), which can be linked to a few weak jets that I found in the Wosret region (Fornasier et al., 2019b, see Fig. 1). The lack of jets associated with the blue spots in Babi and Seth may be partly explained by observational bias since OSIRIS cameras mostly observed the southern hemisphere during the active 2015 perihelion passage.

Most "blue" spots were located in shadowed areas as shown Figures 3.31 or 3.11, and some others are frost fronts at the foot of cliffs (see Figs. 3.30 or 3.32). The majority of the "blue" spots are only a few m 2 and smaller, revealed in high-resolution images (see the right hand side of Fig. 3.11), while some other spots are a few tens of m 2 and the largest "blue" spot is a 33 m 2 frost front in the Babi region (see Fig. 3.32). The small area may contribute to the fact that we could not find pre-perihelion or perihelion "blue" spots, as these observations have lower spatial resolution (about 0.5 m/px to a few m/px) than late post-perihelion observations (a few cm/px). The estimated lifetime of the "blue" spots ranged from at least 20 minutes (spot #737) to nearly two weeks like spot #613 (see Fig. 3.33), although it must be noted that spot #613 was not spectrally "blue" when it was first observed (see Fig. 3.31).

We also estimated the water ice fraction of three tiny "blue" spots in the Wosret region: 26.5 -32% in #596; 64 -69.5% in #597 [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF] and over 80% in #603 (Hoang et al., 2020), suggesting that the two latter spots are fresh exposures of volatiles. There are a few possible explanations for the post-perihelion "blue" spots. Frost is a possible factor, as its presence on the comet was temporally correlated with the blue spots: frost was only detected near the Hapi region pre-perihelion (De Sanctis et al., 2015) but became more widespread on the comet after perihelion e.g. Anhur (Fornasier et al., 2017), near the final landing site Abydos (Hoang et al., 2020) and Seth (see Fig. 3.34). Another possible cause is the formation of very large water ice grains i.e. mm-sized, as such large water ice grains are shown to have blue spectra under Hapke modeling (Raponi et al., 2016, see Fig. 2). The blue spectra may also be the result of measuring very unstable spots, but this is quite unlikely because the order of acquisition of the filters in a given sequence was not in order of increasing wavelength, and moreover this cannot explain relatively long-lived spots such as spot #485, which were spectrally blue in two sequences that are 1.5 days apart.

Our experiments on ice/frost at IPAG aims to explore these possibilities and to better constraint the composition, mixing mode, and physical properties of the material constituting the 67P nucleus, including the volatile rich areas.

The area of the spots ranges from sub-m 2 e.g. the spots observed on the Hatmehit rim in May 2016 to about 1500 m 2 e.g. the two spots in Anhur & Bes in April -May 2015 (see Fig. 3.24). The total area of all the spots listed in Table A.1 is 84617.1 m 2 , which is only 0.16% of the total area of the comet (51.7 km 2 , Preusker et al. 2017). This implies that exposed volatiles occupy only a small fraction of the total comet surface at any given time, which in turn means that ice only takes up a small portion of the top surface of the nucleus which is dominated by dark, refractory compounds (Quirico et al., 2016). Figure 3.29 shows the distribution of the surface of the bright spots identified in the pre-and post-perihelion images (Table A.1) and having a surface lower than 40 m 2 . Even if larger bright spots are present, we choose this limit in the analysis and to compute their surface mean values because both in pre-and post-perihelion data the great majority of these bright features is smaller than this value. In fact, pre-perihelion data include 168 bright spots, 152 of them have an area < 100 m 2 , and 136 are smaller than 40 m 2 , while post-perihelion bright features are more frequently observed (499 entries). Most of them are relatively small in size, with 448 out of 499 bright spots having a surface < 40 m 2 . The median value of these selected bright spots surface is 4.87 m 2 for pre-perihelion, and 1.57 m 2 for postperihelion bright spots. We did not consider the bright spots observed close to perihelion, simply because the spatial resolution was too low impeding to identify square-meter sized patches, and thus to compare all the observations in a homogeneous way. In fact, the smallest bright feature identified during the perihelion passage has an area of 13 m 2 . The fact that the pre-perihelion bright spots have a larger surface is partially link to the observational geometry, because even if high resolution images were acquired for the global characterization of the nucleus and to select the Philae landing site, they were not acquired as often as in the extended phase of Rosetta mission, and usually the spatial resolution was bigger.

The post-perihelion histogram of Fig. 3.29 show us that high spatial resolution is mandatory to identify exposure of volatiles on cometary surfaces. In fact, about half (245 out of 499) of the bright spots have a surface < 2 m 2 , 178 < 1 m 2 , and about 120 < 0.5 m 2 , and most of them have neutral to moderate, or even negative, spectral slope values. This analysis support the findings of [START_REF] Ciarniello | Macro and micro structures of pebble-made cometary nuclei reconciled by seasonal evolution[END_REF] and [START_REF] Fulle | How comets work: nucleus erosion versus dehydration[END_REF] who deduced that the bright spots on comets are exposure of the primordial water-ice-enriched blocks (WEB) forming, together with the refractory matrix, cometary nuclei, and whose dominant size is of the order of 0.5-1 m. WEBs should be formed of water ice rich pebbles mixed with drier material, and exposed to the nucleus surface when the cometary activity erodes the dust mantle. The fact that the majority of the bright spots are sub-meter sized is thus in agreement with these predictions and with the radar measurements the 67P comet provided by CONSERT, which indicate that the nucleus is homogeneous up to scales of a few meters [START_REF] Ciarletti | CONSERT constrains the internal structure of 67P at a few metres size scale[END_REF].

Active jets of the 2015 perihelion passage

We study comet 67P at its peak of activity at closest heliocentric distances (1.24 -1.57 AU) by analysing over 2000 images obtained from over 10 data sets of OSIRIS/NAC individual sequences during June-October 2015, each set covering the ∼12.4 hours rotation period of the comet nucleus (see Table 1 of Fornasier et al. (2019b)). Unlike previous studies on cometary activities that used long-exposure observations e.g. Vincent et al. (2016); Knollenberg et al. (2016); Shi et al. (2018), the OSIRIS/NAC images are devoted to the study of the comet nucleus and hence unsaturated, which allow us to precisely locate the source of an active jet and study its colors. On the other hand, as the spacecraft had to operate at greater distances (150 -530 km) from the comet during perihelion, the spatial resolution of those sequences are lower than other OSIRIS/NAC images (3.2 -9.9 m/px), hence we also study higher resolution pre-and post-perihelion images to better investigate the morphology of the activity sources.

I identified more than 200 jets that I located precisely on the 67P comet nucleus (see Fig. A.1: #610 (red, slope -8.0%/(100 nm)), #611 (blue, slope -4.3%/(100 nm)), #612 (green, slope -1.8%/(100 nm)) and #613 (magenta, slope 1.5%/(100 nm)). The Lommel-Seelinger law is not applied for the analysis of this image.

Some jets were only a few percent as bright as the comet dark terrains such as jets H-1 and H-2 (Hoang et al., 2020), while the spectacular perihelion outburst (see Fig. 3.36) was the brightest event in 2015 with a total luminosity of 1.18 ×10 3 W/nm, which was an order of magnitude larger than most other events (Vincent et al., 2016). Some of the more intense outbursts were spectrally bluer than the comet nucleus such as the perihelion events or the Sobek outbursts (see Fig. 3.37), suggesting the presence of ice-rich grains among the ejecta.

On the other hand, these short sequences having short exposure time devoted to the nucleus investigation permit to identify transients events with very short duration. One quite spectacular example is the faint jet observed in the Bes region on 30 August 2015 (see Fig. 3.38), which start and end its activity during the OSIRIS sequence and has a duration of about 90 s only. Additional examples are a few jets observed on 30 August 2015 departing from a shadowed area in the Anhur region (see Fig. 3.39), and a number of faint periodic jets departing from cavities or alcoves (black circles in Fig. 3.35) especially in the Wosret and Bes regions (see Fig. 3.10), and found to be periodically active. These transient events faint may have looked, if investigated at higher resolution, and behaved similarly to a resolved outburst observed in the Bes region on 12 May 2016 (see Fig. 3.40). This last event is an optically thick plume with estimated optical depth of about 0.65 and an instantaneous ejected mass of 700 -2200 kg (Fornasier et al., 2019b).

Although the 2015 perihelion jets were observed at low spatial resolution, we were able to study the morphology of the active regions pre-and post-perihelion at higher resolution. As previously stated in section 3.1.4, Wosret is one of the most active regions. The comet "neck" contributed two outbursts on 1 August 2015, and I found that both of them originated from the Sobek region at the feet of cliff walls (Fornasier et al., 2019b), while a few active regions are located in the big lobe: Bes, from which I identified the sources of multiple transient events, including three active cavities; Khonsu, where 37 jet sources were identified (Hasselmann et al., 2019) including an outburst on 1 August 2015 that I located the source on a rugged slope at the foot of a cliff (Fornasier et al., 2019b) and the outburst from the "Low Bank" area on 14 September 2015 (Vincent et al., 2016;Hasselmann et al., 2019); Anhur, which contained the brightest perihelion outburst in addition to multiple transient events, the former was likely to have originated from inside a canyon structures while the sources of the latter were found on statified terrains under scarps, smooth terrains or inside an active pit(see Fig. 3.39). Of the five aforementioned regions, Anhur and Khonsu were highly enriched in volatiles as ice was exposed to the surface as tiny bright patches or frost, and some of the cavities also occasionally contained bright patches during the perihelion passage. Activity on comet 67P in particular and comets in general may be triggered by several mechanisms:

• Local insolation is the cause of most of the jets occurred during the 2015 perihelion as well as the three pre-2015 perihelion Hatmehit jets. Jet sources are often found under cliff walls or inside cavities/alcoves that cast shadows, allowing volatiles to condense during cometary nights (Fornasier et al., 2019b). This process increased in intensity as the comet approached the Sun and the dust mantle thinned (Fornasier et al., 2016), exposing more volatile-rich underlying layers.

• A cliff collapse may trigger episodic or explosive outbursts, such as the Aswan cliff collapse in July 2015 (Pajola et al., 2017). This can also explain the outbursts from the ice-rich Anhur and Khonsu regions as the outburst sources were surrounded by a number of boulders in post-perihelion images, however it is difficult to investigate pre-perihelion morphology of the southern regions due to poor illumination.

• Surface fractures may allow heat to propagate through underlying ice-rich layers and trigger activities (Belton, 2010;Bruck Syal et al., 2013), such as the jets found alongside a fracture in the Bes region or jet W-1, located on a "knobby" terrain of the Bastet region.

• Sinkhole collapse could result in active pits/cavities (Vincent et al., 2015).

• Exothermic transition of subsurface water from the amorphous to crystalline phase due to sudden exposure to sunlight (Agarwal et al., 2017), which may result in some spectacular resolved outbursts were observed in Bes (Fig. 3.40, Fornasier et al. 2019b) and Imhotep (Agarwal et al., 2017) in May and July 2016 respectively, and at relatively high heliocentric distances of 2.98 AU and 3.32 AU.

Comparison between comet 67P's lobes

Studying Wosret gives us insights on the structure and composition of the small lobe, especially in comparison with the big lobe. First of all, the small lobe appears to be composed of more consolidated materials than the big A.1: #635 (red, slope -2.7%/(100 nm)), #636 (blue, slope -3.0%/(100 nm)), #617 (green, slope -2.2%/(100 nm)) and #614 (magenta, slope -3.6%/(100 nm)). The Lommel-Seelinger law is not applied for the analysis of this image because the shape model has lower spatial resolution and is not reliable for heavily shadowed areas.

lobe (El-Maarry et al., 2016). In support of this, our study show that the polygonal blocks found on Wosret have larger average diameter ⟨⟨D⟩⟩ = 4.7 ± 1.5 m [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF], larger than similar structures on the big lobe: Davidsson et al., 2016). We studied and compared 3 southern hemisphere regions located in the small (Wosret) and big lobes (Anhur and Khonsu) of the comet, and all experienced similarly high solar radiation during the perihelion passage. The incoming solar flux was estimated to be 550 W/m 2 (Marshall et al., 2017) and all these regions were very highly active showing outbursts and a number of jets. However, this activity has very different effects on the morphology: we observed on Wosret relatively minor changes, while Anhur and Khonsu experienced significant changes (see Table . 3.4), with estimated total mass loss in Wosret at least 41 times smaller than in Anhur and two orders of magnitude smaller than in Khonsu (Fornasier et al., 2019a;[START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF]Hasselmann et al., 2019).

⟨⟨D Anubis ⟩⟩ = 2.5 m, ⟨⟨D Seth ⟩⟩ = 2.2 m, ⟨⟨D Imhotep ⟩⟩ = 3.1 m (
The second main difference between the two lobes is that the small lobe appears poorer in volatile contents, at least in the upper layers. The Wosret spots were sub-m 2 or a few m 2 with a notable exception of larger 27 m 2 spot (Hoang et al., 2020;[START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF], in constrast with what observed in the two regions of the big lobe where bright spots have been more frequently observed, and they were as large as 1500 m 2 (Fornasier et al., 2016). Moreover, blue and ice/frost-enriched areas were limited and not frequently observed in Wosret [START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF] while frequently observed and widespread in Khonsu and Anhur (Hasselmann et al., 2019;Fornasier et al., 2016Fornasier et al., , 2017Fornasier et al., , 2019a)). Massironi et al. 2015 proposes that comet 67P is made up of two independently formed object from the analysis of the layering throughout the two lobes. In fact they found that the gravity vectors calculated for the two lobes separately are closer to the enveloping strata more than those computed for the entire nucleus. The fact that the high activity in Wosret resulted in very few surface changes compare to regions subjected to the same amount of solar flux and also similarly highly active points to different physical and mechanical properties between the lobes, supporting the hypothesis that comet 67P is in fact a binary object made of two independent bodies. Figure 3.37: Left: Spectral slope map and RGB inset of an outburst that originated from the heavily shadowed Sobek region on 1 August 2015, 15h43. Right: Spectrophotometry of two points on the dark terrain (black and green) and three points on the Sobek jet, the latter spectra are not corrected with the Lommel-Seelinger law because the incidence and emission angles are not reliable in shadowed regions (Fornasier et al., 2019b). Chapter 4

Experiments in IPAG

In order to have a better understanding of the icy components of comet 67P/CG, I produced and measured different types of analogs: clean and "dirty" ice grains, frost and powdered mixtures of carbonaceous meteorites + salts. This chapter describes the experiments that I conducted at IPAG in terms of required materials, instrumentation and procedure, as well as how I obtained data from these experiments. The light source is a 250-W quartz tungsten halogen lamp (Oriel QTH 10-250W with OPS-Q250 power supply) installed within a lamp housing, whose light is first modulated by a chopper wheel at 413 Hz frequency, then fo-cused on the input slit of the monochromator (Oriel MS257, 1200, 600, 300, and 150 lines/mm) and diffracted by a four-gratings monochromator before being focused on the outer slit. Upon exiting the monochromator, the light is depolarized and transported by eight optical fibers in two bundles to the goniometer mirror in order to illuminate the sample, and the reflected light is recorded by two detectors: a silicon photodiode that covers the 185 -1200 nm range and an InSb photovoltaic detector that operates in the 800 -5200 nm range, from which the signals and other environmental parameters arerecorded by an instrumentation software based on LabVIEW [START_REF] Brissaud | Spectrogonio Radiometer for the Study of the Bidirectional Reflectance and Polarization Functions of Planetary Surfaces. 1. Design and Tests[END_REF][START_REF] Potin | SHADOWS: a spectro-gonio radiometer for bidirectional reflectance studies of dark meteorites and terrestrial analogs: design, calibrations, and performances on challenging surfaces[END_REF].

Instruments

Observation geometries can be modified thanks to motors that allow the rotation of both the illumination arm and the observation arm from 0 to 90 • [START_REF] Brissaud | Spectrogonio Radiometer for the Study of the Bidirectional Reflectance and Polarization Functions of Planetary Surfaces. 1. Design and Tests[END_REF], however most measurements share the same configuration as follows: incidence i = 0, emergence e = 30 • , azimuth az = 0 for the wavelength range of 380 -4200 nm (SHADOWS) or 400 -4200 nm (SHINE) with an usual step of 20 nm. Prior to measuring samples, measurements of the reflectance surfaces Spectralon (380 -2100 nm) and Infragold (1900 -4200 nm) so that the bidirectional reflectance of the sample can be obtained as follows [START_REF] Potin | SHADOWS: a spectro-gonio radiometer for bidirectional reflectance studies of dark meteorites and terrestrial analogs: design, calibrations, and performances on challenging surfaces[END_REF]):

R (λ,i,e,az) sample = S (λ,i,e,az) sample cos(30

• ) S (λ,0 • ,30 • ,0 • ) reference cos(e) R (λ,0 • ,30 • ,0 • ) reference (4.1)
where:

• R (λ,i,e,az) sample : bidirectional reflectance of the sample at wavelength λ, incidence angle i , emergence angle e , and azimuth angle az • S (λ,i,e,az) sample : raw signal of the sample at the same wavelength and observation angles as above SHINE is IPAG's first spectro-gonio radiometer, designed to observed bright and icy surfaces over most of the solar spectrum (150 -5000 nm). Its incident light is a collimated beam that is 200 mm in diameter, allowing SHINE to observe various types of materials e.g. rocks, minerals, ice with compact or granular texture and grain size ranging from µm to a few mm. A number of cylindrical metal sample holders are specifically designed to be fitted within SHINE, all of which are 2.5 cm tall and 5.4 cm in diameter at the bottom base, while the top base is hollowed out to allow a cylindrical space for the sample, which can be larger or smaller than the bottom (see Fig. 4.2).

• S (λ,
We incorporate SHINE with the CarboN-IR setup and a vacuum pump, the latter is mostly composed of an almost isothermal 6 × 8 cm environmental cell that is controlled by a dry cryostat with a temperature range of 40 -300 K [START_REF] Grisolle | Experimental simulation of the condensation and metamorphism of seasonal CO2 condensates under martian conditions[END_REF] and has to be installed inside the goniometer prior to a session. The first step to set up the environment is to ensure that the chamber is properly sealed and start the vacuum pump. Once the inner pressure drops to approximately 5 × 10 -4 mbar, we can start operating the cryostat and lower the temperature to a desired value (usually T ∼200 K) while the vacuum pump must keep operating. During operation, if opening the SHINE chamber is required, the vacuum pumping is stopped and the chamber is filled with inert gas until the inner pressure equals atmospheric levels. SHADOWS (see Fig. 4.3) is based on SHINE, with the purpose of measuring low albedo i.e. < 1% reflectance and/or low amount i.e. less than a few mm 3 material over most of the solar spectrum. In order to increase the flux density to illuminate such samples, the incident light is focused to a spot that is 5.2 mm in diameter (see Fig. 4.2) or ≤ 1.7 × 1.2 mm, although the latter configuration has lower SNR. [START_REF] Potin | SHADOWS: a spectro-gonio radiometer for bidirectional reflectance studies of dark meteorites and terrestrial analogs: design, calibrations, and performances on challenging surfaces[END_REF]. For SHADOWS sessions, we use cylindrical metal sample holders that are 5.4 cm in diameter and 1 cm tall, with a 2 mm deep hollowed area at the bottom to allow the holders to be mounted directly on SHADOWS (see Fig. 4.2).

SHADOWS

Crushing tools

One important step of sample preparation was crushing, as materials needed to be reduced in size so that samples could be fitted inside small sample holders prior to measurements. Hard materials (anthracite, salts, ice) were ground to fine powder form that could be segragated by different ranges of grain size and mixed with other powdered materials to create a desired mixture, and I used different methods of crushing depending on the type of materials as well as the desired results.

Mortar & pestle

Agate mortar and pestle are used for a few purposes: to turn powdered materials to finer powder, break aggregates and create a visually homogeneous mix; though the mixing may also crushed the individual grains of the component.

We only use the mortar & pestle at room temperature, as a previous experiment showed that these tools break at very cold temperatures i.e. below -20 • C. A planetary grinder operates by rotating a bowl filled with the materials and grinding balls around its own axis on a main disk spinning in the opposite direction at high speed (see Fig. 4.4), which causes both the materials and balls to bounce off the inner wall of the grinding bowl and traverse the bowl at high speed. The material is then ground upon energetic impact with the grinding balls, or through friction between the balls and the grinding bowl wall at a lesser extent 1 .

Planetary grinder PM100

The planetary grinder at IPAG is a Retsch PM100 model, which is equipped with one grinding station. Two types of grinding can be performed with the planetary grinder: dry grinding, which only required materials and grinding balls whose diameter is at least three times larger than the largest grain of the material to be ground; and colloidal grinding, in which about 1/3 of the grinding bowl (∼ 15 ml) is filled with particles finer than 50 µm, another 1/3 of the bowl is filled with balls and the rest of the bowl is filled with ethanol prior to operation. Soft minerals need about 20 -30 minutes of dry grinding and 3 hours of colloidal grinding, while hard minerals require about 45 -60 minutes of dry grinding and 5 hours of colloidal grinding.

Vibro crusher MM200

A vibro crusher oscillates the grinding bowls horizontally, causing the grinding balls to impact the materials at the round ends of the bowls and crush the materials in the process 2 . The vibro crusher is designed to operate on two grinding bowls simultaneously, and the grinding process also mixes the materials extensively. For our experiments, we use the Retsch MM200 model in addition to metal bowls and balls (see Fig. 4.5) to grind ice particles.

Hammer

We use a hammer to break solid blocks of materials e.g. anthracite, or when the working environment is too hostile for mortar & pestle e.g. breaking ice grains inside liquid nitrogen. 

Sieves

We controlled the grain size of the ground materials by using test sieves with woven wire mesh (produced by RETSCH) to separate the particles into different range of grain sizes. The mesh size ranges from 25 µm to 1 mm while the frame diameter is either 100 mm or 200 mm depending on the sample amount. Sieves of the same frame are stacked in decreasing mesh size from top to bottom on top of a bowl or a collecting pan of the same frame size, then materials are poured onto the top sieve (with largest mesh size), after which the sieves can be shaken manually or mechanically using a sieve shaker (see Fig. 4.6a). The sieve shaker used at IPAG is a AS200 model from Retsch, which vibrates the sieves and spreads the sample over the entire sieving surface thanks to a patented electromagnetic drive3 (see Fig. 4.6b). The operation time for the sieve shaker is usually set at 80 minutes, while the chosen vertical amplitude is 2 mm.

Cleaning

Small tools e.g. spatulas, sample holders should be cleaned with ethanol before, between and after experimentation, while bigger tools should be put inside an ultrasound bath filled with water and ethanol if necessary. Small grinding balls require grinding with sand using the planetary grinder if they have been used to grind fine dark grains e.g. anthracite or FeS.

Materials

I used several types of materials to produce cometary analogs: anthracite and carbonaceous meteorite ALH83100 as an analog of the refractory dark dust/terrains of comet 67P, and water ice and salts (KBr/NaCl) as an analog of the cometary water ice. The non-water ice materials are listed as below: Our anthracite sample were purchased from the Mine Museum at La Mure, which may have reached later stages of coal transformation compared to some other sources of anthracite in the world. This is a mature type of coal with reflectance between 3.98 ± 0.92% and 6.14 ± 0.34% at 546 nm, and its composition includes 91.7% C and 1.6% H in mass fraction as well as very low mineral content i.e. volume fraction of 0.8% [START_REF] Duber | On the optically biaxial character and heterogeneity of anthracites[END_REF].

Anthracite

The anthracite blocks are first broken using a hammer, then the resulting raw powder is dry ground i.e. sans alcohol and sieved mechanically with three mesh sizes: 50 µm, 100 µm, 200 µm. The < 50µm particles are then chosen for colloidal grinding, in which the bowl is filled with ∼15 ml of anthracite,∼15 ml of 500 µm balls and alcohol before being placed inside the planetary grinder and subjected to 2.5 hours of operation at 575 rpm rotation speed. After grinding, the now viscous mixture between anthracite and balls (see Fig. 4.7) is poured into a stack of a 200 mm wide 50 µm sieve on top and a 200 mm wide collecting pan at the bottom, and a large amount of ethanol is sprayed onto the mixture so that the anthracite can flow to the pan while the balls stay on the sieve. Once the balls are cleaned of anthracite, both the pan and sieve are left inside a sorbonne for a day so that the ethanol can evaporate, leaving a crust of "hyperfine" anthracite i.e. a few microns or smaller to be recovered for future use.

Sample: ALH83100

ALH83100 is a meteorite find that was collected from Allan Hills, Antarctica in 1983(AnM, 1984) It is classified as a CM chondrite with a moderate weathering grade of "Be", in which "e" denoting visible evaporite minerals [START_REF] Grossman | [END_REF]. The sample composes of sub-mm irregular fragments and single mineral crystal surrounded by a near opaque and dark black matrix. The meteorite is very poor in Ni-Fe metal, which results in a lack of metallic reflections when it is illuminated from the top. Compared to other carbonaceous chondrites, it is richer in carbon, lacks chondrules and its composition is dominated by serpentine [START_REF] French | ANTARCTIC METEORITE TEACHING Originally prepared and written by ANTARCTIC METEORITE TEACHING[END_REF].

The chosen sample in our experiment has been ground into powder form with a dark grey color (see Fig. 4.8), and we use the sieve shaker to separate the particles according to the following ranges of grain size: < 50µm, 50 -100 µm, 100 -200 µm, 200 -400 µm. Unlike the featureless anthracite, the spectrum of the meteorite sample features a few absorption bands that are characteristic of CM chondrites (see Fig. 4.9): a hydration band at 3 µm that in turns encompasses a weak band around 3.4 -3.5 µm due to C-H stetching from organics [START_REF] Garenne | Bidirectional reflectance spectroscopy of carbonaceous chondrites: Implications for water quantification and primary composition[END_REF][START_REF] Beck | What is controlling the reflectance spectra (0.35-150 µm) of hydrated (and dehydrated) carbonaceous chondrites?[END_REF]; a weak band centering at ∼720 nm that is attributed to Fe 2+ -Fe 3+ charge transfers in phyllosilicates that bear those ions [START_REF] Cloutis | Spectral reflectance properties of carbonaceous chondrites: 2. CM chondrites[END_REF]. [START_REF] Beck | What is controlling the reflectance spectra (0.35-150 µm) of hydrated (and dehydrated) carbonaceous chondrites?[END_REF] also reports the presence of a few small absorption bands at 0.9 µm, 2.3 µm and 3.95 µm, whose attributions are respectively Fe 2+ -bearing phyllosilicate, magnetite, and olivine contents [START_REF] Cloutis | Spectral reflectance properties of carbonaceous chondrites: 2. CM chondrites[END_REF], Mg-OH in serpentine and carbonates.

Hydrated salts

Two compounds of salts are used as dry analogs of water ice: NaCl and KBr, both of which contain water whose absorption bands at 1.5 µm, 2 µm and 3 µm are visible in the spectra (see Fig. 4.10). In order to study the effect of salt grain size on the properties e.g. reflectance, spectral slope of a mixture, we grind the KBr powder with mortar and pestle and sieve the crushed powder with the sieve shaker using sieves with the following mesh sizes: 50 µm, 100 µm, 200 µm, 400 µm, 1 mm. Fig. 4.11 show that band depth decreases with decreasing grain size, and with KBr grain size below 100 µm, the 1.5 µm disappears, the 2.0 µm band becomes very weak while two weak additional absorption peaks appear at approximately 3.42 µm and 3.50 µm.

Mixing method

We produce binary powdered mixtures of one bright components (salt) with one dark component (anthracite or meteorite) as a dry analog of icy cometary materials. The components can be mixed with mortar and pestle, which creates a visually homogeneous mixture but risks breaking the grains; or a pencil brush can be used as a mixing tool, which preserves the grains but the resulting mixture is heterogeneous. 

Frost on a dark surface

I produced and measured frost in order to investigate the possible link between frost and the "blue" spots observed after the 2015 perihelion on comet 67P. Different methods of producing frost have been conducted:

Pumping water vapor to a cold chamber under vacuum

We try to grow frost under comet-like conditions of low temperature and low pressure. A sample holder covered with a black tape is placed inside a chamber, which is then vacuum pumped and cooled before pumping in water vapor. Two different configurations have been tested with each goniometer, and the experiments in this subsection were carried out under slightly different configurations: incidence i = 0, emergence e = 0, azimuth az = 0.

With SHINE

We connect SHINE/CarboN-IR to a source of water vapor with a valve in order to control the flow of water vapor to the inner chamber, whose temperature is set at 173 K. The source can be either the open air (see Fig. 4.12) or a flask of liquid water, the latter can be heated (with a hairdryer) to encourage the water flow.

With SHADOWS

In these sessions, we used a setup that composed of the following components: a sealed chamber, which contained a small piece of metal covered in black tape (see Fig. 4.13) at the center of the chamber where the measurements would took place and two regulation systems that regulated the inner temperature and prevented condensation of water vapor on the exterior windows4 ; a cryogenic system (see Fig. 4.14) that consisted of a 2L Dewar container of liquid N 2 , a regulation box and a cold pump that allowed manual control of the cooling speed; a vacuum pump; and a flask of liquid water that served as our source of water vapor. As water vapor could condense into solid form and slow down the cooling system during operation, the cold pump was covered with a sheet of absorbing water material while tissues were placed at the chamber ports that connected with the dewar container and the cold pump, while the exposed part of the metal wire of the Dewar container was occasionally wiped (with tissues) or heated (with a hairdryer) to remove ice. Once the cryogenic system was successfully mounted on SHADOWS (see Fig. 4.15), we turned on the vacuum pump and opened the valve connecting the vacuum pump and the chamber (#8 in Fig. 4.15) to lower the pressure to below 8 × 10 -3 mbar, after which we operated the cold pump. When the temperature inside the chamber reached the desired value (approximately 173 • C or 143 • C), we pumped water vapor into the chamber by opening the valve connecting the chamber and the flask (#6 in Fig. 4.15) while closing the chamber-vacuum pump valve for about two minutes; afterwards we turned off the chamber-flask valve and opened the chamber-vacuum pump valve until the pressure reached about 10 -3 mbar to prevent sublimation of the water vapor inside the chamber. Manual adjustments were usually required prior to each measurement in order to ensure that the SHADOWS detector would point to the black tape, which made it difficult to measure the exact same spot throughout the session.

Frost production before placement in chamber

We take a different approach to the frost experiment: producing a sufficiently thick frost sample before placement inside the SHINE chamber. The frost production takes place in the open air, in which water vapor is allowed to condense on the surface of the sample holder, which can be cooled by one of the following methods: using liquid nitrogen, or placing inside a sealed cold chamber e.g. a freezer. In the first method, cooling and frost condensation can take place simultaneously since the sample holder is placed inside an open box filled and re-filled with liquid nitrogen, resulting in a "solid" layer of frost (see Fig. 4.16). On the other hand, cooling is conducted before frost condensation in the second method as the sample holder is only exposed to water vapor after it is taken outside the cold chamber, and the result is the formation of "needles" (see Fig. 4.17).

After the frost sample is ready, the sample is transferred inside the SHINE chamber, which has been pre-cooled to approximately 200 K and pumped with inert gas to atmospheric pressure so that the window can be easily removed. The inner pressure is kept at atmospheric levels in order to stabilize the frost (otherwise the frost would sublimate too fast for a typical 38-minute SHINE measurement), and may be reduced between measurements with a vacuum pump in order to reduce the frost thickness.

Clean and dirty ice at different grain sizes

In these experiments, we studied the relationship between grain size and spectral properties of water ice, and whether or not the "blue" spots on comet 67P can be linked to very large (i.e. mm-sized) ice grains. We produce ice grains and separate them into different ranges of grain size using sieves, and the sieving process takes place inside a freezer at -30 • C temperature. In order to prevent the melting and reduce the sticking of ice grains, most metal tools including sieves and sample holders have to be pre-cooled by placing them inside the freezer and/or pouring liquid nitrogen on their surfaces. Since large water ice grains exhibit transparency in the visible wavelength, the sample holders are covered with a piece of black tape at the center to block their metal surface from contributing to the measurements.

During experiments, the ice grains are transported inside a sealed foam box filled with liquid nitrogen to preserve the grains. Larger ice grains (> 400µm) can be stored inside the freezer while smaller grains sinter and form aggregates, hence small grains should be sieved and measured as soon as possible after production.

Two types of shapes of ice grains are produced: spherical and irregular. The irregular grains are believed to be more "natural" on extraterrestrial surfaces, while the spherical grains are made using SPIPA-B setup, which produces fine and homogeneous "dirty" ice.

Spherical ice grains (<100 µm)

We use the SPIPA-B setup (see Fig. 4.18) to produce fine spherical ice particles. SPIPA-B is one of three Setups for Production of Icy Planetary Analogues developed at the Laboratory for Outflow Studies of Sublimating materials (LOSSy) at the University of Berne [START_REF] Poch | Sublimation of ice-tholins mixtures: A morphological and spectro-photometric study[END_REF] for the purpose of making portable machines that can be transported between different laboratories for in-situ operation instead of producing and transporting icy samples at great distances. SPIPA-B is built on ultra-sonic devices to nebulize liquid water and freeze the droplets immediately inside a cold environment, and it can operate on liquid water containing soluble contaminants and up to 1% insoluble contaminants in suspension at a production rate of 200 g/hour [START_REF] Pommerol | Experimenting with Mixtures of Water Ice and Dust as Analogues for Icy Planetary Material. Recipes from the Ice Laboratory at the University of Bern[END_REF].

The first step is to prepare a pre-determined amount of liquid in a flask, which can be pure water or a suspension of water and "hyperfine" anthracite. In the latter case, we use the S26d7 sonostrode (diameter 7 mm) to stir the suspension in two 30 s intervals at 2000 Hz frequency, then the flask is stirred with a magnetic stirrer at 1600 rpm to prevent settling. Next, we use a peristaltic pump (6 rpm) to transport the liquid to the nebulizer sonostrode S26d18S, which then sprays a cloud of droplets into a bowl filled with liquid N2, resulting in spherical particles (see Fig. 4. [START_REF] Hasselmann | Pronounced morphological changes in a southern active zone on comet 67P/Churyumov[END_REF] of size 67±31 µm. Note that in case of a suspension, the flask must be stirred with the stirrer throughout the pumping process. The flask may be sealed with parafilm to protect the content from outside dust or evaporation.

Irregular mm or sub-mm ice grains

We applied a number of different methods to produce larger ice grains. The first method is to produce cm-sized ice cubes (see Fig. 4.20a) with ice trays or bags, then crushed the ice cubes with the Santos ice crusher (see Fig. 4.21) Figure 4.14: The cryogenic system used in our experiments. The chamber ("Platine") is connected to the "Dewar" container of liquid N 2 and the cold pump ("Pompe") on one side, and the regulation box ("Boitier Régulation") on the other side. The left scoreboard (" Échantillon") shows the temperature inside the chamber. From the manual of the Laboratoire de Planétologie de Grenoble.

into mm-sized particles (see Fig. 4.20b). This method does not work well in producing "dirty" ice as the hydrophobic anthracite particles settle during cooling, hence we only applied this method for pure water ice.

Mm-sized ice grains can also be produced by repeating the SPIPA-B procedure, then letting the ice grains sinter inside the freezer for an extended period of time (see Fig. 4.22a). The SPIPA-B procedure could also be repeated without the nebulizer, instead letting water drops fall directly into the N 2 -filled bowl instead of being broken up into droplets, resulting in sphere-like ice grains (see Fig. 4.22b). These method is more suitable to produce mm-sized "dirty" grains, however the heterogeneity is still noticable under the naked eye.

The mm-sized particles are transferred into a small foam box filled with liquid N 2 , and crushed using a hammer. The crushed particles are then sieved with pre-cooled sieves in order to produce a sample of desired range of grain size.

Irregular, fine (<100 µm) ice grains

In this step we use a vibro crusher MM200 and two metal bowls (see Fig. 4.5). One bowl is filled up to 1/3 volume with sub-mm ice (see Fig. 4.23) produced as described in the previous section, while another 1/3 of the volume is occupied by two 12-mm metal bowls. Afterwards, both bowls5 are attached to the vibro crusher, which operates in three consecutive 1-minute intervals at 30 Hz frequency. Between those intervals, the ice-containing bowl is briefly submerged in liquid nitrogen.

Since the metal surface of the ice-containing bowl is very cold due to contact with liquid nitrogen before, between and after crushing, the bowl is handled using thick cryo-gloves and forceps. Aside from skin protection, the cryogloves also reduce frost condensation on the bowl's surface. Experimental studies of dirty ices

Introduction

This chapter reports experimental studies of the reflectance properties of "dirty ices", i.e. water ice mixed with dark grains. I have conducted experiments that consisted in producing analogs by mixing water ice or spectrally neutral salts with two kind of opaque materials: anthracite and a CM carbonaceous chondrite. The results have been applied to the characterization of the "blue" bright spots on comet 67P.

Frost and ice

Frost on a black tape

We produced frost layers (made of pure water ice) on a black substrate simulating the dark cometary crust, by means of different methods as explained in section 4.3: M1 pumping water vapor from the atmosphere or a flask filled with water, and inject it into the cold SHINE chamber at low temperature, where it condensed onto a carbon tape ("open air" and "flask" labels in Table 5.1);

M2 inject water vapor into a thermally regulated environmental cell ("Platine" #1-#5 in Table 5.1 and Fig. 5.2), M3 exposing a cooled sample holder in the open air to allow atmospheric water vapor to condense on the surface, followed by insertion in the SHINE chamber ("Frost #1-#6 labels in Table 5.1 and Fig. 5.3);

The frost samples all grew on a black tape that acted as a substitute of the bedrock of the comet dark terrains, due to its weakly red spectral slope and low reflectance factor. In all cases, the sample thickness could not be controlled, neither measured. No insights on grain size could be obtained. However, the conditions of M1 and M2 were close to the actual conditions that prevail at the surface of the comet, i.e. low temperature (170-220 K) and low pressure (< 10 -6 mbar). Their spectra contain one single absorption band at 3 µm (see Figs. 5.1 and 5.2), which is the most sensitive to water ice presence compared to other water ice bands [START_REF] Clark | Spectral properties of ice-particulate mixtures and implications for remote sensing. 1. Intimate mixtures[END_REF]. The deepest 3 µm band of these samples is observed in the spectrum of the '"flask" sample, in which the maximum band depth reached about 82 -88% saturation level, while the integrated band depth was about 50 -62% saturation level (see Table 5.1). However, it was not possible to grow thicker films with these two set-ups. For M1, the condensation of ice in the injection tube prevented the gas to flow in the chamber. In the case of M2, the set-up needs to be refilled with liquid nitrogen by hand, limiting experimental time to one day. We estimate that the film thickness is about 1 µm or thinner, according to the absorption properties of water ice in the range 0.4 -2.5 µm region (see Fig. 5.5). Another limiting aspect of sample growth is the presence of a thermal gradient in the sample. As it is cooled from the bottom, and that the thermal conductivity is blurred by microporosity (even for crystalline water ice), a thermal gradient arise and the surface of the film is warmer, according to T up = Φ k e + T down where Φ is the cooling heat flux, e the thickness, k the thermal conductivity, T up and T bottom the temperatures at the surface and at the bottom of the film. Therefore, we turned to the procedure M3 that did not limit sample thickness.

For the M3 procedure, the "Frost" #1-#6 samples were produced by cooling a metal sample holder and exposing it to the open air so that atmospheric water vapor condensed on the surface:

• Frost #1: This sample was produced after placing the sample holder inside a box that was repeatedly filled with liquid N 2 for about an hour.

• Frost #2: After obtaining the Frost #1 spectrum, the SHINE chamber was vacuum pumped for about 6 minutes before returning to atmospheric level pressure (by pumping inert gas), and the Frost #2 spectrum was obtained.

• Frost #3: This sample was produced after vacuum pumping a frost sample produced similarly to Frost #1 (cooling the sample holder with liquid nitrogen for about one hour) twice, the vacuum pumping periods lasted about 5-6 minutes each and were about one hour apart.

• Frost #4: This sample was produced in a similar manner to Frost #1, however the sample holder was submerged in liquid N 2 for only about half an hour.

• Frost #5: This sample was produced after vacuum pumping a frost sample three times, each time lasted for about 5-6 minutes and were about 15 minutes apart from each other. The original frost sample was produced by letting the sample stayed inside the cold SHINE chamber (about 210 K) for about 2.5 hours, then exposing the sample holder to the open air for a few minutes.

• Frost #6: Frost #6 was produced after vacuum pumping Frost #5 for about 7 minutes.

The frost samples were all produced inside an air-conditionned room, and then measured under 200 -210 K temperature and atmospheric pressure (which was achieved by filling the SHINE chamber with inert gas) so that the sample stabilized during the approximately 40-minute duration of a full length SHINE measurement (400 -4200 nm, 20 nm step). Thicker samples were then produced and spectra displayed several absorption bands (see Fig. 5.3) in spectra.

We observed that if a frost layer is thick enough to allow for the appearance of the absorption bands at 1.5 µm and 2 µm, the 3 µm band saturates as shown by Fig. 5.3 and Table 5.1. With increasing reflectance in the visible range and presumably increasing frost thickness (see Fig. 5.4), the 1.5 µm and 2 µm deepen although exceptions can happen such as the "Frost #4" and "Frost #5" samples. While that the "Frost #6" sample only has one single absorption band at 3 µm, the Frost #1-#5 samples all have a negative slope in the visible range that does not correlate with the reflectance and presumably thickness of the frost layer, in which Frost #4 is the bluest sample while Frost #2 has a more neutral slope. The samples whose spectra have one absorption band at 3 µm e.g. frost #6, all "Platine" samples were likely about 1 µm in thickness or thinner, as a uniform layer of water ice at this thickness is almost transparent in the 0.4 -2.5 µm region according to the Beer-Lambert law (see Fig. 5.5). The frost #1-#5 samples were at most sub-cm in terms of thickness and may have been sub-mm thick, as even the most opaque samples do not occupy the entire depth of the taped sample holder (see Fig. 5.4). 

Pure and dirty granular water ice

We report now reflectance measurements collected on granular icy samples with estimated grain size ranges and in the case of intimate mixtures if water ice with a dark dust analog (Table 5.2). They were produced with the procedures described in Chapter 4. Pure water ice samples were synthesized from cm-sized water ice cubes, which were first ground with a Santos grinder, and then smashed with a hammer and sieved into different size fractions.

Because no grain size fraction was recovered at < 100 µm, some samples were ground with the MM200 grinder, using a stainless steel bowl (2 balls of 12 mm across) cooled with liquid nitrogen (3 sequences of 1 min at 30 Hz). Mixtures made with water ice with 0.1 wt% of anthracite were produced with an hyperfine anthracite obtained by colloidal grinding. A suspension of anthracite was made with the SPIPA B set-up, and drops generated by the peristaltic pump were frozen in liquid nitrogen. Then, they were ground by hand with a hammer and sieved into different grain size fractions. The MM200 crushing led to a < 100 µm powder. For mixtures with 1 wt% of anthracite, the SPIPA B set-up provided 67 ± 31 µm spherical particles, that were let sintering in a freezer for 2-3 days. The resulting sample was finally crushed and sieved.

Anthracite has been selected as an optical analog of refractory dust in the case of comet 67P/CG, made of a mixture of minerals (55 wt%) as ultramafic silicates (Mg-rich olivine and pyroxene), glasses, opaque sulfides and metal (presumably pyrrothite and kamacite) and a polyaromatic macromolecular solid (45 wt%) [START_REF] Hilchenbach | Mechanical and electrostatic experiments with dust particles collected in the inner coma of comet 67p by cosima onboard rosetta[END_REF]. Anthracite is not a chemically relevant analog, but its optical properties fairly fit those of chondritic materials and of cometary refractory dust. Indeed, it is a strong absorber in a spectral range covering 400-5000 nm (Quirico et al., 2016). Anthacite is also devoid of intense infrared bands, while immature coals display broad OH features that overlap with water bands. However, anthracite is hydrophobic and special care has been devoted to rapidly freeze the liquid water suspension to avoid phase separation. In addition its density does not fit that of cometary grains, and a correcting factor factor needs to be applied to infer the corresponding dust-to-ice ratio in comet 67P/CG.

The density of cometary dust is controlled by composition and porosity. We have first run density calculation for porosity-free refractory grains, made of forsterite (Mg 2 SiO 4 , ρ=3.27 g.cm -3 ), enstatite (MgSiO 3 ), glass (SiO 2 , ρ=2.5 g.cm -3 ), FeS (ρ=4.61 g.cm -3 ), Fe-Ni (Fe 0.9 Ni 0.1 , ρ=7.9 g.cm -3 ) and C x H y O z (ρ=1.29 g.cm -3 , x=1, y=1, z=0.2). Different compositions were tested to fit the chondritic composition and we found a density between 2 and 2.3 g.cm -3 . Cometary dust images collected by the MIDAS/Rosetta instrument have suggested that refractory dust is similar to Chondritic Porous (CP) stratospheric IDPs (Mannel et al., 2019). CP-IDPs display a density range of 0.2-0.9 g.cm -3 that peaks at 0.6 g.cm -3 (Flynn and Sutton, 1991), and combining these values with our own density estimates of porosity-free refractory grains leads to a range of porosity of 0.55-0.92 and a peak value of 0.72, consistent with SESAME-PP and CONSERT measurements (Lethuillier et al., 2016;Brouet et al., 2016;Levasseur-Regourd et al., 2016). Finally, the dust-to-water ice mass ratio in the cometary nucleus simulated by our experiments is 0.04% (0.01-0.055%) for the 0.1wt% anthracite mixture and 0.4% (0.12-0.55%) for the anthracite 1wt% mixture (taking ρ anthracite =1.65 g.cm -3 ). These values are not accurate, regarding the number of assumptions, and the anthracite density ranges (1.3-1.8 g.cm -3 ) due to variations among anthracites of microporosity. The review and reanalysis of Rosetta data by Choukroun et al. (2020) suggest that a value of 2.3 (70 wt%) for the dust-to-gas mass ratio in the coma. There are however still controversies about the derivation of the refractory dust-to-ice ratio in the nucleus from this ratio, and we will stick to the conclusions of Choukroun et al. ( 2020) that firm conclusions cannot be provided yet. In any case, our experiments simulate a water-rich material, not consistent of the bulk icy nucleus.

For reflectance measurements, ice samples were placed on a black tape that hid the bright metal surface of the sample holder. Each sample was measured with different thicknesses. The reflectance spectra are displayed in Figures 5.6, 5.7 and 5.8. For the same grain size fraction, the spectra of pure water ice depend on sample depth, and the higher the depth the higher the reflectance factor in the range 500-1500 nm. This means that the incident beam reaches the bottom of the sample holder, at least for the lower depth values, and the measured reflectance at the highest depth should be considered as a lower value of the maximum value achieved for a beam that does not hit the sample holder. Above 1500 nm, the spectra collected at different depth are more similar, consistently with a lower penetration depth of the incident beam. At the highest thickness, we observe the control of the reflectance factor in the range 500-1500 nm and the depth of the water bands by grain size. The reflectance factor varies over 0.2 to 0.9 in the visible range, the lowest value being achieved with very thick crystals (some are cm-sized).

Last, and most importantly, these data show that hyperfine anthracite is a very efficient darkening agent. A 0.1% mass concentration roughly halves the reflectance of pure water ice, and at 1% the reflectance factor drops to below 15% and both absorption bands at 1.0 µm and 1.25 µm are suppressed. Anthracite concentration also affects the spectral slope, although it is difficult to quantify how much spectral slope depends on anthracite or thickness. Hence, the slope in the 540 -880 nm range of the pure water ice samples ranges from neutral (e.g. the sample of a 8 mm layer of 100 -200 µm ice grains has a spectral slope of 0.023%/(100 nm)) to comparable to the "blue" spots on comet 67P (the bluest spectra is that of the 7 mm layer of mm-to-cm ice grains: -3.19%/(100 nm)), the slope of the 0.1% anthracite samples ranges from blue (4 mm layer of mm-sized grains containing 0.1% anthracite: -2.49%/(100 nm)) to weakly red (1.5 mm layer of 0.1% anthracite ice grains crushed by MM200 crusher: 1.42%/(100 nm)), and the 1% anthracite samples range between weakly blue (2 mm layer of 1% anthracite ice grains larger than 1 mm: -0.11%/(100 nm)) and red (2mm layer of 200-400 µ or MM200 crushed grains containing 1% anthracite: ≈1.96%/(100 nm)). Figure 5.7: Spectra of water ice mixed with 0.1% (in mass) "hyperfine" anthracite at different grain sizes and thicknesses. Note that the mixing is not homogeneous, hence the amount of anthracite in the ice grains may not match 0.1%. Observation geometry: i = 0, e = 30 • , az = 0.

Mixtures between "hyperfine" anthracite and coarse salt grains

We now report a series of reflectance spectra of salts transparent in the range 400-5000 nm, mixed with opaque materials as ( 1) hyperfine anthracite and ( 2) a powder of a CM carbonaceous chondrite. Working with salts allows for more thorough investigations of the size effect, morphology and nature of mixing. This study also extends the dark material abundance to values consistent with that of the bulk comet.

We first report mixtures of "hyperfine" anthracite grains with NaCl and KBr salts at different anthracite-to-salt mass ratios: 1:1 (50.0% anthracite); 1:2 (33.333% anthracite), 1:4 (20% anthracite), 1:10 (9.091% anthracite), 1:20 (4.762% anthracite), 1:40 (2.439% anthracite), 1:100 (0.990% anthracite), 1:200 (0.498% anthracite), and 1:400 (0.249% anthracite). The powdered components were all mixed with mortar and pestle, which resulted in a visually homogeneous dark mixture. Scanning Electron Microscopy was used to measure the distribution size of the grains and the spatial distribution of the grains. Operating in BSE (Back Scattered Electrons) mode allowed distinguishing anthracite from salt grains, and their respective size distributions were obtained:

• NaCl grains range betwen ∼ 10µm and over 200 µm with an average grain size of 54.53±27.30 µm (Fig. 5.9)

• KBr grains range from below 10 µm to over 400 µm with an average grain size of 69.52±58.78 µm (Fig. 5.10)

• "hyperfine" anthracite grains are mostly smaller than 1 µm with an average grain size of 0.45 ± 0.28µm (Fig.

5.11)

Note that caution is needed regarding these grain size estimates, because we measurie 2-D projections of 3-D particles. SEM images also show that salt grains appear as blocks with sharp edges (Fig. 5.12). Due to the fact that the "hyperfine" anthracite particles are much smaller than the salt grains, the anthracite grains form coatings on salt grains as shown in Fig. 5.13. Reflectance measurements were collected with the SHADOWS spectro-gonio-radiometer with an incidence angle of 0 • and an emission angle of 30 • . As shown in Figs. 5.15 and 5.16, "hyperfine" anthracite optically dominates all the mixtures with salts thanks to coating (see Fig. 5.13). The visible reflectance of the mixture falls to below 10% even at the smallest anthracite concentration (0.249% in mass) while all the water bands (due to the absorption of water trapped in salts) are suppressed with anthracite mass fraction roughly larger than 1%, and only the 3 µm appears at lower anthracite amount. Also, at the same wavelength and anthracite fraction, mixture with NaCl is brighter than with KBr, which may be due to larger KBr grains overall, hence providing more surface area for the "hyperfine" anthracite to coat the salt grains.

These spectra can be compared to the spectra of granular dirty ices, made of 0.1 and 1wt% of hyperfine anthracite.

We have then transformed the wt% values into volumic ratios V% using the following density values: ρ(anthracite) = 1.65 g/cm 3 , within the anthracite density range of 1.3 -1.8 g/cm 3 [START_REF] Wypych | 2 -fillers -origin, chemical composition, properties, and morphology[END_REF]; ρ(KBr) = 2.74 g/cm 3 . 1 ; ρ(NaCl) = 2.17 g/cm 3 . 2 The volumic ratio can be written as:

V% = V ant (V ant + V matrix ) V ant V matrix = wt% 1 -wt% ρ matrix ρ ant
where "matrix" refers to water ice, NaCl or KBr. The reflectance factor in the visible range, the mixture Ant 1wt% + Water ice has a volumic ratio close to those of the mixtures Ant:NaCl=1:200 and Ant:KBr=1:200. The reflectance factor of spectra lies below 0.05, except for the Ant 1wt% + Water ice spectra collected from SPIPA-B and < 100 µm samples, for which it is larger than 0.05. As the average sizes are 54.53 ± 27.30 µm and 69.52 ± 58.78 µm for NaCl and KBr grains, respectively, the darkening effect of anthracite coating appears slightly more efficient than darkening by hyperfine anthracite suspension within grains.

The logarithmic plot in Fig. 5.17 shows that with decreasing salt amount, the reflectance of the mixtures increases in an exponential-like manner. As a result, we fit the reflectance factor (REFF) of the mixture with a power law function of the anthracite volume fraction x: REFF(λ) = y 0 + A.x pow , whose results are shown in ) than in the infrared range (2200 nm and 3800 nm), and that the power index varies greatly with wavelength in the mixtures with NaCl (-0.66 to ∼-1), while shows less variations for the mixtures with KBr (between -0.7 and -0.8). We also observe that at a given wavelength, the curves are different for the NaCL and KBr experiments. It appears then difficult to derive a unique parametric equation. As Fig. 5.18 shows, while that the spectral slope in the 540 -2200 nm range does not display any particular trend with respect to decreasing anthracite amount, the spectral slope in the 540 -3800 nm range shows a secondary peak at anthracite volume fraction between 0.1 and 0,2 (both of which correspond to an anthracite to salt mass ratio of 1:10), then shows a clear increase in spectral slope value when the volume fraction of anthracite is smaller than 0.05. While that the spectral slope of anthracite + KBr mixtures in the 540 -3800 nm keeps increasing with decreasing anthracite amount, the same spectral slope in anthracite + NaCl mixtures peaks when the anthracite volume amount is between 0.01 -0.02 and decreases with decreasing anthracite. This difference in behavior may be related to the fact 

Mixtures with meteorites and salts

We now present salt mixtures with a CM carbonaceous chondrite, ALH 83100. This Antarctic meteorite is a dark material, due to the presence of a variety of opaque minerals (pyrrhotite) and a few wt% of a dark insoluble organic material. This sample has been ground into different size fractions and mixed with KBr and NaCl salts, for different size fractions as well. Compared to the previous experiments with hyperfine anthracite, the grain size fractions of ALH 83100 powder are dominated by much larger grains.

Samples composition

We have mixed the meteorite with NaCl salt at different meteorite-to-salt mass ratios: 1:1 (50.0% ALH83100); 1:2 (33.333% ALH83100), 1:4 (20% ALH83100), 1:6 (14.286% ALH83100), 1:8.2 (10.870% ALH83100), 1:10 (9.091% ALH83100), 1:20 (4.762% ALH83100), 1:40 (2.439% ALH83100), 1:60 (1.639% ALH83100) and 1:100 (0.990% ALH83100) (Tab. 5.5). ALH83100 was also mixed with KBr powders with pre-determined grain size ranges <50 µm, 50 -100 µm, 100 -200 µm, 200 -400 µm, 400 µm -1 mm; and a few grain size combinations were chosen to mix in 1:1 (50% ALH83100) and 1:20 (4.762% ALH83100) meteorite-to-salt mass ratios due to limited amount of meteorite powder. The volume ratio were calculated using the CM density 2.71±0.11 g/cm 3 [START_REF] Britt | Stony meteorite porosities and densities: A review of the data through 2001[END_REF].

Reflectance spectra of NaCl+ALH 83100 mixtures

The powdered components were mixed using mortar and pestle. We started reflectance measurements for a 1:1 meteorite-to-salt ratio, and add progressively salt after each measurement. Unlike the mixtures between "hyperfine" anthracite and salts, the mixture of ALH 83100 with salt is difficult to characterize using SEM due to the complex surface morphology of the ALH83100 grains, and to the presence of iron that makes it difficult to distinguish ALH 83100 from the salt grains using BSE mode (see Fig. 5.19).

The reflectance spectra are displayed in figure 5.20. The spectrum of the pure meteorite is fairly flat with a broad band that peaks at 2800 nm, due to OH absorption from serpentine minerals. With increasing the salt abundance, we observe a progressive increase of the reflectance factor, and a red slope appears in the range 500-2500 nm. The OH band also deepens, but we also observe the contribution of water signatures from the water trapped in NaCl, due to its hygroscopy. Comparing with spectra collected for anthracite and salts mixture show that at similar volumic ratio V%, the mixtures ALH 83100 + salts are brighter. The reflectance factor in the visible lies around 0.10 for hyperfine anthracite 0.25 wt%, and around 0.6 for ALH 83100 for 0.99 wt%. Even more, the reflectance is essentially < 0.05 for hyperfine anthracite, and essentially higher than 0.1 for ALH 83100. These differences are likely due that ALH 83100 has not been ground into a hyperfine sub-micrometric powder. 

Investigation of grain size effects

The effects of grain size on the reflectance spectra of ALH 83100 + salt mixture were investigated by mixing ALH83100 with a KBr powder with a pre-determined grain size range. The mixture was stirred with a pencil brush, which preserved the grains but did not homogenize the mixture as effectively as mortar and pestle. Each powdered component was divided into the following ranges of grain size: <50 µm, 50 -100 µm, 100 -200 µm, 200 -400 µm, 400 µm -1 mm; and a few grain size combinations were chosen to mixed in 1:1 (50% ALH83100) and 1:20 (4.762% ALH83100) meteorite-to-salt mass ratios due to limited amount of meteorite powder.

We pay particular attention to reflectance of the following wavelengths: 540 nm, 880 nm, 1.2 µm, 2.2 µm, 3.8 µm; as they are not located inside an absorption band and they are also not located at the noisy 2.5 -2.7 µm region that is heavily contaminated by atmospheric water vapor. In order to visualize the grain size of the salt or meteorite, a value is chosen to represent the overall range: 37.5 for <50 µm, 75 for 50 -100 µm, 150 for 100 -200 µm, 300 for 200 -400 µm and 700 for 400 µm -1 mm ( Figs. 5.21 and 5.22).

The REFF values are controlled by 3 parameters: KBr grain size, ALH 83100 grain size and the ALH 83100 to KBr mass ratio. The mass ratio, as 4.762% versus 50%, clearly separates the figure into high (> 0.3) and low-REFF (< 0.3) regions, at 540,1200 and 3800 nm. For the 4.762% mass ratio, there is not dependence on the KBr grain size in the ALH 83100 grain size range 100-200 µm. However, the fractions < 50 µm and 50 -100 µm show a decrease of REFF when increasing KBr grain size. In this case, the surface-area-to-volume (SA:V) ratio of KBr grains decreases while that of ALH 83100 grains remains constant, which favours their contribution to the reflectance spectrum. This effect is mitigated for the highest ALH 83100 grain size-range 100-200 µm, in this case the differences of the surfaceto-volume ratio parameter between the two grain population is minimum. However, the size in only one parameter that controls the SA:V parameter, and shape, porosity and morphology also play a key role. We can expect that at similar size, SA:V should be higher for the meteorite grains, which are porous aggregates, while KBr grains are plain blocks with smooth surfaces. For the 50wt% mixture, the REFF values are at first order, for one KBr grain size fraction, controlled by the grain size fraction of the ALH 83100 powder, except for the first point in the KBr grain size range 200-400 µm. Smaller ALH 83100 grain sizes lead to lower REFF values, consistently with an increase of SA:V, and a more efficient coating of KBr grains.

The determination of the abundance of dark grains from reflectance spectra of dirty ices is an important task across a diversity of planetary bodies: icy satellites, asteroids, comets, Kuiper Belt Objects. The relative grain size of the bright (water ice or salt) and dark (anthracite or carbonaceous chondrite) grains population appears as a key parameter. Hyperfine dark grains are a very efficient darkening agent, and reflectance spectra below 0.05 are observed from 1 wt% (in the case of anthracite). But if the dark fraction displays larger grains size, the REFF values can reach high values even in the case of large mass ratio. In this case, knowledge about grain sizes is necessary to interpret the spectra in terms of dark material abundance. 

Summary and conclusions

Several conclusions can be drawn from these series of experiments on dirty ices analogs:

1. Mixtures made with hyperfine anthracite (< 1 µm) with bright grains of water ice or salt (average size ∼ 50 µm) leads to low reflectance spectra, with a reflectance factor < 0.05 for an anthracite abundance > ∼ 0.5 V%. Hyperfine particles appear as very efficient darkening agent due to the coating of the bright grains.

2. For salt mixtures, spectra display a red slope, while mixtures with water ice display a broad range of slopes, from blue to red.

3. In the V% range < ∼ 0.5 V%, the determination of the anthracite abundance from reflectance spectra may be possible. Above this range, there is a saturation and no determination is possible. REFF values at 540, 2200 and 3800 nm versus the anthracite V% can be fit with power law functions, but no unique parametric equation could be obtained.

4.

Mixtures with the ALH 83100 meteorite and a larger range of grain sizes for the darkening material reveals a more complex picture. The reflectance level appears higher than for hyperfine anthracite at similar V%, due to the lack of coating effect. Three parameters control the spectra: ALH 83100 V%, ALH 83100 grain size and bright material grain size. Deriving the dark material abundance in that case would require knowledge about grain size.

5.

A further step of this study will be to test Hapke models to reproduce the experimental spectra and test numerical strategies for deriving composition and textural parameters. In this section, we aim at simulating the OSIRIS data based on the above experimental data. We apply a geographical mixture on the "blue" spots of comet 67P in the a similar manner to the method presented in Section 3. 

REFF = I/F D 1 cos i (5.1)
The next step is to apply Equation 3.7 to the REFF of the bright spots, in which the abundance ρ parameter can be interpreted as the area fraction of the corresponding component. I apply a geographical mixture of two components, the first being a (crystalline) water ice spectrum obtained from our measurements as labeled below:

• Frosts #1-#5 samples (see Fig. 5.3)

• Ice 1: Pure water ice grains crushed by the MM200 vibro crusher, 4 mm thick layer (see Fig. • Ice 5: > 1 mm pure water ice grains, 8 mm thick layer (see Fig. 5.6)

• Ice 6: > 1 mm pure water ice grains, 7 mm thick layer (see Fig. 5.6), which has a bluer spectral slope (-2.56%/(100 nm)) in the 540 -880 nm range than Ice 5 (-2.17%/(100 nm)).

• Ice 7: mm-to-cm pure water ice grains, 7 mm thick layer (see Fig. 5.6), whose VIS spectral slope (-3.19%/(100 nm) in the 540-880 nm range) is comparable to the "blue" spots on comet 67P.

• Dirty ice 1: 0.1% (in mass) "hyperfine" ice grains crushed by the MM200 vibro crusher, 1.5 mm thick layer (see Fig. 5.7)

• Dirty ice 2: 100-200 µm ice grains containing 0.1% "hyperfine" anthracite, 4 mm thick layer (see Fig. 5.7)

• Dirty ice 3: 200-400 µm ice grains containing 0.1% "hyperfine" anthracite, 4 mm thick layer (see Fig. 5.7)

• Dirty ice 4: 400 µm -1 mm ice grains containing 0.1% "hyperfine" anthracite, 8 mm thick layer (see Fig. 5.7)

• Dirty ice 5: > 1 mm ice grains containing 0.1% "hyperfine" anthracite, 4 mm thick layer (see Fig. 5.7)

• Dirty ice 6: 1% "hyperfine" anthracite ice grains crushed by the MM200 vibro crusher, 2 mm thick layer (see Fig. 5.8)

• Dirty ice 7: 100-200 µm ice grains containing 1% "hyperfine" anthracite, 2 mm thick layer (see Fig. 5.8)

• Dirty ice 8: 200-400 µm ice grains containing 1% "hyperfine" anthracite, 4 mm thick layer (see Fig. 5.8)

• Dirty ice 9: 400 µm -1 mm ice grains containing 1% "hyperfine" anthracite, 8 mm thick layer (see Fig. 5.8)

• Dirty ice 10: > 1 mm ice grains containing 1% "hyperfine" anthracite, 4 mm thick layer (see Fig. If an OSIRIS/NAC filter does not have a corresponding data point in our experiments or VIRTIS, I linear interpolate between two closest data points e.g. the 649.2 nm data point is linearly interopolated between 640 nm and 660 nm. The F16 (360 nm) filter is omitted from modelling because the shortest wavelength of all our measurements are longer (400 nm for SHINE, 380 nm for SHADOWS).

The second component of linear modelling is a reference dark terrain of comet 67P from Ciarniello et al. 2015, which calculated the asymmetry parameter b and single scattering albedo ω from VIRTIS data to be substituted to a simplified Hapke model (Ciarniello et al., 2015, see Equations ( 3) and ( 4)). Comparing to the Hapke 2012 model expressed in Equation 3.5, the porosity factor K and multiple scaattering term H equal 1, and both the shadow hiding B SB and coherent backscattering opposition effects B CB terms are set to 0. For further simplification, I also ignore the surface rougness so that µ 0e = cos i = cos 0 and µ e = cos e = cos 30 • , and the shadowing function is also set to 0 due to zero incidence, which results in the following expression of the reflectance of the comet dark terrain:

r(i, e, α) = w 4π cos i cos i + cos e p(α) (5.2)
in which the phase function p(α) follow the one-parameter Henyey-Greenstein function used in Ciarniello et al. 2015:

p(α) = 1 -b 2 (1 + 2b cos α + b 2 ) 3/2
(5.3)

After obtaining the reflectance r of the dark terrain, I convert it to the reflectance factor REFF. As the incidence angle i is always 0 in our experiments, the reflectance factor REFF can be obtained from the reflectance r as below [START_REF] Warell | A Hapke model implementation for compositional analysis of VNIR spectra of Mercury[END_REF]:

REFF(i, e, α, λ) = πr(i, e, α, λ)/ cos i = πr(i, e, α, λ) (5.4) Twelve spots are selected for modelling (see Table 5.6), all of which were located in the Anhur region (see Figs. 5.24,5.25 and 5.26) and observed under high resolution OSIRIS/NAC sequences on 25 June and 16 July 2016, with numbering following Table A.1. The spots were selected based on the two following criteria: a) both incidence and emission angles does not exceed 75 • , as the Lommel-Seelinger disk law is less accurate at higher incidence and/or emission angles and b) the corresponding OSIRIS/NAC sequence has more than 3 filters, because all three-filter sequences requires linear interpolation between 480.7 nm and 649.2 nm to calculate the spectral slope. It must be noted that the observation geometries listed in Table 5.6 may not be accurate because the shape model has lower spatial resolution than the late OSIRIS images and does not take into account the morphological changes in Anhur e.g. a new 10 ± 2 m high scarp that formed after the 2015 perihelion (Fornasier et al., 2019a), and additionally many bright "blue" spots were observed in or close to shadowed regions with high incidence.

All the spots with negative slopes in Table 5.6 are best fitted with a geographical mixture of the dark terrains and frost (see Fig. 5.27) or mm-sized ice grains (see Fig. 5.28), while the only spot with a positive spectral slope (spot #552) is best represented with a mixture of the dark terrain and 100-200 µm ice grains, which supports both hypotheses that the "blue" spots were caused by frost and/or very large ice grains. In the case of ice grains, the anthracite mass concentrations in the best fits is only 0.1% as all samples containing 1% "hyperfine" anthracite are too dark for spectral modelling as well as spectrally redder than the chosen spots, which does not support the idea that the bright spots were an intimate mixture of ice and fine grains. Instead, it may mean one of the following scenarios: a) the exposed water ice grains is virtually pure, in which case the "dark terrains" component corresponds to the bedrock below the partially transparent large ice grains if the ice layer is thin enough e.g. a few mm; b) the water ice is mixed with the dark terrain geographically i.e. patches of pure water ice mix with patches of dark terrains, in which case both ice and refractory patches need to be on cm-scale so that their reflectance can combine in high resolution OSIRIS/NAC images; c) the exposed water ice is mixed with large dust grains, preventing the coating of dark grains that lower the reflectance of the water ice effectively.

Spots #551, #552

Spots #551 and #552 were observed in the floor of the previously mentioned new scarp (see Fig. 5.27), which formed in January 2016 and retreated for at least 5 m between June and September 2016. The floor had been covered in exposed water ice since its first observation in late January 2016, and it exposed more pristine underlying water ice in the following months as its reflectance increased and its spectral slope in the 535-882 nm range decreased from about 10%/(100 nm) in January to about 2%/(100 nm) in June 2016, with estimated ice content increasing from ∼11% to ∼26-30% (Fornasier et al., 2019a).

One special case is spot #551, whose REFF as corrected to 30 • phase angle matches well the REFF of the "frost #4" sample (see Fig. 5.27) without the need to combine it with the dark terrain, and linear modelling produced a small standard deviation of 1.77% and the second best chi-square value, close to the best χ 2 produced by the modelling (28.90 ± 0.50 % Frost #1 + dark terrain, χ 2 = 3.75 × 10 -4 ). However, this does not necessarily mean that spot #551 is made of frost as the months-long exposure of water ice on the scarp floor was more likely due to continuous resurfacing of the underlying ice-rich layers rather than frost condensation. The blue slope of this spot may be attributed to temporary frost that accumulate under the shadows of the nearby boulder, or a layer of mm-sized ice grains with low amount of µm-sized contamination and at minimum sub-cm thickness as spectral modelling with the "Dirty Ice 5" spectra (i.e. 4 mm layer of pure mm-sized ice grains) yields χ 2 value (5.16 × 10 -4 ) close to the modelling with the frost spectra ((3.7 -6.6) × 10 -4 ), with surface coverage of the "Ice 5" spectra close to 80% indicating fresh water ice resurfacing from deeper surface layers. I also attempted to compare the spectrum of spot #551 with those of more "dirty" ice, however modelling with 0.1% anthracite ice grains smaller than 400 µm results in higher χ 2 (2.5-3.5×10 -4 ) and other "Dirty Ice" spectra was lower in REFF, which can indicate that the amount of dust that is intimately mixed with or embedded inside the ice grains is very low.

Spot #552 was part of the icy floor under the scarp, and was separated from spot #551 by the shadow of a boulder. It is the only spot on Table 5.6 that has a spectral slope above 0, and linear modelling of this spot obtains lower χ 2 when comparing with spectra of smaller ice grains (below 400 µm) than with spectra of larger ice grains or frosts.

The best linear model correspond to about 36% of the spectra of a 2 mm thick layer of 0.1% anthracite 100-200 µm ice grains, which is larger than the 30µm value estimated for comets by Sunshine et al. 2006. The modelling results of spots #551 and #552 may indicate heterogeneity in exposed ice grain size even within a relatively small area such as the scarp floor, whose area is estimated to be 320-570 m 2 (Fornasier et al., 2019a).

Spot #554

Spot #554 is the second-bluest spot in Table 5.6, and it is located under a few boulders in close distance to the new Anhur scarp. Linear spectral modelling yields better results with the "blue" frost samples or larger ice grains than smaller ice grains, in which the best fit correspond to a geographical mixture that contain nearly 80% mm-to-cm ice grains of a 8 mm layer although it still over-estimates at around 880 nm (see Fig. 5.27). The spot may be matched in both reflectance and spectral slope by a thicker layer of larger ice grains e.g. cm-thick layer of cm-sized ice grains.

Spots #555 and #557

Both spots #555 and #557 are observed under the shadows of nearby boulders (see Fig. 5.28), and they are both best-fitted with spectra of pure water ice with large grains: over 1 mm grains (about 75% area coverage) for spot 555 and mm-to-cm grains (about 60% area fraction) for spot 557.

Spot #559

Spot #559 is located near some boulders outside the canyon structure of Anhur (see Fig. 5.29). The best linear fit is a combination of Frost #1 spectra (under 40% coverage) with the dark terrain that still over-estimates the REFF at around 880 nm, though note that I am not able to carry out linear spectral modelling with more spectrally blue ice spectra e.g. "Frost #4", over 1 mm ice grains since these spectra have lower REFF than the calculated REFF of spot #559. This spot may be better matched by a thicker (over 8 mm) layer of at least mm-sized grains, or sub-cm-thick a frost layer that could be more spectrally blue than "frost #1" because frost grains condensed under the shadows on comet 67P may be smaller in size and more filament-like than lab-produced frost. 

Spot #566

Spot #566 is close to a shadowed area near the canyon structure (see Fig. 5.30). It is the "bluest" spot in Table 5.6, and its spectrum is best matched by a linear mixture of nearly 90% mm-sized water ice grains containing about 0.1% anthracite in mass, however even the best fit still cannot fully reproduce the blue slope and overestimates the NIR outside the error bar. Spot #566 may be better matched by a layer of larger ice grains with similarly small amount of contamination e.g. near cm-thick layer of cm-sized ice grains.

Spot #576

Spot #576 is located between boulders near the new scarp (see Fig. 5.31), however the scarp would retreat towards its location in just more than two months (Fornasier et al., 2019a, see Fig. 5b). Its spectra is best-fitted by a mixture of more than 70% area coverage of "Frost #4" while the spectra of mm-sized ice grains ("Ice #5 & #6") result in χ 2 values comparable to other frost spectra. Similar to spot #551, larger ice grains are more likely to cause its blue slope as the long-lived exposed ice within and near the scarp is supplied by underlying ice-rich layers to be exposed more than the transient frosts. 

Spot #585

Spot #585 is situated outside but close to the Anhur canyon (see Fig. 5.32). The best linear modelling result for this spot is about 72% area coverage of the "Frost #4" sample, which can recreate the blue slope of the spot. Because spot #585 is close to the frosted area of the Anhur canyon, it is possible that this spot is also covered by frost.

Spot #622

Spot #622 is located within the Anhur canyon (see Fig. 5.33). Its best linear model is a geographical mixture of about 75% area coverage of "Frost #3" while its reflectance can be matched with that of the 400-1000 µm ice grains that contain 0.1% "hyperfine" anthracite, albeit with the largest χ 2 . Since spot #622 is inside the frost-covered canyon structure, frost can be an explanation for the "blue" slope of this spot.

Summary and conclusions

1. The OSIRIS data of a series of bright blue spot could be successfully modelled with a simple geographical model that includes the cometary dark terrain with experimental spectra of pure and dirty ices. Most of data are well accounted for with pure water ice samples, pointing that these spots are likely formed by water recondensation and are not outcrops of the nucleus.

2. Interestingly, we observe that all these bright spots display a high reflectance factor, > 0.1 and up to 0.5 in the visible. The nucleus top subsurface is likely a mixture of crystalline water ice that contains a high abundance of dark dust. The dust-to-gas ratio in the coma is estimated to be 70 wt%, and we can reasonably expect very dark outcrops assuming that dust is present as a hyperfine material. But even in the case of larger size aggregates, we would expect a very low reflectance factor. In this respect, these bright spots appear to be frost patches due to recondensation of water vapour.

Chapter 6

Conclusions and perspectives

In this thesis, we conducted a multidisciplinary approach to the investigation of the primitive surface of comet 67P/CG that combined analysis of Rosetta/OSIRIS observations and spectro-photo-goniometric reflectance measurements of analogs of icy cometary surfaces, the latter included producing multiple samples to simulate dirty ice on a dark and spectrally red bedrock.

Our study of the Wosret region supports Massironi et al. 2015's hypothesis that comet 67P is a contact binary of two distinct bodies, as the active and highly eroded Wosret region of the small lobe appears to be more consolidated and poorer in underlying volatile materials than the similarly active and eroded regions in the big lobe named Khonsu and Anhur. Both comet 67P and the similarly bilobed TNO Arrokoth can serve as a probe for studying accretion processes in the early Solar System, especially the formation of trans-neptunian binaries (TNBs). Two main types of formation mechanisms of TNBs have been proposed: hierarchical coagulation and gravitational instability [START_REF] Robinson | Investigating gravitational collapse of a pebble cloud to form transneptunian binaries[END_REF], in which interpenetrating streams of pebbles and gas in the Keplerian protoplanetary disk produce a local, linear instability that allowed pebbles to concentrate into dense filaments, which in turn would collapse under self-gravity to planetesimals [START_REF] Youdin | Streaming Instabilities in Protoplanetary Disks[END_REF][START_REF] Liu | A tale of planet formation: from dust to planets[END_REF]. Numerical simulations by [START_REF] Robinson | Investigating gravitational collapse of a pebble cloud to form transneptunian binaries[END_REF] have shown that the gravitational collapse of a pebble cloud formed via streaming instability is highly effective at producing bound systems, some of which might evolve into bilobed objects through low system mass and low velocity merging collisions. However, comet formation in collapsing pebble clouds is more challenging because icy pebbles are harder to compress than silica aggregates, and the typical observed cometary density of approximately 0.5 g/cm 3 can only form through the collapse of clouds with dust-to-ice ratio between 3 and 9, and the cloud either had intermediate (2.6 × 10 17 -2.6 × 10 20 g) to high mass (2.6 × 10 23 g) regardless of initial volume filling factor or very low (2.6 × 10 14 g) to low mass clouds with intially compact pebbles [START_REF] Lorek | Comet formation in collapsing pebble clouds. What cometary bulk density implies for the cloud mass and dust-to-ice ratio[END_REF]. On the other hand, through the analysis of the second touchdown site of the Philae lander, we found that the surface of comet 67P is made of low-strength materials on top of highly porous and ice-rich subsurface layers, which helps provide constraints for future space missions to explore comets in particular and small bodies in general, especially for sample return missions.

Our extensive study of exposed bright ice-rich spots on comet 67P shows that ice only accounts for a tiny fraction of the top layer of the dark, refractory surface and finds that bright spots, activity and morphological changes are correlated. Our findings also support the conclusion of [START_REF] Ciarniello | Macro and micro structures of pebble-made cometary nuclei reconciled by seasonal evolution[END_REF][START_REF] Fulle | How comets work: nucleus erosion versus dehydration[END_REF] that bright spots are exposed primordial water-ice-enriched blocks, which formed as a mixture of ice rich pebbles and drier materials and exposed due to comet activity. Moreover, our catalog of bright spots contain a number of spectrally blue spots whose high reflectance factor mostly matched pure water ice samples, which indicates that these spots formed by water recondensation into frost instead of outcrops of underlying dirty ice. This work will be continued by implementing a better criteria for the catalog of bright spots as well as a systematic treatment of all the catalog entries.

We also made icy extraterrestrial analogs by producing simple binary powder mixture, with components including "hyperfine" anthracite, ALH83100 meteorite and hydrated salts. We found that hyperfine dark particles are highly effective darkening agent due to coating, and that it is only possible to extract the content of the hyperfine and dark component with volume fraction below 1%. When both the dark and bright components fall into a larger range of grain size, the reflectance of the mixture is higher than hyperfine dark particles at similar volume fraction and is controlled by three parameters: volume fraction of the dark particles, grain size of the dark and bright particles, therefore determining the amount of dark materials mixed inside an icy mixture is more complicated and require methods to constrain the grain size. The next step of our study will be to reproduce the experimental spectra with Hapke modelling and test different numerical methods to extract the composition and textural parameters of extraterrestrial surfaces, which may not be limited to just comet 67P or other small bodies but can also be applied for Galilean satellites, which may have accreted from carbonaceous materials that have experienced aqueous alteration [START_REF] Kargel | Europa's Crust and Ocean: Origin, Composition, and the Prospects for Life[END_REF][START_REF] Fanale | An experimental estimate of Europa's "ocean" composition-independent of Galileo orbital remote sensing[END_REF].

Appendix A

Comet 67P

Table A.1: A table of the bright spots found on the surface of comet 67P, in which: "Date" refers to the first sequence that captures the spot, expressed in stamp time that is about 70 seconds before acquisition time; "Lon" -Longitude; "Lat" -Latitude; "Duration" -lifetime of the spot, estimated from the first and last sequences that the spot is observed; and "Slope" -spectral slope in the 535 -882 range, expressed in the unit of %/(100 nm). The area of a cluster of spots is the total area of the cluster, not sum of identified individual spots (which are also not the total number of observed spots in the cluster) and individual spots of a cluster are listed together but counted separately.

If a spot appears in multiple color sequences, the spectral slope value may be chosen from a lower calculated value.

The list is compiled from our own analysis and existing literature: A2017 - This paper aims to characterize the final landing site of Philae as observed by the OSIRIS instrument, which had made observations of the Abydos site as well as its surroundings from when the Rosetta spacecraft first approached comet 67P in early 2014 August to the final days of the mission in 2016 late September (see Table 1). These observations allow us to analyse various aspects of the final landing site, i.e. morphology, reflectance, spectrophotometry, and activity, as well as the evolution of these properties throughout the 2 yr of OSIRIS operations.

This paper is organized as follows: Section 2 summarizes the OSIRIS observations of Abydos and the analysis that was performed on these observations. Section 3 describes the terrains surroundings the landing site, while Sections 4 and 5 present the analysis of the reflectance and the spectrophotometric properties of Abydos, respectively. Section 6 shows the bright patches of exposed volatiles that were found at close distances to Abydos in OSIRIS images, and Section 7 focuses on the few instances of cometary activity captured by OSIRIS near the final landing site of Philae. Finally, in Section 8, we discuss our findings and we compare them to the published results on comet 67P.

O B S E RVAT I O N S A N D M E T H O D O L O G Y

OSIRIS was the name of the scientific imaging system onboard Rosetta. It was composed of two cameras: the Narrow Angle Camera (NAC, field of view 2. • 20 × 2. • 22) that focused on the study of the nucleus composition and morphology, and the lower resolution Wide Angle Camera (WAC, field of view 11. • 35 × 12. • 11), devoting to the study of the cometary coma. The NAC had 11 filters with a wavelength range of 250-1000 nm, while the WAC had 14 filters that covered the range of 240-720 nm (Keller et al. 2007). Our study is mostly based on NAC data, and every image of the comet surface used in this paper originates from the NAC unless specified otherwise.

As the main instrument that was used in the search campaigns for Philae, the OSIRIS/NAC has taken over 1000 images of Abydos and its surroundings throughout the length of the Rosetta mission at various spatial resolutions that range from a few cm pixel -1 to more than 7 m pixel -1 . Lower resolution observations (≥2 m pixel -1 ) usually fell into a couple of phases of the mission: when the Rosetta spacecraft first approached the comet in 2014 August and around the perihelion passage, when the spacecraft was far from the comet because of the high activity; high-resolution observations (≤ 20 cm pixel -1 ) were mostly captured from 2016 May onwards. The landing site was observed at a wide range of phase angle from ∼20 • to ∼120 • , though many of the observations were taken at high phase angles (≥∼90 • ) especially during the extended phase of the Rosetta mission in 2016. It must be noted that Abydos was frequently observed in poor illumination conditions (e.g. Fig. 2 ), making the characterization of the site particularly difficult.

The images used in our study have been corrected at OSIRIS level 3B from the OSIRIS pipeline, including corrections for bias, flatfield, and geometric distortions, calibration in absolute flux (W m -2 nm -1 sr -1 ) and conversion into I/F radiance factor (Fornasier et al. 2015;Tubiana et al. 2015). Each image can be reconstructed using a stereophotoclinometric shape model (5 million or 12 million facets; Jorda et al. 2016), from which illumination conditions and observing geometry was retrieved for every pixel. NAIF SPICE kernels 1 (Acton et al. 2018) were sometimes used to obtain trajectorial and instrumental information relevant to the observing sequence.

Spectrophotometry analysis

The spectral behaviour and evolution of the Abydos surroundings were investigated by the analysis of 54 colour sequences (i.e. when at least three different colour filters were available) that cover the time period from 2014 early August to 2016 late August (see Table 1). First, a region of interest (ROI) covering an area of 5 • (corresponding dimension ∼300-600 m) or 10 • radius (corresponding ROI dimension ∼900 m) 2 was selected around the landing site. The coordinates of the ROIs follow the Cheops reference frame (Preusker et al. 2015).

All filters of a given sequence were first co-registered into a colour cube, thanks to a PYTHON script based on the SCIKIT-IMAGE library (Van Der Walt et al. 2014), and the optical flow algorithm (Farnebäck 2003), in the same manner as described in Fornasier et al. (2019a) and Hasselmann et al. (2019). The orange filter (either NAC/F22 or occasionally NAC/F82, both centred at 649.2 nm) of the sequence served as the reference, and one of those transformations was subsequently applied to the remaining filters: affine (including translation, rotation and shearing), similarity (including translation and rotation), and projective and optical flow (which calculates the displacement field between two image frames).

Once the filters were successfully stacked, false-colour RGB maps were created using the STIFF code (Bertin 2012) in order to make first visual inspections. Every red giant branch (RGB) in this paper follows this setting unless specified otherwise: 'green' = F22, 'blue' = F24 (480.7 nm), and 'red' = F41 (882.1 nm). Most of the comet 3). The image is superposed with a contrastenhanced image of the area inside the box, from which the lander Philae can be perceived inside the white circle.

surface appears 'red' in colour composites as it is dominated by a dark terrain, while bright volatile-rich patches are bright and white. Each image was corrected for topographic-photometric conditions by applying the Lommel-Seelinger law,3 which has been shown to work well on dark surfaces (Li et al. 2015). The reflectance of selected ROIs were calculated by integrating the flux in a box of 3 × 3 pixels, and their relative reflectances were obtained by normalizing the spectra to the green filter (NAC/F23 or occasionally NAC/F83, 535.7 nm) as commonly done in the literature for comet 67P in previous analyses (e.g. Fornasier et al. 2015Fornasier et al. , 2019a;;Deshapriya et al. 2016;Feller et al. 2016;Hasselmann et al. 2017). If a sequence does not have a green filter, an artificial green filter was created through linear interpolation of the signals of the F24 and F22 filters.

Finally, the spectral slope was calculated in the 535-882 nm range (expressed in Fornasier et al. 2015) and the 480-882 nm range. Spectral slope maps were generated using the F41 and F23/F83 filters. The average spectral slope was evaluated from a Gaussian fit of the slope distribution, in which the centre of the peak represents the typical spectral slope value and the standard deviation of the fitted Gaussian acts as the error.

M O R P H O L O G Y

Abydos is located at -1. • 60 longitude and -8. • 04 latitude (Ulamec et al. 2017), which is in the Wosret region of the small lobe of the comet and very close to the boundary with the neighbouring Bastet region (see Fig. 1). It was previously analysed in Lucchetti et al.

(2016) from pre-perihelion images. The landing site was located on an area covered in talus deposits that was surrounded by fractured and layered outcropping consolidated terrains. The Wosret and Bastet sides of the Abydos surroundings displayed similar fractured patterns, in which the fractures were typically 30-50 m long and roughly perpendicular to the Hatmehit rim. Four hundred forty seven boulders of size 0.8-11.5 m were identified near Abydos, and their distribution was characterized by a power-law index of -4.0 +0.3 -0.4 (see Lucchetti et al. 2016, fig. 2). Similar distributions were found in several other regions of the comet e.g. the Nut region of the small lobe (-3.9 +0.3 -0.2 ), the Khepry/Ash boundary in the big lobe (-3.8 +0.1 -0.2 ), and the Seth/Ash boundary also in the 'body' lobe (-4.2 +0.7 -1.1 ), which suggest that the possible boulder formation processes were gravitational events due to sublimation and headward erosion caused by thermal fracturing (Pajola et al. 2015).

High-resolution post-2016 March images of the Abydos surroundings reveal two regions that were not previously featured in [START_REF] Lucchetti | [END_REF]: a layered 'knobby' terrain (the 'Bastet' side of Fig. 2) and a second area of talus deposits under a prominent mound under Abydos, which is a frequently shadowed ∼9000-m 2 area covered in a number of small boulders of diameter below 10 m (as can be seen between the two major shadowed areas on the 'Wosret' side of Fig. 2).

The Abydos site is also at close distances to a flat and circular depression of the Hatmehit region that covers 0.49 km 2 in area, 900 m in diameter, and 150 m in depth (La Forgia et al. 2015). One hundred seventy five boulders of size above 7 m have been identified from the depression floor, from which two power-law index values of distribution were derived: -3.4 +0.2 -0.1 (7-13 m) and -1.0 +0.1 -0.2 (13-22 m). The first index value is similar to the Abydos surroundings, whereas the second value suggests that the bigger boulders were the result of an evolution of the original material or were present in areas of high and continuous sublimation in the past or at present (Pajola et al. 2015).

The Hatmehit region is separated from the Wosret and Bastet regions by consolidated terrains (Giacomini et al. 2016). While the Bastet/Hatmehit boundary (plus some of the Wosret/Hatmehit boundary) is a steep wall that shows layering at close inspection, the Wosret/Hatmehit boundary displays a complex terrace structure in high-resolution images taken in 2016: a big mound on top of the rim roughly 78-m long, 30-m wide, and 48-m high; small, irregular 'steps' from the top to bottom and a roughly 10 000-m 2 plateau (see Fig. 3).

Several differences between pre-perihelion and post-perihelion images of the Abydos surroundings have been found in the Bastet region (see the movie provided in the online supplementary material); however, the lack of high-resolution observations and poor preperihelion illumination conditions prevented us from fully confirming that morphological changes had taken place. Possible sites of dust removal are located at the following coordinates4 : site AA, a Vshaped structure at (0. • 62, -4. • 70); site BB, a long fracture at (1. • 40, -5. • 44); and site CC, an ∼288.9-m 2 shallow depression at (1. • 79, -3. • 92) (see Fig. 4). Since these features were often observed at high phase angles, their shadows could be used as a proxy for dimensions as expressed as follows:

h = L shadow × tan(π/2 -i), (1) 
where h, L shadow , and i are, respectively, the landmark height, shadow length, and incidence angle as estimated from the average of all the A closer inspection revealed that the V-shaped structure composed of two 'walls', one was 1.7 ± 0.3-m high and 28.6 ± 0.6-m long (between features 1 and 2 of Fig. 4) and the other was 2.1 ± 0.3-m high and 29.9 ± 0.6-m long (between features 1 and 3 of Fig. 4), both of which enclosed three small boulders that were also not visible in pre-perihelion images (see the bottom inset of Fig. 4). The length and height of the long fracture were, respectively, 36.0 ± 0.5 and 4.1 ± 0.1 m, and its width ranged between 2.0 ± 0.5 at the 'waist' near the middle to 4.0 ± 0.5 m near both ends, while the depression had an irregular surface with depths below 0.8 m. If one applies a mean density of 537.8 ± 0.7 kg m -3 (Preusker et al. 2017), the approximate mass-losses from the three sites were (0.9-1.9) × 10 5 kg at site AA, (1.1-3.7) × 10 5 kg at site BB, and (0.16-1.2) × 10 5 kg at site CC. These possible changes may have occurred during or close to the perihelion passage between 2015 June and October as the global cometary activity (Vincent et al. 2016;Fornasier et al. 2019a) caused dust removal on the whole surface of comet 67P, leading to an overall 'bluer' spectral slope (Fornasier et al. 2016, also discussed in Section 5), and their corresponding estimated masslosses are comparable with a few morphological changes reported in other regions on the surface of comet 67P: a cliff retreat with estimated mass-loss of 0.8 × 10 5 kg in the Anhur region (Fornasier et al. 2019b); cavities C2 and C3 of the Khonsu region with estimated mass-losses of (4.1 ± 2) × 10 5 and (1.5 ± 0.5) × 10 5 kg, respectively (Hasselmann et al. 2019). Other morphological changes reported by these two articles are linked to estimated mass-losses ranging from a few to tens of million kilograms, which is one to two orders of magnitude higher than our estimations. On the other hand, the area between boulders 12-13 and the nearby long fracture is a possible site of dust deposits, as the pre-perihelion fractured patterns appeared less pronounced post-perihelion. Another possible dust deposit site is located between site AA and CC (marked by features 3, 9, and 11 in Fig. 4), where the surface appears smoother post-perihelion than pre-perihelion (comparing the upper and lower panels of Fig. 4). Such dust may have been transferred from the three aforementioned sites of dust removal or nearby regions of the comet (e.g. Wosret, Sobek) when the surface dust fell back on to the surface of the comet as the level of cometary activity ceased with increasing distance from the Sun.

A L B E D O

We studied the reflectance of Abydos by applying the Hapke (2008) model5 using the parameters derived from the global analysis from Hasselmann et al. 2017 (the 'all data' set in Table 2): single-scattering albedo w = 0.027, shadow-hiding amplitude B 0 = 2.42, shadowhiding width h s = 0.081, asymmetry factor g sca = -0.424, average macroscopic roughness slope θ = 26 • , and porosity factor K = 1.245. Our data set include 32 distinct observations at the orange filter, which covered two time periods: from when the Rosetta spacecraft first arrived at the comet in early 2014 August-2015 June, and from 2015 late November to near the end of the mission in 2016 late September. 6 The ROI of each sequence covers a 0. • 5 radius around Abydos (corresponding dimension 40-60 m). 7 We also attempted to generate a unique set of Hapke parameters for the Abydos site; however, satisfactory results were not obtained due to the absence of observations near opposition and the unfavourable observing conditions of the Abydos site, which was often cast in shadows (e.g. Figs 2 and4).

The average normal albedo of the dark terrain of the Abydos site is ∼6.5 ± 0.2 per cent at λ = 649.2 nm. This behaviour is comparable to previous results reported for other regions of the comet at the same wavelength: 6.5 per cent for mostly the Northern hemisphere of the comet in 2014 July-August (Fornasier et al. 2015), 6.15 per cent for the area at the Imhotep/Ash boundary as observed by the NAC/F82 filter on 2015 February 14, 12:39:58 (Feller et al. 2016), and 6.7 per cent at the original landing site Agilkia (La Forgia et al. 2015). The similarity in terms of brightness suggests that the dark terrains of the Abydos site have the same or very similar composition to the rest of the comet, from which several types of compounds have been suggested: dark refractory polycyclic aromatic hydrocarbons (PAHs) mixed with opaque minerals such as Fe-Ni alloys and FeS sulfides, carboxylic acids, and NH + 4 salts (Quirico et al. 2016). The reflectance of the dark terrains of the Abydos site appeared to stay relatively stable throughout the two years of OSIRIS observations. In fact, no clear trend of evolution could be observed from the results (see Fig. 5), and there was no noticeable difference between preperihelion (∼6.6 ± 0.2 per cent on average) and post-perihelion values (∼6.5 ± 0.2 per cent on average).

Aside from the dark terrains, the Abydos surroundings also occasionally displayed highly localized bright areas.8 Most of them are relatively spectrally 'flat' bright-spots that indicate the presence of ices (e.g. H 2 O or CO 2 ), which will be further discussed in Section 6. On the other hand, a few bright-spots were spectrally 'red' like the comet dark terrain, e.g. the 'triangle' (as highlighted by the circles in Figs 2 and6) where the normal albedo reached up to ∼30-40 per cent and was visible from at least 2014 late November to 2016 late August; or the 0.40-m 2 'twin' on the right-hand side of spot (9a) (the inset of panel 9 of Fig. 7) , which was up to ∼10 times brighter than the reference dark terrain and was also captured by NAC on 2016 July 2. The immediate surroundings of the Philae lander also displayed a similar dichotomy in brightness distribution as evidenced by data obtained from the two cameras onboard the lander: The ROLIS images show a combination of smooth dark areas and more rough and clumpy bright areas (Schröder et al. 2017), whereas the albedo of the features captured by CIVA ranged from 3-5 per cent as of the granular agglomerates with millimeter to centimeter grains to smoother textures with reflectance up to over 10 per cent (Bibring et al. 2015). The bright and spectrally red materials in OSIRIS images could be of similar nature to the bright-spots observed by the Philae cameras, with possible causes including difference in texture or grain size (Feller et al. 2016;Fornasier et al. 2017), mineral grains, and observing geometry that favours specular reflection (Bibring et al. 2015), where the first two appear to be better explanations for long-lived features such as the 'triangle' or the 'twin' of spot (9a).

S P E C T R A L P RO P E RT I E S

The 67P nucleus has been found to be heterogeneous in colours at several spatial scales. Three types of terrains are identified based on their spectral slope in the 535-882 nm range obtained at α ∼ 50 • : 10-14 per cent/100 nm -relatively 'blue' terrains, 14-18 per cent/100 nm -'medium' terrains, and 18-22 per cent/100 nm -'red' terrains (Fornasier et al. 2015). The first group is related to terrains somehow enriched in volatiles like Hapi or Seth while the last group has been linked to dust-covered regions. Abydos was observed at similar phase angles (∼50 • ) used by Fornasier et al. (2015) in their analyses on two occasions: on 2014 August 6 at a resolution of 2.2 m pixel -1 , during which most of the Wosret and Bastet side of Abydos were under poor illumination conditions, and on 2016 June 14 at resolution 49.5 cm pixel -1 , when most of the Abydos surroundings were illuminated, albeit Abydos itself was in shadows . The spectral slopes of Abydos fall between 16.5 and 17.5 per cent/(100 nm) in all the aforementioned observations, placing Abydos into the higher end of the medium terrain group.

Post-perihelion images reveal the presence of two 'stripes' of moderately bright and blue terrains near Abydos: an ∼3800-m 2 stripe in the Bastet region that runs across a fracture and a couple of layers near the boundary with the Wosret region and an ∼3000-m 2 stripe in the Wosret region that covers a few strata (marked by pairs of ellipses in Figs 8 and9). The 'stripes' were approximately (1.5-2.3) times brighter than the reference dark terrain, and their spectral slopes at phase angles ∼50 • (on 2016 June 14) were between 13.5 and 15.0 per cent/100 nm. It is likely that these stripes already existed since at least 2014 September as the visible part of the Bastet 'stripe' appeared spectrally bluer compared to the surroundings (roughly 15-17 per cent/100 nm compared to 19.9 ± 2.4 of the 5 • radius around Abydos; see panels 1 and 4 of Fig. 8); however, poor illumination conditions in 2014 and the lack of pre-perihelion colour sequences at good spatial resolution complicate the detailed analysis.

From 2014 early August to 2016 late August, OSIRIS/NAC has taken over 50 colour sequences of the Abydos surroundings (see Table 1). These images were taken under a phase angle range of 20. • 4-101. • 6. Phase reddening i.e. the increase in spectral slope with increasing phase angle, was observed throughout the aforementioned time period. During the perihelion passage, both the spectral slope values and the degree of phase reddening were lower compared to pre-and post-perihelion. Figs 8 and A2 clearly show the spectral slope evolution of Abydos and its surroundings during different orbital periods: pre-perihelion in 2014, close to perihelion between 2015 June and October, and post-perihelion in 2016.

We analysed the spectral slope evolution over time for the complete data set. The spectral slopes evaluated in the 535-882 and 480-882 nm are reported in Table 1 for the individual observations together with a description of the regions covered by the observations. The spectral slope evolution is synthesized in Figs 10 (535-882 nm) and A1 (480-882 nm). The decrease of the spectral slope observed in Bastet, Wosret, and Hatmehit was previously reported for the whole cometary nucleus by Fornasier et al. (2016) and was attributed to the dust removal due to the intense cometary activity at close heliocentric distances (Vincent et al. 2016;Fornasier et al. 2019a).

Phase reddening appeared to be more prominent after perihelion, as its corresponding linear coefficients is highest in both wavelength ranges, although the difference between the pre-and post-perihelion coefficients is less prominent in the case of the 480-882 nm spectral slope. The largest linear coefficients in the 535-882 nm wavelength range is 0.0486 ± 0.007 51 × 10 -4 nm -1 deg -1 , which is smaller than the value of 0.104 × 10 -4 nm -1 deg -1 reported in Fornasier et al. 2015, covering the 2014 July and August observations of (mostly) the Northern hemisphere of comet 67P at smaller phase angle values (α = 1. • 3-54. • 0). Our coefficients are also smaller than the value 0.0652 × 10 -4 nm -1 deg -1 for the area covered by the 2015 February flyby (α = 1. • 0-30. • 5), which is located in the Imhotep region in the big lobe, close to the boundary with the neighbouring Ash region (Feller et al. 2016). 9 Fornasier et al. 2016 reported a lower value of 0.041 × 10 -4 nm -1 deg -1 for the observations between 2015 April and August at phase angles from 0 • to 90 • , though it must be noted that this value is higher than the perihelion coefficient of 0.0350 ± 0.008 48 × 10 -4 nm -1 deg -1 (2015 June-October; α = 61. • 4-100. • 5) here reported for Abydos.

E X P O S U R E S O F VO L AT I L E S

A number of bright-spots having a distinct flat spectrum compared to the comet average 'dark and red' terrain was observed around the final landing site of Philae (see Fig. 11). Previous joint studies with OSIRIS and VIRTIS have shown that regions having flat spectrophotometric behaviour also show water ice absorption bands in the NIR region (Barucci et al. 2016;Filacchione et al. 2016). We estimate water ice content of bright patches using geographical mixtures of volatiles and comet dark terrain (see Table 2). In fact, 9 The analysis of spectral slope in this paper was conducted over a shorter wavelength range of 535-743 nm, normalized to the 535.7 nm wavelength. the absence of water ice bands in the visible range prevents us from constraining relevant parameters necessary for more complex modelling (e.g. ice grain size). In the first step, normal albedo of the ROI was derived by correcting the illumination conditions and phase angle using the Hapke model parameters determined by Hasselmann et al. 2017. Then the water ice fraction ρ of a bright-spot was estimated by applying a linear mixture between the dark terrain and water ice:

R spot = ρR ice + (1 -ρ)R DT , ( 2 
)
where R spot and R DT are the measured reflectance of the spot and a reference dark terrain after applying the Hapke correction, respectively. We derived the water ice reflectance R ice using the optical constant for grain sizes of 30 and 100 μm published in Warren & Brandt (2008). These values are adopted based on previous measurements of water ice grains on cometary nuclei (Sunshine et al. 2006;Capaccioni et al. 2015;Filacchione et al. 2016). We also attempted modelling with larger grain size (up to 3000 μm) but the fit of the spectral behaviour of the bright-spots was poor. Before perihelion, only a few patches were observed (e.g. panels 1-2 of Fig. 7, the best example being spot (1a) as one of the August to 2016 August observations. 'Perihelion' is defined as the period between 2015 June and October, when comet 67P was less than 1.6 AU from the Sun and reached perihelion on 2015 August 13, with a heliocentric distance of approximately 1.2 AU. The selected ROI in each case covers a 5 • or 10 • radius around Abydos, and more details can be found in Table 1. biggest, 10 brightest, and longest lived spots found at close dis-10 While the spot shown in panel 2 has a bigger estimated area, it was observed at relatively low spatial resolution of ∼2.4 m pixel -1 on 2015 May 16 and 17. tances to Abydos). It was first observed with its neighbour (1b) on 2014 September 2 at resolution ∼1.0 m pixel -1 and later at better spatial resolution of ∼0.5 m pixel -1 on 2014 September 15-16. In these observations, the two patches were so bright that pixels were saturated (see Fig. 12). Estimation of the water ice content of spot (1a) yields a lower limit of 57.6-60.6 per cent for the two adopted grain sizes (see Fig. 12 and Table 2), which may indicate a very fresh exposure of ice. Similar bright-spots covering the same period were already reported by Pommerol et al. 2015 in different regions of the Northern hemisphere of comet 67P.

The exposed patches of volatiles were observable up to 2014 December, but the size of the spots progressively decreased to ∼4.6 (spot (1a)) and ∼1.6 m 2 (spot (1b)). Other spots appeared nearby in 2014 November and December images (see Fig. 6): (1c) at (-3. • 5, -7. • 9), area ∼ 3.6 m 2 ; (1d) at (-3. • 2, -8. • 2), area 9.5 m 2 . A possible factor in the long duration of spots (1a) and ( 1b) is the relatively low temperature of the Abydos surroundings in 2014: ≤207 K at Abydos compared to the average 213 ± 3 K for the dayside of the comet nucleus in 2014 August and September, as recorded by VIRTIS (Tosi et al. 2019), and 90-150 K during 2014 mid-November according to in situ measurements (Spohn et al. 2015;Lethuillier et al. 2016;Kömle et al. 2017).

Volatile exposures were imaged much more frequently after perihelion, with some areas repeatedly showing multiple bright patches in image sequences. A prominent case is the rim that separates the Hatmehit depression with the neighbouring Wosret region, which 1a) and (1b). Middle panel: spectra of spot (1a) (red star), (1b) (blue asterisk), and a reference dark terrain (black circle). Right-hand panel: the reflectances of the chosen points after correction to zero phase angle, with the arrows indicating the lower limit in normal albedo because the pixels were saturated. The black line shows a linear fit of the dark terrain, while the red and blue dotted lines show the best fits of the compositional model for 30-μm ice grain size, indicating water ice abundances of >∼57.6 (red) and >∼21.6 per cent.

was shown to contain bright-spots from late 2015 to near the end of the Rosetta mission. From 2015 late November to mid-2016 January, several colour sequences (e.g. panels 3-7 of Fig. 7) captured multiple bright-spots with area ranging between 5.5 and 35.0 m 211 and duration varying from ≥∼30 min to at least one full day. The spots captured between 2015 late November and mid-December (e.g. panels 3-4 of Fig. 7) were relatively faint with estimated water ice percentage below 15 per cent, while some of the later spots (from 2015 late December to 2016 mid-January, e.g. panels 5-6 of Fig. 7) were bright with estimated volatile fraction exceeding 50 per cent (see Fig. A3).

From 2016 March to May, the Hatmehit rim was occasionally covered in tiny (≤1.0 m 2 ) bright materials under the shadows of its 'walls' structure; however, colour sequences of these spots were not available until May 15 (panel 10 of Fig. 7). These spots lasted for at least half an hour, and compared to the reference dark terrain, these spots could be more than 10 times brighter in the visible wavelength range and even brighter in the UV (NAC/F16, 360 nm), which corresponded to estimated local water ice abundance well above 50 per cent. These spots are very likely frosts and show the same spectral behaviour of frost in other regions (Fornasier et al. 2016(Fornasier et al. , 2019b)). Some images captured during the final four months of the Rosetta mission feature bright patches on the Hatmehit rim (see Fig. A4), although the only colour sequence of such bright-spots was taken on June 18, 12h21. They were previously observed by the NAC/F22 the day before, spot (11a) being the largest with a 3.5-m 2 area and a fairly high estimated water ice fraction of ∼40 per cent (see Fig. A5).

Another relatively ice-rich region at close distances to the final landing site was the area of talus deposits under the prominent mound near Abydos (see panel 12 of Fig. 7). High-resolution observations between 2016 May and July occasionally revealed tiny patches (<2 m 2 ) under the shadows of these boulders, and while that the site was observable up to the end of the Rosetta mission, the few available images only show that the area was dominated by shadows; however, it is possible that ice-rich spots still existed in this area as exposed volatiles could be protected from solar illumination. The area was best observed on 2016 July 9 at a relatively high spatial resolution of 22.7 cm pixel -1 by seven NAC colour filters (wavelength range 360-990 nm) as well as the WAC/F12 filter (629.8 nm).12 On this day, several tiny bright-spots were seen from this area with estimated water ice abundances ranging from 16 to ∼80 per cent, which lasted for at least half an hour. The brightest spot with highest estimated ice fraction (represented by a red star and a red asterisk in Fig. 13) appeared to be a fresh exposure of water ice, and it shows a negative slope in the NIR region that perhaps points to the presence of very large grains (i.e. a few mm) of ice or volatile species other than water or CO 2 .

AC T I V I T Y

No jets were directly observed from the Abydos site by the OSIRIS cameras; however, the surroundings of the site did exhibit some level of cometary activity from 2015 March to September (see Fig. 14 and Table 3). All three pre-perihelion jets found within a 5 • radius of Abydos (i.e. H-1, H-2, and H-3) originated from the shadowed part of the Hatmehit depression. The first two jets were shown to be less than 3 per cent as bright as the reference terrain in the orange NAC/F22 filter. Jet H-3 offers some clues about the composition of such faint jets as it was observed during its ≥2-min duration by a sequence of 11 NAC colour filters on 2015 May 22, which showed that the jet was only ≤∼10-16 per cent as bright and spectrally similar to the dark terrain (see Fig. 15). The Wosret/Bastet side of the Abydos surroundings appeared to begin its activity about two weeks after perihelion, which coincided with the peak of activity of the whole comet nucleus (Fornasier et al. 2019a). The earliest jet from this area is jet W-1 (see the top right-hand corner of Fig. 14), which was ∼1.4 times brighter than its immediate surroundings as captured by the NAC/F15 on 2015 August 30. Peak of the activity near Abydos seemed to occur near 2015 mid-September as a mini-outburst was seen by OSIRIS/NAC on September 10 (W-2), which lasted for nearly 1 h and was up to 2.5 times brighter than the dark terrain. The mini-outburst displayed a relatively 'bluer' spectra in the VIS + NIR region compared to the dark surface of the comet (see Fig. 16), e.g. the spectral slope in the 535-882 nm of the sampling points of jet H-3 was 7.6-9.7 per cent/(100 nm) compared to 16.4 ± 1.0 of the whole comet nucleus (at phase angle 120. • 2), which could be attributed to a presence of water ice grains amongst the ejecta.

Although the jets were either observed from shadowed area (H-1, H-2, and H-3) or under very low spatial resolution (W-1 at 7.6 m pixel -1 , W-2 at 6.0 m pixel -1 ), pre-and post-perihelion highresolution images allowed us to observe the morphology of their sources in better details (see Fig. 14). All three Hatmehit jets originated from flat but moderately rough area of the Hatmehit terrains, with jet H-1 closest to the Hatmehit rim (∼23 m), whereas the other two were at close distances to the boulder-rich portion of the depression. The locations of the other two jets feature more diverse morphologies: W-1 came from a fractured 'knobby' surface and was ∼30 m from a higher layer (see Fig. 2) and W-2 was probably located under the 'walls' that serve as the Wosret/Bastet boundary, on an area covered in talus deposits that was dominated mostly by smaller-sized boulders (0.8-3 m; see figs 1 and 2 of [START_REF] Lucchetti | [END_REF].

The main activity mechanism of the Abydos surroundings appears to be local insolation, as the jet sources were either submerged in shadows completely at their time of observation (i.e. the Hatmehit jets) or under/close to the shadows cast by nearby structures, similar to the majority of active jets during the perihelion passage (Fornasier et al. 2019a). The fractures of the Bastet region (see Fig. 2) could have played a role in producing jet W-1, as they permitted the heat wave to propagate through underlaying volatile-rich strata (Belton 2010;Bruck Syal et al. 2013). The mini-outburst W-2 were probably triggered by different mechanisms, one being a reservoir of volatiles below the comet surface as suggested for an outburst in the Imhotep region in 2016 July (Agarwal et al. 2017). Cliff collapse (Vincent et al. 2016;Pajola et al. 2017) is also a possible explanation, as the W-2 source was probably located under the Wosret/Bastet boundary 'walls' with relatively high value of local gravitational slope (between approximately 20 • and 50 • ; [START_REF] Lucchetti | [END_REF]); however, we did not find an evidence of a morphological change in the area under the boundary.

CONCLUSION

The final landing site of Philae shows a number of similarities to the nucleus of comet 67P on a whole. It was located on a dark and moderately red terrain that has been linked with mixtures containing organics (Filacchione et al. 2016;Quirico et al. 2016). As observed for the whole nucleus, Abydos and the surrounding terrains show the spectral phase reddening phenomenon, i.e. spectral slope increasing with phase angle, varying over time. The spectral reddening coefficients evolved and decreased close to perihelion as observed elsewhere, partially due to the removal of the dust coating. The linear coefficients of phase reddening calculated for Abydos are lower than what were reported in the Northern hemisphere of comet 67P (Fornasier et al. 2015) and other local regions (Feller et al. 2016). Phase reddening is a common behaviour observed in many Solar system objects, including asteroids 110 Lydia (Taylor, Gehrels & Silvester 1971), 433 Eros (Clark et al. 2002), 21 Lutetia (Magrin et al. 2012), the Moon (Gehrels, Coffeen & Owings 1964), Mercury (Warell & Bergfors 2008), and the three Uranian moons Ariel, Titania, and Oberon (Nelson et al. 1987), and this phenomenon has been attributed to multiple scattering at high phase angles and/or small-scale surface roughness. Other spectral behaviours also exist such as the phase bluing of asteroid 44 Nysa (Rosenbush et al. 2009) or the arched shape of the spectral slope of the Martian surface as a function of the phase angle (Guinness 1981). By combining numerical simulation and laboratory experiments, Schröder et al. (2014) showed that smooth surfaces resulted in an arched shape, whereas microscopically rough regolith results in a monotonous phase reddening. On the other hand, Grynko & Shkuratov (2008) studied the effects of particle size and scattering on phase reddening, and they found that single particle scattering produces monotonous phase dependence on the spectral slope while scattering by multiple components results in a non-monotonous dependence. The same study also show that phase reddening also depends on particle size, as particles larger than 250 μm13 result in phase bluing instead of reddening. Therefore, the phase reddening of comet 67P is probably caused by a microscopically rough regolith that covers the surface of the comet, and the relatively low coefficients of Abydos may indicate that its regolith layer is thinner than in other regions.

Unlike the spectral slope, the reflectance of Abydos did not appear to experience seasonal variations or any clear evolution trend. One possible explanation is that while the site likely experienced dust Notes. The jets are classified in the same manner as in Vincent et al. (2016): A -collimated jet, B -broad plume, and C -complex (broad+collimated). Note that the coordinates of the final jet was located on the limb at their time of observation, during which its actual source was obscured by the comet nucleus.

removal during the perihelion passage that exposed more volatilerich contents below the surface, these volatiles were embedded below the outer layers or mixed with the dark terrains of the comet, making the dark terrain the dominant optical medium. Other possible factors include non-optimal observing conditions (especially before perihelion) and different spatial resolutions between observing sequences (from ∼6 cm pixel -1 near the end of the Rosetta mission to over 6 m pixel -1 during the 2015 perihelion passage). Bright patches of exposed volatiles were occasionally observed near Abydos throughout the Rosetta mission, but with higher frequency after perihelion, especially alongside the rim that serves as the Hatmehit/Wosret boundary. The spots were typically only a few m 2 or smaller, and even the biggest spots were small compared to others found in other regions, e.g. the two ∼1500-m 2 spots in the Anhur region in the big lobe in 2015 April and May (Fornasier et al. 2016). Estimations of local water ice abundance ranges from a few per cent to ∼50 per cent, and up to ∼80 per cent in one case, which possibly corresponded to a fresh exposure of volatiles. Many spots were found under the shadows of nearby structures (e.g. boulders, terraces), and the longest lived spots (i.e. up to a few months) were found at a relatively colder location. Frosts were sometimes observable near Abydos but only after perihelion, which was also a common behaviour observed in other regions of comet 67P like Anhur (Fornasier et al. 2019b), with the notable exception of Hapi were frost were observed pre-perihelion (De Sanctis et al. 2015).
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Introduction

The Rosetta mission of the European Space Agency carried out an in-depth investigation of the short-period comet 67P/Churyumov-Gerasimenko (hereafter 67P) from 1 August 2014 until 30 September 2016, when it ended its operations landing on the comet surface. The Philae lander on board Rosetta was delivered on 12 November 2014 and, after the unexpected rebound on the Agilkia landing site (a second landing at 30 m away from the final stop that was recently identified; see O'Rourke et al. 2020), it finally landed on Abydos, where most of the foreseen in situ scientific measurements were performed.

The 67P comet has a peculiar bilobate shape with a surface characterized by extensive layering and showing a variety of terrains including both consolidated and smooth areas, pits, depressions, boulders, and talus (Sierks et al. 2015;Thomas et al. 2015;Vincent et al. 2015;Massironi et al. 2015), of which 26 regions have been defined by structural or morphological boundaries (El-Maarry et al. 2015, 2016).

Spectroscopy of comet 67P from the Visible, InfraRed, and Thermal Imaging Spectrometer (VIRTIS) reveals a red spectrum featureless until ∼2.9 µm, then showing a broad absorption in the 2.9-3.6 µm region, indicating a composition dominated by refractory materials rich in organics (Capaccioni et al. 2015;Quirico et al. 2016). Recent recalibration of the VIRTIS instrument permits the identification of some faint absorption bands inside the broad 2.9-3.6 µm feature, as well as bands that reveal the presence of aliphatic organics (Raponi et al. 2020), and of ammonium salts (Poch et al. 2020).

The southern hemisphere regions of the comet became observable by Rosetta only since February 2015, that is about six months before the perihelion passage of the comet. For safety reasons, the spacecraft was kept at relatively high altitude from the nucleus (>100 km), permitting only low-medium spatial resolution (i.e. >2 m px -1 ) investigation of the southern hemisphere regions. These regions were observed at high spatial resolution (sub-meter) only during the Rosetta extended phase in 2016, when the spacecraft approached again to the nucleus as done for the northern hemisphere in 2014 during the Philae landing site selection and characterization (Sierks et al. 2015;Thomas et al. 2015).

The data acquired in 2016 permitted a detailed investigation of the physical properties and of the surface evolution due to activity for some southern hemisphere regions. The detailed analysis of Anhur and Khonsu, two regions of the big lobe of the comet, were reported in Fornasier et al. (2017Fornasier et al. ( , 2019a) ) and Hasselmann et al. (2019), respectively, while that of the Abydos landing site and surroundings was recently published in Hoang et al. (2020).

In this paper, we aim at investigating Wosret, a southern hemisphere region located in the small lobe of the nucleus (Fig. 1). As the other southern hemisphere regions, Wosret experiences intense thermal changes during the orbit because it is illuminated close to the perihelion, when the incoming solar heating on the comet reaches its peak (Marshall et al. 2017).

Wosret is a region with peculiar surface morphology: it is dominated by consolidated outcropping material showing lineaments and long fractures, and it looks flattened-out probably because of the high erosion rate associated with the strong thermal effects (El-Maarry et al. 2016). Moreover, it is an active region source of several jets and it includes the second and the last (Abydos) landing site of Philae. Therefore, the investigation of Wosret provides the context of the physical properties measured for the landing site. Finally, covering most of the southern part of the small lobe and being highly eroded, Wosret exposes the inner layers of the small lobe (Penasa et al. 2017). Thus, the comparison of its spectrophotometric properties with those of southern hemisphere regions in the big lobe affected by the same high erosion rate allows for the investigation of surface colors and possible compositional variation between the two lobes.

The article is organized as follows: Sect. 2 summarizes the OSIRIS observations of Wosret and the methodology applied in our analysis. Section 3 describes the geomorphology of the region and the surface morphological changes. In Sect. 4, we present the analysis of Wosret spectrophotometric properties and constraints on the water ice content in the localized bright spots identified. Section 5 focuses on the cometary activity events reported for Wosret. Finally, in Sect. 6 we discuss our findings and we compare them to the published results on comet 67P. This comparison allows us to highlights some differences in the physical properties between the small and big lobe of comet 67P.

Observations and data reduction

For the purposes of this study, we used data from the Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) on board Rosetta. This imaging system is composed of a Narrow Angle Camera (NAC), which was mostly devoted to the investigation of the 67P nucleus, and of a Wide Angle Camera (WAC) which investigated the wide-field coma (Keller et al. 2007).

Wosret was observed only since February 2015 and until the end of the Rosetta mission (Table 1), except for small areas close to the Maftet, Hatmehit and Bastet boundaries that were visible also before. Because of the high activity phase of the comet and of the associated higher altitude orbits of Rosetta during most of the 2015 observations, Wosret was observed at sub-meter spatial resolution only in 2016, during the extended phase of the Rosetta mission.

The images analyzed here come from the NAC camera, which was equipped with 11 filters covering the 250-1000 nm range. We searched in the OSIRIS archive, which includes more than 75 000 images of the comet, for all the NAC spectrophotometric sequences covering the Wosret region and having at least three filters. Notes. α is the phase angle, ∆ is the distance between comet and spacecraft, and "res" the spatial resolution. The time refers to the start time of the first image of an observing sequence. Filters: F22 (649.2 nm, reference), F23 (535.7 nm), F24 (480.7 nm), F16 (360.0 nm), F27 (701.2 nm), F28 (743.7 nm), F41 (882.1 nm), F51 (805.3 nm), F61 (931.9 nm), F71 (989.3 nm), and F15 (269.3 nm). The spectral slope was evaluated in the 535-882 nm range after normalization at 535 nm using the F23 filter image when present, and otherwise an artificial 535 nm image was created from the interpolation of the observations acquired at 480 nm and 649 nm. We used radiance factor (also known as I/F) data produced by the OSIRIS standard pipeline after the bias, flat-field, geometric distortion, and absolute flux calibration steps corrections described in Tubiana et al. (2015):

Radiance factor(i, e, α, λ) = πI(i, e, α, λ)

F λ , ( 1 
)
where I is the observed scattered radiance, F λ the incoming solar irradiance at the heliocentric distance of the comet and at a given wavelength (λ), and i, e, and α are the incidence, emission, and phase angles, respectively.

To perform the spectrophotometric analysis, the images of a given sequence were first coregister using the F22 NAC filter (centered at 649.2 nm) as a reference and applying devoted python scripts, as done previously in similar studies of 67P comet (Hasselmann et al. 2019;Fornasier et al. 2019a). Then the Lommel-Seeliger disk function (D(i, e)) was applied to correct the illumination conditions:

D(i, e) = 2µ i µ e + µ i , (2) 
where µ i and µ e are the cosine of the solar incidence and emission angles, respectively. To retrieve the illumination conditions we used the 3D stereophotoclinometric (SPC, SHAP8 version) shape model of the 67P nucleus (Jorda et al. 2016). The RGB images were generated using the filters centered at 882 nm (R), 649 nm (G), and 480 nm (B), and the STIFF code (Bertin 2012).

To compute the spectral slope, we first normalized the data at 535 nm (filter F23), then we computed it in the 882-535 nm wavelength range to be consistent with the methodology applied for 67P spectrophotometry in previous publications. When the F23 filter was not in the observing sequence, we produce an artificial image at 535 nm through linear interpolation of the images acquired at 480 nm and 649 nm.

The average spectral slope reported in Table 1 was evaluated fitting the slope distribution with a Gaussian function, where the average spectral slope is derived from the peak value of the Gaussian and the associated error from the standard deviation of the fit. For the medium-low resolution data covering also other regions, the slope maps were first cut selecting the area covering Wosret before applying the Gaussian fit.

Details on the observing conditions and the Wosret spectral slope values are reported in Table 1.

To estimate the height h of a given surface feature, we considered its projected shadow and the associated geometric conditions, determined by ancillary images produced using an image simulator (Hasselmann et al. 2019) supplied with precalculated NAIF SPICE Kernels1 and the SPC shape model (Jorda et al. 2016). Any misalignment between the ancillary images and the observed one was corrected through translation and rotation transformations calculated from uniquely identified tie landmarks in both images. We thus used the following equation to determine the height (h) of a given surface feature:

h = L sha • tan(π/2 -i), (3) 
where L sha is the length of the shadow of the feature, and i the incident angle. The incidence angle here considered is the angle between the vector centered in the tip of the shadow, connecting the top of the structure, and the normal vector to the surface of the feature (see Fig. 2 from Cambianica et al. 2020). This method has been tested and applied in many analyses of meter-sized features on the OSIRIS images of the nucleus to estimate local surface changes (El-Maarry et al. 2017;Hasselmann et al. 2019;Cambianica et al. 2020). 

Geomorphology and surface evolution

Wosret is surrounded by Maftet and Bastet in the West and East sides, respectively, by the Hatmehit depression at North, and by the Neith region at South (Fig. 1). Wosret is dominated by consolidated outcropping material showing ubiquitous fractures up to ∼300 m in length, lineaments (El-Maarry et al. 2016), and some pits and niches observed to be periodically active during the perihelion passage (Vincent et al. 2016;Fornasier et al. 2019b). The region has a surface of about 2.36 km 2 covering most of the small lobe's southern hemisphere, and it has been divided by Thomas et al. (2018) into three areas (Wr a, Wr b, and Wr c), showing topographic and textural difference (Fig. 1). Area Wr a is relatively flat and smooth, Wr b is dominated by fractured terrains, while area Wr c shows a higher roughness texture and it includes almost circular depressions and ridges (Thomas et al. 2018). As shown in Fig. 1, Wosret lacks of wide-spread dust coatings, except for few pits filled by smooth materials (El-Maarry et al. 2016).

Wosret has a peculiar flattened-out aspect (El-Maarry et al. 2016), probably because of the high erosion rate associated with the strong thermal effects. In fact, Keller et al. (2015Keller et al. ( , 2017) ) estimated an erosion rate up to four times higher in the southern hemisphere than in the northern one. Concerning Wosret, Lai et al. (2016) estimated a dust loss up to 1.8 m in depth per orbit. Wosret is also the region which has the highest water production rate during perihelion, according to the Microwave Instrument for the Rosetta Orbiter (MIRO) measurements (Marschall et al. 2017). their shadows. Therefore, it is not possible to precisely quantify the possible evolution of the dust cover in this area through the perihelion passage.

Conversely, the NAC images acquired on June and July 2016, have a high spatial resolution (0.27-0.52 m px -1 ), which highlights some interesting features such as highly fractured terrains showing polygonal block patterns (F2 structure in El-Maarry et al. 2016). The texture reminds the surface features referred to as "goosebumps" (see Fig. 2) or clods, first noticed on the 67P comet inside the Seth pits (Sierks et al. 2015), but later observed in other regions. The Wosret blocks appear consolidated, highly irregular in shape and height. We estimate the size of 251 blocks from the 2 July 2016 image, finding an equivalent diameter ranging from 2 to ∼12 m, with an average value of 4.74 ± 1.51 m (Fig. 4). Wosret clods are larger than the average diameter values ( D ) reported for similar structures observed in In comparing the pre-and post-perihelion images, we also identify a couple of clear morphological changes: a cluster of bright outcrops at lat = -15.15 • , and lon = 343.2 • (feature A in Fig. 2); a new cavity at lat = -19.7 • , and lon = 335.9 • (inside the ellipse called C in Fig. 3).

Outcrops cluster

The cluster of outcrops is clearly visible in the July 2016 image (Fig. 2), and it includes 15 outcrops having 2-5 m in size. In the 2 July 2016 image acquired at 15h22, the outcrops look brighter than the surroundings. This is not, however, an intrinsic effect related to a different composition, but simply an illumination effect. In fact, OSIRIS also acquired an image of the same area one hour before the one presented in Fig. 2, and there the brightness of the cluster is similar to that of the average terrain. In the 2015 images, only one block of the cluster is visible, while most elements of the cluster are buried beneath the dust. As said before, the resolution of the Wosret pre-perihelion images is too low and our attempts to estimate the features height were unsuccessful, thus, we cannot precisely quantify the dust coating variation. However, we were able to measure the height of the outcrops with shadows clearly ending on the background terrain in the 2016 images, finding an average height of 1.6 ± 0.3 m. We can thus infer that the thickness of the dust coating in this area diminished by ∼1 m from pre-perihelion to post-perihelion to reveal the 15 outcrops of the cluster. We visually inspected and compared the pre-perihelion images and the post-perihelion ones binned by a factor of 8 to have a comparable spatial resolution between the two datasets. The pre-perihelion images look smoother in several areas, including the one around the outcrops, showing the goosebumps features, and the area at the northern side of Wosret, indicated by the ellipse named B in Fig. 2. We thus may tentatively deduce that the dust coating was thinned in the aforementioned areas too.

Dust movements in this region are also supported by the observed colors variation reported in Fig. 5, where the spectral slope of the same pre-and post-perihelion images presented in Fig. 2 are shown. As these images were acquired at different heliocentric distances and phase angles, and considering that comet 67P has a strong spectral phase reddening effect, the July 2016 image was phase reddening corrected from phase angle 93 • to 62 • using the Wosret phase reddening coefficient here determined from 2016 observations (see Sect. 4.1), in order to match the viewing geometry of the May 2015 image. As indicated in Fig. 5, the region included inside the A ellipse was relatively spectrally bluer (i.e., it has a lower spectral slope) than that included in the B ellipse in pre-perihelion data. Conversely, in July 2016 data the region included inside the A ellipse looks redder or as red as the one inside the B ellipse, indicating local surface evolution related to the composition or to different grain size or roughness of the material.

New cavity

The cavity that formed between March 2015 and June 2016 has apparently expanded from another small depression visible on 25 March 2015 image. It is ∼30 m long and 11-15 m large, having an area of 492 ± 32 m 2 . We traced seven shadow lengths throughout the cavity, from which we derive a depth of 6.5 ± 0.8 m. Assuming for the loss material the density of the bulk nucleus (537.8 ± 2 kg m -3 (Pätzold et al. 2016;Jorda et al. 2016;Preusker et al. 2017), we estimate that (1.2 ± 0.2) × 10 6 kg of cometary material was lost in this cavity. For comparison, this mass is similar to that lost in a couple of new scarps (or cliffs) observed in the Anhur region (see Figs. 2 and 10 in Fornasier et al. 2019a). However, Anhur, as well as the Khonsu region or the Aswan site, also shows some drastic surface changes with an estimated mass loss at least ten times larger than that of the cavity here reported (Fornasier et al. 2019a;Hasselmann et al. 2019).

Spectrophotometry and bright spots

Comet 67P shows compositional heterogeneities which have been observed both with the VIRTIS spectrometer and the OSIRIS cameras (Fornasier et al. 2016;Barucci et al. 2016;Filacchione et al. 2016b;Deshapriya et al. 2016;Oklay et al. 2017). From OSIRIS pre-perihelion data Fornasier et al. (2015) reported spectral slope variations from ∼11 to 21%/(100 nm) in the 535-882 nm range and at phase ∼50 o , distinguishing three kind of terrains across the nucleus, from the spectrally bluer and water ice enriched terrains observed in Hapi, to the redder ones, associated mostly with dusty regions. A similar color variation has been reported later for the southern hemisphere (Fornasier et al. 2016). Looking at Table 1 and Fig. 6, Wosret is shown to have an average slope of 15.5%/(100 nm) at α = 61 • (preperihelion), belonging thus to the intermediate color group # 2, according to Fornasier et al. (2015) spectral classification of 67P nucleus terrains.

Spectral phase reddening

The variation of the spectral slope with phase angle, knows as the spectral phase reddening effect, is the results of smallscale surface roughness and multiple scattering in the surface medium at extreme geometries (high phase angles) and it is commonly observed on several Solar System bodies. This has been reported for asteroids (see Fornasier et al. 2020 and references therein), comets (Fornasier et al. 2015;Ciarniello et al. 2015;Longobardo et al. 2017), as well as planets and their satellites (Gehrels et al. 1964;Warell & Bergfors 2008;Nelson et al. 1987;Cuzzi et al. 2002;Filacchione et al. 2012). In case of a low-albedo surface, such as that of cometary nuclei, the spectral phase reddening effect has been interpreted as due to the presence of fines, namely, particles of ∼ micron size, or to the irregular surface structure of larger grains, having micron-scale surface roughness [START_REF] Li | [END_REF]Schröder et al. 2014;Pilorget et al. 2016).

Comet 67P has a strong spectral phase reddening effect (Fornasier et al. 2015(Fornasier et al. , 2017;;Ciarniello et al. 2015;Longobardo et al. 2017), which is, moreover not fixed over time but it shows seasonal variations depending on the cometary solar distance and activity (Fornasier et al. 2016). In fact, the spectral slope value was found to be smaller close to the perihelion compared to the one measured pre-and post-perihelion at similar phase angles. This less red color was interpreted as a consequence of the cometary activity peak during perihelion, with the partial removal of the dust mantle and the consequent exposure of the volatile enriched material underneath. The 67P phase reddening coefficient is monotonic and wavelength dependent (Table 2), with values of 0.04-0.1 ×10 -4 nm -1 deg -1 in the 535-882 nm range (Fornasier et al. 2015(Fornasier et al. , 2016)), and lower values, 0.015-0.018 × 10 -4 nm -1 deg -1 in the 1-2 µm range (Ciarniello et al. 2015;Longobardo et al. 2017).

As the whole nucleus, also the Wosret region shows changes in the spectral slope with the phase angle (Figs. 6 and7, and Table 1). From the reported spectral slopes at different phase angles, we computed the phase reddening coefficient (γ) and the spectral slope at 0 • phase angle (Y 0 ) applying a linear fit A132, page 7 of 14 A&A 653, A132 (2021) Table 2. Phase reddening coefficients evaluated for Wosret during different observations and those reported in the literature for comet 67P and for other dark small bodies.

Body and conditions

Wavelength γ Y 0 References range (nm) (10 -4 nm -1 deg -1 ) (10 -4 nm -1 ) Comet 67P Wosret post-perihelion ( 2016 Notes. The quantity γ is the phase reddening coefficient; Y 0 is the estimated spectral slope at zero phase angle from the linear fit of the data. to the data. Because of the different heliocentric distances and cometary activity levels, we evaluated the spectral reddening coefficient for data acquired in 2016 and for those acquired close to the perihelion passage during the May-October 2015 timeframe (Fig. 7). Unfortunately, the Wosret region was not observable during 2014, except for tiny fractions, and no data are available at a low phase angle.

For the Wosret region, we observe a much shallower phase reddening coefficient compared to the results reported in Fornasier et al. (2015). For the post-perihelion observations of 2016, we find for Wosret a γ 2016 = (0.05462 ± 0.0042) × 10 -4 nm -1 deg -1 , which is about a factor of 2 lower than that determined for the northern hemisphere regions in inbound orbits (Fornasier et al. 2015). For the 2015 observations acquired close to the perihelion passage the phase angle coverage is very limited, and the associated phase reddening coefficient (γ perih ) is (0.0396 ± 0.0067)×10 -4 nm -1 deg -1 , a value very close to the one found globally for the comet during the perihelion passage (Table 2).

Similar trend with progressive lower phase reddening and lower spectral slope values approaching perihelion were also observed elsewhere on comet 67P: in the northern hemisphere area (at 5-14 • latitude) across the Imhotep-Ash regions (γ = 0.06 × 10 -4 nm -1 deg -1 ) during the February 2015 Rosetta flyby (Feller et al. 2016); in the southern hemisphere Anhur region (Fornasier et al. 2017(Fornasier et al. , 2019b)); and in the Abydos final landing site of Philae (Hoang et al. 2020), which is located in Wosret but close to the boundaries with the Bastet and Hatmehit regions. For Abydos, Hoang et al. (2020) found a phase reddening coefficient value (Table 2) very close to the one here determined for the whole Wosret region.

The phase reddening coefficient determined for the Wosret region is comparable to the one found for other dark and presumed organic rich bodied such as D-type asteroids (0.05 ± 0.03 × 10 -4 nm -1 deg -1 in the 0.45-2.45 µm range, Lantz et al. 2017), and the dwarf planet Ceres (γ = 0.046 × 10 -4 nm -1 deg -1 , Ciarniello et al. 2017Ciarniello et al. , 2020)). It is however two to four times higher than the value reported for low albedo and carbonaceous rich bodies such as the near-Earth asteroids: (101955) Bennu and ( 162173) Ryugu (Table 2), that were recently visited by the OSIRIS-REx and Hayabusa 2 missions, respectively.

Considering that the surfaces of Bennu and Ryugu are dominated by boulders and display a lack of extended fine dust layers (Lauretta et al. 2019;Jaumann et al. 2019), as well as the fact that the 67P phase reddening decreases approaching perihelion, when the activity lifts-up part of the dust mantle, and that Wosret has a lower phase reddening coefficient than the global 67P nucleus, we may deduce that the surface structure of Wosret has an intermediate roughness level between that of dust poor surfaces, such as those of Bennu and Ryugu, and the dust-rich ones such as most of the 67P northern hemisphere regions. The lack of widespread dust coating observed in the southern hemisphere regions of the comet (El-Maarry et al. 2016;Thomas et al. 2018), including Wosret, is probably responsible of its reduced surface micro-roughness relative to most of the northern hemisphere regions of the comet. This is corroborated by the results of Keller et al. (2015Keller et al. ( , 2017)), who found that the dust particles ejected from the southern hemisphere of comet 67P during the peak of activity partially fall back and are then deposited in the northern hemisphere. Thus, the southern hemisphere regions become progressively depleted of dust. 

Water ice exposures

In our spectral analysis of the Wosret region, we notice some local compositional heterogeneity : (i) a few areas that look bluer in colors than their surroundings; (ii) some localized bright spots showing evidence of exposed volatiles.

Figure 8 shows RGB images acquired on 17 December 2015 separated by 1 h. On the right side of Fig. 8 an area (indicated by the white rectangle) emerging from the shadows shows a bluer color than its surroundings. Further images acquired 1-2 h later, when the region is fully illuminated by the Sun, reveal colors and slope as red as the surroundings. This diurnal color variation -namely, a relatively bluer slope at dawn or for an area just emerging from shadows followed later by a color as red as the surrounding terrains when the area is illuminated by the Sunis periodic. The diurnal color variation is observed in different data acquired in December 2015, but also before and after the perihelion passage, for example on June 2015, as shown in the insert in Fig. 8, and on June 2016 (Fig. 9). Another example of bluer area is shown in Fig. 10 from June 2016 data (the region inside the blue rectangle in the left side image).

This diurnal color variation has been noted at dawn on different areas on both lobes of the comet (Fornasier et al. 2016), and associated with a surface enrichment of water ice-frost condensed during the previous night, which results in a relatively blue color at dawn. During the comet morning the increasing temperature produces the sublimation of the volatiles and, consequently, the surface gets redder in color because of depleted in water ice-frost. Previous studies made with OSIRIS and VIR-TIS have in fact demonstrate that the relatively blue colors of a given area of comet 67P are associated with a local enrichment in volatiles (de Sanctis et al. 2015;Barucci et al. 2016;Fornasier et al. 2015Fornasier et al. , 2016;;Filacchione et al. 2016a,b).

Beside local bluing, we also observe the presence of tiny bright spots (BS), having a surface of 1-2 m 2 usually located close to shadows. For these regions of interest (ROIs), we computed the relative spectrophotometry and radiance by integrating them over a box of 3 × 3 pixels, as reported in Fig. 10. These features, besides being brighter than the comet dark terrain, have a distinct spectrophotometric behavior characterized by a low to neutral slope, indicating localized exposures of water ice. For the bright spots we attempt to estimate their water-ice content following the method described in Fornasier et al. (2019a), namely, using a simple areal mixing model with two components: the cometary dark terrain (represented by the circle in Fig. 10) and water ice

R = p × R ice + (1 -p) × R DT , (4) 
where R is the reflectance of the bright patches, R ice and R DT are the reflectance of the water ice and of the cometary dark terrain, respectively, and p is the relative surface fraction of water ice. The water-ice spectrum was derived from the synthetic reflectance from Hapke modeling starting from optical constants published in Warren & Brandt (2008) and adopting a grain size of 30-100 µm, as is typical for ice grains on cometary nuclei (Sunshine et al. 2006;Capaccioni et al. 2015; 4) to obtain an estimation of the normal albedo of the different ROIs.

In doing so, we assume that the phase function, determined by Fornasier et al. (2015) from the comet surface at 649 nm also applies to the other wavelengths and to the volatile rich spots. This introduces some uncertainties in the water-ice abundance estimation, but because of the short visibility of the bright spots and of the limited phase angle coverage, it is impossible to determine Hapke photometric parameters for the Wosret region or for the BS on comet 67P. We report in Table 3 the coordinated of the ROIs investigated, the associated spectral slope, and the estimated water ice content that was determined for BS, having an incidence and emission angle lower than 75 o , in line with the illumination conditions for which the photometric corrections are reliable (Hasselmann et al. 2017).

For the 13 June 2016 data, the ROI indicated by the blue asterisk (Fig. 10) is a typical example of a relatively blue terrain just emerging from shadows, where the spectral slope is lower (∼12 (%/100 nm)) than that of the average dark terrain, but far from the null value. We estimate a local enrichment of ∼7% in water ice in this ROI, and the best fit is given by small water ice particles. The ROIs indicated by the red star and the green triangle have a flat spectrophotometric behavior indicating some exposure of water ice. They are close to shadows and very tiny, their bright surface being only of ∼1 m 2 , that is smaller than the box (2.3 m 2 ) used to integrate the signal. Therefore, the water-ice estimation (around 14% for the ROI indicated by the green triangle in Table 3) should be taken with caution because the integrated signal is partially affected by the shadowed regions. We show these ROIs as example of tiny BS seen on Wosret.

Of greater interest are the BS observed on 2 July 2016 at a spatial resolution that is about the double than in June 2016 (Fig. 10, right image). These BS are indicated by the magenta Notes. Symbols refer to the ROIs represented in Fig. 10. The water-ice abundance was estimated using a linear mixing model of water ice and cometary dark terrain, and reported for three different grain size (abundances with errors refer to the best fit model). Errors in the spectral slope are on the order of 0.5%/100nm. square and the blue asterisk, they also have a small size (∼1.2 and 1.5 m 2 , respectively), but they are larger than the box where the signal was integrated and they are extremely bright, by a factor of 12 and 5, respectively, than the comet dark terrain. Their spectrophotometry is peculiar, showing a moderate negative slope in the 535-882 nm range. These ROIs are inside shadows and represent the top of morphological features illuminated only in these areas. Our best-fit compositional models for these two ROIs are shown in Fig. 11. The BS represented by the blue asterisk is best fit by a model including 29 ± 3% water ice with large grain size (1000 µm), which better mimics the decrease of reflectance at 880 nm than the model with smaller grain size. For the ROI indicated by the magenta square the estimated normal reflectance is very high, about 60-70%, as it is the associated water-ice abundance: 65.5 ± 6.0% for water ice with a grain size of 100 µm. However, these models have a higher chi-squared value than those reproducing the blue asterisk ROIs normal albedo and do not fully match the observed spectrophotometry of the bright spot. In this case, we favor the model including medium size water ice grains (100 µm) because the one with larger grains produces a strong decrease in reflectance in the NIR range, which is not observed in the data. Although the models are not optimal, we have clear indications of a local water ice abundance beyond 50%, which is among the highest reported in the literature for bright spots on comet 67P, but in very small areas. Other tiny bright spots have been observed in Wosret in the area surrounding the Abydos landing site, including part of the Wosret, Bastet, and Hatmehit regions, which were recently investigated by Hoang et al. (2020). They found a number of bright spots with size ranging from 0.1 m 2 to 27 m 2 , having a distinct flat spectrum compared to the comet average dark and red terrain, and with an estimated local ice abundance reaching 50-80% for 3 of them, thus indicating a fresh exposure of volatiles. A high content of water ice (∼46%) was also determined for the boulder onto which Philae stamped two minutes during the second landing site located 30 m away from Abydos, unveiling the primordial water ice inside it (O'Rourke et al. 2020).

Other ROIs exposing fresh water ice with an estimated ice content higher than ∼25% were found in several areas in the Anhur, Bes, Khonsu, and Imhotep regions (Fornasier et al. 2016(Fornasier et al. , 2017(Fornasier et al. , 2019a;;Deshapriya et al. 2016;Oklay et al. 2017;Hasselmann et al. 2019), as well as in the Aswan site (Pajola et al. 2017). It should be noted that these last bright and waterenriched areas are usually much more frequently observed and much larger than the ones detected in Wosret.

Activity

Wosret is also one of the most active regions: it has the highest estimated water production rate, which peaks at ∼10 28 molecules s -1 during the perihelion passage (Marshall et al. 2017), and it is the source of about 40 activity events, including one of the brightest outburst caught by the Rosetta observations (Vincent et al. 2016). In fact, 33 distinct source regions were reported by Fornasier et al. (2019b) and six more A132, page 11 of 14 A&A 653, A132 (2021) Fig. 12. Map of the comet with superposed the sources of jets identified in the Wosret region during the comet southern hemisphere summer. The location of some nearby jets are averaged for clarity, and some notable jets are represented with larger symbols. Blue circles represent jets reported in Vincent et al. (2016), green triangles those reported in Fornasier et al. (2019a), and black squares represent cavities showing repeated activity in several data sets (Fornasier et al. 2019a).

were identified by Vincent et al. (2016). Their position is shown in Fig. 12, with black squares representing four cavities showing repeated activity close to the perihelion passage (see Fig. 18 in Fornasier et al. 2019b). These cavities were showing activity events in 16 to 60 distinct observations. The jets departing from these cavities are often relatively faint, sometimes with peculiar morphology.

On Wosret, the activity mechanism is triggered by changes in local insolation linked to the diurnal and seasonal cycles of water on the nucleus. In fact, most of the activity sources, notably the periodically active cavities, are in or close to shadowed areas, as similarly observed for the majority of active sources of comet 67P during the perihelion passage (Fornasier et al. 2019b). In areas casting shadows, subsurface water ice may easily recondense during the cometary night, and it may survive at the cometary surface as frost or ice until the area is sufficiently illuminated and heated by the Sun to produce its sublimation. Fornasier et al. (2019b) reported the presence of tiny water ice patches in one of the active cavities, while for the others, unfortunately, no observations at high spatial resolution are available. Some images caught however few areas enriched in volatiles, as discussed in the previous section. An interesting example is reported in Fig. 9, which displays the southern part of Wosret at high resolution (310 < lon < 330 • , -30, lat < -20 • ), including a blue patch located at latitude -21 • and longitude 318 • , and few tiny bright spots. This patch has a moderate spectral slope (12.7%/(100 nm)) about 50% lower than that of the average dark terrain (18.1%/(100 nm)), and it is located close to the source region of a summer jet identified by Vincent et al. (2016, jet #11). Similar processes associated with the condensation and sublimation cycle of volatiles are expected to be ongoing in the other cavities of Wosret that show periodic activity.

Discussion and conclusions

Among the 26 regions of comet 67P, Wosret is shown to have unique geomorphological features. It is one of the regions receiving the highest solar flux, that is, between 400 and 600 W m -2 at perihelion (Marshall et al. 2017). This high insolation is responsible for both of the high erosion and activity level in Wosret. The high erosion level produces the flattened-out aspect, the pervasive fracturing observed in the consolidated areas in its southern part, and, together with the activity, the overall lack of dust deposits compared to other regions (El-Maarry et al. 2016). Consequently, Wosret exposes part of the inner layers of the small lobe (Penasa et al. 2017).

The final landing site of Philae, Abydos, is located in the northern part of Wosret, close to the boundary with the Hatmehit depression and Bastet region (Fig. 1). Its spectrophotometric properties have been studied by Hoang et al. (2020), who investigated an area of about 5 × 5 • in longitude and latitude surrounding the Philae final landing site. This terrain is as dark as the overall nucleus albedo and it shows relatively red colors, with the presence of some localized bright spots of 0.1 m 2 to 27 m 2 size rich in water ice. They also identified few possible morphological changes in this area with an estimated total mass loss of 4.7-7.0 × 10 5 kg.

Globally, the surface properties of Abydos are nearly indistinguishable from those of Wosret, thus, the results derived from the Philae in situ measurements may be considered representative of the whole Wosret region. The ubiquitous fractures observed in Wosret should extend also at sub-meter scale, as derived for the surrounding of Philae landing site (Bibring et al. 2015;Poulet et al. 2016). The fact that the lander instrument detected no dust impacts (Krüger et al. 2015) may support the overall paucity of dust in Wosret, even if this could also be Notes. These properties are derived from the investigation of southern hemisphere regions submitted to similar high heating at perihelion. For the small lobe, we consider the results on Wosret presented in this work, while for the big lobe, we refer to results from the literature mainly focused on the Anhur and Khonsu regions.

related to shielding effects by the cliffs close to Philae combined with the relatively low level of activity in November 2014. Regarding the compressive strength of Abydos, very different numbers ranging from a few tenths of Pa to 2 MPa were reported in the literature (Spohn et al. 2015;Biele et al. 2015;Knapmeyer et al. 2018;Heinisch et al. 2019), although the measurements derived from the penetrator sensors, which give the higher strengths values, should be taken with caution because they are affected by deployment uncertainties.

A recent reconstruction of the final Philae trajectory allowed for the identification of an additional landing site touched during about 2 min before Philae stopped in Abydos. This side is located 30 m apart from Abydos and it is also located in Wosret (O'Rourke et al. 2020). During this landing, Philae collided with a boulder, producing some morphological changes, lifting up the dust covering the surface and uncovering primitive buried water ice in a 3.5 m 2 size spot, six to eight times brighter than the average comet. This confirms previous findings showing that the water ice is abundant beneath the dark dust layer and drives the observed seasonal and diurnal color variations (Fornasier et al. 2016). In fact, cliff collapses observed in Seth and Anhur regions also exposed underneath layers that are rich in water ice (Pajola et al. 2017;Fornasier et al. 2019a).

O 'Rourke et al. (2020) were also able to measure the local porosity of the boulder into which Philae stamped, finding high values (75%) consistent with those determined previously for the overall nucleus (Kofman et al. 2015;Herique et al. 2019;Pätzold et al. 2016). They also found an extremely low (<12 Pascals) value for the compressive strength, indicating that the mixture of dust and ice is extremely soft (O'Rourke et al. 2020) even inside the boulders.

As shown in the previous section, Wosret spectrophotometric properties are similar to those observed in other regions of the 67P nucleus. Here, we report the presence of local bright spots and relatively blue areas, located close to shadows and associated with the diurnal cycle of water ice. These last areas are however very small and less frequent than the water ice enriched zones observed in Anhur, a region in the big lobe that is subject to the same strong thermal heating during the cometary summer and that is also highly active (Fornasier et al. 2017(Fornasier et al. , 2019a)).

Even if no appreciable differences between the two lobes have been reported in the literature on the global surface composition (Capaccioni et al. 2015;Fornasier et al. 2015), and on the deuterium to hydrogen (D/H) ratio (Schroeder et al. 2019), our study on Wosret highlights some differences in the physical and mechanical properties among the two lobes, which are summarized in Table 4: 1. First, the water-ice enriched regions directly exposed at the surface of Wosret are less frequent and smaller in size than those observed in Anhur, where water-ice rich areas of sizes ranging from a few to 1600 m 2 were observed (Fornasier et al. 2016); 2. We report the presence of spectrally bluer area enriched in frost located close to shadows and related to the diurnal cycle of water. However, these areas are less frequently observed in Wosret than in other regions. For example, frost is repeatedly observed in Anhur inside shadowed regions (Fornasier et al. 2019b); 3. The comparison of Wosret surface evolution with that of southern hemisphere regions such as Anhur and Khonsu, which experience the same high incoming solar flux than Wosret at perihelion (see Fig. 6 of Marshall et al. 2017), indicates important differences. In fact, all these regions are highly active, but the activity results in different surface re-shaping. Indeed important morphological changes are observed in Anhur: the formation of two new scarps exposing the subsurface water ice layer; the local removal of the dust coating up to ∼14 ± 2 m in depth within a A132, page 13 of 14

A&A 653, A132 (2021) canyon-like structure; vanishing structures of several tenth of meters in length; and boulder displacement and fragmentation, for a total mass loss estimation higher than 50 × 10 6 kg (Fornasier et al. 2017(Fornasier et al. , 2019a)). For Khonsu, another southern hemisphere region of the big lobe, Hasselmann et al.

(2019) reported a number of morphological changes (boulder displacements, cavities formation, dust bank removal), producing an estimated mass loss of ∼2 × 10 8 kg. Conversely, no major morphological changes are observed in Wosret, except for the formation of the new cavity, and the dust coating removal tentatively estimated in ∼1 m depth, locally. This difference cannot be related to observational biases because these regions have been observed under similar spatial resolution and illumination conditions pre-and post-perihelion; 4. Polygonal block in Wosret are on average two times larger than the goosebumps (or clods) observed in different regions on the big lobe. These structures have been interpreted as being representative of the original cometesimals forming, by aggregation, cometary nuclei, or as the result of fracturing processes produced by the seasonal and diurnal thermal gradients in the material (Sierks et al. 2015;El-Maarry et al. 2015;Auger et al. 2015). El-Maarry et al. ( 2016), based on the morphological analysis of the 67P regions, deduced that the material composing the two lobes has different physical and mechanical properties. We can support this conclusion by the fact that the clods-goosebumps features in Wosret are larger than those observed in the big lobe. Moreover, the limited morphological changes observed in Wosret as compared to Anhur, shown in Table 4 (while both regions were among the most active ones and the most heated by the Sun during the perihelion passage), indicate that the material on Wosret should be less fragile and more consolidated than the material present on the big lobe southern regions. Furthermore, the low number of exposed volatiles at the surface of Wosret, as compared to Anhur, might indicate that the small lobe has a lower volatile content, at least in its top layers, than the big lobe.

All this evidence support the hypothesis formulated by Massironi et al. (2015) based on the analysis of the layering of the two lobes stating that comet 67P is composed of two distinct bodies that merged during a low-velocity collision in the early Solar System.

Introduction

The Rosetta mission of the European Space Agency was launched on 2 March 2004 to perform the most detailed study ever attempted of a comet. After ten years of interplanetary cruising, Rosetta entered the orbit of its primary target, the short-period comet 67P/Churyumov-Gerasimenko (hereafter 67P), in August 2014 and followed the comet for more than two years until 30 September 2016, when it landed on the surface of the nucleus.

Rosetta carried a broad suite of instruments, including the Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS), which acquired more than 75 000 images of the comet during the mission. OSIRIS is composed of two cameras: the Narrow Angle Camera (NAC) for nucleus surface and dust studies, and the Wide Angle Camera (WAC) for the widefield coma investigations (see Keller et al. 2007, for further details). OSIRIS enabled extensive studies at high resolution (down to 10 cm pixel -1 , and even better during the final phase of Rosetta's descent) of the nucleus with several filters in the 250-1000 nm range. OSIRIS also provided high-resolution images of the cometary activity and its evolution from 4 au inbound to 3.6 au outbound.

The nucleus of 67P is bilobed, has a low density of 537.8 ± 0.7 kg m -3 , and a high porosity (70-80%; Sierks et al. 2015;Pätzold et al. 2016;Jorda et al. 2016;Preusker et al. 2017). The A&A 630, A7 (2019) surface is dark, with a geometric albedo of 5.9% at 535 nm (Fornasier et al. 2015), and it shows a complex morphology that is characterized by consolidated and smooth terrains, depressions, pits, extensive layering, ubiquitous boulders, and dustcovered areas (Thomas et al. 2015;El-Maarry et al. 2015, 2016;Massironi et al. 2015).

The coma activity of 67P has been monitored by several instruments even before the Rosetta rendezvous maneuver with the comet in August 2014. The OSIRIS images captured an outburst at the end of April 2014, when the comet was at 4 au and was not yet resolved by the cameras (Tubiana et al. 2015a), followed shortly after by the detection of water vapor with the MIRO instrument (Gulkis et al. 2015). During the first resolved observations, most of the activity arose from Hapi, the northern region located between the two lobes of the comet, which is brighter than average and relatively blue (Fornasier et al. 2015), and water ice and the first evidence of a diurnal water cycle was reported (de Sanctis et al. 2015). Important diurnal and seasonal variations were observed in the coma for different outgassing species. These were related to the complex morphology and the illumination conditions (Bockelee-Morvan et al. 2015, 2016, 2017;Biver et al. 2015;Luspay-Kuti et al. 2015;Lin et al. 2015Lin et al. , 2016;;Lara et al. 2015;Hansen et al. 2016).

The OSIRIS instrument observed different activity events during the two years of continuous observations of the comet, allowing scientists to retrieve the positions on the surface of the nucleus of several jets through geometrical tracing, to photometrically characterize them, and to study their seasonal evolution (Lara et al. 2015;Lin et al. 2015Lin et al. , 2016Lin et al. , 2017;;Shi et al. 2016Shi et al. , 2018;;Vincent et al. 2016a,b). In particular, several peculiar events were investigated: Shi et al. (2016) analyzed a cluster of sunset jets from the Ma'at region in late April 2015; Knollenberg et al. (2016) studied an outburst originating from a part of the Imhotep region on 12 March 2015; Vincent et al. (2016a) located and classified 34 outbursts that occurred between July and September 2015; [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF] observed that most outbursts were located near collapsed cliffs, which they interpreted as evidence of mass wasting; Pajola et al. (2017) reported the first unambiguous link between an outburst and a cliff collapse that they observed in the Aswan site, which is located in the Seth region, with direct exposure of the fresh icy interior of the comet; and Agarwal et al. (2017) reported an outburst event in the Imhotep region at 3.32 au outbound that altered an area with a radius of 10 m on the surface and left an icy patch.

Most of the results on cometary activity studies are obtained from observing sequences with long exposure times that are devoted to investigating the faint cometary gas and dust emissions. In such observations, the nucleus is usually saturated. In these studies, the jet sources cannot be directly identified on the nucleus, and their location is retrieved by triangulation from different viewing geometries or from projecting the 2D jet coordinates on synthetic images of the nucleus at the time of a given observation. Moreover, Shi et al. (2018) investigated the relation between jet morphology and terrain and cautioned that the traceback analysis of jets may be hindered by the observing geometry.

This work focuses on the jets observed during the OSIRIS/NAC color sequences that are dedicated to studying the colors and composition of the nucleus. They were taken between June and October 2015, when the comet was immediately before and after perihelion, which occurred on 13 August 2015. Several jets were observed on the nucleus, which allows us to precisely locate them directly on the surface and to investigate the morphology of the source regions from images with higher resolution that were acquired later. These events include the perihelion outburst, several faint jets, and short-lived transient events that lasted for a few minutes.

In Sect. 2, we summarize the observational sets and the analysis we performed to characterize and localize the jets, and in Sect. 3 we present the results of our jet distribution analysis over the southern hemisphere of the nucleus and describe their main properties. In Sect. 4, we discuss the morphology of the jet sources from images with higher resolution that were acquired in 2016. Finally, we discuss the main mechanisms that are at the origin of activity and examine the link between morphology, composition, and activity of 67P.

Observations and data analysis

We used color sequences devoted to the nucleus spectrophotometric characterization acquired with several filters of the NAC camera close to perihelion passage, between June and October 2015 (Table 1). Even if not expressly devoted to coma and dust studies, these sequences, acquired at the peak of cometary activity, revealed several jets and outbursts. We thus decided to build a jet catalog based on these observations. The advantage of these sequences is that in contrast to the long-exposure time observations that are devoted to investigating the cometary activity, the nucleus is not saturated. This permits precisely locating the position of the activity sources on the nucleus and studying the colors of some outburst. In particular, these observations for the first time highlight short-lived jets with durations shorter than a few minutes.

We analyzed more than 2000 images that were obtained over 11 days between June and October 2015. Each observing data set at a given date consists of 12-33 individual sequences of 11 filters (Table 1) and covers the rotational period of the nucleus (12.4 h; Mottola et al. 2014). The observed nucleus surface is situated mostly in the southern hemisphere and on the comet equator. The identified jets therefore only account for a fraction of the total number of jets departing from the whole nucleus.

We used level 3B images from the OSIRIS pipeline, which are corrected for bias, flat field, geometric distortion, calibrated in absolute flux (in W m -2 nm -1 sr -1 ), and are finally converted into radiance factor (called I/F, where I is the observed scattered radiance and F is the incoming solar irradiance at the heliocentric distance of the comet, divided by π), as described in Tubiana et al. (2015b) and Fornasier et al. (2015).

All images of an individual sequence were first coregistered using the F22 NAC filter (centered at 649.2 nm) for reference. For the coregistration, we used a python script based on the scikit-image library (Van der Walt et al. 2014), and the optical flow algorithm (Farnebäck 2003), as has been done previously for the analyses presented in Fornasier et al. (2017) and Hasselmann et al. (2017).

Each image was reconstructed for illumination and observing geometry using the 3D stereo-photoclinometric shape model (Jorda et al. 2016), considering all relevant geometric parameters, such as the camera distortion model, the alignment of the instrument to the Rosetta spacecraft, and the orientation of the spacecraft (with reconstructed orbit position and pointing) with respect to the 67P nucleus and to the Sun.

Red, green, and blue (RGB) in false-color maps were generated from coregistered NAC images that were acquired with the filters centered at 882, 649, and 480 nm using the STIFF code (Bertin 2012). These RGB maps offer the first visual clues about the comet nucleus. In these images, most of the comet nucleus appears gray, and bright spots are displayed as white patches. Transient events, on the other hand, are usually displayed as The sequences usually cover slightly more than one rotation period of the comet. (b) This entry specifically refers to the number of jets that have been successfully located on the surface, not to the total number of jets. Some jets originate from behind the limb, and we cannot precisely locate their source region. (c) This is the average number of detected jets per sequence for a given date.

colored areas as they are only captured by some of the filters during a sequence, or because their intensity peaks in some filters.

Finally, for the spectral analysis, images were photometrically corrected by applying the Lommel-Seeliger disk law (D), which has been proven to correct satisfactorily for dark surfaces (Li et al. 2015):

D(i, e) = 2µ i µ e + µ i , (1) 
where µ i and µ e are the cosine of the solar incidence (i) and the emission (e) angles, respectively. The reflectance (at the phase angle of a given observation) of selected regions of interest (ROI) was computed from the photometrically corrected images by integrating the signal in a box of 3 × 3 pixels, and the relative reflectance obtained by normalizing the spectrophotometry in the green filter, centered at 535 nm. The spectral slopes were evaluated in the 535-882 nm range, as detailed in Fornasier et al. (2015Fornasier et al. ( , 2016)). The jets were first identified in the RGB images as colored patches. The Cartesian coordinates (x, y, z) of their sources on the nucleus were obtained through images that were simulated from the shape model, and were converted into longitudes and latitudes as follows: lon(x, y) = arctan2(y, x), lat = arctan z

x 2 + y 2 . ( 2 
)
We used the Cheops reference frame described in Preusker et al. (2015) to retrieve the coordinates of the jet footprints. The reference of this frame is a boulder called Cheops in the Imhotep region, whose location is defined to be at longitude 142.35 • , latitude -0.28 • , and at a radial distance of 1395 m from the center of the nucleus.

Location and properties of jets and outbursts

More than 200 activity events have been identified in June-October 2015 from multi-filter images that were devoted to characterizing the nucleus (Table A .1). We stress that this list is incomplete. Some jets originate from behind the limb, such that we cannot precisely locate their source region, and they are not considered in this study. Moreover, several jets were reported by other studies from long-exposure time sequences that were expressly devoted to investigating the activity; they are not considered in the following analysis either (Vincent et al. 2016a;Knollenberg et al. 2016;Shi et al. 2016;Lin et al. 2016Lin et al. , 2017;;Schmitt et al. 2017). Table A.1 reports all the jet locations we identified in the nucleus color sequences that we analyze here, together with their type, repeatability, cometary local time, and a short description. The jet types are given on the basis of their shape, following the classification of Vincent et al. (2016a): A is a collimated jet, B is a wide plume, and C is a complex shape (broad and collimated).

The jet positions are represented in Fig. 1 in a map of the nucleus showing the different morphological regions (El-Maarry et al. 2015, 2016). Most of the jets are close to the boundaries that separate the different morphological regions, where textural and topographic discontinuities are observed. These boundaries are between Sobek and Hapi, Sobek and Anuket, Wosret and Maftet, Wosret and Bastet, Anhur and Bes, Khepry and Bes, Anhur and Aker, Bes and Geb, Bes and Atum, and Bes and Khonsu. The association between jet location and the boundaries of the morphological regions has been reported by Vincent et al. (2016a), who found a clustering of the activity in the boundaries between Anhur and Aker and Anuket and Sobek on the large lobe, and in the boundary between Wosret and Maftet on the small lobe. Some examples of jets observed on 30 August 2015 are reported in Fig. 2. These images were acquired from relatively large distances, and thus the spatial resolution was low (about 7.6 m px -1 ). However, the spatial extension of the jet sources was several pixels, which means that it is similar to or larger than the dust plume that was observed closely by the Rosetta instruments on 3 July 2016 from a distance of 8.5 km (see Fig. 2 in Agarwal et al. 2017).

Several jets periodically originated from the same location inside cavities or alcoves (black circles in Fig. 1), especially in Wosret and Bes. The walls of these cavities cast shadows that allowed the recondensation of volatiles. Evidence of exposed water ice has indeed been found inside them (see, e.g., Fig. 1. Top: map of the comet. We show superposed the jet sources that were identified during summer in the southern hemisphere of the comet. The locations of some nearby jets are averaged for clarity, and some notable jets are represented with larger symbols. Black circles represent cavities that were found to be active in different data sets (see Table A.1 for details). Cyan points represent events observed in 2016 that are reported here for the dust plume in the Bes region, are reported in Agarwal et al. (2017) for the outburst in the Imhotep region, and are reported in Fornasier et al. (2017) for the jets in the Anhur region. Bottom: three different views of the southern hemisphere of 67P. Regional boundaries are overlaid. The complete 3D views of the comet nucleus with all the regions superposed are shown in El-Maarry et al. (2015, 2016, 2017a).

Figs. 456). The latitude and longitude position of jets departing from cavities is listed in Table A.1. The errors indicate the range in longitude and latitude associated with periodic or closeby jets departing from these regions. These structures were active in several sequences, up to 61 times for cavity A in Wosret, and 29-47 times for cavities A and B in Bes.

While the perihelion sequence has the fewest observed jets per sequence (Table 1), it has the most spectacular and brightest event (jet 8 in Table A .1). It originates from the Anhur region (Fornasier et al. 2017), and its intensity surpasses that of all other jets (Vincent et al. 2016a).

The activity peak, defined as the highest number of jets per sequence, from the observations we investigate here occurs on 30 August 2015 (Table 1). This agrees with results on the entire cometary activity as observed from the ground and from other Rosetta instruments, which reported an activity peak in 67P approximately two weeks after perihelion (Snodgrass et al. 2016). The highest water production rate as found by ROSINA occurred 18-22 days after perihelion (Hansen et al. 2016). Bockelee-Morvan et al. (2016) reported an abrupt increase in the water production of 67P six days after perihelion from coma observations with the VIRTIS instrument. The coma observations immediately after perihelion with VIRTIS also revealed an increase by a factor 2 for the CO 2 , CH 4 , and OCS abundances relative to water. Bockelee-Morvan et al. ( 2016) attributed this activity post-perihelion to the sublimation of volatile-rich layers near the surface. The exposure of volatilerich layers close to perihelion was also reported by Fornasier et al. (2016) from OSIRIS observations of the nucleus colors and spectrophotometry.

The post-perihelion activity peak is due to thermal lag and to the low thermal inertia of the nucleus surface layers (10-30 or 10-50 J K -1 m -2 s -0.5 , according to Schloerb et al. 2015 andGulkis et al. 2015, respectively). VIRTIS spectrometer data showed that dust-layered areas have low thermal inertia (I), while the rougher consolidated terrain revealed higher thermal inertia, I ≥ 50 J K -1 m -2 s -0.5 [START_REF] Leyrat | EPSC Conference[END_REF], such as the Abydos landing site, whose thermal inertia is 85 ± 35 J K -1 m -2 s -0.5 , as determined by in situ measurements with the MUPUS instrument on board the Philae lander (Spohn et al. 2015). These results suggest that the nucleus has a low thermal conductivity and that it is a highly porous body with a subsurface layer of dust and ice that locally has a highly compressive strength (Spohn et al. 2015).

Figure 3 shows the distribution of all the observed jets as a function of the comet local time evaluated on a 24 h basis. Local time has been computed using the Rosetta NAIF-SPICE ESA kernels (Acton et al. 2016), which include all the geometrical information about the spacecraft and the positions of the comet and the Sun, assuming a rotational period of the comet of 12.4047 h (Mottola et al. 2014). The illumination is computed from the local time of a given position, disregarding topography, that is to say, we did not consider mutual shadowing. At the top of Fig. 3a, we present the distribution of all jets per local time from sunrise, normalized by the length of day (i.e., the time from sunrise to sunset). As the jets cover different latitudes over four months, the length of day strongly depends on latitude and epoch. The length of day was computed for each source, counted once in Fig. 3, for a given time. This normalization was needed to present the active sources in the same cometary time-frame with respect to their illumination time. In this way, sunrise corresponds to zero and sunset to one in Fig. 3a. In this plot, the majority of the jet sources is active during cometary afternoon, and few events take place around midnight. This behavior may be explained by the thermal lag needed to penetrate the layer of subsurface volatiles and activate sublimation.

We also report in In these plots we did not normalize by the length of day, but we indicate the approximate sunset time for three different dates. For regions close to the south pole (panel B in Fig. 3), which are always illuminated during the time-frame we considered (we set the sunrise time to zero in this case), the majority of the sources is active after midday. The medium-to-high southern latitudes (panel C), which mostly correspond to active sources in the Bes, Anhur, and Khepry regions, show a bimodal distribution with two activity peaks, one in the morning and one in the afternoon. The equatorial southern sources (panel C), which are mostly located in the Wosret region in the small lobe, also display a bimodal distribution, but with different peaks: one at night, a few hours before dawn, and one during sunset. Conversely, equatorial northern sources (panel E) display most of the activity about 5-7 h after sunrise and show no events at sunset or during the night.

The activity peaks in the afternoon, close to sunset, or during the night may be explained by the thermal lag to activate the sublimation of subsurface volatiles. Sunset jets have previously been observed, for instance, in the Ma'at region (Shi et al. 2016) or at night (Knollenberg et al. 2016). Conversely, more than half of the 34 outbursts observed by Vincent et al. (2016a) during the 67P summer occurred at dawn or early morning. This was interpreted as a consequence of rapid temperature variations that cause the surface to crack. For the fainter jets we report here, only sources at medium-to-high southern latitudes (panel C in Fig. 3) present a maximum close to sunrise and early morning. The sublimation of recondensing frost or ice during the short summer night, which is periodically visible on the surface close to perihelion passage (Fornasier et al. 2016), may be an alternative explanation for some of the morning jets that were observed in the Bes-Anhur regions at these latitudes.

Short-lived jets

Transient events with short lifetimes (shorter than two minutes) have been detected for the first time thanks to the unprecedented spatial and temporal coverage of the OSIRIS observations. The best example is a faint jet detected in the Bes region in images A .1). This sequence captures the beginning, peak, and end of the transient event, which lasted for approximately 90 s. acquired on 30 August 2015, at UT 6h48-6h50 (Fig. 5, jet number 71 in Table A .1). In this color sequence, the area hosting the jet (located precisely at longitude -140.6 • and latitude -81.0 • , indicated by the yellow rectangle in Fig. 4 and by the red rectangle in Fig. 5) is not directly illuminated by the Sun at the time of the observations. This area is inactive in the first two images of the sequence (Fig. 4), which were both acquired with the F15 filter centered at 269 nm. The activity then starts in the third image, and reaches its peak about 25 s later (image acquired with the F27 filter centered at 700 nm), after which the intensity progressively decreases, with almost no activity in the last two images of the sequence. We thus estimate its total duration to be about 95 s. As the flux changed during the sequence (which lasted for about 140 s), the jet spectrophotometry cannot be used to deduce information about the possible composition of the ejected material. The jet is represented by the red asterisk in Fig. 5. At its peak, the jet covers a projected area on the nucleus of about 20 pixels, corresponding to 1150 m 2 .

Close to this jet, we observed a patch (represented by the blue asterisk in Fig. 5) that is 80% brighter than the dark terrain (DT) of the comet. This patch is located in the Bes region at longitude -118.3 • and latitude -81.8 • . Its spectrum is fainter than that of the comet DT. Previous studies of the nucleus of 67P have proven that the compositions of regions with this spectral behavior (i.e., relatively blue) include some water ice mixed with the comet DT (Pommerol et al. 2015;Fornasier et al. 2015Fornasier et al. , 2016Fornasier et al. , 2017;;Barucci et al. 2016;Oklay et al. 2016Oklay et al. , 2017)). Two other bright patches are shown in Fig. 5, one in the Bes region (green triangle, longitude -119.2 • and latitude -69.0 • ), and one in the Khonsu region (magenta square, longitude -163.9 • and latitude -13.2 • ). The patch in Khonsu is three times brighter and spectrally flatter than the comet DT, indicating the exposure of some water ice. Its position corresponds to the location where several jets were identified in images obtained on 1 August 2015 (jet 138 in Table A.1), showing activity for about three hours.This means that the water ice observed here was probalby freshly exposed after these activity events.

The source area of jet 71 was repeatedly active during the perihelion passage as faint jets have been observed 12 times between June and October 2015 (see jet 71 in Table A.1 for more details). An example of the periodic activity is shown in Fig. 6, where a very faint jet, indicated by the red arrow, is observed to A7, page 7 of 26 A.1) departing from a bright spot, as well as other faint jets that are indicated by the arrows. In particular, the cavity seen to be active at 6h49 on the same day still shows a very faint jet (jet 71 in Table A.1) that is indicated by the red arrow. Bottom left: zoom into the region around the red jet in RGB colors produced with filters centered at 931, 649, and 480 nm; a faint jet departing from the 6h49 source can be visualized better, and the fainter flux of the red jet compared to the RGB in the top panel (the acquisition order of the filter was 269, 360, 743, 701, 480, 535, 649, 989, 931, 805, and 882 nm). Bottom center: image with symbols related to the five ROI. Right panels: relative reflectance, normalized at 535 nm, vs. wavelength, and the reflectance at phase = 70 • of five selected ROI (the red circle shows the dark terrain of the comet, the red star represents the red jet highlighted in the zoom, the blue asterisk shows a bright patch in Khonsu at which activity was previously observed, and the green triangle and magenta square indicate two different bright patches).

depart from the same position as the short-lived event observed 12 h before. The periodic nature of jets, that is, the exact same feature as was observed from one rotation to the next, has been noted and reported by Vincent et al. (2016a). Some other shortlived jets are observed in this image: a red jet in the Geb region (jet 123 in Table A.1, indicated by the red star in Fig. 6 and in the zoom into the RGB image in the bottom left panel), whose activity starts in correspondence of observations with the F71 filter (989 nm), which reaches maximum in the last image of the sequence, acquired with the F41 filter (therefore it lasted longer than 25 s, and its duration is probably comparable to that of the jet at 6h49); and two faint jets, indicated by the blue arrow in Fig. 6, departing from two cavities in the Wosret region, seen active periodically (cavities A and B,numbered 182 and 183 in Table A.1). Again, we cannot constrain the potential composition of these jets because of their short duration and flux variability in the different filters. The bright patches nearby the active regions (magenta square and green triangle in Fig. 6) look slightly bluer in the near-infrared (NIR) region; this is consistent with the exposure of some water ice. The brightest spot is found in the Khonsu region (blue asterisk in Fig. 6), at the same position as previously investigated in Fig. 5, showing that water ice exposed at the surface survives during the cometary day. Moreover, several exposures of water ice were later observed in this region, from January 2016, and they survived for several months (Deshapriya et al. 2016;Hasselmann et al. 2019).

Other examples of short-lived jets observed on 30 August 2015 are found in the Anhur region: two collimated jets that were reported in Fornasier et al. (2017; see Fig. 2, panel at 12h21), which were active for about 50-70 s (jets 17 and 18 in Table A.1), a jet observed at 8h09 that lasted for about 58 s (jet 13, Fig. 2), and a jet observed at 22h34 that lasted for about 72 s (jet 20, Fig. 2) and departed from an area in shadow. A few others on the same day are observed in Anuket, Bes, and Imhotep, and details are reported in Table A. 1 (jets 36, 89, and 152).

Other short-lived jets are reported in Table A.1 and were observed on 1 August (jet 74, Bes region), 26 July (jets 185 and 188, in Wosret, jet 4 in Anhur), 27 June (jet 182 in Wosret, jet 43 in Atum), and 11, 20, and 31 October 2015 (jets 98, 107, and 108 in Bes, jet 183 in Wosret). We note that some jets have blue, green, or red apparent colors because the activity was captured only with few filters in a color sequence, like the red jet in Geb we described before.

Notable jets and outbursts

Two outbursts in Sobek

Some of the observed jets or outbursts stand out particularly strongly. Two spectacular events from 1 August 2015 are shown in Figs. 7 and8 at 15h43 and23h55 (jets 177 and178 in Table A .1), and both originate from the Sobek region. The 15h43 outburst has been reported by Vincent et al. (2016a) and displayed a broad plume (type B in their classification of transient events). Its intensity was about 11% compared to that of the perihelion outburst of 12 August 2015, which is the brightest event reported in their list. These two outbursts took place some days after the discovery of a resolved boulder of about 0.8 m that orbited the comet and was observed at only 3.5 km from the Rosetta spacecraft (Fulle et al. 2016a, see their Fig. 7). This indicates a progressive increase of the activity that is able to lift not only submillimeter and millimeter to centimeter grains from the surface, but also meter-sized boulders.

Here, we show for the first time the outburst colors and spectrophotometry (Fig. 7), as well as the spectral slope of the nucleus and of the near coma. In contrast to the shortlived jets we discussed previously, these outbursts have a longer duration than that of the observing sequence, and we do not observe a fluctuation of the fluxes with time for the different filters. This means that their spectrophotometric properties are reliable.

Figure 7 clearly shows that the 15h43 outburst was spectrally bluer than the nucleus beyond 650 nm. Three areas in the very inner coma were monitored along the jet, and all show a negative slope in the 650-1000 nm range. This behavior may be attributed to grains that have an icy composition and/or small particle size. On the surface of the comet, terrains with blue color beyond 650 nm have been observed in different regions, for example on Hapi (Fornasier et al. 2015). Infrared spectroscopy acquired with VIRTIS demonstrated this to be cometary dark material enriched in water ice (de Sanctis et al. 2015;Barucci et al. 2016). Icy particles in the ejecta are expected as the signature of water ice was reported in the July 2016 outburst (Agarwal et al. 2017) exposed fresh icy material on the surface with an albedo beyond 40% (Pajola et al. 2017).

The spectrally blue color of the outburst may also be attributed to fine particles of micrometer or sub-micrometer size. With the OSIRIS data alone, we cannot constrain the grain size. However, we may deduce that the dominant size of the ejected particles is probably not much smaller than the incoming wavelength (i.e., 0.3-0.6 µm), otherwise we would have observed a higher flux and a negative spectral slope in the 260-600 nm range, as they would act as Rayleigh-type scatterers.

Other outbursts, such as the July 2016 dust plume, were also found to be composed of refractory and icy grains (Steffl et al. 2016;Agarwal et al. 2017), as the signature of icy particles was detected with the ALICE UV spectrometer. In particular, the models of the UV spectra acquired with ALICE permitted constraining the sizes of the grains: the icy component consisted of submicron grains, while refractories are ejected in larger grains with sizes of several hundred microns (Agarwal et al. 2017). Other outbursts have been observed by VIRTIS, for instance, like the one occurring on 13-14 September 2015 that was reported in Bockelee-Morvan et al. (2017). They measured large bolometric albedos, which indicates bright grains in the ejecta that are of silicatic or icy composition. The authors also measured a negative spectral slope in the IR region for the outburst. A slope like this is associated with high color temperatures (up to 630 K) of the ejected material, which the authors attributed to very fine dust particles (Bockelee-Morvan et al. 2017). We therefore conclude that the outburst we present here may include some icy grains mixed with dust particles, and/or grains of relatively small size, but larger than ∼ 0.2 µm.

Another spectacular event originating in the Sobek region is the double-component jet shown in Fig. 8 (jet 178 in Table A.1), which was located at longitude 26.5 • and latitude -14.7 • , at the boundary between the Sobek and Bastet regions. Individual images and the RGB composite image show that the jet has two individual sources: one that is constantly active during the whole sequence (the left side of the jet, indicated by the red star in Fig. 8), which lasted for longer than 150 s, and one that became active at the end of the sequence, when images were acquired with the four filters covering the 800-1000 nm range. This source thus appears red, as underlined by the spectrophotometry of the blue symbol and magenta square in Fig. 8. The component of the jet that was continuously active during the sequence is spectrophotometrically similar to the nucleus DT up to 650 nm, then it has a flatter behavior at longer wavelengths. Similarly, as for the outburst described above, we interpret this as due to small icy grains mixed with dust.

Perihelion outburst from Anhur

A similar spectral behavior is also observed for the spectacular outburst of 12 August 2015 (jet 8 in Table A. 1,Fig. 9). This is called the perihelion outburst as it occurred a few hours before the comet reached perihelion. It was first reported by A7, page 11 of 26 Vincent et al. (2016a), who estimated a total luminosity of 1.18 × 10 13 W nm -1 at 649.2 nm and an ejected mass on the order of ∼100 tons, and who deduced that the source lies in the Anhur region. Lin et al. (2017) estimated for this event a mass ejection rate of > 19 kg s -1 . Here, we present the spectrophotometry of the ejecta from the color sequence acquired around UTC 17:21, that is, close to the activity peak. The outburst has a complex shape, including a narrow jet and a complex structure. Very faint activity was reported in images acquired at UTC 17:06 and 18:06 with the orange F22 filter alone (Vincent et al. 2016a). The four selected ROI at the source and along the collimated jet all show a spectrally flat behavior beyond 650 nm, which we attribute to a mixture of dust and icy grains.

Resolved outburst in Bes from May 2016 data

Most of the events observed close to perihelion look faint compared to the outbursts reported by Vincent et al. (2016a), for instance. As the sequences were devoted to characterizing the nucleus, the exposure time was short, and several of the faint events have a low signal-to-noise ratio. Moreover, for safety reasons, Rosetta was far away from the nucleus, and the spatial resolution was therefore relatively poor (several m px -1 ). During the last months of observations of 67P (i.e., May-September 2016), Rosetta came closer and closer to the nucleus, and caught a few outbursts at high resolution. This provided a glimpse of how the faint jets observed at perihelion would have looked like had Rosetta been closer to the nucleus. A nice example is the 3 July 2016 outburst, which departied from an area of the Imhotep region. This was observed simultaneously with several Rosetta instruments (see Agarwal et al. 2017 for a detailed study of this event).

Another resolved outburst, departing from the Bes region at the boundary with Imhotep, appeared in a single WAC image acquired on 12 May 2016 at 03h43 (jets 114 and 115 in Table A.1,and Fig. 10,left panel). This image was acquired when the comet was at an heliocentric distance of 2.98 AU, at a phase angle of 96.7 • , and with Rosetta at an altitude of 8. Unfortunately, this region was always in the shadow during the high-resolution observations acquired with OSIRIS. Using the derived coordinates, we located the source of the jets in an NAC color sequence acquired on 23 April 2016, at UT15h06, when Rosetta was 28.5 km from the nucleus surface. This resulted in a spatial resolution of 0.55 m px -1 (Fig. 10, middle panel). The geometry of the observations was different, the phase angle was higher (113 • ), and the source of the jets was in shadow. However, the high dynamic range of the OSIRIS cameras allow us to study the morphology of the terrain within the shadowed regions, increasing the contrast. The source of the plume is located close to scarp of about 40 m (Fig. 10, right panel).

The surface brightness of the plume was about 3.5 times higher than the surrounding regions of the nucleus, indicating the presence of bright material, likely icy grains. Within the shadow cast by the plume, the impinging light is attenuated by up to 50%. This implies that the plume is optically thick, with an estimated optical depth of ∼ 0.65.

We calculated the filling factor f , that is, the fraction of radiance scattered by an optically thin dust coma, to obtain the instantaneous total dust mass. The average radiance factor RADF of the dust cloud was integrated in a circle with radius of 50 pixels, and subtracted by the average surface radiance factor calculated inside an annulus external to the event. The integrated dust filling factor in an aperture of πR 2 pixel is expressed by (Knollenberg et al. 2016)

f = RADF w λ (p (g) /p (0) ) , (3) 
where w λ is the single-scattering albedo from Fornasier et al. (2015), estimated from Hapke modeling (Hapke 2012) of the surface scattering curve, p (g) is the particle phase function from Bertini et al. (2017), and p (0) is the extrapolation of this phase function for phase g = 0. Assuming a differential grain size distribution n (r) , described by a power law ∝ r h+1 , and assuming spherical grains, the expression for the integrated dust mass is

M = 2ρ • f • πR 2 n (r) r 2 dr n (r) rdr , ( 4 
)
where R is the aperture radius in meters and r is the grain radius.

As the power-law index h is generally unknown, we applied the indices estimated by Agarwal et al. (2017) from 10 µm to 1 mm grain size for the multi-instrumental study of the 2016 July outburst. Therefore, from 10 to 150 µm, we integrated Eq. ( 4) with h = -2.54, from 150 to 500 µm with h = -3.0, and from 500 µm up to 1 mm with h = -6.9 to finally derive the mass density associated with the observed surface brightness.

We thus obtained a filling factor of 0.256, and an ejected dust mass for the given image in the range of 700-2220 kg for a grain bulk density ρ ranging from 250 to 795 kg/m 3 [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF]). For comparison, Agarwal et al. (2017) estimated an equivalent mass of 920 ± 530 kg (in a given image, and for the same density range) for the July 2016 outburst, and a total ejected mass of 6500-118 000 kg for a duration of between 14 and 68 min.

Estimating the total mass ejected by the jets reported here is beyond scope of this paper, and moreover, the effective duration of most of the jets is unknown. However, it seems reasonable to assume that on average, the majority of the observed jets at perihelion, excluding the outbursts, ejected an instantaneous mass on the same order as the May 2016 event reported previously, that is, about one to a few thousand kilograms.

Morphology of active areas

In this section, we describe the morphology of some of the southern hemisphere regions (Anhur, Sobek, Khonsu, Bes, and Wosret) that have been found to host several sources of the jets reported in this study.

Anhur

The Anhur region, which is illuminated for a relatively short interval during the cometary orbit, close to the perihelion passage, experiences strong thermal effects that result in a high degree of erosion. Anhur is also highly active, and it is the source of several jets, as reported here and in previous papers (Vincent et al. 2016a;Fornasier et al. 2017).

This study identified 26 distinct jets originating from the Anhur region during July-October 2015, as reported in Figs. 11 and 12 and in Table A.1. The perihelion outburst source is not as precisely located as the others jets (see Figs. 11 and12, red star and rectangle in a dashed red line), and our best estimate of its position is located inside a canyon-like structure with a pit and fineparticle deposits, where several exposures of water ice have been reported (Fornasier et al. 2017). Boulders and different types of deposits can be seen on the strata within or close to the jet site (Fig. 12), which likely originated by transport from steep slopes like the nearby cliffs (El-Maarry et al. 2015;Pajola et al. 2015;Lee et al. 2017), or from in situ degradation (Lee et al. 2017) due to sublimation and gravitational falls.

The sites of the 30 August 2015 transient events originating from the Anhur region are located on stratified terrain, at the base of the scarps (Fig. 12). The sources of the transient Anhur events at 12h21 (jets 17 and 18 in Table A.1,see Figs. 11 and 12) correspond to a talus formed at the base of a scarp, at the boundary with Khepry region, as well as to the 22h34 jet (jet 20 in Table A.1, see Fig. 2). However, jets are also found on smooth terrains with fine-particle deposits, like the 8h09 event (Fig. 12, jet13 in Table A.1), or the optically thick plume observed on 27 January 2016 that was reported by Fornasier et al. (2017). Anhur also has an active pit, where a jet was observed on 26 July 2015 (jet 4 in Table A. 1,Fig. 12), as well as in previous observations from June 2015 reported in Fornasier et al. (2017).

The Anhur region is characterized by elongated canyon-like depressions in which cliffs expose sequences of strata. This indicates a pervasive layering. Local degradations and scarp retreats provide different types of deposits that partly cover flat tops, terraces, and bottoms of these depressions (Fig. 11). In this region, two bright patches of about 1500 m 2 each were observed on a flat terrace: one in a smooth terrain in Anhur, and the other just nearby, inside the Bes region, at the boundary with Anhur (Fornasier et al. 2016(Fornasier et al. , 2017)). These bright patches were observed between 27 April 2015 and 2-7 May 2015, and they lasted for at least ten days. Spectral modeling indicated a water ice abundance of 20-30% mixed with the comet DT, which corresponds to a solid ice equivalent thickness of 1.5-27 mm (Fornasier et al. 2016). A few weeks before the detection of these exposed water ice patches, VIRTIS reported on 21-23 March 2015 the first and unique detection of CO 2 ice at the location of a patch entirely within the Anhur region (Filacchione et al. 2016a). In addition to these extended bright patches, evidence of exposure of volatiles was observed in the Anhur region in several instances (Fornasier et al. 2017). This region is thus characterized by compositional heterogeneities on the scale of tens of meters and volatile stratification, which gives rise to a particularly fragile terrain. A new scarp, 150 m long and 10 m high, formed at the boundary of the Anhur and Bes regions around perihelion passage or shortly after, in correspondence to the location of an extended bright patch (Fornasier et al. 2017).

A close inspection of RGB color images of the Anhur region in 2016 reveals that water ice has been exposed in different locations in the form of tiny patches, or as frost hidden in the shadows cast by the canyon-like structure (Fig. 13). Within the elongated depressions of Anhur, the deep strata of the large lobe of 67P, which are presumably enriched in volatiles, are exposed (Lee et al. 2017). An example of volatile frost and exposure of water ice close to a boulder is shown in Fig. 13 from 25 June 2016 at UT 11h50. This observation was acquired at 35 cm px -1 resolution, and at a comet heliocentric distance of 3.27 au outbound. This spectacular view clearly indicates frost formation inside a shadowed region in Anhur, as well as exposure of ice, confirming that this region of the nucleus is one of the most highly enriched in volatiles, which is also proven by the high level of detected activity.

Sobek

The Sobek region is located at the intersection between the large and small lobes in the southern hemisphere. In contrast to the Hapi region, which is also located between the two lobes but in the northern hemisphere, Sobek does not have widespread fineparticle deposits. However, this region has a low gravitational potential, and it shows an agglomeration of boulders as well as localized fine deposits in its central area (Lee et al. 2017). The two spectacular outbursts observed on 1 August 2015 (jets 177 and 178 in Table A.1, Figs. 7 and8) are located at the foot of the scarp that separates the Sobek from the Bastet and Hapi regions. The source of the 15h43 outburst is located on a gravitational accumulation deposit and is surrounded by two highly vertical cliff walls on one side and the Anhur cliffs on the opposite side (see Fig. 14). The 23h55 event emerges from an outcropping consolidated terrain. A total of six jets, including the two outbursts described above, originated from the Sobek region.

Khonsu

The Khonsu region, bounded by the Apis mesa, is dominated by outcropping consolidated terrain overlaid by some patches of fine-particle deposits, and it includes large boulders, a peculiar 200 m wide structure with three plate-shaped stacked features called the pancake feature, and evidence for layering (El-Maarry et al. 2015;Lee et al. 2017;Ferrari et al. 2018, see Fig. 15).

Several jets reported in Table A.1 originated from Khonsu (jets 137-146, see Fig. 15). Two bright outbursts originated from source 138 (on 1 August at 10h51 and 21h55-22h55, called event 7 by Vincent et al. 2016a), about one rotation apart. In particular, the source showed activity for about three hours since 10h51. Many faint jets were also observed on the same day. The source of these outbursts is found on a rugged slope, at the foot of a cliff (see Figs. 15 and16), above a flat dust bank where bright patches have been spotted at least six days before the outburst (examples in Fig. 16), suggesting that this area is relatively abundant in water. Shortly after perihelion passage, exposures of water ice were detected, as discussed previously and shown in Figs. 5 and6. The other jets reported in Fig. 15 originated mostly from fine-particle deposits.

Hasselmann et al. ( 2019) reported several morphological changes that were all connected to this active area: the appearance of three ice patches, the formation of three shallow cavities, the sublimation of two thick dust layers, and the appearance of a 50 m jumping boulder that moved there from a nearby region. Previously, El-Maarry et al. ( 2017b) also reported a 30 m boulder rolling into the southern reach of the same dust bank, while Deshapriya et al. (2016) noted another boulder hosting a spot rich in water ice that lasted for about half a year. All these morphological changes took place during the southern hemisphere summer.

Bes

The Bes region is dominated by outcrops of consolidated terrain covered with deposits of fine materials. Diamictons and gravitational accumulation deposits are also found in the region (see Fig. 9 of Lee et al. 2017). In the onion-like layering of the nucleus (Massironi et al. 2015;Penasa et al. 2018), Bes is located in a shallower structural level than Anhur, and it also has mesa, high-slope (>35 • ) regions, and is sculpted by staircase terraces.

Many transient events (55, see Table A.1) originated within this region (Fig. 17), including the short-lived bright plume at 6h49 on 30 August 2015 (jet 71 in Table A.1), and the resolved plume observed in the image in May 2016 (Fig. 10; jets 114 and 115 in Table A .1). Some of these events arose from active cavities or alcoves located below a cliff, in a terrain with pervasive fractures (see Fig. 17):

-Cavity A: longitude -119.1 ± 3.9 • , latitude -80.1 ± 4.1 • , seen active in 29 sequences (jet 111 in Table A.1) -Cavity B: longitude -119.1 ± 3.9 • , latitude -68.7 ± 2.5 • , seen active in 47 sequences (jet 112 in Table A.1) -Cavity C: longitude -111.5 ± 3.3 • , latitude -69.8 ± 3.5 • , seen active in 10 sequences (jet 113 in Table A.1) These cavities very likely host volatiles because localized bright patches of water ice were observed in August 2015 (Figs. 5 and6). Long, linear fractures are visible across the cliff. They are probably formed by mechanical and/or thermal stresses. Small boulders are scattered at the surface below the cliff, while larger boulders are visible below an arc-shaped scarp (Fig. 17).

In addition to cavities, the jet sources identified on Bes are also found on dust deposits, at the foot of scarps and cliffs, and on consolidated terrains.

Wosret

Wosret is a region on the small lobe of 67P, and it is dominated by outcropping consolidated terrain with pervasive fracturing. Fine-particle and gravitational accumulation deposits are observed together with several scarps and terraces arranged in staircase patterns that connect different strata (Lee et al. 2017). In Wosret, 33 sources were active in July-October 2015. In particular, several cavities or alcoves, that is, structures that cast shadows, were found to be repeatedly active close to perihelion, as shown in Fig. 18: -Cavity A : located at longitude -28.7 ± 3.5 -36.4 ± 0.9 • , less active than the others cavities, as only three activity events were observed (jet 186 in Table A.1). The Wosret cavities usually emit faint cometary jets, sometimes with a very peculiar morphology, as highlighted in the insets on the left side of Fig. 18. These last events were brighter than the jets that were usually detected in these cavities, and occurred on 31 October, 20h49 (from cavity A, jet 182 in Table A.1) and 21h49 (from cavity B, jet 183 in Table A.1), with a collimated and broad shape.

These cavities, except for cavity A, were never observed at high spatial resolution and under good illumination conditions during the mission. Tiny water ice patches were observed in cavity A.

Discussion

This study demonstrates that several faint outbursts continuously contribute to the cometary activity at perihelion. They vary in A7, page 15 of 26 A&A 630, A7 (2019) Fig. 13. RGB images in false colors of the Anhur region acquired on 25 June 2016 at UT 11:50, from a spacecraft altitude of 17.9 km, and a resolution of 35 cm px -1 . The color images are produced using the filters centered at 480, 649, and 882 nm. The heliocentric distance of the comet was 3.27 au. duration and sometimes are extremely short (shorter than a few minutes). [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF] reported that jets in the northern hemisphere arise mainly from rough terrains rather than smooth areas, and more specifically, from fractured walls. However, smooth areas also produce jets and jet-like features, as claimed by Shi et al. (2016Shi et al. ( , 2018)). In the southern hemisphere, the jets and outbursts investigated here originated from both consolidated terrains (i.e., from scarps and cavities) and from smooth dust deposits that can sustain large boulders or fill niches or pit bottoms.

Several processes are evoked to explain the activity events reported here for comet 67P, and, more in general, for cometary nuclei:

1. The main driver that causes jets is insolation coupled with local subsurface volatile enrichment and/or direct exposure of water ice at the nucleus surface. Owing to the complex morphology, different locations on the nucleus of 67P have varying diurnal illumination cycles. A study of the sublimation of water ice upon local sunrise is reported in Shi et al. (2018). The sublimation of water ice through the porous mantle, which Belton et al. (2010) defined as type I jets, is the likely driver of sources seen to be periodically active on comet 67P (e.g., the cavities listed in Table A .1 (jets 111-113 and 182-186), or the periodic jets reported in Vincent et al. 2016a).

The most active areas are those close to regional boundaries, which mostly correspond to cliff walls, or the insides of cavities or alcoves. These structures cast shadows that permit the recondensation of volatiles that arose from the subsurface during the cometary night, and partially from inner coma molecules that are backscattered to the nucleus surface (Crifo 1987;Davidsson & Skorov 2004;[START_REF] Liao | [END_REF]. Subsurface thermal lag (Shi et al. 2016), coupled with the low thermal inertia of the comet, results in the recondensation of volatiles at night or in terrains that are often covered by shadows.

Moreover, as the comet approached perihelion, its dust mantle became thinner (Fornasier et al. 2016), exposing the underlying layers that are enriched in volatiles, and producing seasonal and diurnal color variations. Several instances of diurnal color changes and frost formation close to shadows have been observed. They were attributed to volatile recondensation during the cometary night (de Sanctis et al. 2015;Fornasier et al. 2016). Even far from perihelion, the complex local morphology coupled with the seasonal A.1), while the red symbols denote some jets that departed from the nearby Anhur region (see Fig. 11). Laboratory experiments on cometary analog mixtures have shown that a considerable fraction of sublimating ice can be redeposited at the surface instead of being released through the dust mantle (Sears et al. 1999). They have also shown how material stratification, separation of types of ices, and the release of trapped gases could occur near the surface of a comet, as has been observed on the nucleus of comet 67P (Fornasier et al. 2016(Fornasier et al. , 2017;;Filacchione et al. 2016a;Pajola et al. 2017). 2. Episodic and explosive events may be associated with cliff collapse [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF]). An example is the July 2015 outburst reported in Pajola et al. (2017), which exposed an inner layer, enriched in volatiles, in which bright and bluer material survived for several months. Several jets presented in this study were found below or close to cliffs or scarps, and some of them may be potentially related to a past cliff collapse. For instance, the sources of most of the Khonsu and Anhur jets were rich in volatiles and contained a number of scattered boulders that may have originated from a past cliff collapse that exposed volatile-rich layers. Unfortunately, most of the southern hemisphere was not observable before March 2015 from Rosetta, and therefore we do not have high-resolution images before perihelion to investigate the morphological changes associated with potential cliff collapses in detail. However, we noted the formation of a new 140 m long scarp nearby the boundary of Bes ad Anhur, as reported in Fornasier et al. (2017) and previously detailed in Sect. 4.1, where exposure of ices and volatile stratification was reported before and after its formation (Fornasier et al. 2016(Fornasier et al. , 2017;;Filacchione et al. 2016a). Several jets have sources close to that scarp, but none of the events we reported here were directly associated with this cliff collapse and scarp formation, which took place sometime between August and December 2015. ( Agarwal et al. 2017) may have been produced by a pressurized reservoir of volatiles below the surface (Knollenberg et al. 2016). The exothermic transition of water ice from the amorphous to the crystalline state following sudden exposure to sunlight can cause the volatile outflow and trigger an activity event. According to Agarwal et al. (2017), this mechanism can take place even near the surface. 5. Sinkhole collapse is invoked as the source of active pits (Vincent et al. 2015), which would result in the exposure of fresh volatiles on the cavity wall and interior after the collapse. However, very few pits are observed in the southern hemisphere, and only one is seen to be active in the Anhur region (see Fornasier et al. 2017;and Fig. 11). The paucity of pits in the southern compared to the northern hemisphere is probably related to its higher insolation and erosion rate. Activity events on 67P are well localized on the southern hemisphere close to perihelion passage. In a similar manner, other comets observed by space missions showed activity departing from well-defined sources and not from the surface of the entire nucleus: only 10% of the surface of 1P/Halley was estimated to be active (Keller et al. 1986) during the Giotto observations, while the hyperactive comet Hartley 2 showed well-localized jets mostly originating from the ends of its elongated nucleus (A'Hearn et al. 2011) and a plume of icy grains above the smooth waist (Protopapa et al. 2014). Together with solar illumination, local compositional inhomogeneities are related to activity events. Several jet or outburst sources are located in or close to areas that are brighter and have colors that are relatively bluer than the dark terrain of the comet, indicating a local enrichment in volatiles that, once illuminated, sublimate. It has been noted that comet 67P shows evidence of local heterogeneities in composition at different spatial scales. Three types of terrains, from the spectrally bluer and water-ice-enriched terrains to the redder ones, associated mostly with dusty regions, have been identified by visible spectrophotometry with OSIRIS (Fornasier et al. 2015). The southern hemisphere shows a lack of spectrally red regions compared to the northern hemisphere. This is associated with the absence of widespread smooth or dust-covered terrains (Fornasier et al. 2016).

Local color and compositional heterogeneities have been identified from the OSIRIS images up to the decimeter scale (Feller et al. 2016) during the closest comet flyby on 14 February 2015, with bright material, dark boulders, and some striae. During the 10 April 2016 flyby, several bright spots associated with exposure of water ice mixed with the dark terrain of the comet were reported (Hasselmann et al. 2017;Feller et al. 2019). Bright patches showing exposure of water ice mixed with the dark terrain of the comet have been reported in several regions of the comet. Water ice amounts varied in these regions from a few percent (de Sanctis et al. 2015;Pommerol et al. 2015;Filacchione et al. 2016b;Barucci et al. 2016;Oklay et al. 2016) to >20% in localized areas in the Anhur, Bes, Khonsu, and Imhotep regions (Fornasier et al. 2016(Fornasier et al. , 2017;;Deshapriya et al. 2016;Oklay et al. 2017), and at the Aswan site (Pajola et al. 2017). As reported in Brightness variations in the comet surface at the centimeter and millimeter scale were reported by the CIVA instrument on board the Philae lander (Bibring et al. 2015), which observed a surface that was globally dominated by dark conglomerate, likely made of organics, with brighter spots that may be linked to mineral grains or point to ice-rich material.

Compositional inhomogeneities have also been reported on the surface of comet 9P/Tempel 1 with the detection of dirty water-ice rich material (Sunshine et al. 2006), and they were associated with extensive subsurface sources of volatile material. Morphological changes were reported on comet Tempel 1 between the Deep Impact and the Stardust flybys, with fronts receding by several meters in a large smooth area (Veverka et al. 2013). Several jets were linked to the rugged surface bordering this smooth area (Farnham et al. 2007). These morphological changes were interpreted as the progressive sublimation and depletion of volatiles and ice-rich material (Meech et al. 2017). The short-period comets 9P/Tempel 1 and 81P/Wild 2, observed by the Deep Impact and Stardust missions, also showed extensive layering and stratification, similar to comet 67P (Belton et al. 2007), and a complex morphology (Thomas et al. 2013).

Conclusions

We inspected over 2000 images acquired with the OSIRIS instrument on board Rosetta during four months around perihelion passage, and we identified and precisely located more than 200 transient events on the nucleus of 67P.

Our main findings are listed below. -The source locations of the jets are usually found below cliffs, scarps, or inside cavities or alcoves that cast shadows, but they are also found on smooth terrains. Therefore, these activity events are not related to a specific terrain type or morphology, but are mainly driven by the local insolation. -This analysis indicates that several transient events observed at perihelion have lifetimes shorter than a few minutes. -Faint jets are often periodic as a consequence of local illumination and of sublimation and recondensation processes of water ice. These processes, in particular, seem to be A7, page 19 of 26 A&A 630, A7 (2019) the source of the periodic jets that depart from cavities or alcoves. -Several jet sources are bright and spectrally bluer than the dark terrain of the comet. This implies a local enrichment of volatiles. -The ejecta of three outbursts we investigated have bluer colors in the visible-to-near-infrared range (but not in the near-ultraviolet region), indicating that the ejected material may contain some icy grains mixed with the ejected dust. -We reported a resolved bright plume observed in May 2016, which was optically thick. It had an instantaneous estimated mass loss of ∼1000-2000 kg. The faint jets observed at perihelion, whose durations are often unconstrained, probably eject a similar amount of material. We presented a comprehensive inventory of source regions and locations of jets observed directly on the surface of 67P during and close to perihelion passage. This database of jets and outbursts can serve as a reference for further studies devoted to cometary activity, and, in particular, for future in situ spaceprobe observations of the activity and evolution of this comet, such as the NASA Caesar mission, if selected. Notes. ( * ) Whether this jet originated from the stated cavity is uncertain. LT stands for local time (on a 24-h basis). Repeat indicates the repeatability of a given jet in one location (usually 1 except for periodic jets).

References. (1) Fornasier et al. ( 2017); (2) Agarwal et al. (2017).

Introduction

The southern hemisphere of the nucleus of comet 67P/ Churyumov-Gerasimenko (67P) experienced several morphological changes (El-Maarry et al. 2017) and spectral bluing (Fornasier et al. 2016) on the surface during perihelion approach (August 13, 2015, r h = 1.243 AU) in the second half of 2015.

Because of the obliquity of the rotation axis of the nucleus (52 • , Mottola et al. 2014) the summer season in the southern hemisphere matches the perihelion approach. Accordingly, a rise in insolation, gas production (Keller et al. 2015), and cometary activity (Vincent et al. 2016a;Fornasier et al. 2019) is observed in some southern regions. One of these regions, named Khonsu and physiographically defined by El-Maarry et al. (2016), has previously attracted attention because several exposed ice phenomena were observed, such as bright spots, blue patches, and spectral bluing over smoother terrains (Deshapriya et al. 2016). In addition to these, outbursts and morphological changes have also been noted, such as a 50-m-wide "jumping boulder", which was displaced downhill by an unnoticed activity during perihelion passage (El-Maarry et al. 2017). In particular, [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF] noted that two bright outbursts (labeled events 7 and 33 therein) originated from a very constrained zone in Khonsu (see Fig. 1 for its physiographic definition), a smooth deposit of 100 × 700 m2 bounded by cliffs and the iconic pancake feature (El-Maarry et al. 2016). Deshapriya et al. (2018) roughly correlated event 7 of August 1, 2015, to the vanishing of a high mass and the following collapse of two 20-m boulders lying on top. More recently, Laeuter et al. (2019) used the ROSINA1 instrument to detect the surface source of H 2 O, CO 2 , CO, and O 2 gas emissions. Laeuter et al. (2019) located the Khonsu area near the Apis plateau as one of the main contributors, that is, over the same area as where the deposit is found.

All this establishes the deposit in Khonsu as one of the most active zones of the nucleus. The so-called Khonsu bank was therefore selected as one of the targets for the joint observation campaign by the ALICE 2 , OSIRIS3 , MIRO4 , and VIRTIS5 instruments that was performed at low altitude (8-20 km) in the last months of the ESA/Rosetta mission. This campaign provided us with images at a decimeter spatial resolution. Therefore, we devote this study to a detailed description and quantification of activity, activity sources, and the morphological and spectrophotometric changes that occurred in the Khonsu bank using multi-filter high-resolution images obtained by the OSIRIS cameras. Our goal is to understand the mass loss taking place in active zones of 67P nucleus. We were able to estimate volumes and masses and constrain the amount of total ejected mass.

Observations and ancillary data

OSIRIS/NAC observations. We rely on the multi-filter observations acquired by the Narrow-Angle Camera (NAC) in the OSIRIS (Keller et al. 2007). The NAC was developed for spectromorphological mapping and monitoring of transient events. It had a narrow field of view of 2.35 • × 2.35 • and an angular resolution of 18.6 µrad pixel -1 . The color sequences were acquired in a partial combination of 12 broad-and narrow-band filters ranging in the wavelength domain of 250-1000 nm. Each image was corrected for optical distortions, was radiometrically calibrated, and stored in 32-bit float data and converted into radiance factor (r F or RADF, dimensionless) units (Tubiana et al. 2015).

For the morphological analysis, image color sequences framing the Khonsu bank were selected according to the epochs considered (pre-, near-, and post-perihelion) based on the best spatial resolution and/or illumination conditions. Therefore, we include images obtained during the target of opportunity (ToO) campaign, which were acquired in 2016 with the highest spatial resolution.

Concerning the associated activity emanating from Khonsu Bank, we focus on dates of reported events in the literature. During the same summer, between August 1, 2015, and September 30, 2015, the average time interval among the OSIRIS observation decreased to a step of 12 min. [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF] undertook a major survey on cometary events, and discussed the completeness of the sample at great length. They stated that it is very unlikely that any bright outburst was missed during that period. In the same time period, the distance of Rosetta to the comet was >300 km, to only reapproach <200 km in the beginning of November 2015. Very short and faint localized events therefore became unnoticeable after August 8, 2015. Furthermore, due to the high phase angle in which the observations were obtained, the conditions have favored the detection of night-side activity. Fornasier et al. (2019) have recently been able to detect 215 small emissions with the OSIRIS cameras, however. Most of the activity analyzed here was cataloged thanks to this study.

During the time-frame of event 7 in [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF], which was also cited in the introduction, Fornasier et al. (2019) subsequently observed a complex sequence of emissions occurring during spectrorotational sequences on August 1, 2015, which deserved closer inspection. Event 33 (also from [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF]) on September 14, 2015, 18:47, on the other hand, was studied in its VIS colors, temperature, composition, mass and other properties using VIRTIS-M-VIS (Rinaldi et al. 2018) and VIRTIS-H (Bockelée-Morvan et al. 2017). Finally, we also report a previously undetected outburst emanating from Khonsu bank on December 13, 2015, (r h = 1.87 AU) in the waning period of activity.

Selected data are reported in Table 1. Information on filters, solar distance (r h ), S/C distance (∆), spatial resolution (cm pixel -1 ), phase angle (α), and sub-solar latitude (lat ) and longitude (lon ) is specified for every included NAC color sequence.

Cartographic referencing. We produced ancillary images in the default NAC F22 (649 nm) frame using the OASIS image simulator [START_REF] Jorda | Proc. SPIE[END_REF]) supplied with the NAIF SPICE kernels (Acton 1996;Acton et al. 2018) released in November 2017 and the stereo-photogrammetric (SPG) SHAP7 model resampled to four million facets (Preusker et al. 2017). The ancillary images contain values of incidence angle (i), emergence angle (e), phase angle (α), S/C distance (∆), central facet, and Cartesian coordinates per pixel. From the Cartesian coordinates, latitude and longitude were computed with respect to the Cheops reference frame (Preusker et al. 2015).

Image registration. Images from color sequences were obtained consecutively in offsets of tens of seconds in between acquisitions, thus inducing slight distortions in projection from one image to another. To coregister all images to a common frame, we ran an automatic feature detector [START_REF] Rublee | Proceedings of the International Conference on Computer Vision[END_REF]) that led to the homograph transformation of every image to the new frame and conserved the pixel-energy 

Surface sequences (UTC)

Filters (a) r h (AU) ∆ (km) cm pixel -1 α( (van der Walt, et al. 2014). The pixels of all images were therefore realigned to the standard NAC F22 frame. However, small artifacts may be present in shadow lines when the phase angle is sufficiently high.

In the next step, the color sequences are displayed in falsecolor RGB format generated using STIFF (Bertin 2012). RGB is a qualitative data visualization of variegations in three image channels. The filter combination used to generate the RGB composites can vary, therefore it is detailed in the figure captions.

Topographic-photometric correction. When topographicphotometric albedo corrections were required, we applied the Hapke isotropic multiple scattering approximation (IMSA model, see equation in Hapke 2008) with porosity-factor correction and disregarding shadow-hiding (SHOE) and coherentbackscattering (CBOE) opposition effects in the reference NAC F22 image. As all images studied here were obtained far from small phase angles, we ignored the opposition effect.

Hapke parameters reported in Fornasier et al. (2015) or Hasselmann et al. (2017) were used as default depending on whether images were taken pre-or post-perihelion. To improve the image-based correction, we minimized the singlescattering albedo (w λ ) and average roughness slope ( θ) using the L-BFGS-B algorithm (limited memory optimization code6 ; Zhu et al. 1997;Hasselmann et al. 2016Hasselmann et al. , 2017)). The topographicphotometric correction converts RADF into an approximated normal albedo A 0,λ=649 nm , a quantity invariant to incidence, emergence, and phase angles. This quantity is different from the nominal definition of a normal albedo, which also involves a correction for the opposition surge (Shkuratov et al. 2011).

Context of the Khonsu bank during Rosetta observations. In order to understand the conditions to which Khonsu bank was subject when Rosetta data were acquired, we performed the following exercise: we calculated the solar distance, incidence angle, bolometric irradiance and amount of shaded surface over SPG SHAP7 facets that describe the bank for every day at 12 a.m. (at -22 • , 199 • ) in cometary hours from December 12, 2014, to July 24, 2016. From the irradiance we estimated the local surface gray-body temperature over illuminated facets by considering the Stefan-Boltzmann law for an emissivity of 0.97 (Spohn et al. 2015;Keller et al. 2015). It is beyond the scope of this study to undertake complex thermal modeling.

In Fig. 2 we plot the joint median behavior of the calculated quantities through UTC time. During 2014, the positive sub-solar latitude (∼32 • ) left Khonsu bank with ∼40% of its surface predominantly in shadows due to oblique irradiation (i ≈ 65 • ) at the maximum solar input. At this time, the zone was barely observable, and studies were mostly conducted in the northern hemisphere. Until the end of June 2015 (lat sun ∼ -24 • , r h ∼ 1.4 AU), the temperature, shadowing, and incidence angle evolved monotonically. Khonsu became visible from an average S/C distance of 120 km.

The period of highest solar input begins in mid-July and ends in October 2015 (lat sun ∼ -45 • , r h ∼ 1.3 AU), during which the shaded surface dropped to <10% and the surface temperature reached ∼380 K. The Khonsu bank was highly active from the end of July until mid-December 2015 (see Sect. 6).

After mid-November 2015, the local solar incidence angle increased as the nucleus crossed beyond 1.8 AU. Shadowing and surface temperature again began to evolve monotonically, but at a different rate than at pre-perihelion condition. Mid-day shadowing did not exceed 20%, meaning that Khonsu remained observable, which explains why the southern hemisphere was only mapped in detail after January 2016.

Method

Measurement of the length

Framing is regarded as a section of solid angle that encloses a scene observed by a camera. Considering that all optical geometric defects have been minimized in the OSIRIS images, we can therefore measure any length through the generalized distance between two points of position (r, θ, λ) and (r , θ , λ ) in spherical coordinates with an origin with respect to the camera position: 1) where r and r are the camera-to-surface distances of two given points given by the surface of the shape model, θ and θ are the X-axis image frame coordinates of the two points in radians, referenced to the image center, while λ and λ are the same, but for the Y-axis image frame coordinates. To obtain θ, θ , λ, and λ , we multiplied their numerical position in the image frame by the OSIRIS NAC angular resolution. Uncertainties were calculated through the standard deviation of several lengths measured for a given structure. For round structures, lengths were taken by precessing them every ∼10 • with respect to the apparent center.

d -d = r 2 + r 2 -2r r (sin θ sin θ cos(λ -λ ) + cos θ cos θ ), (

Shadow length

The shadow cast by landmarks (e.g., craters, hills, and cliffs) is often relied on to estimate their depth or height in the imageresolved studies of bodies in the solar system (Arthur 1974;Chappelow & Sharpton 2002;El-Maarry et al. 2017). As all the images of our dataset were acquired at large phase angles, this enables us to use the shadow casting length as a proxy of dimension. From the shadow length L shadow measured through the generalized distance between the top of the structure and the tip of its shadow, we applied the formula of shadow casting to obtain the height h:

h = L shadow × tan(π/2 -i).
(

) 2 
The incidence angle i was otherwise estimated from the average of all facets intercepting the tops and tips of the shadow. To robustly estimate h, we manually traced the shadow profile every 5-10 pixels and regarded the projected Sun direction (azimuth angle) to the image frame. For small and round landmarks, we had only a few profiles near the summit. Finally, the uncertainties were calculated based on their standard deviations, which comprises manual errors as well as shape model uncertainties.

Boulder-size frequency distribution

The boulder-size frequency distribution is a geophysical analysis that gives access to fragmentation processes and to the A8, page 4 of 19 P. H. Hasselmann et al.: Pronounced morphological changes in a southern active zone on comet 67P/Churyumov-Gerasimenko cohesive strength of a certain surface region [START_REF] Boulton | [END_REF]Lee et al. 1996). The slope of their cumulative distribution allows us to assess the amount of grinding that the material was subjected to Golombek & Rapp (1997). Generally, flat slopes represent materials that are resilient to further grinding, while steep slopes correlate with brittle materials. However, the distributions are only comparable if the fragmentation process can be considered the same or similar. For features that also exhibit spatially resolved regolith fields in their surroundings, we performed this analysis.

The method was applied as follows: we counted positive reliefs in the NAC F22 images that cast a shadow greater than 3 pixels, thus 45-100 cm at the spatial range of images obtained during the observational campaign. The length for barely visible reliefs was measured transversally to the shadow line defined by its shape. To compute their surface, we assumed them to be circumcircles (Pajola et al. 2015). The manual length error associated with this measurement was fixed to 2 pixels.

When the visual boulder counting was exhausted for a certain field, where "field" is qualitatively defined as a visual overdensity of positive reliefs, we calculated the logarithmic cumulative distribution normalized by the total surface enclosed by all counted reliefs as a logarithmic function of the boulder size in meters (Golombek & Rapp 1997;Pajola et al. 2015).

To measure the distribution slope, we modeled the cumulative distribution with a power-law distribution. In the interval of data completeness, the logarithmic cumulative distribution is approximatively linear, which allows us to derive the slope by simple linear regression. Therefore, using orthogonal distance regression 7 [START_REF] Boggs | Contemporary Mathematics[END_REF], we estimated their power-law index and associated error.

Minimum lifting gas production rate

The minimum H 2 O gas production rate required for the lifting is a question that it is worth addressing for some scattered boulders we detected in the Khonsu Bank. For lifting to take place, the gas acceleration must overcome the local gravity g. We refer to El-Maarry et al. (2017, Supp. Mat. S2) for the detailed mathematical formulation. The authors have applied the following formula to compute the minimum H 2 O gas production rate to lift a 30-m-wide boulder that was also located in Khonsu (jumping boulder 1 hereafter). The equation for any given boulder radius is

Z gas > 8gρR eff 3C D c g = 5.7 × R eff × 10 22 m -2 s -1 , (3) 
where R eff is the effective radius of the boulder, ρ is the boulder density, C D is the drag coefficient (= 0.47), and c g is the vapor sound speed (≈350 m s -1 ). Therefore, the formula represents the minimum molecular gas production rate that some local activity, outburst, or event need to at least detach the spherical object from the ground. 1). The whole sequence displays in long-standing shadow the downhill rough depression bound by the Apis plateau and Anubis in the equatorial reach of the Khonsu region. Nonetheless, in the western corner, shown in Figs. 3b andc (left), we glimpse the High Khonsu bank and part of the Low Khonsu bank, both partially shaded. This particular color sequence has not compressed artifacts in the shaded pixels, that is, pixels with a low signal-to-noise ratio (S/N), which are generally present when images are data compressed to a certain level8 . This allows us to perceive indirectly retroilluminated morphological units.

The measured dimensions alongside the tags used in this section and throughout this work are listed in Tables 3 and2. Both tables contain their effective length, height, volume, and corresponding masses. Because the sharp boundaries of the landmarks are only partially or not fully described by the SPG SHAP7 (Preusker et al. 2017), we equated them to idealized shapes to estimate their volumes, such as cylinders (C1, C2, C3, and C4), parallelepipeds (C5), trapezoids (F1, C6), ellipsoids (F2, F3), spherical caps (F4), and prisms (F5). Masses were estimated based on the global density of the nucleus ρ = 533 ± 6 kg m -3 (Paetzold et al. 2016;Jorda et al. 2016).

Low bank. In Fig. 3b (left), the partial view of the Low bank shows a terrain that is apparently drier and populated by large blocks. Partially shaded, Patch 1 is a 3-m-deep cavity (C4) situated under a former mass waste that has partially exposed an ice-enriched subsurface. Patch 1, observed to be constantly bluer during 1.5 yr, can be considered a perennial feature and will probably remain ice-enriched until the next perihelion passage of 67P (similar long-standing bright features are studied in Oklay et al. 2017 andDeshapriya et al. 2018).

Not far from Patch 1 (-23.5 • , 198 • ), we observe in high resolution the bright spot that survived from March to May 2015. The spot has sustained a flat spectral slope in the visible range (Deshapriya et al. 2016). These features are the only two phenomena of ice-enrichment before perihelion in the Low bank. They are surrounded by a thick dust layer of 100 m that is 4-5 m thick, near a shallow cavity (C5).

In the southeastern area of the Low Khonsu bank (-28 • to -20 • , 197 • to -210 • ), we lack a high-resolution image counterpart to detect small morphological changes. The best spatial resolution sequence for this area was only later obtained on May 2, 2015, UTC 15:09, shown in Fig. 3 (left) at 230 cm px -1 . Similarly, the bank is apparently covered by a smooth and dust-like terrain. There, we also observe Patch 1 under better illumination conditions, inside cavity C4, near the thick dust layer, as has been noted before. From January 16, 2015, on, both features have survived for at least four months. We also highlight the pancake structure (-20 High bank. In Fig. 3c (left), we note the High bank, which contains an 8-m-high mound (F4) and an extended blue patch context, the dimensions of landmarks at a scale of a few meters can be estimated to an uncertainty better than 20%. In particular, the sequences on June 25, 06:09, June 25, 18:02, July 2, 07:57, July 9, 08:28, and July 16, 19:22, have the highest spatial resolution obtained for the Khonsu region (∼16-35 cm px -1 ).

Low bank. Ten months after perihelion, the OSIRIS color sequences revealed several surface changes that have taken place between mid-to-end 2015. Along with the RGB from May 2, 2015, 15:09, the color sequence of July 16, 2016, 19:22 (Fig. 3a, right) provides the highest resolution image achieved for Khonsu, displaying the precise frame of Patch 1 and jumping boulder 1 (F2). F2 is a 50-m-sized boulder that rolled downhill from (-30 • , -201 • ) at a distance of ∼140 m and left no subsurface ice-enriched trail (El-Maarry et al. 2017). Patch 1 shows a remarkable smooth blue terrain inside a cavity (C4), surrounded by a mass waste of meter-sized boulders. We have counted a total of 825 boulders and fit the boulder-size cumulative distribution (Fig. 4). The wasting of Patch 1 shows a power-law index of -1.6 ± 0.01 for the 1.2-10 m size range, a flat distribution when compared to -3.6 for the entire nucleus (Pajola et al. 2015) and to -3.1 for the entire Khonsu area (Deshapriya et al. 2016). This implies that the mass waste is dominated by large blocks of comparable size to the depth of C4. Flat distributions also indicate non-negligible tensile strength in the top 3 m of depth. The lack of large debris at the base of C4/Patch 1 indicates that the area experienced a gas production that was energetic enough to scatter the large blocks to the surroundings. The largest members of ∼6 m radii in the boulder-size distribution of Fig. 4 may indicate that C4 was excavated in the past at a local top gas production rate of 3.4 × 10 23 m -2 s -1 . Notes. C1, C2, C3, and C4 exhibit a roughly cylindrical shape, C5 is equated to a parallelepiped, and C6 to a trapezoid due to mismatches in height from one extremity to another.

Moving closer to the equator, we compared the sequences acquired on June 25, 2016, UTC 18:02 to January 16, 2015, UTC 01:27 (Fig. 3b) to continue tracking morphological changes in the boundary between the High and Low banks. The first remarkable change is the formation of cavity C6, where the thick dust layer was previously located. C6 corresponds to a vanishing mass of (2.8 ± 0.4) × 10 7 kg that left no sign of ice enrichment at its bottom. Near this feature (-20 • , 196 • ), some dust cover has also been removed, exposing a cracked consolidated material underneath.

High bank. Crossing the bounding cliff at -20 • latitude, we find the southern part of the high bank the location of most of the activity detected by [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF] and Deshapriya et al. (2018) and also gas emissions (Laeuter et al. 2019). The dust cover of this area was partially removed, as we observe a clear change in roughness. The removal was gentle, the scattered boulders were not displaced from their original position. Similarly to Patch 1, we still detected ice-enrichment in C3/Patch 3, suggesting a year-long survival.

Near the ∼10-m-high western boundary (rough scarp), we note the formation of two more cavities (C1 and C2), both ∼20 m wide and 3-5 m deep. While C1 was apparently dry, C2 exhibited signs of ice-enrichment in a smooth terrain (Patch 2). C2 formed where the 8-m-high mound (F4) was once located. Interestingly, both features were 30 m apart and experienced similar seasonal shading from the Apis plateau and the rough scarp, but they still show different colors. The masses of the two cavities are on the order of 10 5 -10 6 kg. The power-law index of the boulder-size cumulative distribution for the environment of Patch 2 (244 counts, complete between 1.2 to 3 m) is -2.73 ± 0.01, much steeper than for Patch 1. This likely indicates that the top layers are far more brittle than layers near cliffs.

Retreating wall in the High bank. Finally, in the equatorial reach of the High bank, as seen in Fig. 3c, we observe the most dramatic changes. The most striking change is the receding of the high-mass wall (F1), a landmark that has been noticed before by Deshapriya et al. (2016). We note that area similar to a trapezoid of 64.6-100.4 m wide, 102.8 m length, and 9.3-14.3 high has vanished (Table 2). As these 53 000 tons of mass sublimated, two 20-m-sized boulders fell onto the bottom of the deposit (Fig. 5c). On one of the two boulders, part of its surface scratched and an ice-enriched spot was revealed that survived for more than six months (Deshapriya et al. 2016). Through a search of the OSIRIS image database, we were able to narrow down the removal of feature F1 to have occurred between August 1, 2015, UTC 08:00 (Fig. 5b) and October 31, 2015, UTC 22:49. As of this date, the wall had completely retreated to the same length as observed in Fig. 3c. A boulder-size counting on June 25, 2016, 06:09 image at the regime of 1-15 m for 404 boulders was fit by a power-law distribution of -2.09 ± 0.01, similar to the Neck region (-2.2, Pajola et al. 2015). This might be an indication of strong consolidation of the boulders that rolled after F1 vanished and/or a certain lack of blocks smaller than 10 m as components of F1's interior.

Jumping boulder 2 in the High bank. In contact with the equatorial cliff and lying over the part of scarp F1 that has not receded, we note the appearance of another 50-m-wide boulder (F3) that was not detected from January 16, 2015, until August 1, 2015, UTC 08:00 (Fig. 5b). In Fig. 3c image contrast of the F3 area for better visualization. In Fig. 5c we can observe this new jumping boulder in a better framing. Visual inspection of the images of Khonsu before perihelion does not show any object of similar size over the neighboring cliffs, over the Apis plateau, or on top of the ancient cliff collapse nearby. Therefore, we can at least rule out that F3 rolled down from any obvious or nearby surroundings. Additionally, we note that the appearance of F3 is connected to a deformation and/or mass loss into the nearby cliff when we compare Figs. 5b andc. This deformation or excavation (F5) corresponds to a mass of 8.6 × 10 7 kg a ratio of 3.9 to the mass of F3. In Sect. 7.1.5 we investigate the possible scenarios for the origin of jumping boulder 2.

Spectral slope in the visible range

Spectral slopes in the visible range (VIS) were calculated by linear regression of each pixel for all filters in the sequence, which was normalized to NAC F22 filter (649 nm) instead of the usual NAC F23 (535 nm) adopted in the literature. This was done because in the color sequence of January 16, 2015, UTC 01:27, the NAC F23 band is lacking.

To access the degree of ice enrichment in the Khonsu bank, we selected all pixels with albedos 5% higher and spectral slopes 5% bluer than the surface average for same given phase angle in the observations of January 16, 2015, and June 25/July 2, 2016 (see Table 1). The presence of ice grains causes the VIS spectral slope to become flat and the albedo to rise nonlinearly with respect to the ice abundance (Pommerol et al. 2015;Fornasier et al. 2016;Barucci et al. 2016;Oklay et al. 2016a;Raponi et al. 2016). Figure 6 shows the color-coded normal albedo A 0,λ=649 and VIS spectral slope for January 16, 2015, (r = 2.5 AU, pre-perihelion, α = 97 • ) and June 25/July 2, 2016, (r = 3.2 AU, post-perihelion, α = 72 • -93 • ) overplotted on their respective RGB composites.

The color sequence of January 16, 2015, seven months before the perihelion passage, shows a High Khonsu bank that is partially shaded and populated with areas that are highly enriched in ices (Fig. 6). The regional A 0,λ=649 is as high as 7.9% even disregarding the opposition effect, whereas 67P has a global albedo of 6.8% (Fornasier et al. 2015;Hasselmann et al. 2017) when all photometric effects are otherwise considered.

The entire westernmost area, where 16 months later we observe the appearance of C1 and C2/Patch 2, is mildly bluer (∼9-12%/100 nm) and brighter (>16%). The spectral slope gradient in the smooth terrain becomes bluer near shadow lines. The brightest and bluest zones are very near to the scarps, where they are subjected to shading for a long period of time. We locate three of such zones: two situated in the surroundings of the retreating wall (F1; -12.2 • , 195 • and -14.5 • , 197 • ), and one that we named Patch 3 (-16.8 • , 198 • ), a particularly blue area concealed by cliffs that survived until July 2016 (Fig. 6b). Patch 3 extends for about 50 × 30 m 2 , but its bluest corner is constrained at 1.7 m 2 . This bluest corner clings to the shadow line and shows an VIS slope of -1 ± 3%/100 nm and A 0 > 56 ± 3%. When we consider that coarse water ice has A 0 = 99% and the neutral VIS spectrum, this corner must bear a component of dark comet-average material of no higher than 0.1% to preserve its flat spectral slope according to ice+carbon+tholin laboratory experiments (Jost et al. 2017) and bright spot studies with VIRTIS-M (Raponi et al. 2016).

To obtain an insight into the conditions that the High bank was exposed to during this epoch, we simulated the irradiance and shadow casting using NAIF SPICE and OASIS for one cometary rotation during January 16, 2015. In Fig. 7 gradient was detected. The High bank continued to be illuminated for 1:30 UTC hours until it was covered in shadows for the next ∼9 UTC hours. The insolated surface temperature is approximately 230 K at 2.53 AU (Fig. 2), which is high enough to sublimate water ice and super-volatiles. Based on this short cycle of insolation and the surface temperature, we consider that frost, surface ices that recondens from immediately below, is the mechanism that is most compatible with the observed blue color gradient that follows the same direction as the shadow lines. Frost has been proposed by Feaga et al. (2007) and Prialnik et al. (2008) and has recently been observed by De Sanctis et al. (2015) in the Hapi region and also by Fornasier et al. (2016) in the Imhotep region. There, blue features disappeared according to insolation and topography, and apparently moved following the shadow casting speed. This phenomenon is highly ephemeral and superficial. The visible part of the Low bank (Fig. 6a, bottom) is notably drier than the High bank. Only one very bright blue spot (A 0 > 65%) is detected. This blue feature lies below a 5-m boulder (-23 • , 198.2 • ), and the spectrotemporal evolution was reported by Deshapriya et al. (2016).

During the arget of opportunity color sequences in 2016 (Fig. 6b), we observed that the extent of ice-enriched zones dramatically decreased. These zones were found to be nested in three blue patches. Patch 3 is not larger than 20 m, while Patch 2 exhibits only a few spectrally bluer pockets. All patches are situated inside depressions and exhibit a smooth texture at a decimeter scale. Patch 3, in particular, has undergone 1-2 m (C3) of dust layer removal with a similar aspect to the process reported by Groussin et al. (2015) in the large smooth terrain of the Imhotep region and has become spectrally redder through this alteration (∼3-6%/100 nm for the bluest core). The regional normal albedo has also decreased by 50% for both the High and Low banks.

Local activity and dust mass

We visually inspected all color sequences listed in Table 1 to measure every event originating from the Khonsu bank, and we manually selected the spot of maximum RADF (all pixels below P(RADF) > 95% with respect to the maximum intensity of the dust plume) as their most probable origin. We note that all sequences of August 1, 2015, were obtained when the base of the bank was still shaded. This is the same condition for the first color sequence of December 13, 2015 (01:13), while the outburst source is partially visible on the second sequence (02:13). The source location of the outburst on September 14, 2015, was constrained by [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF] through triangulation of the two outburst components. In total, we detected a total of 36 events ranging from three massive outbursts to several mild plumes. The properties of the plumes are summarized in Table 4. We refer to this table for the numbering of events reported in this section and throughout this paper.

As the plumes were steady and stationary through all NAC filters, we were also able to measure their VIS spectral slope (here normalized to the NAC F23 filter, 535 nm, see Sect. 5). However, to avoid major spectral contamination of the inner coma in between the plume and the detector, or from the backlit surface of the nucleus, we report only the integrated color of pixels at the maximum intensity spot. The average VIS spectral slope is 10.36 ± 3%/100 nm, similar to the quiescent coma measured by VIRTIS-M (9-12%/100 nm, Rinaldi et al. 2016). The plumes are also very heterogeneous, some (numbers 9, 15, and 23 in Table 4) present much bluer VIS spectra, indicating a significant component of nanometer and/or icy grains. Other events, such as event 8-10, are relatively redder, showing otherwise a predominance of larger-than-wavelength grains. Interestingly, from the same site as event 10 arises event 5, one hour earlier, which has a color that is 50% bluer. This indicates that as the Sun illuminates the site (2:00 h comet to 4:00 h comet ), the production Notes. To compute the cometary local time, we considered one cometary day equal to 12.4 UTC hours and disregarded local topography. We report the VIS slope and RADF at 535 nm at maximum intensity. Instantaneous mass, otherwise, was calculated for all extended plume, until the photometric profile dropped to the uncertainty RADF level (∼0.005). Because we were almost unable to distinguish some neighboring dust plumes, their estimated dust masses were clustered together.

rate of larger grains also rises. Conversely, we may be observing the evaporation of icy grains as a larger cross-section of the plume is insolated.

To be able to compare plumes and features, we also derived the dust mass of the plumes. Through the RADF at 649 nm (F22), we estimated the filling factor f per pixel, that is, the fraction of radiance scattered from an optically thin dust coma (τ 1), to then obtain a quantity of instantaneous dust mass per pixel. The dust filling factor is expressed as (Fink & Rubin 2012;Fink & Rinaldi 2015) f = RADF w λ (p (g) /p (0) ) ,

where w λ is the single-scattering albedo from Fornasier et al. (2015), estimated from Hapke modeling of the surface scattering curve, and p (g) is the particle phase function from Bertini et al. (2017). Bockelée-Morvan et al. (2017) showed that outbursts may have significant contributions from small and high-albedo grains, thus our filling factor estimates are to be considered an upper limit. Assuming a differential grain size distribution described by n(a)da ∼ a h da, spherical grains and bulk density of ρ = 795 kg m -3 (Fulle et al. 2016), we obtain the dust mass per pixel cross-section [START_REF] Hughes | [END_REF],

M pixel = ρ • f • A (∆) 4π 
3 n (r) a 3 da n (r) πa 2 da ,

where A (∆) is the pixel cross-section in meters as a function of the S/C distance ∆ and a is the grain radius. Since the power-law index h is unknown for all ejections here observed, we referred to Agarwal et al. (2017), whereas for a particular outburst a multiinstrumental study was performed to estimate h from 10 µm to 1 mm in size range. Therefore, from 10 to 150 µm we integrated Eq. ( 4) with h = -2.54, from 150 to µm h = -3.0 and 500 µm to 1 mm h = -6.9 to finally obtain the dust mass.

Taking the same area that to the ejections and displacing it to the A8, page 12 of 19 quiescent inner coma, off nucleus, we are able to estimate a maximum mass overestimation of 20%. We recall that the reported dust masses are only valid for radiation scattered in the dust environment (τ 1) and not for illuminated surfaces (τ ≈ 1). The masses we report here do not reflect the total mass ejected integrated through time, but only the actual plume framed by OSIRIS NAC.

In addition to the three massive outbursts (numbers 1, 2, and 3; 20 and 22; 34; and 35), most plumes have masses <500 kg. Particularly plumes 0, 12, 15, and 19 compose a single steady dust-production event arising from the same site. The plume is activated after sunset and lies apparently perpendicular to the deposit (Fig. 8a).

Two bright outbursts are observed to originate from the equatorial reach of the High bank (numbers 1, and 20 and 22) instead of a single outburst, as reported by [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF]. Both occurred during cometary night, 1:07 h comet and 22:30-00:30 h comet , respectively, almost one rotation apart (Fig. 8a). The first outburst is the second brightest of our collection, peaking at RADF max = 0.6% (α = 89 • ), with a pixel-integrated mass of ∼50 tons and a very broad shape. One hour before no activity was noticed, but after 0.5-2.5 h later, a dust plume of 1-3 tons remains. In the second outburst (numbers 20 and 22), we observe a packed but less massive plume (∼5 tons) for a duration of 30 min. One hour later, a dust plume of 800 kg (numbers 24 and 25) is still visible, but is partially dispersed after UTC 23:25, when the pixel-integrated mass drops to less than 300 kg (numbers 29, 30, 31, 32, and 33). All these events add up a total of 67 tons of released dust.

The September 14, 2015, outburst has been studied in detail by Bockelée-Morvan et al. (2017). Rinaldi et al. (2018), studying the same outburst with VIRTIS-M, have measured a particle velocity as high as 25.3 ± 1.6 m s -1 for grains ranging from 0.3-5 µm. Here we report a mass of 1.52 × 10 3 tons of a plume extending for 8 km from the nucleus surface (see Fig. 3 in [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF]) observed at grazing angle. According to the velocity derived by Rinaldi et al. (2018), the outburst started 5m20s before the OSIRIS NAC observation. This is by far the most massive outburst that was observed to arise from the Khonsu bank. The outburst was triggered during the afternoon and presents a complex shape with two components in V-shape. No NAC or WAC color sequences were obtained for this event.

On December 13, 2015, at 1:13 h (Fig. 8b), a very bright collimated outburst was observed at 100 km from the nucleus. We estimated its integrated mass at ∼10 tons. The outburst took place at 3:15 h comet with sunrise occurring 2 h comet later. One hour later, the dust plume became fainter, and its radiance and colors were convolved with the recently illuminated surface.

Discussion

Sources of local activity

In Sect. 4 we described the morphological changes in the Khonsu bank during the course of 67P through perihelion. In the preceding Sect. 6, we measured the properties and coordinates of all dust plumes that emanated during August 1, September 14, and December 13, 2015. To associate the surface changes with activity, we overplotted all source coordinates in Fig. 9 on the frame of January 28, UTC 01:48. This is a particular frame where the bank was well insolated. In what follows, we discuss the nature of every source's site alongside the properties of their associated activity.

Low bank: Patch 1 and surroundings

The icy Patch 1 and its surroundings are associated with four faint narrow plumes (numbers 21, 26, 27, and 28) with a total mass of ~650 kg. Observed activity is trigged after insolation ceased for ∼4 h comet . The Low bank is partially visible on August 1, 2015, at 22:25 and 22:55, but three of four faint plumes are only observed at 22:55. Previous studies [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF]Knollenberg et al. 2016;Pajola et al. 2017;Agarwal et al. 2017) near sunset has also been observed in other sites (Shi et al. 2016(Shi et al. , 2018)). It shows that subsurface heat diffusion and thermal-lagged water sublimation (Prialnik et al. 2008) at 1.8 AU are enough to sustain activity for several hours after solar input has ceased.

Similar to Shi et al. (2016), we narrowed the thermal skin depth Z based on the timescale τ k of thermal conduction of the activity [START_REF] Huebner | Heat and Gas Diffusion in Comet Nuclei[END_REF]. From the equation Z = τ k κ/πρc, where we assumed a heat capacity c = 1000 K -1 kg -1 and an effective conductivity κ = 0.005 W K -1 m -1 , we derived Z ≈ 5 mm based on τ k = 2 h. This value is encompassed by the average diurnal skin depth of 8.5 mm, based on half a rotation period of 67P, and it is also compatible with the 1 mm layer of global water ice depletion found by VIRTIS-M (Capaccioni et al. 2015). Therefore, the lasting blue spectral slope of Patch 1 indicates a gentle ice replenishment mechanism and/or continuous dust removal that has been ongoing on the top few millimeters, which is probably the reason that no pronounced surface change is visible in the images. 

Low bank: thick dust layer

The source location of the September 14, 2015, 18:47 (#34) outburst presents the largest spatial uncertainty because of the grazing angle that has been observed [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF], encompassing most of the Low bank as a result (the white dotted ellipse in Fig. 9). The magnitude and central position of this outburst matches the formation of cavity C6, that is, a vanishing mass of ∼2.6 × 10 7 kg.

The ejected dust mass corresponds to a maximum of ∼6% of the total vanished mass, equivalent to a lost stratum of ∼65 cm. Stretching the lower limit of grain-size distribution to 0.1 µm or raising the grain-size distribution of large grains to -3.5 only increases the dust mass to ∼10%.

A possible way to access this conundrum is to equate the cavity mass and the ejected dust mass. This assumption is only valid if we consider that the observed dust mass is the total dust mass that has been ejected in a single short production (Knollenberg et al. 2016). Free parameters are the dust-to-ice grain ratio ξ and the released gas mass M gas , both related to the volatile content in the reservoir. C1 and C2 have indicated that ice pockets a few meters wide from each other can be found in the nucleus. Furthermore, Bockelée-Morvan et al. ( 2017) measured a high bolometric albedo and high superheat factor with the VIRTIS-H instrument, indicating an important contribution of ice/silicate submillimeter grains in the ejecta. When we consider that the outburst is composed of dark carbon-organic materials and ices, the conservation of mass yields (based on Eqs. ( 4) and ( 5))

M T = (1 + ξ) • M O • w D w I + ξw D + M gas , (6) 
where M T and M O are the masses of the cavity (C6, Table 3) and the outburst mass of event 34 (Table 4). w I ≈ 0.99 and w D = 0.047 are the single-scattering albedos of pure ice and dark carbon-organic dust at 649 nm, respectively. In the equation, we assume an areal mixture of two granular components of the albedo. In Fig. 10 we hence present the gas-to-outburst mass ratio as a function of dust-to-ice grain ratio. For 67P, the average dustto-ice ratio has a nominal value of 6-7.5 (Fulle et al. 2016(Fulle et al. , 2017)).

Assuming that C6 has a dust-to-ice grain ratio <6, we must have 98-99% (gas-to-outburst mass ≈ 50-250) of the mass of C6 that is volatilized. The gas-to-outburst mass may be narrowed down to ∼60-170 when a silicate component of 0.2 is introduced into w D . The lower limit is comparable to that found by Grün et al. (2016) for the February 16, 2016, outburst (≈40). In conclusion, most of the cavity mass would be contained in M gas , with refractories and silicates composing only a few percent. This could indicate to very ice-rich sub-surface pockets underneath that are almost completely volatilized during such events. Conversely, another hypothesis is that these brighter events are restricted and that most of the mass is depleted through a mild and steady mass removal. During four months of major cometary activity, a very low steady production of ∼3 kg s -1 A8, page 15 of 19 A&A 630, A8 (2019) ), excavations of 1.3 to 14 Fig. 10. Gas-to-outburst mass ratio vs. dust-to-ice grain ratio constrained based on the masses of C6 and event 35. We consider that the observed dust mass is the total dust mass that has been ejected in a single short production. The relation calculated from Eq. ( 6) in the interval of dust-to-ice is 0.5 to 8. (6.5 × 10 -4 kg s -1 m -2 ) would be enough to deplete the mass of C6.

Low bank: prompter of jumping boulder 1

After the perihelion passage, El-Maarry et al. ( 2017) noted the rolling of jumping boulder 1 (F2) from a higher ground in the rough terrain situated south from the deposit. El-Maarry et al. (2017) raised the hypothesis that a collimated jet may have lifted or pushed jumping boulder 1 downhill from its original position. A minimum gas production rate of 8.5 × 10 23 m -2 s -1 was estimated (El-Maarry et al. 2017). Another hypothesis relates to local seismic vibrations caused by a neighboring active source.

The original position of F2 is only 100 m east of the source of the massive outburst (∼10 tons) on December 13, 2015, UTC 01:13 (event 35). Its source is particularly visible one hour later, showing an 18-m Patch that is 1.7 times brighter (RADF max = 1.3%) and 50% bluer (8-9%/100 nm) than the surroundings at α = 88 • . This Patch was not observed in high resolution, but was present in March 2015 (Fig. 3a). This event showed a similar behavior as the July 3, 2016, outburst (Agarwal et al. 2017), a very massive morning jet arising from an ice-rich area a few meters wide that is concealed by an outcrop.

Finally, the actual observation of this massive outburst indicates that the source has not been exhausted, since F2 had already rolled when this event took place. We estimate that a previous outburst of similar or higher magnitude that perturbed F2 probably took place between the middle of August and the end of October 2015.

High bank: retreating wall

The retreating wall (F1) is associated with events 0, 12, 13, 14, 15, 16, and 19. These persistent plumes are activated or remained active after sunset and present a mass of ∼500-700 kg. A low steady mass loss of 7 kg s -1 (8.3 × 10 -4 kg s -1 m -2 ) would be required during three months to deplete it. This low loss rate may explain why no associated bright outburst was detected.

The morphological phenomena of the retreating wall are reminiscent of the retreating smooth terrains observed in 9P/Tempel 1 (Thomas et al. 2013;Veverka et al. 2013), where ∼50 m of length was lost. At different size scales, retreating discontinuities have also been observed in smooth terrains on Imhotep (Groussin et al. 2015) and Ma'at (Hu et al. 2017).

High bank: jumping boulder 2

About half of the activity events (18/36, numbers 1, 2, 3, 4, 5, 8, 9, 11, 17, 18, 20, 22, 24, 29, 30, 31, 32, and 33) has emanated from the jumping boulder 2 (F3) site, and all occurred on August 1, 2015 (Fig. 9). Because of the noticeable deformation (F5) on the equatorial cliff (-10 • latitude), we can narrow its apparition down to between UTC 08:00 (Fig. 5b) and 20:55 (Fig. 8a) on the same date, thus linking it to the activity emanating from the High bank in the same time frame. Remarkably, at UTC 20:55, F3 is bluer (8.7-10.4%/100 nm against an average VIS slope of 18%/100 nm), indicating that F3 has partially lost its surface dust cover shortly after the outburst. Similar scratches of ice-enrichment resting on boulders have been noted before by Deshapriya et al. (2018).

The outburst event 1, 2, and 3 of August 1, 2015, UTC 10:51 might have been observed only a few minutes after the reshaping of the equatorial cliff in the High bank. Subsequently, plumes 4, 5, 8, 9, and 11 (3-2 tons) are an afterproduct of event 1, 2, and 3, which originally carried a dust mass of ∼50 tons (Sect. 6). One rotation later, we then observed a second outburst (number 22), and ongoing activity before and after this event. The process continued until the surface was depleted in volatiles and adopted the average spectral slope seen in 2016 (Fig. 5c).

In the scenario of cliff thermal erosion, where freshly exposed volatile-rich scarps subsequently drive outbursts and activity (Vincent et al. 2016a,b;Pajola et al. 2017), the 50-mwide boulder would simply be a consolidated remnant from the equatorial cliff collapse. In this case, the outburst would not have had a high enough gas production rate to move F3 from its original position. This scenario cannot be invalidated by our observations, but there is one circumstantial weakness to this scenario that is worth addressing: the lack of any noticeable talus under the deformed equatorial cliff. Mass wastes formed under cliffs have shown boulder-size distribution power indexes ranging from -2.5 to -4 for 1.5-15 m in diameter (Vincent et al. 2016a;Pajola et al. 2017). Therefore, the lack of blocks for diameters between 7 and 50 m is unusual, whereas 7 m is the largest boulder after F3 that we can detected under the deformation in the June 25, 2016, UTC 06:09 F22 image. Furthermore, 50-m-wide boulders have been never noted in a talus by previous boulder-size distribution analyses (Vincent et al. 2016a;Pajola et al. 2017).

An alternative scenario is that F3 fell again into Khonsu bank and caused outburst 1. Lifting a 50-m-wide boulder requires a gas production rate of 1.4 × 10 24 m -2 s -1 (R eff = 25 m, Eq. ( 3)), which is roughly similar to the theoretical production rate achieved by the July 3, 2016, outburst if it is carried by an amorphous-to-crystalline transition (1.1 × 10 24 m -2 s -1 , Agarwal et al. 2017). Thus, F3 could have been accelerated to near escape velocity (∼0.8 m s -1 ) by a past energetic outburstat the end of July 2015, such as the jet of July 29, 2015, UT 13:34 (Lin et al. 2017) or another unobserved event. F5 has no distinguishable crater shape, however, likely because the boulder was at low velocity and maybe first touched the tip of the cliff during the re-fall, thus deforming but attenuating the final surface shock. F3 has not been clearly shattered, indicating significant internal material consolidation. Therefore, the lack of talus could be explained by the grinding process, product of the shock, that could have reduced the cliff material to centimeter-to-millimetersized grains, a state in which unconsolidated material is more easily lifted by out-gassing. This scenario is partially corroborated by the detection of meter-sized objects floating around the nucleus during perihelion approach that were observed to A8, page 16 of 19 P. H. Hasselmann et al.: Pronounced morphological changes in a southern active zone on comet 67P/Churyumov-Gerasimenko be as fast as 180 km (Fulle et al. 2016);and other "boulder displacement" occurrences (El-Maarry et al. 2017). Subsequently, plumes 4, 5, 8, 9, and 11 (3-2 tons) are an after-product of event 1, 2, and 3, which originally carried a dust mass of ∼50 tons (Sect. 6). One rotation later, we then observed a second outburst (number 22) and ongoing activity before and after this event. Activity is now conducted by sublimation of exposed ices by the low-velocity impact and thermal interplay with the local topography. The process continued until the surface was depleted and adopted the average spectral slope seen in 2016 (Fig. 5c).

Total lost mass

The sum of masses of all morphological changes that took place in the bank can give an estimate of its contribution to the total ejected mass by the nucleus. The morphological units C1, C2, and C3 and mound F4 are in the same order of mass as the cliff collapse observed by Pajola et al. (2017; 1.1 × 10 5 kg). However, if we account for all appearing cavities, the retreating wall (F1) and the deformation/excavation (F5), the Khonsu bank is responsible for 1.7 × 10 8 kg, that is, 1.5-4.2% of the total released mass according to Paetzold et al. (2017;1.1 ± 0.3 × 10 10 kg) or Thomas et al. (2015; 4 × 10 9 kg), assuming a dust-to-ice ratio of 7.5 (Fulle et al. 2017). Cavities only come out with 2.8 × 10 7 kg, or ∼1%. This indicates that as much as ∼25 similar active zones are sufficient to sustain the entire mass loss. The dust plumes otherwise only contribute with 1.6 × 10 6 kg, ∼1% of the mass of vanished features. This conundrum is discussed in Sect. 7.1.2.

Activity mechanism

Mass ejections and morphological changes observed in the particular Khonsu bank paint the variety of mechanisms in broad strokes that trigger outbursts on the surface of 67P. Recently, erosion of cliffs, caused by receding fractures caused by diurnal and seasonal heating that leads to wall weakening and their final collapse, has been proposed (Vincent et al. 2016a,b) to explain some parts of the link between outbursts and comet surface morphology. The mechanism is corroborated by the observation of mass wastes close to cliffs and by the detection of an actual cliff collapse (Pajola et al. 2017).

Cliff erosion is considered to be gentler than the longer standing hypothesis invoking build-up of devolatilized gas pockets. Thermal waves penetrating ice-rich sub-surface layers and reaching a critical pressure would overcome the tensile strength of the top-dust layer and be released as a strong collimated jet or escape to space through percolation (Belton et al. 2008). The model for the formation of sinkholes proposed by Vincent et al. (2015) is very similar to this hypothesis, with the difference that the gas pocket forms a subsurface cavity that ultimately collapses because the ceiling above weakens.

Alternatively, Agarwal et al. (2017) proposed the short-time transition from amorphous-to-crystalline water ice to explain a massive outburst (up to 139 tons) that arose from Imhotep. Water vapor that recondensates under low pressure and temperatures below 160 K assumes an amorphous configuration. When heated up to >180 K, the ices are exothermically transformed into hexagonal structure in matters of minutes or days. The latent heat of the transition is about 9 × 10 4 J kg -1 (González et al. 2008), which means that this process increases local temperatures up to ∼240 K and is sustained very near to the surface. This mechanism may give rise to very localized phenomena and strongly depends on periodic shadowing, thus local topography.

In our observations of the Khonsu bank, we captured intense changes (Tables 3 and2), excavations of 1.3-14 m deep, and cavities forming meters from cliffs, but none seems related to cliff collapse as observed in image sequences by Pajola et al. (2017). Striking evidence of sub-surface heterogeneity comes from the comparison of the VIS spectral slopes of cavities C1 and C2: while C2 shows zones of ice-enriched smooth terrains, C1 has the same average redder VIS spectrum as the nucleus. Both cavities, formed sometime between March and December 2015, are only 30 m apart and aligned to the longitude of 196 • . They experience the same amount of solar irradiance and shadowing from eastern cliffs and the enclosing 700 m high Apis plateau. They exhibit the same characteristic depth of ∼3-5 m, but each sustains a different VIS spectrum (Fig. 6b).

Other evidence of sub-surface heterogeneity also comes from the two features C6 and F1. After perihelion, VIS spectra indicate depletion and no sign of ices on their surfaces. The internal ices of both features were lost through the same gas release that drove their mass loss. However, they are no farther than 50 m from icy patches 1 and 3. Therefore, we observed plenty of circumstantial evidence of sustained and very localized pockets of ice underneath. However, could they also help us narrow down the driving mechanism behind activity? The hypothesis of Belton et al. (2008) demands centimeters to meters of sintered or frozen surface to allow the gas reservoir to build up, only to be released through cracks formed through ongoing thermal stress. The surface aspect of a mechanism described in Agarwal et al. (2017) is otherwise not clear; as percolation is needed, it is conceivable that a very smooth and porous uppermost layer is to be expected and not a cracked or eroded surface.

Morphologically, the Khonsu bank preserves its general smooth dusty texture before and after perihelion without any sign of cracks or steep boulder-size distribution up to a few decimeters. The base of patches is very smooth to a scale of 150 cm. Their sustained blue color in daylight and throughout several months is very different from a surface that is expected to build up gas underneath. The VIS spectral slope shows us that before perihelion, the poorly illuminated high bank has a cyclic formation of frost from gas that percolated and diffused onto the surface. After perihelion, almost all enriched surfaces are concealed by cliffs, where the recondensation cycle can still be repeated.

On the other hand, the boulder-size frequency distribution in the environment of Patch 1 indicates a sintered crust underneath. This is corroborated by measurements from MUPUS/Philae (Biele et al. 2015). The observation of large blocks in the surroundings, rather than in the base of Patch 1, indicates an energetic past event that expelled and scattered these boulders. The evidence, in this case, better complies with the hypothesis of sub-surface gas storage.

We have also witnessed energetic events such as the possible origin of jumping boulder 2 and the September 14, 2015, and December 13, 2015, outbursts. However, it is not clear if the event of September 14, 2015, completely formed C6. Both C6 and F1 could have been depleted through a low steady dust production rate. The diurnal cycle alongside a low thermal inertia leads to a time-lagged thermal-wave penetration of a few millimeters and can sustain outgassing and dust removal through hours after sunset (Shi et al. 2016(Shi et al. , 2018)). During the cooling down late at night, the uppermost layer is again drenched by ices that percolate and recondensate from ice-rich layers below. This cycle is reignited again and again during the southern summer, sustaining the dust production for several months. A8, page 17 of 19 A&A 630, A8 (2019) Finally, the outburst of December 13, 2015, denotes a more complex mechanism. This event is at least the second to emanate from the same source, a blue bright patch near the Low bank. Since the source was not exhausted, more than one outcrop collapse or a near-surface energy build-up likely drive the activity there.

In conclusion, we noted that the morphological changes operating in the Khonsu bank are very diverse. Their associated activity also ranges wide in magnitude and daytime. We did not observe any systematic occurrence in the mass ejections or in their sources that could indicate the predominance of a specific mechanism, even in a very small area such as the Khonsu bank.

Summary and conclusion

The OSIRIS/Rosetta observations of the southern Khonsu region have shown that an apparently smooth terrain of about 100 × 700 m 2 has been highly active during the perihelion approach in the second half of 2015 (Deshapriya et al. 2016(Deshapriya et al. , 2018;;Laeuter et al. 2019). Observed and unobserved activity has reshaped the zone, and several morphological changes were witnessed through image color sequences obtained during 2016. We then estimated the masses and dimensions of the morphological features, and also the dust mass of their corresponding activities and outbursts using grain-size distribution and grain density reported in the literature (Fulle et al. 2016;Agarwal et al. 2017). We can summarize our findings as follows:

-Over a period of one year and a half, we saw the formation of four cavities in the surface of the Khonsu bank with depths ranging from 1.3 to 14 m. One cavity appeared where a 15-m-high mound was located, three harbor iceenriched surfaces, and the largest (105 × 42 m in length and 10-14 m deep) is the most plausible source of the September 14, 2015, outburst [START_REF] Oklay | Variegation of comet 67P/Churyumov-Gerasimenko in regions showing activity[END_REF]Bockelée-Morvan et al. 2017). Circumstantial evidence through spectrophotometric analysis and also source/ outburst mass comparison likely indicates the presence of ice-rich pockets at tens of meters underneath. -A scarp has retracted near the equator between August 1, 2015, andOctober 31, 2015, an equivalent mass of (5.3 ± 0.4) × 10 7 kg. Still, no associated outburst was detected, leading us to estimate a low steady mass loss of 7 kg s -1 to completely deplete this feature. -The appearance of a 50-m-wide boulder and an associated deformation/excavation to the equatorial cliff is connected to the outburst of August 1, 2015, UTC 10:51 (dust mass of ∼50 tons). We evoked two scenarios to explain this appearance: a larger remnant of a thermal cliff erosion and collapse (Vincent et al. 2016a;Pajola et al. 2017), or gas lifting after some bright outburst at the end of July 2015 that then fell back into the Khonsu bank. It is worth further investigation whether this configuration is unique or if other similar large boulders linked to surface deformations/excavations were observed in other parts of the nucleus. Particularities in the deformation (whether near cliffs, cavities, or craters) may also reveal which scenario is more likely. -Boulder-size frequency distribution of the wasting surrounding the ice-enriched Patch 1 exhibits a power-law index of -1.6 ± 0.01 for 1.2 to 10 m range size, a flat slope when compared to -3.6, for the entire nucleus (Pajola et al. 2015) and to -3.1 for all of Khonsu (Deshapriya et al. 2016). As Patch 1 is situated in a cavity that is roughly 3 m deep, this may indicate a sintered crust at the equivalent depth. The lack of large blocks at the base of the patch indicates a formation by thermal cracking, followed by a release of sub-surface stored energy that scattered the fragments off. Patch 1 is also associated with four emanating dust plumes two cometary hours after sunset. -The Khonsu bank is responsible for 1.7 × 10 8 kg of released mass estimated from morphological changes, that is, 1.5-4.2% of the total mass loss experienced by 67P, according to recent estimations (Thomas et al. 2015;Paetzold et al. 2017). This indicates that as much as 25 similar active zones are sufficient to sustain the entire mass loss.
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 1 Figure 1.1: A diagram of the Solar System (Doressoundiram and Lellouch, 2008).
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 12 Figure 1.2: Comet Hale-Bopp as imaged by the Col Druscie Observatory (Italy) on 8 March 1997. Credit: Alessandro Dimai, Davide Ghirardo.
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 1 Figure 1.3: Diagram of the anatomy of a comet. Credit: NASA/JPL-Caltech.
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 1 Figure 1.4: A timeline of targeted cometary missions (Jones et al., 2017).
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 1 Figure 1.5: A mosaic image of asteroid Bennu. Credits: NASA/Goddard/University of Arizona.
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 1 Figure 1.8: Arrokoth as imaged by New Horizons. Image credit: NASA, Johns Hopkins University APL, Southwest Research Institute, Roman Tkachenko.
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 19 Figure 1.9: Left: The Chelyabinsk meteor as seen from Kamensk-Uralsky, Russia on 15 February 2013, 9h20. Original footage was shot by Aleksandr Ivanov. Right: One recovered fragment of the Chelyabinsk meteor, next to a 1 cm-cube. Photo credit: Suzanne de Paula.
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 1 Figure 1.10: The meteorite classification chart of NASA JSC.
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 21 Figure 2.1: Infographic and timeline of the milestones of the Rosetta mission. Credits: ESA.
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 222 Figure 2.2: The name of Osiris in hieroglyphs, which depicts an "all-seeing eye". This picture is from the Walters Art Museum and dated between 1292 and 1070 BC.
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 24 Figure 2.4: Transmission curves of the NAC filters(Tubiana et al., 2015).
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 2 Comet 67P/Churyumov-Gerasimenko (67P/CG)
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 2 Figure 2.5: 1969 discovery image of comet 67P[START_REF] Lamy | A Portrait of the Nucleus of Comet 67P/Churyumov-Gerasimenko[END_REF].
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 2 Figure 2.6: Comet 67P as imaged by the Hubble Space Telescope on 11 March 2003, with isophotal (i.e. points of equal brightness) contours highlight the inner nucleus and the outer coma. The arrows indicate the anti-solar direction (r), the direction of the celestial North (N) and the heliocentric orbital velocity cevtor of the comet projected onto the sky plane (V orb ).
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 2 Figure 2.7: The comet nucleus as imaged by OSIRIS on 23 September 2014(Sierks et al., 2015).
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 2 Figure 2.8: a) Comet 67P's nucleus with regional labels, in which the red lines denotes strata and the blue lines indicate fractures. b) Stratification at Hathor-Anuket, with white arrows representing the orientation of the strata. c) OSIRIS/WAC "zoom out" of panel b (dashed box). d) Serquet and Nut regions as seen by NAC, with the arrows indicating Serquet terraces that are parallel to the Nut planar region(Massironi et al., 2015).
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 29 Figure 2.9: The Cheops landmark as imaged by the orange filter of OSIRIS/NAC. The spherical coordinates of its center is fixed at 142.35 • longitude, -0.28 • latitude and radial distance of 1395 m, and it is located in the Imhotep region(Preusker et al., 2015).
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 2 Figure 2.10: Left: OSIRIS/WAC image of the northern hemisphere. Right: The same image as the left, overlaid with regional boundaries (El-Maarry et al., 2015).
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 2 Figure 2.11: The Imhotep region as seen from 24 May to 11 July 2015, in which the new and expanding circular features 'A', 'B', 'C', 'D' and 'E' are indicated with arrows(Groussin et al., 2015).
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 2 Figure 2.12: The smooth dust-covered Ash region, showing the candidate impact crater (inside the box and highlighted in the inset) and exposed units resembling the brittle materials from Seth (arrows) (El-Maarry et al., 2015).
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 2 Figure 2.13: The Aswan cliff during the cliff collapse on 10 July 2015 (left) and after the collapse on 15 July 2015 (middle) and 26 December 2015 (right). A bright spot is visible in both the midle and right panels, indicating exposure of water ice abundant below the dust cover (This bright spot is reported in Table A.1 as entry #200 and will be discussed in Chapter 3). The figure is adapted from Fig. 1 of Pajola et al. 2017.

Figure 2 .

 2 Figure2.14: The comet nucleus as imaged on 2 May 2015, 2015, 15h09 overlaid with longitude and latitude lines. Khonsu is highlighted with red lines, and the "Low bank" and "High bank" were indicated with orange lines(Hasselmann et al., 2019).

  2.19) on the scale of a few meters: 145 clods in the Seth region, 80 clods in Imhotep, 151 clods in Anubis and 214 clods in Atum. The Seth clods range from 1.2 m to 3.4 m with average diameter ⟨⟨D Seth ⟩⟩ = 2.2 m, while Imhotep clods are somewhat larger, ranging from 1.8 m to 5.6 m with ⟨⟨D Imhotep ⟩⟩ = 3.1 m. Anubis clods are similar to Imhotep clods in appearance and size, with range of 1.4 -4.7 m and ⟨⟨D Anubis ⟩⟩ = 2.5 m, while Atum clods appear more similar to Seth clods, with range of 1.4 -2.2 m and ⟨⟨D Atum ⟩⟩ = 2.4 m. The clods may have formed under three possible scenarios: fracturing in homogeneous granular material due to thermal gradients; fracturing under regulation by an intrinsic lumpiness; and
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 2 Figure 2.15: Active pits of the Seth region, in which the images on the right are linearly stretched to show faint jets(Vincent et al., 2015).

Figure 2 .

 2 Figure 2.16: Sinkhole collapse as a formation mechanism of cometary pits. The blue arrows show volatile escape, white lines indicate fracturing and the red arrow indicates the collapse of the cavity ceiling(Vincent et al., 2015).

Figure 2 .

 2 Figure 2.17: Boulders inside pit 'B' of the Seth region (left) and their size-frequency distribution (right). The figure is adapted from Figs. 14 & 15 of Pajola et al. 2015.
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 2 Figure 2.18: Boulders inside the Hatmehit depression (left) and their size-frequency distribution (right). The figure is adapted from Figs. 18 & 19 of Pajola et al. 2015.
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 219 Figure 2.19: Clods in the southern Imhotep region, as seen by NAC/F22 on 6 October 2014, 18h53(Davidsson et al., 2016) 
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 2 Figure 2.20: Fractures on comet 67P: a-Polygonal fractures in the Apis region, in which the polygons inside the inbox are 2-5 m wide. The orange arrows indicate possible vertical displacement indicated by the patterns of shadows running from the top left to the lower right. b-Fractures near the edge of a scarp in the Seth region, with debris at its feet. c-A heavily fractured and nearly fragmented 60-m wide boulder in the Imhotep region. d-A fracture system in the Anuket region, in which the linear fracture is made of smaller aligned fractures (arrows) (El-Maarry et al., 2015).
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 2 Figure 2.21: Fig. 1 of Fornasier et al. 2016, showing the spectral slope of the comet in 1 August 2014 (left) and 30 August 2015 (right). The image on the left was corrected in order to match the geometry of the right image.

Figure 2 .

 2 Figure 2.22: Top left: Mean reflection spectra of four regions defined by Ciarniello et al. 2015 (bottom) and two end member spectra of high and low reflectance (dotted lines) at incidence i = 0, emission e = 30 • . Top right: The spectra of the four regions normalized to λ = 2.71µm.The grey rectangles mask instrumental artefacts(Quirico et al., 2016). Bottom: The four macro-regions superimposed on a map of single scattering albedo values: head (red), neck (green), body (blue) and bottom (orange)(Ciarniello et al., 2015).
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 2 Figure 2.23: Comet 67P as imaged by the 2 m telescope of the Thüringer Landessternwarte Tautenburg, Germany on 27 March 2003[START_REF] Weiler | Optical observations of Comet 67P/Churyumov-Gerasimenko[END_REF].
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 224 Figure 2.24: Contrast-stretched OSIRIS observations of sunset jets in Ma'at on 22 April 2015, 15h28 (left), 25 April 2015, 17h50 (middle) and 27 April 2015, 19h19 (right). The bottom images are zoomed in views of the region outlined by red rectangles on the top images(Shi et al., 2016).
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 2 Figure 2.25: OSIRIS/WAC image of a plume seen from the Imhotep region on 3 July 2016, 7h50 (Agarwal et al., 2017).
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 2 Figure 2.26: Left: Fig. 9 of Schröder et al. 2017, in which colour composites of seven individual subframes are superposed at their respective original location. The fringes are optical artefacts. Right: Fig. 1 of Bibring et al. 2015. Philae's +X and +Y legs are visible and overexposed in the left and right panels, respectively.
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 32 Figure 3.2: Top left panel of Fig. 8 of Hoang et al. 2020, showing the comet nucleus as imaged by NAC filters on 15 September 2014, 5h42.The arrow points to the final landing site Abydos while the box indicates a roughly 5 • area from Abydos, and the two ellipses cover the position of two spectrally bluer "stripes" seen in post-perihelion images(Hoang et al., 2020).

  Figure 3.3: RGB maps of comet 67P at different moments, rendered by various co-registration methods. A closer look at the second panel from left reveals small lines, which are artefacts of optical flow co-registration.

  Figure 3.5: Left: Spectral slope in the 535-882 nm range of the comet nucleus on 5 September 2015, 8h33, where reddest areas are often artefacts related to shadowed regions. Right: A histogram of the spectral slope distribution of the comet nucleus within the 5%-25%/(100 nm) range with a Gaussian fit (red line).
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 36 Figure 3.6: Spectral slope in the 535-882 nm range of the Wosret region as a function of phase angle, in which 2016 data points are represented with black circles while May -October 2015 and other 2015 data points are shown in red and blue, respectively[START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].

Figure 3

 3 Figure 3.7: Spectral slope maps in the 535-882 nm range of roughly the same part of Wosret from the data acquired pre-perihelion on 2 May 2015 (left) and post-perihelion on 2 July 2016 (right). The May 2015 data were zoomed in with factor of 2, while the July 2016 data were binned by a factor of 2 and corrected for phase reddening from 93 • to 62 • using the determined post-perihelion phase reddening coefficient of 0.055 × 10 -4 nm -1 deg -1 (Fornasier et al., 2021). latitude -19.7 • (feature C in Fig. 3.8) (Fornasier et al., 2021), two sites of boulder displacement between 22 October 2014 and 14 May 2016 as well as some minor changes Philae exerted on the second touchdown site (O'Rourke et al., 2020).To estimate the dimension of these features and their evolution over time, we applied a method develop on the shadow length byArthur (1974);Chappelow and Sharpton (2002) and already successfully applied previously on comet 67P in Hapi and Anubis(El-Maarry et al., 2017;Cambianica et al., 2020), Khonsu(Hasselmann et al., 2019), and Anhur regions(Fornasier et al., 2019a):

Figure 3

 3 Figure 3.8: The Wosret region as imaged on 25 March 2015 (left) and 13 June 2016 (right). "A" denotes a new cluster of outcrops, "C"indicates the new cavity and some landmark boulders are marked with a white bar and numbers[START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].
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 39 Figure3.9: Active perihelion jet sources of Wosret as plotted on the map of comet 67P, in which the location of some closely placed jets are averaged for clarity and some notable jets are plotted with larger symbols. Blue circles represent jets identified byVincent et al. 2016 and the others are reported inFornasier et al. 2019b, with black squares denoting cavities found to be periodically active[START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].

  Figure 3.10: Left: NAC/F22 image of the Wosret region on 27 January 2016, 7h44 superposed with a few of the corresponding jets. Original images are from Vincent et al. 2016. Right: Sources of Wosret jets on an image acquired on 28 January 2016, 5h33. The insets show the corresponding jets(Fornasier et al., 2019b).

Figure 3 .

 3 Figure 3.11: Top: Tiny bright spots in Wosret as imaged on 13 June 2016, at phase angle α = 70 • (left) and 2 July 2016, α = 93 • (right), with insets showing magnification of these spots. Bottom: Corresponding I/F spectra of the corresponding ROIs on top, in which the dark reference terrain is marked with a white circle on top[START_REF] Fornasier | Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS[END_REF].

  Figure3.12: The Wosret/Bastet region as captured by NAC/F22 pre-perihelion on 19 January 2015 (left) and post-perihelion on 14 June 2016 (right), in which the left image has been rotated by 15 • to better match the perspective of the image on the right. The three sites of possible dust removal AA, BB and CC are emphasized with red shapes, and the inset is a 3× magnification of the area inside the yellow-dotted box that shows three boulders (white ellipses) inside site AA(Hoang et al., 2020).

  Figure 3.13: Two bright spots near Abydos (arrow) as imaged by the NAC/F22 filter on different dates and under different phase angle α between September and December 2014, superposed with magnifications of the spots (Hoang et al., 2020).

  Figure 3.14: Color composite (left) and spectral slope in the 535-882 nm range (right) of the 5 • area around Abydos (arrow) on 14 June 2016, 22h23, at phase angle α = 48.6• . The two spectrally blue "stripes" near Abydos are encircled with ellipses, and the Gaussian fitted slope is 16.9 ± 1.5 %/(100 nm)(Hoang et al., 2020).

Figure 3 .

 3 Figure 3.15: Top: The comet nucleus at phase angle α ∼ 70 • on three different epochs: pre-perihelion (left), perihelion (middle) and postperihelion (right), in which each white box highlight the area around Abydos (arrow). Bottom: spectral slope maps (535-882 nm) of the area inside the boxes. The ellipses cover the two spectrally blue 'stripes' near the site.

Figure 3 .

 3 Figure3.16: The spectral slope of Abydos plotted as a function of phase angle. The data points were obtained between August 2014 to August 2016, and "perihelion" is defined as the period between June and October 2015(Hoang et al., 2020).

Figure 3

 3 Figure3.17: The bright spots on the Hatmehit rim as imaged by OSIRIS/NAC from late 2015 to the end of the Rosetta mission(Hoang et al., 2020).

  Figure3.18: Left: An area of talus deposits near Abydos as imaged by NAC/F22 on 9 July 2016, 15h35. Center: Spectrophotometry of the chosen points compared to a reference terrain (black). Right: Linear fit of the dark terrain (black line) and best fits of the compositional model for 30 µm ice grain size (dotted lines), which indicate water ice abundances of 80.6% (red), 29.3% (blue), 19.8% (green), and 16.8% (magenta)(Hoang et al., 2020).
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 319 Figure 3.19: The sources of the jets near Abydos (yellow arrow) as plotted on the RGB of the comet as imaged on 14 June 2016, 10h30, while the insets show the corresponding jets. List of symbols: big square -H-1, small square -H-2, diamond -H-3, circle -W-1, and star -W-2. Wosret/Bastet boundary are drawn with the white line, and the two magenta lines visualize the uncertainty in finding the source of W-2 jet (Hoang et al., 2020).
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 3 Figure 3.20: Left: the comet nucleus as seen by NAC/F22 on 10 September 2015, 9h50 at phase angle α = 120.2• , in which the inset is a 2× magnification that zooms in on jet W-2 (box). Middle: Spectra of chosen points alongside jet W-2 compared with a reference dark terrain (black). Right: The corresponding spectral slope map in the 535-882 nm range of the comet nucleus on 10 September 2015, 9h50(Hoang et al., 2020).
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 3 Figure 3.21: The four touchdown points TD2a-d as imaged on 22 October 2014 (before Philae landing, left) and 14 May 2016 (after Philae landing, right) (O'Rourke et al., 2020).

Figure 3 .

 3 Figure 3.22: The water ice at the second touchdown point of Philae as captured by multiple instruments: a-OSIRIS/NAC, 14 June 2016, 10h29 (at phase angle α = 54.0 • ); b-VIRTIS-M, 14 June 2016, 10h51-11h35; c-OSIRIS/NAC spectra of the water ice patch (red star) with a dark terrain (black circle); d-Reflectance of the aforementioned chosen points after correction to zero phase angle; e-OSIRIS/NAC, 2 September 2016 at α = 103.5 • (O'Rourke et al., 2020). The spot is referred to as #475 in Table A.1.

Figure 3 .

 3 Figure3.23: Maps of the bright spots on comet 67P, with each color representing the time period that the spot was first observed: redpre-perihelion, cyan -perihelion (June -October 2015), green -post-perihelion, in which the spectrally "blue" spots i.e. spectral slope in the 535-882 nm range ≤-3%/(100 nm) are depicted with a lighter green color.
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 324 Figure 3.24: The Anhur-Bes boundary region as imaged on 2 May 2015, 7h54 at phase angle α = 61.5 • (left) and 30 January 2016, 18h03 at α = 62.5 • (right). The figure is adapted from Fig. 13 of Fornasier et al. 2017.

Figure 3 .

 3 Figure 3.25: The "Seth alcove" as imaged on 17 September 2016, 23h57 at phase angle α = 75.4 • . Entries #26-#29 in Table A.1 are identified from this image.

Figure 3 .

 3 Figure 3.26: Histogram of the spectral slope in the 535 -882 nm range of pre-perihelion (August 2014 -May 2015) bright spots. Note that: a-Spots #22-#29 of the "Seth alcove" are identified in 2016 images, therefore their slopes are counted in the post-perihelion histogram and the value 11%/(100 nm) determined by Oklay et al. 2017 is used instead. b-The spectral slope of spots #161 and #162 (patches 1 and 3 in the Khonsu region) was calculated from 2016 observations (Hasselmann et al., 2019), hence their spectral slope values are not included here. c-For the long-lived spot #52 (RF feature in Oklay et al. 2017), I use its 2014 slope value of 11%/(100 nm).

Figure 3 .

 3 Figure 3.27: Histogram of the spectral slope in the 535 -882 nm range of perihelion (June-October 2015) bright spots. Note that: a-For the long-lived spot #52 (RF feature in Oklay et al. 2017), I use its 2015 slope value of 10%/(100 nm). b-For spot #205, I use the lowest slope value of perihelion sequences, which is 8.2%/(100 nm). The value in Table A.1 is from a post-perihelion sequence.
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 3 Figure 3.28: Histogram of the spectral slope in the 535 -882 nm range of post-perihelion (November 2015 -September 2016) bright spots. Note that: a-For the long-lived spot #52 (RF feature in Oklay et al. 2017), I use its 2016 slope value of 11%/(100 nm). b-The spectral slope of spots #161 and #162 (patches 1 and 3 in the Khonsu region) was calculated from 2016 observations (Hasselmann et al., 2019), hence their spectral slope values are included here. c-Spots #22-#29 of the "Seth alcove" are identified in 2016 images, therefore their slopes are counted in this histogram. d-The slope value of spot #205 in Table A.1 is a post-perihelion value, hence it is included in the histogram. e-Spots #206 and #207 are included in the histogram with spectral slope values of 2.1%/(100 nm) and 7.2%/(100 nm), respectively
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 330 Figure 3.29: Histogram of surface distrubution of the bright spots pre-and post-perihelion, in the left and right side, respectively.

  Figure 3.32: Left: A few bright spots observed by OSIRIS/NAC on 16 June 2016, 21h07, at phase angle α = 54.6 • in the Babi region, from the second row on top to bottom: #486, #495, #496, #497. Right: Spectra of the bright spots and dark terrain (black circle, symbols for bright spots are the same as in the left panel). The bright spot indicated by the red star is about 5-7 times brighter than the dark terrain and have a negative slope of -5.0%/(100 nm) in the 535 -882 nm range.
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 333 Figure 3.33: Left: Three boulders in the Anhur region on 16 July 2016, 15h03, at phase angle α = 94.5 • (top) and 30 July 2016, 5h09 at α = 99.5 • (bottom), in which the green and magenta arrows point to spots #617 and #614, respectively. Middle: NAC/F22 image of the surroundings of the three boulders on 30 July 2016, 5h09. Right: Spectra of the chosen points in the middle, in which the black circle represents a reference dark terrain while the four other symbols correspond to the following spots in TableA.1: #635 (red, slope -2.7%/(100 nm)), #636 (blue, slope -3.0%/(100 nm)), #617 (green, slope -2.2%/(100 nm)) and #614 (magenta, slope -3.6%/(100 nm)). The Lommel-Seelinger law is not applied for the analysis of this image because the shape model has lower spatial resolution and is not reliable for heavily shadowed areas.

  Figure 3.34: Left: Different parts of the Seth region as imaged on 28 April 2016, 10h58 at phase angle α = 95.6 • . Right: Spectra of the ROIs shown on the right side of the left image, in which the black circle represents a reference dark terrain while the four other symbols correspond to the following spots in TableA.1: #418 (red, slope -1.6%/(100 nm)), #419 (blue, slope 1.2%/(100 nm)), #420 (green, slope 2.0%/(100 nm)) and #421 (magenta, slope -8.7%/(100 nm)).

Figure 3 .

 3 Figure3.35: A map of the comet with the locations of the jet sources. The location of some close jets is averaged for clarity, and notable jets are depicted with larger symbols while black circles represent active cavities(Fornasier et al., 2019b) 
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 3 Figure 3.38: An OSIRIS/NAC sequence on 30 August 2015 that captured the beginning, peak and end of a transient jet, whose lifetime is approximately 90 seconds (Fornasier et al., 2019b).
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 3 Figure3.39: Left: The locations of the active jets as plotted on a NAC/F22 image of the Anhur region as captured on 10 February 2016, 7h14, superposed with RGBs of corresponding jets. Right: Geomorphological units identified in Anhur byFornasier et al. 2017 (Fornasier et al., 2019b).

Figure 3 .

 3 Figure 3.40: WAC/F12 image acquired on 12 May 2016, 3h43 UTC of an outburst in the Bes region, at the boundary with Imhotep.
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 11 Goniometers: SHADOWS & SHINE

Figure 4 . 1 :

 41 Figure 4.1: Fig. 3 of Brissaud et al. 2004, showing a schematic three-dimensional view of the spectrogonio radiometer. Note that Φ is the azimuth angle.

  ,0 • ) reference : raw signal of the reference surface at wavelength λ, incidence i = 0 , emergence e = 30 • , and azimuth az = 0 • R (λ,0 • ,30 • ,0 • ) reference : calibrated reflectance of the rerefence surface at wavelength λ, incidence i = 0 , emergence e = 30 • , and azimuth az = 0. Note that reference surface = Spectralon for λ < 2000 nm and Infragold for λ ≥ 2000 nm.

SHINE

  

Figure 4 . 2 :

 42 Figure 4.2: Left: Two holders designed for SHINE. Right: The top (left) and bottom (right) of a sample holder designed for SHADOWS.

Figure 4

 4 Figure 4.3: SHADOWS with a mounted sample holder prior to measurement.

Figure 4

 4 Figure 4.4: A top-down view of a planetary grinder during operation. The image is taken from Retsch's video titled "Introducing the FRITSCH PULVERISETTE 7 premium line".

Figure 4

 4 Figure 4.5: The Retsch MM200 vibro crusher used in our experiments photographed with the bowls and grinding balls in the front. The long bowl mounted on one side of the vibro crusher is from an unrelated experiment.

Figure 4

 4 Figure 4.6: Left: The Retsch AS200 sieve shaker during an operation. In this case, the three sieves in this picture are stacked upon a metal bowl and firmly secured to the shaker from the top. Right: A schematic drawing of the electromagnetic drive of the Retsch AS200 vibratory sieve shaker, taken from Retsch's video titled "videoanimation as200 function drive 480x360".

Figure 4

 4 Figure 4.7: A mixture of anthracite, grinding balls and alcohol after colloidal grinding

Figure 4

 4 Figure 4.8: The ALH83100 sample that is used for the experiments.

Figure 4 . 9 :

 49 Figure 4.9: Spectra of two pure ALH83100 samples: the blue line represents our sample, and the orange line corresponds to that of Beck et al. 2018 whose data is available in the SSHADE database. The former was measured at incidence i = 0, emergence angle e = 30 • and azimuth az = 0 while the latter was measured at i = 10 • , e = 20 • and az = 180 • .

Figure 4

 4 Figure 4.10: Spectra of the salts used in the experiment.

Figure 4

 4 Figure 4.11: Spectra of KBr salt at different grain sizes. The noisy region near the 3 µm band of some spectra is an artefact of atmospheric water vapor.

Figure 4

 4 Figure 4.12: The "open air" setup of our frost experiment with SHINE, in which water vapor from the atmosphere enter CarboN-IR through a tube indicated by the arrow.

Figure 4 .

 4 Figure 4.13: The black tape sample under 65x magnification. A few white spots are visible in this image.

Figure 4

 4 Figure 4.15: The cold chamber mounted on SHADOWS. Labels: 1-SHADOWS, 2-chamber (which was open, closed during experiments), 3-water flask, 4-part of the pressure pump, 5-regulation box (unconnected) and 6, 7, 8 -the three valves that directly connected to the flask, the chamber and the pump, respectively. During the experiments, the valve connecting to the chamber could be open at all times. A stand (next to #8) was used to better balance the system.

Figure 4 .

 4 Figure 4.16: Frost on black tape under 80× magnification, produced by submerging the sample holder inside a box repeatedly filled with liquid N 2

Figure 4 .

 4 Figure 4.18: The schematics of SPIPA-B setup as from Pommerol et al. 2019. The magnetic stirrer is only required when dealing with suspension.

Figure 4 . 19 :

 419 Figure 4.19: Spherical grains of pure water ice produced by SPIPA-B technique under a microscope.

Figure 4 .

 4 Figure 4.20: An ice cube produced with an ice bag before (left) and after (right) being crushed with the Santos ice crusher, next to a ruler with mm units.

Figure 4

 4 Figure 4.21: The Santos ice crusher. A metal jug is placed inside the ice bucket to protect the bucket from liquid nitrogen, which has caused the damage seen at the bottom of the bucket.

Figure 4 .

 4 Figure 4.22: "Dirty" mm-sized ice grains containing about 1% anthracite (in mass) as produced by: storing ice grains produced by SPIPA-B inside the freezer for 3 days (left) and letting water drops fall into liquid nitrogen (right).

Figure 5 . 1 :

 51 Figure 5.1: Spectra of frost produced by the SHINE setup shown in Fig. 4.12. The black line represents the black tape, the red line corresponds to the thickest frost sample measured produced by connecting SHINE/CarboN-IR to the open air, while all the other lines are produced by connecting SHINE/CarboN-IR to a flask of water. The noisy region at below 700 nm are artefacts, while the noise in the 2600 -2760 region was caused by atmospheric vapor. Observation geometry: i = 0, e = 20 • , az = 0.

Figure 5 . 2 :

 52 Figure 5.2: Spectra of frost produced by the SHADOWS setup shown in Fig. 4.15, with the black line corresponding to the black tape. The "jump" at 2000 nm in some lines are artefacts, while the noise in the 2600 -2760 region was caused by atmospheric vapor. The "Platine" label refers to the chamber as shown in Fig. 4.14. Observation geometry: i = 0, e = 20 • , az = 0.

  .

Figure 5

 5 Figure 5.5: Transmission of ice layer at different thicknesses as calculated by the Beer-Lambert law using the coefficients from Warren and Brandt 2008: T R(λ) = exp (-4πkl/λ), in which T R, k, λ and l are respectively the transmission coefficient, imaginary part of the index of refraction, wavelength and thickness. Note that 260 µm is the thickness of the tape, which is the upper limit of the produced frost layer. Label Max1.5 IBD1.5 MaxBD2 IBD2 MaxBD3 IBD3 Slope Flask 0 0 0 0 0.819 0.0185 -Open air 0 0 0 0 0.688 0.0153 -Frost "Platine" 1 0 0 0 0 0.567 0.0168 -Frost "Platine" 2 0 0 0 0 0.571 0.0152 -Frost "Platine" 3 0 0 0 0 0.641 0.0158 -Frost "Platine" 4 0 0 0 0 0.562 0.0126 -Frost "Platine" 5 0 0 0 0 0.6440.0137 -Frost 1 0.290 0.00529 0.503 0.0119 0.995 0.0371 -2.81%/(100 nm) Frost 2 0.264 0.00504 0.471 0.0109 0.989 0.0365 -1.99%/(100 nm) Frost 3 0.189 0.00337 0.367 0.00854 0.979 0.0344 -2.49%/(100 nm) Frost 4 0.0972 0.00182 0.202 0.00439 0.888 0.0296 -3.36%/(100 nm) Frost 5 0.121 0.00232 0.249 0.00563 0.934 0.0299 -2.54%/(100 nm) Frost 6 0 0 0 0 0.304 0.00943 -

  1: A few charateristics of the frost samples: Max1.5 -Maximum band depth of the 1.5 µm band; IBD1.5 -Integrated band depth of the 1.5 µm band; Max2 -Maximum band depth of the 2 µm band; IBD2 -Integrated band depth of the 2 µm band; Max3 -Maximum band depth of the 3 µm band; IBD3 -Integrated band depth of the 3 µm band; Slope -spectral slope in the 540 -880 nm range, only calculated for the spectra with multiple water ice absorption bands. "Flask" (blue line in Fig. 5.1) and "open air" (red line in Fig. 5.1) respectively refer to the measurements with the deepest band depth at ∼3 µm produced by connecting the cold SHINE/CarboN-IR chamber at T = 173 K to a flask of water and the atmosphere; frost "platine" 1-5 reference the spectra shown in Fig. 5.2 while Frost 1-6 refer to the samples shown in Fig. 5.3.

Figure 5

 5 Figure 5.6: Spectra of pure water ice at different grain sizes and thicknesses. Observation geometry: i = 0, e = 30 • , az = 0.

Figure 5

 5 Figure5.8: Spectra of water ice mixed with 1% (in mass) "hyperfine" anthracite at different grain sizes and thicknesses. Note that the mixing is not homogeneous, hence the amount of anthracite in the ice grains may not match 1%. Observation geometry: i = 0, e = 30 • , az = 0.

Figure 5 . 9 :

 59 Figure 5.9: Histogram of the grain size of the NaCl grains identified in Fig. 5.12. 993 anthracite particles are identified, with average grain size of 54.53 µm and standard deviation of 27.30 µm.

Figure 5 .

 5 Figure 5.10: Histogram of the grain size of the KBr grains identified from two SEM frames of "hyperfine" anthracite mixed with KBr at 1:100 mass ratio. 1030 anthracite particles are identified, with average grain size of 69.52 µm and standard deviation of 58.78 µm.

Figure 5 .

 5 Figure 5.11: Histogram of the grain size of the anthracite grains identified in Fig. 5.14. 1007 anthracite particles are identified, with average grain size of 0.45 µm and standard deviation of 0.28 µm.

Figure 5 .

 5 Figure5.12: The 0.990% "hyperfine" anthracite + 99.010% NaCl (in mass percentage) under SEM imaging, showing NaCl "blocks". Resolution: 2.22 µm/pix.

Figure 5 .

 5 Figure 5.13: The 0.990% "hyperfine" anthracite + 99.010% NaCl (in mass percentage) under SEM imaging, showing "hyperfine" anthracite grains coating salt grains. Resolution: 0.055 µm/pix.

Figure 5 .

 5 Figure 5.14: The 0.990% "hyperfine" anthracite + 99.010% NaCl (in mass percentage) under SEM imaging, showing "hyperfine" anthracite grains on the surface of a salt grain. Resolution: 0.022 µm/pix.

Figure 5 .

 5 Figure 5.15: Spectra of mixtures of "hyperfine" anthracite and NaCl at different mass concentrations.

Figure 5 .

 5 Figure 5.16: Spectra of mixtures of "hyperfine" anthracite and KBr at different mass concentrations.

Figure 5 .

 5 Figure5.17: REFF of meteorite+salt mixtures at 540 nm, 2200 nm and 3800 nm as a function of the volume fraction of anthracite, with both axes in logarithmic scale. The lines represent the power law fittings in Table5.4: dotted red -Anthracite+NaCl at 540 nm, dotted blue -Anthracite+KBr at 540 nm, dashed red -Anthracite+NaCl at 2200 nm, dashed blue -Anthracite+KBr at 2200 nm, dashed-dotted red -Anthracite+NaCl at 3800 nm, dashed-dotted blue -Anthracite+KBr at 3800 nm.

Figure 5 .

 5 Figure 5.18: Spectral slope of meteorite+salt mixtures at 540 -2200 nm and 540 -3800 nm wavelength ranges as a function of the volume fraction of anthracite. The horizontal axis (anthracite volume fraction) is plotted in logarithmic scale.

Figure 5 .

 5 Figure 5.20: Reflectance of ALH83100 + NaCl mixtures at different mass concentrations of meteorite. The "absorption peaks" between 2500 -2700 nm are likely artefacts due to atmospheric vapor. Observation geometry: i = 0, e = 30 • , az = 0.

Figure 5 .

 5 Figure 5.21: Reflectance of ALH83100 + KBr at different non-absorption wavelengths as a function of KBr grain size. Each wavelength is represented by a different linestyle: continuous -540 nm, dash -880 nm, dash-dot -1200 nm, dash-dot-dot -2200 nm and dot -3800 nm.

Figure 5 .

 5 Figure5.22: Reflectance at 540 nm of ALH83100 + KBr mixtures as a function of the ALH83100 grain size. Each wavelength is represented by a different linestyle: continuous -540 nm, dash -880 nm, dash-dot -1200 nm, dash-dot-dot -2200 nm and dot -3800 nm.

Figure 5 .

 5 Figure 5.23: Reflectance of ALH83100 + KBr mixtures at different grain sizes of each component. The noisy region between 2500 -2700 nm are artefacts due to atmospheric vapor. Observation geometry: i = 0, e = 30 • , az = 0.

Figure 5 . 24 :

 524 Figure 5.24: Left: RGB maps of the Anhur region from OSIRIS/NAC images acquired on 25 June 2016, 1h37. Spots #551-#558 are located inside the continous box, spots #559-#564 are inside the dashed box and spots #565-#567 are inside the dotted box. Right: the corresponding WAC view of the comet superposed with regional boundaries, in which the box indicates the extent of the NAC view on the left. All numberings of the bright spots follow Table A.1.

  3. The radiance factor I/F (see Equation 2.1) of a bright spot of interest is integrated in a 3×3 box, corrected by the Lommel-Seelinger disk function D (expressed in Equation 3.1), then corrected to 30 • phase angle using the same Hapke parameters provided by Hasselmann et al. 2017 before converting to the reflectance factor REFF (which means the ratio of the measured signal of an object divided by the measured signal of a reference surface i.e. Spectralon and Infragold) by dividing by the cosine of the incidence angle i:

•

  Figure 5.25: Left: RGB maps of the Anhur region from OSIRIS/NAC images acquired on 25 June 2016, 11h50. Spots #574-#583 are located inside the continous box and spots #584-#586 are inside the dashed box. Right: the corresponding WAC view of the comet superposed with regional boundaries, in which the box indicates the extent of the NAC view on the left. All numberings of the bright spots follow Table A.1.

  Figure 5.26: Left: RGB maps of the Anhur region from OSIRIS/NAC images acquired on 16 July 2016, 15h03, with spots #621-#624 inside the box. Right: the corresponding WAC view of the comet superposed with regional boundaries, in which the box indicates the extent of the NAC view on the left. All numberings of the bright spots follow Table A.1.

  Figure 5.27: Top left: Spots #551 (blue), #552 (red), #553 (green) and #554 (magenta) as captured by the orange filter of OSIRIS/NAC on 25 June 2016, 1h37 with the corresponding I/F spectra (top right) and corresponding RGB map (bottom left). A RGB of spot #551 is shown in the upper left corner. Bottom right: The REFF of spots #551 (blue asterisks), #552 (red stars) and #554 (magenta squares) as corrected to 30• phase angle superposed with the "Frost 4" spectra (orange line) and the two best linear fits of spots #552 (red line) and #554 (magenta line). "DT" = dark terrains(Ciarniello et al., 2015), "DirtyIce2" = 100-200 µm ice grains containing 0.1% "hyperfine" anthracite in mass and "Ice #7" = mm-to-cm ice grains containing 1% "hyperfine" anthracite with thickness of about 7 mm. Filter F16 (360 nm) is omitted from the modelling. All numberings of the bright spots follow TableA.1. 

  Figure 5.28: Top left: Spots #555 (red), #556 (blue), #557 (magenta) and #558 (orange) as captured by the orange filter of OSIRIS/NAC on 25 June 2016, 1h37 with the corresponding I/F spectra (right) and corresponding RGB map (bottom left). Bottom right: The REFF of spots #555 (red stars) and #557 (magenta squares) as corrected to 30 • phase angle alongside their best linear fits as dashed lines of the same color."DT" = dark terrains(Ciarniello et al., 2015), "Ice6" =>1 mm ice grains and "Ice #7" = mm-to-cm ice grains, both samples having thickness of about 7 mm. Filter F16 (360 nm) is omitted from the modelling. All numberings of the bright spots follow TableA.1. 

  Figure 5.29: Top left: Spots #559 (red), #560 (blue), #561 (green) and #562 (magenta) as captured by the orange filter of OSIRIS/NAC on 25 June 2016, 1h37 with the corresponding I/F spectra (top right) and corresponding RGB map (bottom left). Bottom right: The REFF of spot #559 (red stars) as corrected to 30• phase angle alongside the best linear fit (dashed red line). "DT" = dark terrains(Ciarniello et al., 2015). Filter F16 (360 nm) is omitted from the modelling. All numberings of the bright spots follow TableA.1. 

Figure 5 . 30 :

 530 Figure 5.30: Top left: Spots #565 (red), #566 (blue), #557 (green) and #567 (magenta) as captured by the orange filter of OSIRIS/NAC on 25 June 2016, 1h37 with the corresponding I/F spectra (top right) and corresponding RGB map (bottom left). Bottom right:The REFF of spot #566 (blue asterisks) as corrected to 30 • phase angle alongside the best linear fit (dashed blue line). "DT" = dark terrains(Ciarniello et al., 2015), "DirtyIce5" corresponds to the spectra of a 4 mm layer of mm-sized ice grains containing 1% anthracite. Filter F16 (360 nm) is omitted from the modelling. All numberings of the bright spots follow TableA.1. 

  Figure 5.31: Top left: Spots #552 (red), #574 (blue), #575 (green) and #576 (magenta) as captured by the orange filter of OSIRIS/NAC on 25 June 2016, 11h50 with the corresponding I/F spectra (top right) and corresponding RGB map (bottom left). Bottom right: The REFF of spot #576 (magenta squares) as corrected to 30 • phase angle superposed with the best linear fit (dashed magenta line). Filter F16 (360 nm) is omitted from the modelling. All numberings of the bright spots follow Table A.1.

  Figure 5.32: Top left: Spots #584 (red), #585 (green) and #586 (magenta) as captured by the orange filter of OSIRIS/NAC on 25 June 2016, 11h50 with the corresponding I/F spectra (top right) and corresponding RGB map (bottom left). Bottom right: The REFF of spot #585 (green triangles) as corrected to 30 • phase angle superposed with the best linear fit (dashed green line). Filter F16 (360 nm) is omitted from the modelling. All numberings of the bright spots follow Table A.1.

Figure 5 . 33 :

 533 Figure 5.33: Top left: Spots #621 (red), #622 (blue) and #623 (green) as captured by the orange filter of OSIRIS/NAC on 16 July 2016, 15h03 with the corresponding I/F spectra (top right) and corresponding RGB map (bottom left). Bottom: The REFF of spot #622 (blue asterisks) as corrected to 30 • phase angle superposed with the best linear fit (dashed green line). Filter F16 (360 nm) is omitted from the modelling. All numberings of the bright spots follow Table A.1.

Figure 1 .

 1 Figure 1. The Southern hemisphere of the comet, superposed with regional boundaries. The arrow points to the Abydos site, while the box covers the 5 • radius around Abydos. Regional boundaries refer to El-Maarry et al. (2017). (Description of each region of the southern hemisphere of comet 67P can be found in El-Maarry et al. (2016).)

Figure 2 .

 2 Figure 2. The Abydos (arrow) surroundings as captured by NAC on 2016 June 1, 9h12. The yellow circle indicates a bright feature that we named 'triangle' near Abydos and the magenta dot represents the corresponding location of jet W-1 (see Table3). The image is superposed with a contrastenhanced image of the area inside the box, from which the lander Philae can be perceived inside the white circle.

Figure 3 .

 3 Figure 3. The comet nucleus as captured by the orange NAC filter on 2016 March 5, 10h35, superposed with a contrast-enhanced version of the dark side of the Hatmehit rim in the upper left-hand side of the image. The arrow indicates the position of Abydos, and the red circle and ellipse respectively indicate the position of site AA and site BB (see Fig.4), which will be discussed in Section 3.

Figure 4 .

 4 Figure 4. Parts of the Bastet region that is close to Abydos as imaged by the NAC/F22 on two separate dates: 2015 January 19 (top panel, pre-perihelion) and 2016 June 14 (bottom panel, post-perihelion). In the bottom panel, the three sites of possible morphological changes AA, BB and CC are marked by red shapes, and the inset is a three times magnification of the area within the yellow dotted box, where three boulders (within the white ellipses) can be seen within site AA. The top panel has been rotated 15 • to match the perspective of the bottom panel. An animated version of this figure is provided in the online supplementary material.

Figure 5 .

 5 Figure 5. Evolution of the normal albedo of Abydos.

Figure 6 .

 6 Figure 6. The area surrounding spots (1a) and (1b) as imaged by the NAC on 2014 December 14, 6h21, superposed with magnifications of the spots (RGB setting: 'red'= 'green' = F22, 'blue' = F24). The arrow points to the position of Abydos, while the circle indicates the bright 'triangle' mentioned in Section 4.

Figure 7 .

 7 Figure 7. RGBs of bright-spots found at close distances to Abydos. The RGB setting in panels 8 and 9 is 'red'= F22, 'blue'= F16 (360.0 nm), and 'green' = F24.

Figure 8 .

 8 Figure 8. Top panel: the comet nucleus as imaged by NAC at phase angles α ∼ 70 • on three different epochs, namely pre-perihelion, perihelion, and postperihelion, in which each box indicates the area around Abydos. Bottom panel: spectral slope maps (535-882 nm) of the area within the corresponding boxes, where reddest areas are often artefacts related to shadowed regions. Abydos is indicated by an arrow in every panel of this figure, and the ellipses cover the positions of the two spectrally blue 'stripes' near the site.

Figure 9 .

 9 Figure 9. Colour composite (left-hand panel) and spectral slope in the 535-882 nm wavelength range (right-hand panel) of the 5 • area around Abydos (indicated by arrow) at 22h23, 2016 June 14, at a phase angle of 48. • 6. Gaussian fitted slope = 16.9 ± 1.5 per cent/(100 nm). The ellipses indicate the two spectrally blue 'stripes' near Abydos.

Figure 10 .

 10 Figure 10. The spectral slope values of the Abydos surroundings in the 535.7-882.1 nm wavelength range versus phase angle from 2014August to 2016 August observations. 'Perihelion' is defined as the period between 2015 June and October, when comet 67P was less than 1.6 AU from the Sun and reached perihelion on 2015 August 13, with a heliocentric distance of approximately 1.2 AU. The selected ROI in each case covers a 5 • or 10 • radius around Abydos, and more details can be found in Table1.

Figure 11 .

 11 Figure 11. The positions of the spots in Fig. 7 as superposed on the RGB map of the comet as captured by the NAC on 2016 June 14 at 10h30, with Abydos indicated by the red arrow. The area inside boxes 1, 2, and 9 represent the area inside the yellow boxes of the corresponding panel of Fig. 7. Note that the images shown in panels 2-7 and 10-11 were observed from the Hatmehit rim, which is a different perspective from this reference image.

Figure 12 .

 12 Figure 12. Left-hand panel: the Abydos (white arrow) surroundings as imaged by the NAC/F22 on 2014 September 15, 5h43, superposed with an RGB of spots (1a) and (1b). Middle panel: spectra of spot (1a) (red star), (1b) (blue asterisk), and a reference dark terrain (black circle). Right-hand panel: the reflectances of the chosen points after correction to zero phase angle, with the arrows indicating the lower limit in normal albedo because the pixels were saturated. The black line shows a linear fit of the dark terrain, while the red and blue dotted lines show the best fits of the compositional model for 30-μm ice grain size, indicating water ice abundances of >∼57.6 (red) and >∼21.6 per cent.

Figure 13 .

 13 Figure 13. Left-hand panel: parts of the Abydos surroundings as captured by NAC/F22 on 2016 July 9, 15h35. The big mound on the top right-hand corner is the same mound under Abydos as in Fig. 12. Middle panel: spectra of the chosen points compared to a reference terrain (black), with spots (12a) and (12b), respectively, represented by a red star and blue asterisk. The Lommel-Seelinger law was not applied for the bright-spots. Right-hand panel: The black line shows a linear fit of the dark terrain while the dotted lines are the best fits of the compositional model for 30-μm ice grain size, indicating the water ice abundances of 80.6 (red), 29.3 (blue), 19.8 (green), and 16.8 per cent (magenta).

Figure 14 .

 14 Figure 14. The locations of the jets near Abydos (yellow arrow) as appeared on 2016 June 14, at 10h30, superposed with insets of their corresponding jets (RGB inset if possible). List of symbols: big square -H-1, small square -H-2, diamond -H-3, circle -W-1, and star -W-2. The white line indicates the Bastet/Wosret boundary, and the two magenta lines represent the uncertainty in finding the actual source of W-2.

Figure 15 .

 15 Figure 15. Left-hand panel: the comet nucleus as captured by NAC/F22 on 2015 May 22, 5h35. Middle panel: spectra of the chosen points compared to a reference terrain (black), where the red star indicates jet H-3 and the blue asterisk points to one of several faint jets from the Ma'at region. Right-hand panel: spectral slope in the 535-882 nm range of the comet nucleus on 2015 May 22, 5h35, where reddest areas are often artefacts related to shadowed regions. The inset is a two times magnification of the area inside the box, where jet H-3 is indicated by the circle.

Figure 16 .

 16 Figure 16. Left-hand panel: the comet nucleus as captured by NAC/F22 on 2015 September 10, 9h51, and the inset is a two times magnification of the area inside the box. Middle panel: spectra of the chosen points of jet W-2 compared to a reference terrain (black). Right-hand panel: spectral slope in the 535-882 nm range of the comet nucleus on 2015 September 10, 9h51, where reddest areas are often artefacts related to shadowed regions.

Figure A2 .

 A2 Figure A2. Top panel: the comet nucleus as imaged by NAC at phase angles α ∼ 90 • on four different days, in which each box indicates the area around Abydos. Bottom panel: spectral slope maps (535-882 nm) of the area within the corresponding boxes, where reddest areas are often artefacts related to shadowed regions. Abydos is indicated by an arrow in every panel of this figure.

Figure A3 .

 A3 Figure A3. Left-hand panel: the Hatmehit rim near Abydos as imaged by NAC/F22 on 2015 December 25, 3h44. Middle panel: spectra of several chosen points on the left-hand panel. Note that the time shown on top of the plot is the timestamp of the image, which is about 70 s earlier than the start of the acquisition time. Right-hand panel: the reflectances of the chosen points after correction to zero phase angle. The black line shows a linear fit of the dark terrain, while the red and blue dotted lines show the best fits of the compositional model for 30-μm ice grain size, indicating water ice abundances of 72.9 (red), 27.8 (blue), 35.9 (green), and 66.3 per cent (magenta).

Figure A4 .

 A4 Figure A4. Parts of the Hatmehit rim as imaged by NAC/F22 near the end of the Rosetta mission. The middle panel is superposed with four times magnifications of spots 11a-d.

Figure A5 .

 A5 Figure A5. Left-hand panel: parts of the Hatmehit rim as captured by NAC/F22 on 2016 June 18, 12h21. Middle panel: spectra of the chosen points compared to a reference terrain (black), with spots 11a-d, respectively, represented by the red star, blue asterisk, green triangle, and magenta square. Note that the time shown on top of the plot is the timestamp of the image, which is about 70 s earlier than the start of the acquisition time. Right-hand panel: the reflectances of the chosen points after correction to zero phase angle. The black line shows a linear fit of the dark terrain, while the dotted lines show the best fits of the compositional model for 30-μm ice grain size, indicating the water ice abundances of 39.7 (red), 21.8 (blue), 14.6 (green), and 13.7 per cent (magenta).

Fig. 1 .

 1 Fig. 1. Wosret region on comet 67P. Left: 3D view of the southern hemisphere of 67P (from an image acquired on 2 May 2015 at 10h42) and overlay regional boundaries to facilitate locating the Wosret region on the nucleus. The final landing site of Philae, Abydos, is indicated by the yellow arrow. Center: 3D view of the small lobe (always from the same May 2015 data shown on the left side) with the geomorphological map of Wosret from Lee et al. (2106) superimposed. Right: Sub-units on top identified by Thomas et al. (2018) in Wosret (Wr a, Wr b, and Wr c) and other regions (Ne, So, An, Gb, and Be refer to Neith, Sobek, Anhur, Geb, and Bes regions, respectively), with the associated comet view from an image acquired on 2 January 2016 at 17h23 (bottom-right).

Fig. 2 .

 2 Fig. 2. Comparison between images acquired on May 2015 (on the left, spatial resolution (res) of 2.3 m px -1 ) and on July 2016 (on the right, res = 0.3 m px -1 ) covering part the Wosret region (area a following Thomas et al. 2018 sub-regions definition). A new cluster of outcrops (named A and indicated by the white arrow) is clearly visible on the July 2016 images. Some boulders are indicated for reference (andnumbered 1, 2, and 3). The ellipse named B includes a region where the dust coating may also have been thinned during the perihelion passage, as observed close to the cluster of outcrops named A and to the goosebump features.

Fig. 3 .

 3 Fig. 3. Comparison between images acquired on March 2015 (left side, res = 1.9 m px -1 ) and June 2016 (right side, res = 0.5 m px -1 ) showing the formation of a new cavity inside the ellipse named C. Some boulders are indicated for reference by white bars and numbers, following the same numbering scheme of Fig. 2.

  Figures 2 and 3 show part of the Wosret region (sub-unit Wr a following Thomas et al. 2018 classification) observed in 2015, before the perihelion passage and in 2016. The images taken on March and May 2015 have not sufficient spatial resolution (2.3 m px -1 ) nor good illumination conditions (i ∼ 30 • ) to accurately measure the typical depth of surface features from

Fig. 4 .

 4 Fig. 4. Goosebumps equivalent diameter from the 2 July 2016 image (see Fig. 2).

Fig. 5 .

 5 Fig. 5. Spectral slope evolution with heliocentric distance comparing data acquired on 2 May 2015 (r h = 1.73 AU inbound) and 2 July 2016 (r h = 3.32 AU outbound) images. The July 2016 data were phase reddening corrected from 93 • to 62 • using the phase reddening coefficient of 0.055 × 10 -4 nm -1 deg -1 determined in Sect. 4.1 for Wosret in the post-perihelion 2016 observations. Comparing to the original data, we applied a zoom factor of 2 to the May 2015 data, while the July 2016 image was binned by a factor of 2.

Fig. 6 .

 6 Fig. 6. Spectral slope of the Wosret region, evaluated in the 535-882 nm range, from different images in the April 2015-July 2016 time frame. The Wosret region is indicated by white rectangles in the lower resolution images. The high resolution image acquired on July 2016 was binned by a factor of 2.

1 . 0

 10 Fornasier et al. (2016) Small region in Imhotep, Ash, Apis (Feb. 2015 Fly-by) 535-743 0.0652 ± 0.0001 17.9 ± 0.1 Feller et al. (2016) Abydos and surroundings (post-perihelion, 2016

Fig. 7 .

 7 Fig. 7. Phase reddening in spectral slopes evaluated in the 535-882 nm range. The black circles represent data acquired in 2016, red circles those acquired in May-October 2015, that is three months before and after the perihelion passage, while the remaining 2015 data are represented with blue circles. The black and red lines are the linear fit of the 2016 and near perihelion data, respectively.

Fig. 8 .

 8 Fig. 8. RGB images acquired on 17 December 2015 taken one hour apart. The right image acquired at UT23h56 shows a relatively blue region (indicated by the white rectangle) at dawn. The same area was observed in a sequence acquired one hour later (on 18 December 2015, UT 00:56) and it shows a color indistinguishable from that of the average Wosret region. The bluing at dawn is periodic and observed in other sequences in December 2015 but also in June 2015, as shown in the top insert of the image on the right side.

Fig. 9 .

 9 Fig. 9. RGB image taken on 12 June 2016 at 12h48 showing a blue patch at latitude -21 • and longitude 318 • in an area observed to be active by Vincent et al. (2016, jet numbered 11 in their paper).

Fig. 10 .

 10 Fig. 10. Wosret spectrophotometry. Top: examples of blue patches and bright spots from 13 June 2016 (left) and 2 July 2016 images (right). Inserts show a zoom of some ROIs. Middle and bottom panels: corresponding relative reflectance and the I over F value at the given phase angle (70 • and 93 • for the June and July images, respectively). The dark terrain used in the mixing model is represented by a circle in white for clarity in the RGB images on the top and in black in the plots. Filacchione et al. 2016a), but also testing larger grain size of 1000 µm. Before applying the linear mixing model, the images were photometrically corrected using the Hapke model parameters determined by Fornasier et al. (2015, see their Table4) to obtain an estimation of the normal albedo of the different ROIs. In doing so, we assume that the phase function, determined byFornasier et al. (2015) from the comet surface at 649 nm also applies to the other wavelengths and to the volatile rich spots. This introduces some uncertainties in the water-ice abundance estimation, but because of the short visibility of the bright spots and of the limited phase angle coverage, it is impossible to determine Hapke photometric parameters for the Wosret region or for the BS on comet 67P.We report in Table3the coordinated of the ROIs investigated, the associated spectral slope, and the estimated water ice content that was determined for BS, having an incidence and emission angle lower than 75 o , in line with the illumination conditions for which the photometric corrections are reliable(Hasselmann et al. 2017).

Fig. 11 .

 11 Fig. 11. Normal albedo of the bright spots (indicated by the magenta squares and the blue asterisks, see Fig. 10) observed on 2 July 2016 UT15h22. The symbols correspond to the bright spots shown on the right panel of Fig. 10. The black circles represent the mean spectrum of the comet from a region close to the bright patches. Continuous and dashed lines show the best fit spectral models to the bright patches (in gray the associated uncertainty), produced by the linear mixture of the comet dark terrain enriched with 29 ± 3% of water ice with 1000 µm grain size (continuous line) for the ROI indicated by the blue asterisk, and with 65.5 ± 6.0% of water ice with 100 µm grain size (dashed line) for that represented by the magenta square. Models including water ice of medium and large grain size are represented for comparison: dashed lines indicate models with water ice of 100 µm grain size, and continuous lines those with 1000 µm grain size.

Fig. 2 .

 2 Fig. 2. RGB composite (from the images acquired with filters centered at 882, 649, and 480 nm) of 9 out of the 23 sequences acquired on 30-31 August 2015, two weeks after perihelion passage. Several faint jets are visible in different images, as well as local bright patches that are associated with the exposure of volatiles.

  Fig. 3. Panel A: total number of observed jets observed as a function of the time since sunrise normalized per local day-time duration. Panels B-E: number of jets for four different latitude ranges as a function of the time since sunrise. The vertical black lines represent the approximate sunset time computed for three different dates near perihelion passage. The high southern latitudes in panel B were always illuminated in this period, and in this case, the sunrise time was set to zero.

Fig. 4 .

 4 Fig. 4. Short-lived jet identified in OSIRIS NAC images at 6h48-6h50 on 30 August 2015 (jet 71 in TableA.1). This sequence captures the beginning, peak, and end of the transient event, which lasted for approximately 90 s.

  Fig. 5. Analysis of the short-lived jet identified in OSIRIS NAC images at 6h48-6h50 on 30 August 2015 (jet 71 in Table A.1). Top left: RGB image (composed from filters centered at 882, 649, and 480 nm). The red square indicates the zoom into the area presented in Fig. 4. Bottom left: image acquired with the F22 filter. Five selected ROIs are superposed (the black circle shows the dark terrain, the red star represents the jet, and the blue asterisk, green triangle, and magenta square indicate different bright patches.) Right plot: I/F factor (given at phase angle = 70 • ) and relative reflectance (normalized at 535 nm) of the five selected ROIs.

Fig. 6 .

 6 Fig. 6. Analysis of images obtained on 30 August 2015 at 18h51-18h54. Top left: RGB color image (composed from filters centered at 882, 649, and 480 nm) showing a red jet (jet 123 in TableA.1) departing from a bright spot, as well as other faint jets that are indicated by the arrows. In particular, the cavity seen to be active at 6h49 on the same day still shows a very faint jet (jet 71 in TableA.1) that is indicated by the red arrow. Bottom left: zoom into the region around the red jet in RGB colors produced with filters centered at 931, 649, and 480 nm; a faint jet departing from the 6h49 source can be visualized better, and the fainter flux of the red jet compared to the RGB in the top panel (the acquisition order of the filter was269, 360, 743, 701, 480, 535, 649, 989, 931, 805, and 882 nm). Bottom center: image with symbols related to the five ROI. Right panels: relative reflectance, normalized at 535 nm, vs. wavelength, and the reflectance at phase = 70 • of five selected ROI (the red circle shows the dark terrain of the comet, the red star represents the red jet highlighted in the zoom, the blue asterisk shows a bright patch in Khonsu at which activity was previously observed, and the green triangle and magenta square indicate two different bright patches).

Fig. 7 .

 7 Fig. 7. Left panel: slope of the spectra and RGB images from data obtained on 1 August acquired at 15h43, showing a jet in the shadows that departs from the Sobek region (jet 177 in Table A.1). Right panel: relative reflectance and I/F of the five ROI. The I/F of three positions on the jet (red star, cyan asterisk, and magenta square) is not corrected for the disk function because incidence and emission angle are not reliable in shadowed regions.

  Fig. 8. Top panel: nine of the eleven images of the sequence obtained on 1 August 2015 acquired at 23h55, showing the flux variation over time from a jet with two close sources (jet 178 in Table A.1). The I/F flux acquired with the F16 (centered at 360 nm) has been doubled to be correctly shown with the given intensity scale. Bottom left panel: RGB images showing the double jet. The inset shows a zoom of the active region (in the F22 filter) with the five selected ROIs along the jet and on the comet nucleus (the white circle on the left side of the jet). Bottom right panel: spectrophotometry and I/F of the five ROI (the nucleus DT is represented with a black circle). The horizontal line approximately in the middle of the RGB image is a residual of the combination of image subunits (an individual coregistration of three subregions of the full field of view was needed to improve the coregistration), and is and artifact.

Fig. 9 .

 9 Fig. 9. Top panel: so-called perihelion outburst (jet 8 in Table A.1) from two color sequences acquired on 12 August 2015 starting at 17h20 and 17h50. Bottom right panel: RGB color image (composed from filters centered at 882, 649, and 480 nm), and image of the selected ROI. The color difference at the left edge of the outburst in the RGB image arises because the comet rotated between the three exposures. Bottom left panel: spectrophotometry of the nucleus and along the collimated component of the outburst.

  Fig. 10. Left panel: WAC image acquired on 12 May 2016 at UT 03:43 with the F12 filter centered at 630 nm showing an outburst in the Bes region, at the boundary with Imhotep (jets 114 and 115 in Table A.1). Middle panel: RGB image composed from filters centered at 882, 649, and 480 nm from NAC images acquired on 23 April 2016. Right panel: orange filter image corresponding to the area inside the white rectangle of the 23 April 2016 observations. Contrast is adapted to show details within the shadowed areas. The red rectangle indicates the source area of the jets observed on 12 May 2016.

  24 km, resulting in a spatial resolution of 0.82 m px -1 with the WAC camera. The outburst departs from two closely located sources at longitude [131.32 • , 132.83 • ] and at latitude [-65.62 • , -64.89 • ].

Fig. 11 .

 11 Fig. 11. Left panel: Anhur region as seen on 10 February 2016, UT 7h14. The locations of the jets identified close to perihelion passage are superimposed. Resolution: 92 cm px -1 . The symbols represent the corresponding positions of several jets: the star indicates the perihelion outburst, and the box indicates the uncertainties in the position of the jet sources; the circle shows a transient event on 26 July 2015, 15h10 (jet 4 in Table A.1); squares show the double type-C outbursts on 30 August 2015 at 12h21 (jets 17 and 18 in Table A.1), and the large square corresponds to the brighter of the two jets (jet 18); and the diamond indicates a transient event on 30 August 2015 at 8h09 (jet 13 in Table A.1). Right panel: geomorphological maps of the Anhur region from Fornasier et al. (2017).

Fig. 12 .

 12 Fig. 12. Anhur region seen at high spatial resolution (92 cm px -1 ) on 10 February 2016 at 7h14. The locations of the 26 individual activity sources identified close to perihelion passage are superimposed, as well as a few on 2016.

Fig. 14 .

 14 Fig. 14. Sobek region seen on 27 January 2016 at 18h20 with a spatial resolution of 1.28 m px -1 (on the left), and on 1 May 2016, 18h11, with a resolution of 0.32 m px -1 (on the right). The cyan square and triangle represent the two Sobek outburst locations as identified on 1 August 2015 at 15h43 and 23h55, respectively (jets 177 and 178 in TableA.1), while the red symbols denote some jets that departed from the nearby Anhur region (see Fig.11).

Fig. 15 .

 15 Fig. 15. Khonsu region seen at high spatial resolution (1.28 m px -1 ) on 27 January 2016 at 10h53. The identified jets are superimposed in red. The cluster of red points is related to the jet that was periodically active (jet 138 in Table A.1). A full description of the jet properties and associated morphological changes is reported in Hasselmann et al. (2019). thermal lag permits local volatile recondensation, as shown in the Anhur region (Fig. 13) at 3.3 au outbound.Laboratory experiments on cometary analog mixtures have shown that a considerable fraction of sublimating ice can be redeposited at the surface instead of being released through the dust mantle(Sears et al. 1999). They have also shown how material stratification, separation of types of ices,

  Fig. 16. Images showing, at different resolution, bright and relatively blue patches in or near the source of the 1 August 2015 events in Khonsu (jet 138 in Table A.1): 26 July 2015 at 08h48 (left), 28 January 2016 at 01h48 (middle), and 2 July 2016 at 07h57 (right). The rectangles indicate the source region of the 1 August 2015 events (jet 138 in Table A.1).

Fig. 18 .

 18 Fig. 18. Wosret region seen at a spatial resolution of 1.28 m px -1 on 28 January 2016 at 05h33. The identified jets are superimposed. The symbols represent different locations: the cross indicates cavity D (jet 185 in Table A.1), the asterisk shows cavity A (jet 182 in Table A.1), the square represents the B cavities (jet 183 in Table A.1), and the diamond indicates a transient event seen in images of 26 July 2015 at 14h10 (jet 188 in Table A.1).

Fig. 1 .

 1 Fig. 1. Southern-equatorial Khonsu region and the bank. Rough boundaries of the Khonsu region as delimited by El-Maarry et al. (2016). Background composed of a false-color RGB figure from the NAC F41-F23-F23 filter of the sequence obtained on May 2, 2015, UTC 15:09. The full extent of the region is roughly located between 0 • to -62 • latitude. Khonsu is bordered by the Apis plateau in the north, the Atum outcrop in the east, Imhotep in the west, and Bes-Sobek in the south. Khonsu bank (highlighted) is naturally divided into two sections through an interruption of a cliff situated around -20 • latitude. The High bank lies on the equatorial reach between -10 • and -20 • latitude, while the Low bank is located between -20 • and -30 • latitude in the southern outskirts, near the pancake feature.

Fig. 2 .

 2 Fig. 2. Time-line of the Khonsu bank. Joint behavior of median solar distance (r h , AU), median incidence angle (deg), median illuminated surface temperature (K), and median amount of shadow (%) over DLR SPG SHAP7 168 377 facets that describe the zone from December 12, 2014, to July 24, 2016. Every point was sampled on a cometary hour corresponding to 12 a.m at (-22 • , 199 • ).

Fig. 3 .

 3 Fig. 3. Morphological changes after perihelion passage. OSIRIS RGB composites obtained in the final Rosetta multi-instrumental campaign of 2016 next to other OSIRIS RGB composites acquired before perihelion passage of July-October 2015. Labels used here are the same as labels in Tables 3 and 2 and throughout the text. Qualitatively, RGB bluer terrains correspond to a different gradient of the flat VIS-to-NIR spectral slope. In Sect. 5 we present the quantitative estimation for the ice-enriched units. (a) May 2, 2015, UTC 15:09 (F41-F23-F24, left) and July 16, 2016, UTC 19:22 (F41-F23-F24, right). Low Khonsu bank. The symbol " " represents the displacement of jumping boulder 1. "35" indicates the source of event 35 described in Sect. 6. (b) January 16, 2015, UTC 01:27 (F22-F22-F24, left) and June 25, 2016, UTC 18:02 (F22-F22-F24, right). Partial view of the High and Low Khonsu bank.

Fig. 4 .

 4 Fig. 4. Boulder-size cumulative distribution associated with the wasting at Patch 1 from images of June 25, 2016, UTC 18:02 and July 7, 2016, UTC 19:22. Logarithmic cumulative number normalized by total boulder surface, in km 2 , as logarithmic function of boulder size, in meters. Completeness for >1.2 m in size. Two power-law indices are calculated: -1.6 ± 0.01 for 1.2-10 m; and -1.8 ± 0.14 for 10-15 m. The average error in size is estimated at 0.37 m.

Fig. 5 .

 5 Fig. 5. Consequence of the morphological changes that took place in the High Khonsu bank during the perihelion passage. (a) May 2, 2015, UTC 15:09 (F41-F23-F24); (b) August 1, 2015, UTC 08:00 (F22); (c) and January 1, 2016, UTC 01:48 (F41-F23-F24). Description: (a) Landmark F1 (retreating wall) and the two 20-m-sized boulders near an ancient cliff collapse observed at better illumination conditions. (b) The High bank observed from an S/C distance of 215 km. Landmark F1 is still observable, and no deformation (yellow line) of the equatorial cliff is detected. (c) Jumping boulder 2 under better illumination conditions. F1 has vanished, and two 20-m-sized boulders are now found to have fallen onto the deposit. Deformation caused by jumping boulder 2 is marked by a yellow line.

Fig. 6 .

 6 Fig. 6. NAC F22 normal albedo and VIS spectral slope of Khonsu bank before and after perihelion passage. Normal albedo and VIS slope are overplotted on their RGB composites. (a) January 16, 2015, UTC 01:27 divided into two panels that show the High and Low banks. The median VIS spectral slope is 15.95%/100 nm.

  Fig. 6. continued. Panel b: July 2, 2016, UTC 07:57 (top panels, High bank) and June 25, 2016, UTC 18:02 (bottom panels, High and Low banks). The median VIS spectral slopeis 15.90%/100 nm.

Fig. 7 .

 7 Fig. 7. Irradiance and illumination conditions over the High bank on January 16, 2015. The figures were simulated with OASIS (Jorda et al. 2010) at steps of 15 UTC min from 00:00:00 to 1:30:00 using the decimated DLR SPG SHA7 model of 500 thousand facets. Irradiance is shown in spectral color scaling alongside the cometary time at subsolar longitude plus the respective time zone of the Khonsu bank (+1.3 cometary hours at ϕ = -22.5 • , λ = 199 • ). (a) 2015-01-16 00:00:00. (b) 2015-01-16 00:30:00. (c) 2015-01-16 01:30:00.

Fig. 8 .

 8 Fig. 8. Plethora of transient events emanating from the Khonsu bank. False-color RGB (F41-F23-F24) composites of some mass ejections captured by OSIRIS NAC. The locus of maximum intensity is marked by a white star. (a) some of the color sequences on August 1, 2015, that show activity emanating from the Khonsu bank. The first and last frames (UTC 10:51 and 21:55) show the two outbursts that arise from the same site. In the aftermath of the first outburst (UTC 11:21 and 11:51), we observe a collimated morning event emanating from nearby. In the frames of UTC 20:55 and 21:25, just before sunset, jumping boulder 2 and deformation are particularly visible. (b) the outburst of December 13, 2015, and its source in the southern outskirts of the Low bank, near the pancake feature.
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 199 Fig. 9. All ejection sources projected onto the NAC image of January 28, 2016, UTC 01:48 (F41-F23-F24). Position for event 33 (-25 • , 198 • , September 14, UTC 18:47) of Vincent et al. (2016b) is represented by a white star, while the white dotted ellipse shows the reprojected spatial uncertainty on the image. Most of the documented events cluster in the equatorial outskirts of the High Khonsu bank, with sparse sources located in the Low Khonsu bank. The size of the red markers is proportional to the median uncertainty of all sources.
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 22 

	Instrumental characteristics	NAC	WAC
	Mass	13.2 kg	9.48 kg
	Field of view Instantaneous field of view	2.20 • × 2.22 • 11.35 • × 12.11 • 18.6 µrad/pix 101.0 µrad/pix
	CCD size Number of filters	2048 × 2048 pixels 11 14
	Wavelength range	250 -1000 nm	240 -720 nm

patible with terrestrial abundances (499, Meija et al. 2016) but not with solar values (530, McKeegan et al. 2011); 13 C 16 O 2 / 12 C 18 O 16 O = 5.87 ± 0.07

  12 C/ 13 C = 84 ± 4, showing a slight enrichment in 13 C compared to solar ( 12 C/ 13 C = 98 ± 2, Hashizume et al. 2004) and terrestrial ( 12 C/ 13 C = 89, Meija et al. 2016) values; 16 O/ 18 O = 494 ± 8, within error bars com-

  . See Chapter 2 for the details on the filters coverage.

	Day 21/02/2015 13/04/2015 02/05/2015 02/05/2015 22/05/2015 26/07/2015 01/08/2015 01/08/2015 01/08/2015 22/08/2015 23/08/2015 30/08/2015 30/08/2015 30/08/2015 31/08/2015 11/10/2015 20/10/2015 31/10/2015 31/10/2015 31/10/2015 31/10/2015 19/11/2015 20/11/2015 22/11/2015 22/11/2015 23/11/2015 28/11/2015 07/12/2015 10/12/2015 12/12/2015 17/12/2015 17/12/2015 18/12/2015 18/12/2015 09/01/2016 23/01/2016 27/01/2016 27/01/2016 10/02/2016 10/02/2016 10/02/2016 09/04/2016 10/04/2016 16/05/2016 28/05/2016 12/06/2016 13/06/2016 13/06/2016 14/06/2016 25/06/2016 25/06/2016 02/07/2016 03/07/2016 09/07/2016 09/07/2016 09/07/2016 16/07/2016 24/08/2016	UT 12h52 05h59 10h42 11h42 15h34 15h10 07h38 13h51 18h13 22h16 10h19 08h09 12h21 18h13 00h34 18h53 00h02 12h46 16h07 19h07 22h49 20h06 05h16 11h41 19h51 00h13 19h04 01h13 01h31 23h51 22h56 23h56 11h09 12h09 15h05 17h03 18h20 21h22 19h20 08h06 07h06 17h33 03h13 22h23 12h26 22h28 23h15 11h31 10h29 12h16 13h31 15h22 12h43 16h33 16h03 15h33 16h39 18h17	∆ (km) 69.5 151.8 123.9 123.9 129.0 166.9 215.2 211.5 209.6 329.7 333.3 404.7 404.2 402.7 403.1 524.7 420.9 302.0 297.2 293.3 288.4 125.9 130.0 128.6 126.5 125.7 125.0 97.9 101.6 99.8 93.4 94.0 95.1 96.0 76.5 74.2 69.0 68.1 46.9 48.9 49.0 32.7 31.2 7.8 4.9 27.5 27.0 27.6 26.7 16.1 15.9 14.3 7.1 11.9 12.0 12.1 9.3 3.9	α ( • ) 44.3 79.2 61.2 61.1 61.1 90.1 90.0 89.8 89.8 88.7 87.8 70.3 70.2 70.2 70.2 61.2 64.4 62.8 62.4 62.1 61.7 78.2 82.3 89.6 89.5 89.5 90.4 89.7 89.8 89.9 90.4 90.4 90.5 90.5 90.5 62.4 62.8 62.7 65.2 66.3 66.5 40.8 20.4 101.6 101.0 81.4 61.1 69.6 54.0 91.4 93.5 92.6 102.1 97.8 98.5 99.0 105.7 91.5	res (m/px) 1.31 2.86 2.32 2.32 2.43 3.14 4.05 3.98 3.95 6.20 6.27 7.62 7.61 7.58 7.59 9.88 7.92 5.68 5.59 5.52 5.43 2.37 2.45 2.41 2.38 2.37 2.35 1.84 1.91 1.87 1.75 1.76 1.78 1.80 1.44 1.40 1.30 1.28 0.88 0.91 0.92 0.62 0.59 0.15 0.09 0.52 0.51 0.52 0.50 0.30 0.30 0.27 0.13 0.22 0.22 0.23 0.17 0.07	slope %/(100 nm) 15.31±1.62 15.87±1.42 14.93±1.05 15.27±1.07 15.37±1.60 16.78±1.49 16.70±2.16 16.33±2.11 16.48±2.65 15.90±1.30 15.64±1.62 14.94±1.13 15.29±0.94 14.92±1.15 15.34±0.92 14.89±0.80 14.99±0.86 15.32±0.92 15.29±0.60 15.36±0.76 15.25±0.85 16.10±0.88 15.78±1.90 16.58±1.24 17.29±0.64 16.65±1.06 17.31±1.70 17.07±1.18 17.11±1.48 16.66±4.17 17.33±2.59 17.31±2.07 17.47±2.33 17.28±2.00 19.14±2.36 16.66±2.13 16.49±1.63 16.58±1.01 17.52±2.39 17.68±1.85 17.34±2.17 16.20±1.32 13.76±2.49 18.68±4.06 19.76±2.68 18.13±2.09 17.35±2.15 17.47±2.10 17.17±1.76 18.30±1.56 18.65±1.51 19.14±1.90 18.86±1.97 19.00±2.94 19.11±2.59 19.04±2.69 18.43±3.11 18.52±3.06	filters F22, F24, F41 F22, F24, F41 all all all all all all all all all all all all all all all all all all all F22, F24, F41 F22, F24, F41 F22, F24, F41 F22, F24, F41 F22, F24, F41 all F22, F24, F41 F22, F24, F41 all F22, F24, F41 F22, F24, F41 F22, F24, F41 F22, F24, F41 all F22, F24, F41 F22, F23, F24, F27, F28, F41, F71, F61, F16 F22, F23, F24, F27, F28, F41, F71, F61, F16 all all all all all F22, F23, F24, F16, F41 F22, F23, F24, F16, F41 F22, F24, F41 F22, F24, F41 F22, F24, F41 F22, F24, F41 F22, F23, F24, F16, F41 F22, F23, F24, F16, F41 F22, F23, F24, F16, F41 F22, F24, F41 F22, F23, F24, F16, F41, F27, F71 F22, F23, F24, F16, F41, F27, F71 F22, F23, F24, F16, F41, F27, F71 F22, F23, F24, F16, F41, F27, F71 F22, F24, F41

Table 3

 3 

	.2: Normal albedo of Abydos at λ= 649 nm in the observing sequences throughout the Rosetta mission. Note:
	d -heliocentric distance of comet 67P, ∆ -distance between the Rosetta spacecraft and the comet surface, α -phase
	angle.					
	Date	d (AU) ∆ (km) α ( • ) Normal albedo (%) Error (%)
	2014-08-06T00:20:22.872	3.6	118.9	49.6	6.6	0.4
	2014-08-16T21:00:23.181	3.5	103.7	42.1	6.5	0.2
	2014-09-02T07:44:02.681	3.4	51.5	40.7	6.8	0.2
	2014-09-15T05:43:21.843	3.4	27.1	69.0	6.9	0.2
	2014-09-29T19:19:52.497	3.3	17.7	96.5	6.3	0.2
	2014-10-22T00:51:13.853	3.1	8.7	96.6	6.3	0.2
	2014-11-24T13:30:03.071	2.9	29.4	99.2	6.6	0.2
	2014-12-06T10:54:05.285	2.8	19.3	97.4	6.5	0.2
	2015-02-21T12:54:04.610	2.3	69.5	44.3	6.7	0.2
	2015-03-20T10:17:41.351	2.1	81.9	53.6	7.1	0.2
	2015-04-13T06:00:30.781	1.9	151.8	79.2	6.4	0.2
	2015-05-02T10:43:57.326	1.7	123.9	61.2	6.4	0.2
	2015-05-22T15:35:55.517	1.6	129.0	61.1	6.7	0.2
	2015-06-27T07:15:18.326	1.4	198.0	90.0	6.0	0.3
	2015-11-28T20:47:47.000	1.8	124.2	90.4	6.6	0.3
	2015-12-10T01:32:27.923	1.9	101.6	89.8	6.3	0.2
	2015-12-26T16:06:26.039	2.0	76.7	90.2	6.7	0.2
	2016-01-09T16:06:26.031	2.1	76.5	90.5	6.3	0.2
	2016-01-17T05:00:45.092	2.1	84.0	63.1	7.8	0.3
	2016-01-27T21:23:54.352	2.2	68.1	62.7	6.2	0.2
	2016-02-13T09:00:20.877	2.4	44.0	69.6	6.8	0.2
	2016-03-05T10:35:02.440	2.5	18.2	96.9	6.5	0.2
	2016-03-15T02:57:32.731	2.6	16.0	96.9	6.3	0.2
	2016-03-23T15:19:18.971	2.6	12.6	108.5	5.3	0.2
	2016-04-09T17:35:16.886	2.8	79.4	40.8	6.6	0.2
	2016-05-14T10:13:44.375	3.0	32.7	97.0	6.2	0.2
	2016-06-01T09:22:02.855	3.1	7.6	95.3	6.4	0.2
	2016-06-14T10:30:32.404	3.2	26.7	54.0	7.1	0.2
	2016-07-02T15:29:59.424	3.3	14.3	92.9	6.3	0.2
	2016-07-24T05:59:04.153	3.5	8.6	102.6	6.2	0.2
	2016-08-06T04:53:48.705	3.5	6.4	88.0	6.5	0.2
	2016-09-20T11:19:03.013	3.8	8.6	116.6	6.3	0.2

Table 3 .

 3 4: Comparison of physical properties between the small lobe and big lobe of comet 67P. Most of the content is reproduced from Fornasier et al. 2021 with permission.

			Small lobe (Wosret)	Big lobe	References
	Incoming solar flux ∼ 550 Wm -2 Morphology Consolidated material that ap-	∼ 550 Wm -2 Consolidated material with	Marshall et al. 2017 Thomas et al. 2018
			pears highly fractured with occa-	significant intermediate scale	
			sional pits	roughness (Anhur)	
	Exposed water ice	A few and small bright spots, typically a few m 2 or smaller.	Many bright spots, big patches up to 1500 m 2	Fornasier et al. 2016, 2019a; Fornasier et al.
			Possible big patches up to 1800 m 2 during perihelion at poor		2021
			spatial resolution.		
	Spectrally	blue	In very spatially limited area, pe-	In extended area, periodic, often	Hasselmann et al. 2019;
	areas enriched in	riodic, not frequently observed	observed	Fornasier et al. 2016,
	frost/water ice				2017, 2019a; Fornasier
					et al. 2021
	Average bump diameter goose-	The largest in 67P, 4.7 ± 1.5 m	2.2-3.2 m (Seth, Imhotep, Anu-bis, Atum)	Sierks et al. 2015; Davids-son et al. 2016; Fornasier
					et al. 2021
	Level of activity	Very high	Very high	Fornasier et al. 2019b;
					Fornasier et al. 2021; Has-
					selmann et al. 2019
	Morphological		Few and insignificant: a rela-	Many and significant: local dust	Hasselmann et al. 2019;
	changes		tively small cavity, local dust re-	removal up to 14 m in depth,	Fornasier et al. 2017,
			moval up to 1m in depth that re-	new relatively big scarps and	2019a; Fornasier et al.
			vealed a cluster of outcrops, few	cavities, big vanishing struc-	2021; O'Rourke et al.
			boulder movements, plus minor	tures, boulder displacement and	2020
	Surface mass loss	changes by the Philae lander 1.2 × 10 6 kg	fragmentation > 50 × 10 6 kg (Anhur), 2 × 10 8 kg (Khonsu)	Hasselmann et al. 2019; Fornasier et al. 2019a;
					Fornasier et al. 2021

Table 5

 5 Table5.4. The fittings show that a power law dependence between reflectance and anthracite fraction fits better in the visible wavelengths (540

	Mixture	Mass Ratio (wt%) Volume Ratio (V%)
	Water ice	Ant 0.1	0.057
	Water ice	Ant 1	0.57
	NaCl 1:1	Ant 50	56.8
	NaCl 1:2	Ant 33.33	39.7
	NaCl 1:4	Ant 25	30.5
	NaCl 1:20	Ant 4.76	6.2
	NaCl 1:40	Ant 2.44	3.2
	NaCl 1:100	Ant 0.99	1.3
	NaCl 1:200	Ant 0.50	0.65
	NaCl 1:400	Ant 0.25	0.33
	KBr 1:1	50	62.5
	KBr 1:2	33.33	45.5
	KBr 1:4	25	35.7
	KBr 1:20	4.762	7.7
	KBr 1:40	2.439	4.0
	KBr 1:100	0.99	1.6
	KBr 1:200	0.498	0.83
	KBr 1:400	0.249	0.41

.3: Anthracite wt% abundance and corresponding volumic ratio in experiments nm

Table 5 .

 5 4: Power law fittings of reflectance of anthracite and salt binary mixtures as a function of the volume fraction of the anthracite at three different wavelength: 540 nm, 2200 nm, 3800 nm. that the KBr mixtures contain larger grains (over 400 µm grains were observed) as well as larger grain on average (69.52 µm for KBr vs. 54.53 µm), and the size distribution of the KBr grain is wider than that of NaCl grains as evidenced by larger standard deviation (58.78 µm for KBr, more than twice the value of 27.30 µm for NaCl).

	y	A	pow	χ 2
	Anthracite+NaCl, 540 nm Anthracite+NaCl, 2200 nm 0.029 ± 0.0022 0.018 ± 0.0015 Anthracite+NaCl, 3800 nm 0.029 ± 0.0038 Anthracite+KBr, 540 nm 0.017 ± 0.00076 4.53 × 10 -4 ± 2.4 × 10 -4 1.28 × 10 -4 ± 8.69 × 10 -05 -1.18 ± 0.12 5.99 × 10 -4 ± 2.51 × 10 -4 -0.95 ± 0.074 1.25 × 10 -4 7.43 × 10 -5 5.65 × 10 -4 ± 1.32 × 10 -4 -0.66 ± 0.040 1.92 × 10 -4 -0.72 ± 0.096 8.88 × 10 -6 Anthracite+KBr, 2200 nm 0.029 ± 0.0011 5.80 × 10 -4 ± 2.84 × 10 -4 -0.79 ± 0.089 2.48 × 10 -5 Anthracite+KBr, 3800 nm 0.034 ± 0.0038 2.12 × 10 -4 ± 1.22 × 10 -3 -0.71 ± 0.10 2.17 × 10 -4

Table 5 .

 5 5: ALH 83100 wt% abundance and corresponding volumic ratio in experiments.

	Mixture	Mass Ratio (wt%) Volume Ratio (V%)
	NaCl 1:1	ALH 50	44.5
	NaCl 1:2	ALH 33.33	28.6
	NaCl 1:4	ALH 20	16.7
	NaCl 1:6	ALH 14.3	11.8
	NaCl 1:8.2 ALH 10.9	8.9
	NaCl 1:10 ALH 9.01	7.3
	NaCl 1:20 ALH 4.76	3.8
	NaCl 1:40 ALH 2.44	2
	NaCl 1:60 ALH 1.64	1.3
	NaCl 1:100 ALH 0.99	0.8
	KBr 1:1	ALH 50	50.4
	KBr 1:2	ALH 33.33	33.7
	KBr 1:4	ALH 20	20.2
	KBr 1:6	ALH 14.3	14.5
	KBr 1:8.2 ALH 10.9	11
	KBr 1:10	ALH 9.01	9.1
	KBr 1:20	ALH 4.76	4.8
	KBr 1:40	ALH 2.44	2.5
	KBr 1:60	ALH 1.64	1.7
	KBr 1:100 ALH 0.99	1

Figure 5.19: 0.990% ALH83100 + 99.010% NaCl mixture under SEM imaging.

Table 5 .

 5 6: The spots selected for linear modelling. α, i and e refer to the phase, incidence and emission angles respectively, "slope" means the spectral slope in the 540 -880 nm range in %/(100 nm); while "Best fit" show the frost sample that yields the lowest χ 2 (next column) with the corresponding volume/area fraction of the frost sample, one exception being spot #551 in which the "Frost #4" spectrum can match in reflectance without combining with the comet dark terrain, and linear fitting gives the second lowest χ 2 that is very close to the lowest χ 2 . The 100% central value for spots #551 and #569 mean that the corresponding spectra are able to match the corrected REFF of the spots without combining with the dark terrains. While that all listed spots were observed with the NAC/F16 (360 nm) filter, this filter is not listed in this table because our measurements start at a longer wavelength.

	ID	α	i	e	Available filters	Slope	Best fit	χ 2
	551 86.89 65.63 22.36 552 86.89 52.81 44.33 554 86.89 51.20 37.31 555 86.89 69.9 20.0 557 86.89 71.7 17.2 559 86.89 75.80 27.77 566 86.89 66.42 22.25 576 86.73 63.73 35.09 585 86.73 68.60 22.23 622 94.54 60.00 36.09 F22, F23, F24, F27, F41, F71 F24, F23, F22, F41 F24, F23, F22, F41 F24, F23, F22, F41 F24, F23, F22, F41 F24, F23, F22, F41 F24, F23, F22, F41 F24, F23, F22, F41 F24, F23, F22, F41 F24, F23, F22, F41	-3.3 2.2 -6.4 -1.6 -3.5 -5.1 -8.8 -3.6 -4.0 -4.1	3.77×10 -4 Dirty Ice #2 (35.51 ± 0.22 %) 8.76×10 -6 Frost #4 (100 ± 1.77 %) 5.61×10 -4 Ice #7 (77.95 ± 4.49 %) 1.68×10 -4 Ice #6 (75.61 ± 1.22 %) 1.34×10 -4 Ice #7 (62.22 ± 2.20 %) 3.05×10 -4 Frost #1 (36.66 ± 1.42 %) Dirty Ice #5 (88.49 ± 6.84 %) 3.15×10 -4 3.92×10 -5 Frost #4 (72.10 ± 0.57 %) 3.86×10 -4 Frost #4 (74.54 ± 1.79 %) Frost #3 (55.02 ± 2.75 %) 5.95×10 -3

Table 1 .

 1 Observing conditions and the spectral slope of the surroundings of Abydos computed throughout the length of the Rosetta mission.

	Date	(km)	α ( • )	N	Slope1	Std1	Slope2	Std2	Description

Table 3 .

 3 A list of jets found near Abydos, with α as the phase angle and D as the estimated diameter.

	Label	Lon ( • ) Lat ( • )	Observation time	α ( • ) Type D (m)	Description
	H-1	-4.75 -3.49	2015 March 20, 01:25:03	50.3	B	∼18 A very faint jet from the Hatmehit depression, which was fully
						covered in shadows at the time. Only ≤∼2.2 per cent as bright
						as the dark terrains.
	H-2	-2.83 -0.93	2015 March 20, 01:25:03	50.3	B	∼12 A very faint jet from the Hatmehit depression, which was fully
						covered in shadows at the time. Only ≤∼1.8 per cent as bright
						as the dark terrains.
	H-3	-5.94 -1.25	2015 May 22, 05:34:53-05:37:21	59.1	B	∼25 A very faint and 'fuzzy' jet from the shadowed part of the
						Hatmehit depression. Only ≤∼10-16 per cent as bright as
						the dark terrains. Relatively 'blue' spectral slope of ∼14.4 per
						cent/(100 nm) at a phase angle of 59. • 1.
	W-1	2.08 -10.78	2015 August 30 14:22:47	70.2	B	∼30 A jet that originated from a rough and fractured surface in the
						Bastet region, which was well illuminated at the time of
						observation.
	W-2	-1.32 -6.80	2015ptember 10, 09:44:37-10:34:51	120.2	C	∼48 Mini-outburst that was up to more than 2.5 times brighter than
						a reference dark terrain and has a relatively blue spectra in the
						NIR.

Table 1 .

 1 Observing conditions of the Wosret region for the NAC images.

	Day	UT	∆ (km)	α ( • )	res (m px -1 ) %/(100 nm) Slope	Filters

Table 3 .

 3 Water-ice content estimates for the bright features observed in the 13 June and 2 July 2016 images.

	Time	ROI	lon ( • )	lat ( • )	Spectral slope Ice content (30, 100, 1000 µm) (%/100 nm) (%)
	2016-06-13T11h31 Circle 2016-06-13T11h31 Red star 2016-06-13T11h31 Blue star 2016-06-13T11h31 Green triangle 2016-06-13T11h31 Magenta square 329.74 -23.29 5.34 340.28 -14.94 17.72 327.72 -21.09 -4.73 332.98 -24.03 12.62 336.93 -11.69 2.11 2016-07-02T15h22 Circle 340.53 -15.47 18.87 2016-07-02T15h22 Red star 346.15 -16.19 -3.87 2016-07-02T15h22 Blue star 335.31 -11.83 -4.08 2016-07-02T15h22 Green triangle 344.35 -13.32 18.99 2016-07-02T15h22 Magenta square 334.44 -10.73 -3.12	0, DT in shadows 7.0 ± 1, 7.0, 7.5 13.5 ± 2, 13.5, 14.5 -0, DT in shadows 26.5, 27, 29 ± 3 -64, 65.5 ± 6, 69.5
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 4 A132, page 12 of 14 S.Fornasier et al.: Small lobe of comet 67P: Characterization of the Wosret region with ROSETTA-OSIRIS Summary of the observed behavior and physical properties for the small and big lobe of comet 67P.

		Small lobe (Wosret)	Big lobe	References
	Incoming solar flux Morphology	∼550 W m -2 Consolidated material that appears	∼550 W m -2 (Anhur and Khonsu) Consolidated material with significant	Marshall et al. (2017) Thomas et al. (2018)
		highly fractured with occasional pits	intermediate scale roughness (Anhur)	
	Exposed water ice	In a few and small bright spots (∼m 2 ) In many bright spots and some in big patches (1500 m 2 )	This work, Fornasier et al. (2016, 2019a)
	Relatively blue area	In very spatially limited area,	In extended area, periodic	This work, Hasselmann et al. (2019),
	enriched in frost/ice	periodic, not frequently observed	often observed	Fornasier et al. (2016, 2017, 2019a)
	Average goosebump The largest in 67P: 4.7 ± 1.5 m diameter	2.2-3.2 m (Seth, Imhothep, Anubis, Atum)	This work, Sierks et al. (2015), Davidsson et al. (2016)
	Level of activity	Very high	Very high	This work, Fornasier et al. (2019b),
				Hasselmann et al. (2019)
	Surface morphology Few and not so important:	Many and important:	This work,
	changes	a relatively small cavity,	local dust removal up to 14 m in depth, Fornasier et al. (2017, 2019a),
		local dust removal (∼1m depth)	new relatively big scarps and cavities,	Hasselmann et al. (2019)
		revealing a cluster of outcrops	big vanishing structures, boulders	
			displacements&fragmentation	
	Surface mass loss	∼1.2 × 10 6 kg	>50 × 10 6 kg in Anhur ∼2 × 10 8 kg in Khonsu	This work, Fornasier et al. (2019a) Hasselmann et al. (2019)

Table 1 .

 1 Observing conditions for the NAC images.Notes. α is the phase angle, r h is the heliocentric distance, and ∆ is the distance between comet and spacecraft.

	2015	N (a) sequences N (b) jets	α ( • )	r h (AU)	∆ (km)	Res. (m px -1 ) Avg. (c)
	June 27 July 26 August 1 August 9 August 12 August 23 August 30 September 5 October 11 October 21 October 31	24 33 29 31 23 16 24 15 12 12 13	19 56 101 19 10 31 126 26 16 26 42	89.3-89.7 89.9 89.4-89.7 89.0-89.2 89.4-89.7 87.3-88.5 70.0-70.2 99.7-102.6 60.9-61.5 64.0-64.4 61.6-63.0	1.365 1.262 1.251 1.244 1.243 1.250 1.261 1.276 1.437 1.487 1.565	182.8-198.3 167.3-169.2 206.4-215.0 303.9-310.0 327.2-336.2 329.9-336.7 402.5-405.1 393.3-441.5 520.1-529.2 420.1-422.5 287.2-305.0	3.4-3.7 3.2 4.0 5.8 6.3-7.0 6.2-6.3 7.6 7.4-8.3 9.7-9.9 7.9 5.4-5.7	0.8 1.7 3.4 0.5 0.4 1.9 5.3 1.7 1.3 2.2 3.2
	Each sequence consists of images acquired with the 11 filters of the NAC camera: F22 (649.2 nm), F23 (535.7 nm), F24 (480.7 nm), F16 (360.0 nm), F27 (701.2 nm), F28 (743.7 nm), F41 (882.1 nm), F51 (805.3 nm), F61 (931.9 nm), F71 (989.3 nm), and F15 (269.3 nm). (a) Number of analyzed sequences on the date.

  • and latitude -26.6 ± 1.6 • , seen active in 61 color sequences (jet 182 in Table A.1). -Cluster of B cavities : two or three closely placed cavities located at longitude -34.8 ± 3.6 • and latitude -30.3 ± 4.1 • , seen active in 33 color sequences (jet 183 in Table A.1) -Cavity C: located at longitude -40.7 ± 1.6 • and latitude -31.8 ± 3.6 • , seen active in 16 sequences (jet 184 in Table A.1).

-Cavity D: located at longitude -14.7 ± 3.1 • and latitude -25.2 ± 1.3 • , seen active in 37 color sequences (jet 185 in Table

A

.1) -Cavity E: located at longitude -15.3 ± 2.8 • and latitude

Table 1 .

 1 A8, page 2 of 19 P. H. Hasselmann et al.: Pronounced morphological changes in a southern active zone on comet 67P/Churyumov-Gerasimenko List of included NAC color sequences.

  • ) lat ( • ) lon ( • )

	NAC 2015-01-16, 01:27 NAC 2015-05-02, 15:09 NAC 2015-08-01, 08:00 NAC 2016-01-28, 01:48 NAC 2016-06-25, 06:09 NAC 2016-06-25, 18:02 NAC 2016-07-02, 07:57 NAC 2016-07-16, 19:22	F22-F24 F23-F22-F41-F24-F71-F51-F61-F28-F16-F15 F22-F23-F24-F27-F28-F16-F15-F41-F51-F61-F71 F22-F23-F24-F27-F28-F41-F71-F61-F16 F41-F22-F24-F23-F16 F41-F22-F24-F23-F16 F41-F22-F24-F23-F16 F22-F23-F24-F16-F27-F41-F71	2.53 1.73 1.25 2.23 3.27 3.28 3.32 3.40	26.5 123.2 214.2 66.8 18.5 16.1 18.2 8.4	50 230 385 120 33 29 33 15.8	97.5 60.8 90.5 -42.7 29.1 3.0 62.4 -10.1 93.1 12.1 92.8 12.1 91.8 12.9 101.7 14.2	178.9 226.2 216.7 160.4 208.3 213.7 178.8 245.8
	Activity sequences (UTC)	Filters (a)	r h (AU) ∆ (km) cm pixel -1 α( • ) lat ( • ) lon ( • )
	NAC 2015-08-01, 08:43 NAC 2015-08-01, 10:51 NAC 2015-08-01, 11:21 NAC 2015-08-01, 11:51 NAC 2015-08-01, 12:21 NAC 2015-08-01, 20:55 NAC 2015-08-01, 21:25 NAC 2015-08-01, 21:55 NAC 2015-08-01, 22:25 NAC 2015-08-01, 22:55 NAC 2015-08-01, 23:25 NAC 2015-08-01, 23:55 NAC 2015-09-10, 18:47 NAC 2015-12-13, 01:13 NAC 2015-12-13, 02:13	F22-F23-F24-F27-F28-F16-F15-F41-F51-F61-F71 F22-F23-F24-F71 F22-F23-F24-F71 F22-F23-F24-F27-F28-F16-F15-F41-F51-F61-F71 F22 F15-F24-F23-F51-F16-F28-F27-F22-F71-F61-F41	1.25 1.87	214.2 213.4 212.4 212.0 207.7 207.5 206.9 314.1 99.5	385 384 382 374 372 565 179	90.5 -42.8 89.9 -42.9 89.7 -43.0 -43.1 99.6 -51.5 89.8 -22.0	60.7 358.5 343.9 329.3 314.7 65.4 50.9 36.3 21.7 7.1 352.6 338.0 160.5 334.1 304.3
	Notes. The information is referenced to the center of the NAC F22 image contained in the sequence. (a) Central wavelengths and bandwidth per filter: F22: orange, 649.2 nm (84.5 nm); F23: green, 535.7 nm (62.4 nm); F24: blue, 480.7 nm (74.9 nm); F27: hydra, 701.2 nm (22.2 nm); F28: red, 743.7 nm (64.1 nm); F16: near-UV, 360 nm (51.1 nm); F15: far-UV 269.3 nm (53.6 nm); F41: near-IR, 882.1 nm (65.9 nm); F51: ortho, 805.3 (40.5 nm); F61: Fe 2 O 3 , 931.9 nm (34.9 nm); F71: IR, 989.3 nm (38.2 nm).

  Before perihelion, we have only the color sequence of January 16, 2015, UTC 01:27 showing the deposit at small spatial resolution (∼50 cm px -1 , Table

	By way of comparison, El-Maarry et al. (2017) reported for 8.5 × 10 23 m -2 s -1 for jumping boulder 1, while a theoretical range of 5 × 10 21 m -2 s -1 (Knollenberg et al. 2016) to 1.1 × 10 24 m -2 s -1 (Agarwal et al. 2017) has been reported for some outbursts. During the perihelion passage of mid-to-end 2015, the peaking H 4. Local morphological changes 4.1. Status before perihelion

2 O production was 5.88 × 10 20 m -2 s -1

(Lai et al. 2016)

. At the peak, the average gas production rate was able to lift centimeter-sized grains, while outbursts could reach the necessary production rate to accelerate meter-sized boulders off the ground.

7 https://docs.scipy.org/doc/scipy/reference/odr.html

  • , -210 • ; El-Maarry et al. 2016; Deshapriya et al. 2016), a remarkable landmark of three superimposed slabs in Khonsu.

Table 2 .

 2 Property of large displaced or missing landmarks identified after perihelion. ± 0.4) × 10 5 (8.6 ± 0.2) × 10 7 Deformation/excavation of equatorial cliff Notes. Features and their equivalent geometrical bodies for estimating their volumes: F1 to trapezoid; F2, F3 to ellipsoid; F4 to spherical cap; F5 to prism.

	Feature	ϕ( • )	λ( • )	Eff. lengths (m)	Eff. height (m)	Eff. volume (m 3 )	Mass (kg)	Context
	F1 F2 F3 F4 F5	-12.3 194.8 -26.3 202.8 -10.6 195.0 -15.3 195.7 -10.6 195.0	102.8 ± 2.6 × 64.6 ± 1.1 × 100.4 ± 1.1 56.4 ± 0.8 50.6 ± 0.8 26 ± 7 190.4 ± 7 × 31.6 ± 7	9.3 ± 0.1-14.3 ± 1 (1.0 ± 0.2) × 10 5 48.5 ± 0.9 (8.1 ± 0.2) × 10 4 (4.3 ± 0.1) × 10 7 (5.3 ± 1) × 10 7 30.4 ± 4 (4.1 ± 0.5) × 10 4 (2.2 ± 0.3) × 10 7 7.9 ± 0.3 (2.6 ± 0.2) × 10 3 (1.4 ± 0.1) × 10 6 53.7 ± 2 (1.6	Retreating wall Jumping boulder 1 Jumping boulder 2 Mound/Patch 2

Table 3 .

 3 Property of cavities measured from ToO image sequences. ± 0.8) × 10 3 (5.2 ± 0.4) × 10 6 Patch 1 C5 -25.2 197.0 87.9 ± 0.8 × 27.6 ± 0.9 5.9 ± 0.7 (1.4 ± 0.2) × 10 4 (7.6 ± 0.9) × 10 6 Dry C6 -24.1 198.0 105.8 ± 6.0 × 41.8 ± 5.7 10 ± 0.3/14 ± 0.8 (5.3 ± 0.8) × 10 4 (2.8 ± 0.4) × 10 7 Dry (thick dust layer)

	Cavities	ϕ( • )	λ( • )	Eff. lengths (m)	Eff. height (m)	Eff. volume (m 3 )	Mass (kg)	Context
	C1 C2 C3 C4	-17.2 196.1 -15.6 196.0 -16.8 199.4 -23.1 201.8	25.8 ± 1.5 18.8 ± 4.7 16.3 ± 0.8 62.8 ± 1.95	4.8 ± 1 2.8 ± 0.4 1.4 ± 0.2 3.2 ± 0.4	(2.5 ± 0.6) × 10 3 (1.3 ± 0.3) × 10 6 (7.7 ± 4) × 10 2 (4.1 ± 2) × 10 5 (2.8 ± 1) × 10 2 (1.5 ± 0.5) × 10 5 (9.4	Dry Patch 2 Patch 3

Table 4 .

 4 Table of properties of all activity detected on the Khonsu bank and its proximities. ID Sequence lat ( • ) lon ( • ) Local time (h comet ) VIS slope (%/100 nm) RADF max (%) Dust mass (kg)
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à la production et à la mesure des spectres de différents types d'analogues de surfaces cométaires glacées. Nos recherches se sont concentrées sur un certain nombre de régions d'intérêt en surface : la région de Wosret sur le petit lobe de la comète, dont les deux derniers sites d'atterrissage de l'atterrisseur Philae ; et les taches brillantes enrichies en glace d'eau exposées à la surface de la comète.Notre étude de la région de Wosret indique que la couche de surface du petit lobe de la comète 67P peut être constituée de matériaux plus consolidés et avoir un contenu volatil plus faible que le grand lobe, ce qui soutient l'hypothèse que la comète 67P est le résultat d'une fusion entre deux indépendamment corps formés. Nous avons également confirmé que de la glace d'eau avait été exposée au deuxième point de toucher des roues de Philae à Wosret, ce qui implique que la surface de la comète 67P est constituée de matériaux à faible résistance qui recouvrent des couches souterraines très riches en glace, ce qui contribue à fournir des contraintes pour les futures missions spatiales sur les comètes. En plus de la glace exposée en raison de Philae, nous avons également identifié environ 700 taches brillantes riches en glace qui ont été observées de 2014 à 2016, dont certaines sont corrélées à l'activité cométaire et aux changements de surface. Environ un dixième des taches ont une pente spectrale inhabituellement bleue par rapport à la plupart des autres taches, dont le facteur de réflectance élevé correspondaient principalement à des échantillons de glace/givre d'eau pure, indiquant que ces taches "bleues" formées par la recondensation de l'eau en givre au lieu d'affleurements de glace sale sous-jacente. D'autre part, les mesures d'autres types d'analogues de surface glacée montrent que la réflectance d'un le mélange entre un composant sombre et un composant brillant est contrôlé par trois paramètres : fraction volumique des particules sombres, granulométrie des particules sombres et brillantes, donc déterminer la composition d'une surface glacée "sale" est un processus compliqué qui nécessite de contraindre la taille des grains.
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https://www.nasa.gov/feature/goddard/2021/how-were-the-trojan-asteroids-discovered-and-named

https://cneos.jpl.nasa.gov/about/neo_groups.html

https://astronomy.swin.edu.au/cosmos/c/Centaurs

https://minorplanetcenter.net/iau/lists/TNOs.html

https://pds.nasa.gov/planets/special/smbod.htm

https://solarsystem.nasa.gov/news/792/10-things-to-know-about-the-kuiper-belt/

https://www.nasa.gov/feature/nasa-s-new-horizons-reaches-a-rare-space-milestone

https://solarsystem.nasa.gov/asteroids-comets-and-meteors/meteors-and-meteorites/overview/

Available at https://www.lpi.usra.edu/meteor/.

Image source at https://curator.jsc.nasa.gov/education/classification.cfm

From Yurimoto et al. 2007: "On a three-isotope diagram of δ 18 O vs. δ 17 O, compositions of nearly all terrestrial samples plot along a single line of slope 0.52 called the terrestrial fractionation line"

https://www.esa.int/Education/Teach_with_Rosetta/Rosetta_timeline/

Modern Dictionary of Electronics (Seventh Edition)'s definition of "heterodyne": to mix two frequencies together in a nonlinear component in order to produce two other frequencies equal to the sum and difference of the first two[START_REF] Graf | Modern Dictionary of Electronics (Seventh Edition)[END_REF] 

JPL Small-Body Database Browser

http://www.cometography.com/pcomets/067p.html

The study analysed the 2.4/1.2 µm color ratio, and the limit is 250 µm.

Two lines or planes are incident to one another if they intersect at the same point or line, a line is incident to a point if the line passes the point. From https://www.technologyuk.net/mathematics/geometry/incidence.shtml.

https://www.cosmos.esa.int/web/spice/spice-for-rosetta

Pixels with incidence or emission angles above 80 • were excluded from the calculation

The distribution is limited within the

5%-25%/(100 nm) range and only includes pixels 10% brighter than the average dark terrain in the normalized wavelength, in order to avoid shadowed areas.

Possible factors include poor illumination conditions in the southern hemisphere in 2014 and lack of color sequences.

Several jets can be directly linked to bright spots and vice versa as shown inFigs. 3.23 and 3.35, even if not all the bright spots have been observed to be active, simply because of observations biases (jets occurred but were not captured during the Osiris observations). Thus there is a correlation between the bright spots and the jet sources distribution, as some regions are both active and ice-rich such as Anhur(Fornasier et al., 2019b(Fornasier et al., , 2017) ) and Khonsu(Hasselmann et al., 2019).

https://www.fritsch-international.com/sample-preparation/overview/details/product/ pulverisette-7-premium-line/

From Retsch's "Mixer Mill MM200" document, available at www.retsch.com/mm200

From the general catalog of Retsch.

From the manual of the Laboratoire de Planétologie de Grenoble

The other bowl may be empty or filled with other materials in a similar ratio.

National Center for Biotechnology Information (2021). PubChem Annotation Record for Potassium bromide, Source: Hazardous Substances Data Bank (HSDB). Retrieved December 19,

from https://pubchem.ncbi.nlm.nih.gov/source/hsdb/5044. 2 National Center for Biotechnology Information (2021). PubChem Compound Summary for CID 5234, Sodium chloride. Retrieved December 19, 2021 from https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride.

A continuation of this work will be to implement a systematic treatment of all the spots reported in the catalog.

https://www.cosmos.esa.int/web/spice/spice-for-Rosetta.

The larger ROI was meant to compensate for the phases of low spatial resolutions, as mentioned previously in the second paragraph of Section 2.MNRAS 498, 1221-1238 (2020) Downloaded from https://academic.oup.com/mnras/article/498/1/1221/5881313 by Observatoire de Paris -Bibliotheque user on 13 April 2022

MNRAS 498, 1221-1238 (2020) Downloaded from https://academic.oup.com/mnras/article/498/1/1221/5881313 by Observatoire de Paris -Bibliotheque user on 13 April 2022

Pixels having incidence or emission angles above 80 • were excluded MNRAS

498, 1221-1238 (2020) Downloaded from https://academic.oup.com/mnras/article/498/1/1221/5881313 by Observatoire de Paris -Bibliotheque user on 13 April 2022

Order: (longitude, latitude).

Pixels having incidence or emission angles above 70 • were omitted from our calculations.

Sequences taken near perihelion were omitted since they were taken at low spatial resolution, i.e. over 4 m pixel -1 .

Unlike the spectral slope distributions which have a well-defined peak and can be Gaussian-fitted, the normal albedo distributions of many sequences are very irregular with large spread; hence, a smaller ROI of 0. • 5 was chosen to reduce their effects on our calculations.

These bright-spots were excluded from the calculation of the aforementioned reflectance of the dark terrains of Abydos. MNRAS 498, 1221-1238 (2020) Downloaded from https://academic.oup.com/mnras/article/498/1/1221/5881313 by Observatoire de Paris -Bibliotheque user on 13 April 2022

Note that these sequences have relatively low spatial resolution of 1.4-2.2 m pixel -1 .

The area was also observed at high resolution on two different dates: 2016 May 14 (15.3-16.2 cm pixel -1 ) with only three NAC filters, namely F22, F24, and F16, and on 2016 July 24 (16.3 cm pixel -1 ) with only the NAC/F22 filter.

The study was conducted upon a colour ratio of 2.4 μm/1.2 μm. MNRAS 498, 1221-1238 (2020) Downloaded from https://academic.oup.com/mnras/article/498/1/1221/5881313 by Observatoire de Paris -Bibliotheque user on 13 April 2022
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Rosetta Orbiter Spectrometer for Ion and Neutral Analysis.

Ultraviolet Imaging Spectrometer.

Optical, Spectroscopic and Infrared Remote Imaging System. 

Microwave Instrument for the Rosetta Orbiter.
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https://docs.scipy.org/doc/scipy/reference/generated/ scipy.optimize.fmin_l_bfgs_b.html
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ABSTRACT

We investigate Abydos, the final landing site of the Philae lander after its eventful landing from the Rosetta spacecraft on comet 67P/Churyumov-Gerasimenko on 2014 November 12. Over 1000 OSIRIS-level 3B images were analysed, which cover the 2014 August-2016 September timeframe, with spatial resolution ranging from 7.6 m pixel -1 to approximately 0.06 m pixel -1 . We found that the Abydos site is as dark as the global 67P nucleus and spectrally red, with an average albedo of 6.5 per cent at 649 nm and a spectral slope value of about 17 per cent/(100 nm) at 50 • phase angle. Similar to the whole nucleus, the Abydos site also shows phase reddening but with lower coefficients than other regions of the comet, which may imply a thinner cover of microscopically rough regolith compared to other areas. Seasonal variations, as already noticed for the whole nucleus, were also observed. We identified some potential morphological changes near the landing site implying a total mass-loss of (4.7-7.0) × 10 5 kg. Small spots ranging from 0.1 to 27 m 2 were observed close to Abydos before and after perihelion. Their estimated water ice abundance reaches 30-40 per cent locally, indicating fresh exposures of volatiles. Their lifetime ranges from a few hours up to three months for two pre-perihelion spots. The Abydos surroundings showed a low level of cometary activity compared to other regions of the nucleus. Only a few jets are reported originating nearby Abydos, including a bright outburst that lasted for about 1 h.

Key words: methods: data analysis -methods: observational -techniques: photometric -comets: individual: 67P/Churyumov-Gerasimenko.

I N T RO D U C T I O N

On 2014 November 12, at 08h35 UTC, the Philae lander began its historic descent towards the surface of comet 67P/Churyumov-Gerasimenko (67P). After nearly 7 h, the lander made its first touchdown on the surface of the comet at 15h34 at a site named Agilkia. However, since the anchoring system did not work as expected, Philae bounced back and made contact with the surface of the comet twice before its final touchdown at 17h31, at a site called Abydos (see Biele et al. 2015, fig. 3) As the first instrument to conduct an in situ analysis of a comet, Philae was able to provide a number of unique results. The immediate surroundings of the lander were captured in great details thanks to the CIVA and ROLIS cameras onboard Philae, the former revealed a diverse surface morphology that includes a blacklit block, networks of ubiquitous fractures of lengths from sub-cm to tens of cm and nearly 700 'pebbles' of sizes between 3.7 and 12.5 mm (Bibring et al. 2015;Poulet et al. 2016), whereas ROLIS showed a lumpy surface that includes both relatively smooth dark areas and more rough and clumpy bright areas with no large-scale colour variations (Schröder et al. 2017).

Surface strength at Abydos was difficult to be evaluated, as none of the Philae instruments were fully able to penetrate the landing site. Several lower limits were derived from this lack of success: at least 4 MPa of local penetration resistance and 2 MPa of uniaxial compressive strength from MUPUS (Spohn et al. 2015), and over 2 MPa based on CASSE (Biele et al. 2015). Knapmeyer et al. (2018) combined data from both instruments and suggested a layered structure at Abydos, including a thin (i.e. a few cm) and hard top layer to account for the MUPUS deflection and a thicker layer (10-50 cm) with shear modulus 3.6-346 MPa, Young's modulus 7.2-980 MPa. On the other hand, using the lander Philae as an impact probe,

S U P P O RT I N G I N F O R M AT I O N

Supplementary data are available at MNRAS online. Please note: Oxford University Press is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article. Faint type B events on 30 August 2015: 6h49, 7h29, 8h09, 8h49, 9h29, 10h09, 11h41, 12h21, 13h01, 13h41, 14h21, 15h01, 16h53, 17h33, 18h13, 18h53, 19h33, 21h54, 22h34, 23h14, 
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Appendix A: Additional table