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Résumé

Durant ces dernières dizaines d'années, plusieurs missions spatiales ont étudié des astéroïdes, éléments fondamentaux de notre Système Solaire. Deux missions de retour d'échantillons d'astéroïdes sont en cours, les missions OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification, and Security-Regolith Explorer) (NASA) et Hayabusa2 (JAXA). Ces deux missions ont pour cibles des astéroïdes géocroiseurs primitifs (de faible albédo) : (101955) Bennu de type spectral B et (162173) Ryugu de type spectral C, respectivement. Hayabusa2 a délivré 5,4 g d'échantillons de la surface de Ryugu sur Terre le 5 Décembre 2020 (heure du Japon), tandis que les échantillons (d'environ 400 g) de la surface de Bennu collectés par OSIRIS-REx devraient d'atterrir sur Terre le 24 Septembre 2023. Grâce à l'étude détaillée de ces astéroïdes primitifs à l'échelle globale et régionale, ces deux missions spatiales ont pour but d'améliorer notre compréhension des premières étapes de la formation de notre Système Solaire, ainsi que les phénomènes de transport et de mélange de matière dans le disque protoplanétaire avec tout particulièrement le transport de l'eau (minéraux hydratés) et des organiques que les astéroïdes ont pu apporter sur la Terre primitive. Parmi la vaste quantité de données collectées lors des phases d'orbite autour des astéroïdes, les spectres visible à proche infrarouge des spectromètres OVIRS (OSIRIS-REx Visible and InfraRed Spectrometer) et NIRS3 (Near Infrared Spectrometer) ont révélé l'omniprésence de phyllosilicates hydratés à la surface des astéroïdes. Au cours de ma thèse, j'ai eu la chance de participer et contribuer à ces deux missions spatiales. J'ai analysé les spectres spatialement résolus dans le visible à proche infrarouge des surfaces de Bennu et Ryugu et en particulier la bande d'absorption causée par les phyllosilicates hydratés, centrée autour de 2.74 μm et 2.72 μm respectivement. Mon but est d'estimer le contenu en hydrogène des groupements eau (H 2 O) et hydroxyle (OH -) des phyllosilicates hydratés (ciaprès dénommé contenu en H) à la surface de chacun des astéroïdes. J'ai utilisé plusieurs méthodes : NOPL (normalized optical path length) et ESPAT (effective single-particle absorption thickness), calculées sur la bande d'absorption des phyllosilicates hydratés des deux astéroïdes, ainsi que la modélisation par des fonctions gaussiennes de cette bande dans le cas de Bennu. J'ai comparé les valeurs des paramètres spectraux obtenus pour les astéroïdes avec ceux obtenus pour des météorites chondrites carbonées, dont le contenu en H a été mesuré indépendamment en laboratoire. Par ces comparaisons, j'ai obtenu une corrélation entre le contenu en H des météorites sélectionnées et leurs paramètres ESPAT et NOPL respectifs. J'ai ainsi pu estimer la valeur moyenne du contenu en H de la surface des deux astéroïdes ainsi que ses variations relatives. L'estimation de la valeur globale moyenne du contenu en H de Bennu et Ryugu est en accord avec celle de plusieurs chondrites carbonées ayant subies de l'altération aqueuse, en particulier les CMs thermiquement altérées et les C2 Tagish Lake dans le cas de Bennu. Les résultats obtenus ainsi que l'étude du contenu en H d'un plus grand nombre d'objets permettront une meilleure compréhension de la formation et évolution du Système Solaire. La fonction de corrélation exponentielle que j'ai définie, peut être appliquée à d'autres astéroïdes primitifs possédant une bande d'absorption des phyllosilicates hydratés proche de 3 μm, pour estimer leur contenu en H. Enfin, l'analyse en laboratoire des échantillons rapportés par les deux missions validera avec une plus grande précision, les méthodes décrites et la quantification de l'hydratation des deux astéroïdes. Celle-ci est nécessaire pour donner des contraintes aux modèles de formation et d'évolution du Système Solaire ainsi qu'aux origines de la Vie sur Terre.

Abstract

In the last decades, several space missions were dedicated to the study of asteroids to investigate the building blocks of our Solar System. Two asteroid sample return missions are currently on going, the NASA mission OSIRIS-REx (Origins, Spectral Interpretation, Resource Identification, and Security-Regolith Explorer) and the JAXA mission Hayabusa2. Each mission targeted a primitive (low-albedo) near-Earth asteroid: the B-type asteroid (101955) Bennu and C-type asteroid (162173) Ryugu, respectively. Hayabusa2 delivered to Earth 5.4 g of regolith sampled from Ryugu's surface on December 5 th 2020 (Japan time) while the OSIRIS-REx sample from Bennu's surface (about 400g collected estimated) is scheduled to land on Earth on September 24 th 2023. Trough the detailed global and local study of these two primitive asteroids, both missions aim to better characterize the early Solar System environment, alongside the transfer and mixing processes in the protoplanetary disk with a focus in water (hydrated minerals) and organic matter which asteroids are believed to be a major source to early Earth. Both missions acquired a vast quantity of data during asteroid proximity operations, with in particular, the visible and near-infrared spectrometers, OVIRS (OSIRIS-REx Visible and InfraRed Spectrometer) as well as NIRS3 (Near-InfraRed Spectrometer), which revealed the presence of hydrated phyllosilicates across the surface of both asteroids. During my thesis, I had the chance to participate and contribute to these two NASA and JAXA space missions. In particular, I analyzed the spatially resolved visible-near-infrared spectra of Bennu and Ryugu, with a focus on the hydrated phyllosilicate absorption band centered at 2.74 μm and 2.72 μm respectively. My goal is to investigate the hydrogen content of the water (H 2 O) and hydroxyl (OH -) groups in the hydrated phyllosilicates (i.e. H content) on the surface of both asteroids. I applied different methods, namely the normalized optical path length (NOPL) and the effective single-particle absorption thickness (ESPAT) on to the hydrated phyllosilicate absorption band of both asteroids, as well as Gaussian modeling of the absorption band in the case of Bennu. I compared the obtained spectral parameters with those obtained (with the same methods) on carbonaceous chondrite meteorites whose H content was determined in laboratory. From the comparison, I derived a correlation between the selected meteorite H contents and their respective ESPAT and NOPL parameters and thus quantified the average value of the H content of the two asteroids' surface as well as its relative spatial variations.

The estimation of the global average H contents of Bennu and Ryugu is in agreement with those of several aqueously altered carbonaceous chondrite meteorites measured in laboratory and is most similar to heated CMs' H contents and also C2 Tagish Lake's in Bennu's case. The obtained results and the study of phyllosilicate H 2 O and OH -group hydrogen content on a larger number of objects, will allow for a better understanding of the formation and evolution of the Solar System. The exponential function correlation I defined could be applied to other observed primitive asteroids that exhibit a hydrated phyllosilicate 3-μm region absorption band in order to estimate their average H content. Finally, the laboratory analysis of the returned samples from both missions will validate the described methods and hydration quantification results with higher precision. The quantification of the asteroids' hydration is essential to constrain Solar System formation and evolution models as well as providing insight on the origin of Life on Earth. I will also never forget the EPSC-DPS 2019 congress in Geneva with Océane B. and Lora, which was a tremendous scientific and social occasion where I met again the OSIRIS-REx Science team, this time in Europe, and had a great fun with Beth.

Finally, I am very grateful to the jury members for accepting to review my thesis manuscript. 
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The small bodies of the Solar System

One category of objects composing the Solar System is designated as small bodies, which outnumber the other types of objects, i.e. one star (the Sun) and 8 planets. The small Solar System bodies include, amongst others: asteroids, comets and trans-Neptunian objects (TNOs), each defined in this chapter below. These small bodies are considered the remnants of the early Solar System planetary formation. The International Astronomical Union (IAU) stated that what does not fall under the definition of a planet or a dwarf planet, definitions given in their 2006 resolution B5, is consider a "Small Solar System Body" with the exception of satellites. A planet is defined as: a celestial body orbiting around the Sun, having cleared its orbit neighborhood from other bodies and having "sufficient mass for its self-gravity to overcome rigid body forces so that it assumes a hydrostatic equilibrium (nearly round shape)". The dwarf planet definition is the same as a planet with the difference that it has not cleared its orbit neighborhood, and is also not a satellite. Among satellites, some could be small bodies captured, but in any case their evolution is constrained by the vicinity of their planet. This chapter aims to give an overview of the different Small Solar System body populations and ultimately put in context the OSIRIS-REx and Hayabusa2 missions.

Asteroids

An asteroid is a small body constituted of a high proportion of dust, alongside of some water ice ((1) Ceres) and volatiles, orbiting around the Sun and not displaying a coma of gas and dust or tails of ions and dust. Asteroids present a wide variety of shapes (ellipsoidal, spinning-top, oblong, irregular…) and the majority of smallest objects are non-spherical (irregularly shaped) due to their low mass and subsequent absence of gravity [START_REF] Harris | [END_REF]. They are localized in the inner part of the Solar System (Figure 1.1).

Asteroids are important to understand the early Solar System physical and chemical environment (DeMeo and Carry 2014). In the asteroid population, we can distinguish several dynamical groups such as the Main Belt, near-Earth, Hilda and Trojan asteroids, which locations are shown in figure 1.1 alongside each asteroid population density. The majority of the asteroids are located in the Main Belt situated between Mars and Jupiter and orbit between 2.0 and 3.5 au1 from the Sun. The Main Belt contains millions of asteroids, of which 1,113,527 are known as of today (October 2021, https://solarsystem.nasa.gov/asteroids-comets-and-meteors/asteroids/in-depth/). Over 220,000 of them have been assigned a sequential number when their orbit has been accurately characterized. Most of the asteroids have experienced collisions, which results in the production of smaller-sized objects.

The Main Belt asteroid composition, assumed for a long time to be the result of the effect of the thermal differentiation as a function of the distance to the Sun on asteroids formed on site [START_REF] Gradie | Compositional structure of the asteroid belt[END_REF], is more the reflection of the planetary migration (Tsiganis et al. 2005), [START_REF] Morbidelli | Chaotic capture of Jupiter's Trojan asteroids in the early Solar System[END_REF] and mixing processes in the protosolar nebula [START_REF] Nuth | Complex Protostellar Chemistry[END_REF]. [START_REF] Demeo | Solar System evolution from compositional mapping of the asteroid belt[END_REF] have shown the asteroids to be more diverse in composition as well as in size with the distance to the Sun. This diversity is the result of the inner Solar System dynamical early history and asteroid types mixing seems to be general.

On the basis of ground observations, in particular spectral observations, the asteroids have been divided into taxonomic classes according to their composition as done by, for example, [START_REF] Bus | Phase II of the Small Main-Belt Asteroid Spectroscopic Survey A Feature-Based Taxonomy[END_REF] and DeMeo et al. (2009). In reflectance spectroscopy, the study of the reflected solar light on a celestial body surface allows for the determination of its mineralogical composition as minerals and molecules present on the surface absorb the light at characteristic wavelengths. Three main broad asteroid taxonomic classes have been established: the carbonaceous (C-) type, the stony or silicaceous (S-) type and the metallic (M-) type. Each main class contains a wide variety of subclasses. The C-type asteroids or C-complex asteroids are mainly composed of clay and silicate minerals (carbon, organics, hydrated silicates and phyllosilicates), which give them the characteristic of being some of the darkest small Solar System bodies (with very low albedo2 ). Their composition suggest that they are relatively primitive bodies of the Solar System, meaning that they have experienced no differentiation nor strong degree of alteration (aqueous, thermal…) and thus have retained some elements of their initial composition (near-primordial composition to some extent). Examples in our Solar System of primitive-in the strict sense of the term-bodies, i.e. no differentiation nor any alteration would be comet nuclei and in the case of meteorites the type 3 ordinary chondrites. The S-type asteroids are composed predominantly of silicates (olivine, pyroxene) and metals (nickel, iron). Finally, the M-type asteroids have mainly an enstatite and nickel-iron composition.

The taxonomy of asteroids is more complex than these three main classes, illustrated in figure 1.2, as each of these classes contains various subtypes. Notably asteroid Bennu classified as B-type is part of the C-complex (figure 1.2, DeMeo et al. (2009)).

Finally, the NEAs with a semi-major axis less than 1.0 au and an aphelion distance less than 0.983 au are categorized as Atiras. They present the particularity of orbiting inside the Earth's orbit. Another category in the near-Earth asteroid classification is the potentially hazardous asteroids or PHAs. NEAs belonging to this category have a minimum orbit intersection distance (MOID) with the Earth inferior or equal to 0.05 au (~7,480,000 km), as well as an absolute magnitude3 (H) inferior or equal to 22.0. The MOID is defined as the minimum distance between the osculating orbits of two objects and is used as a metric to assess the collision risks between an object and the Earth. NEAs classified as PHAs, are the ones that present the highest potential to closely approach the Earth. More globally, the near-Earth objects population (NEOs) comprises the NEAs as well as a few comets designated as near-Earth comets (NECs) characterized by the same perihelion criteria (q < 1.3 au) and a period (P) less than 200 years (i.e. short-period comets, from the Jupiter-family comet (Bottke et al. 2002)). As of today (October 2021), 27,004 NEOs were discovered according to the Minor Planet Center (https://www.minorplanetcenter.net/). Notably, the impact risk of the NEO population has been studied by several authors (see for example [START_REF] Harris | Estimating the NEO Population and Impact Risk: Past, Present and Future[END_REF]).

Jupiter Trojan. The Jupiter Trojans are located in Jupiter orbit Lagrange points L4 and L5, at ~5 au from the Sun. Their orbits are comprised between 5.05 to 5.4 au [START_REF] Harris | [END_REF]. Over 3,800 Jupiter Trojans are currently known. Generally, Jupiter Trojans display a low albedo [START_REF] Fernández | The albedo distribution of Jovian Trojan asteroids[END_REF] and a red spectral slope (positive spectral slope) in the visible and near infrared wavelengths [START_REF] Jewitt | CCD spectra of asteroids. II-The Trojans as spectral analogs of cometary nuclei[END_REF]. Therefore, it is assumed that they have an organic-rich surface composition over an ice-rich interior [START_REF] Gradie | The composition of the Trojan asteroids[END_REF]. However, the detection of absorption bands in the visible and near infrared, diagnostic of ices and organics, has not yet proven unambiguous successful (see for example [START_REF] Dotto | De Troianis: The Trojans in the planetary system[END_REF]). [START_REF] Brown | The 3-μm Spectrum of Jupiter's Irregular Satellite Himalia[END_REF] detected a weak 3-μm region absorption feature, which could suggest the presence of ice in Trojan interior but no wide detection of abundant water ice on Trojans has yet been shown. However, fine-grained silicates have been detected in the mid infrared at the surface of (1172) Aneas, (911) Agamemnon and (624) Hektor [START_REF] Emery | Thermal emission spectroscopy (5.2-38 μm) of three Trojan asteroids with the Spitzer Space Telescope: detection of fine-grained silicates[END_REF]. In other observations by [START_REF] Yang | A NEAR-INFRARED SEARCH FOR SILICATES IN JOVIAN TROJAN ASTEROIDS[END_REF] that appeared featureless, the authors suggested that the fined-grained silicates at the surface of (1172) Aneas could be iron-poor. For several decades, ground-based spectral surveys of Trojans and more particularly of Jupiter Trojans have been performed (for example Emery et al. (2011); [START_REF] Yang | Spectroscopic Search for Water Ice on Jovian Trojan Asteroids[END_REF]; [START_REF] Fornasier | Visible spectroscopic and photometric survey of Jupiter Trojans: Final results on dynamical families[END_REF]). Yet, their composition remains not well known. Thus, future spectral observations of Jupiter Trojans with space-based telescope such as the James Webb Space Telescope (JWST), the current ESA mission GAIA, the NASA mission Lucy as well as new generation ground-based telescopes like the Large Synoptic Survey Telescope (LSST) or the Extremely Large Telescope (ELT), shall reveal a great deal. Like their compositions, the question of the origin of Jupiter Trojans is still an open question. Two scenarios have been proposed. The first one implies that the Jupiter Trojans formed near 5 au, were captured in Jupiter's orbit and remained in the stable Lagrange points (L4 and L5) (model review in [START_REF] Marzari | Origin and evolution of Trojan asteroids[END_REF]). The more recent second model by [START_REF] Morbidelli | Chaotic capture of Jupiter's Trojan asteroids in the early Solar System[END_REF] and update in [START_REF] Nesvornỳ | Statistical study of the early solar system's instability with four, five, and six giant planets[END_REF] suggests that they originally formed further away, in the proto-trans-Neptunian disk (or proto-Kuiper Belt) and were then scattered inward and captured in Jupiter's orbit. The latter scenario therefore suggests that Jupiter (and Neptune) Trojans have originally the same composition as the TNOs. For a more in-depth summary of the dynamical, physical and compositional characteristics of the Jupiter Trojan population, the reader may refer to [START_REF] Emery | The Complex History of Trojan Asteroids[END_REF].

More generally, the term Trojans refers to celestial objects located in the Lagrangian points (L4 and L5, dynamically stable) of a planet, or large satellite orbit. They are present 60° ahead (L4) and behind (L5) of the planet. Trojans have been more recently discovered in Mars', Uranus', Neptune's, and Saturn's orbit. Therefore, the total number of Trojans known is close to 10,000 with the expectation that there are many more. Moreover, the population of Neptune Trojans is predicted to be 20 times larger than the Jupiter Trojan population.

Hilda. The Hilda asteroids are located near 4 au from the Sun, beyond the asteroid Main Belt (see figure 1.1), in the 3:2 mean motion resonance with Jupiter. They have a low albedo and are classified as C-type, P-type and D-type asteroids [START_REF] Gradie | Distribution of taxonomic classes and the compositional structure of the asteroid belt[END_REF]. Given their distance from the Sun, the Hildas are believed to have preserved a near-primordial composition, thus the consensus is that their general composition is made of organics, anhydrous silicates, opaque material and ice mixed (see for example Gaffey et al. (1989); [START_REF] Vilas | Iron alteration minerals in the visible and near-infrared spectra of low-albedo asteroids[END_REF]).

However, unambiguous spectral detection of organics or hydrated silicates has proven challenging. For example, while [START_REF] Luu | Near-Infrared Spectroscopy of Primitive Solar System Objects[END_REF] found no organic absorption features, [START_REF] Emery | Constraints on the surface composition of Trojan asteroids from near-infrared (0.8-4.0 μm) spectroscopy[END_REF] found organic feature in near-infrared spectra of D-type Trojans, believed to be similar to Hildas. Spectral data analysis survey on Hildas to constrain their surface composition, was performed by [START_REF] Gil-Hutton | Surface composition of Hilda asteroids from the analysis of the Sloan Digital Sky Survey colors[END_REF] for instance, as well as space-based spectral survey with the NASA mission Wide-field Infrared Survey Explorer (WISE) -NEOWISE (Grav et al. 2012). Hildas are similar in composition and origin with Jupiter Trojans, but have experienced a different dynamical history.

Comets

Comets are present a nucleus composed of volatiles, water and CO 2 ices amongst others as well as dust, hence their designation as a "dirty snowball" since the Rosetta mission discoveries. Comet nuclei additionally display a coma (temporary atmosphere around the comet nucleus) and/or dust and ion tails when active (close enough to the Sun) due to the vaporization of the ices (sublimation of the volatiles) and ejected dust. Comet orbits are generally very eccentric and can be changed from elliptic to hyperbolic under the gravitational influence of Jupiter for instance. Two main comet families were defined based on orbital criteria, i.e. the period and the inclination [START_REF] Morbidelli | Comets and Their Reservoirs: Current Dynamics and Primordial Evolution[END_REF], for example). The first main comet family is the short-period (less than 200 years) comets orbiting near the ecliptic (low inclination), which is in contrast with the second main comet family which designate the comets orbiting with a random inclination over the ecliptic with short (Halley) or long period. This dichotomy has been explained early on by the presence of two cold reservoirs in the outer Solar System region, known as the Kuiper Belt or TNOs (from ~30 to 50 au, [START_REF] Jewitt | Discovery of the candidate Kuiper belt object 1992 QB 1[END_REF]) and the Oort Cloud (from ~3,000 to 50,000 au, defined by [START_REF] Oort | The structure of the cloud of comets surrounding the Solar System and a hypothesis concerning its origin[END_REF]) characterized by an equilibrium temperature of 40 and 10 kelvin respectively (Figure 1.4). The short-period comet family which includes the Jupiter-family comets (JFCs) originates from the Kuiper Belt beyond Neptune, whereas the second main comet family (random inclination) with the Halley-family comets and the long-period comets originate from the Oort Cloud ( [START_REF] Levison | From the Kuiper belt to Jupiter-family comets: The spatial distribution of ecliptic comets[END_REF]; [START_REF] Levison | Comet taxonomy[END_REF]). The Oort cloud, hypothetical spherical reservoir, can explain the high variety of orbit inclination displayed by the second main comet family. As of October 2021, over 4,576 comets have been discovered (https://www.minorplanetcenter.net/).

Trans-Neptunian Objects

Trans-Neptunian Objects (TNOs) orbit beyond Neptune with a semi-major axis higher than 30 au. They are thought to be icy-dominated bodies like comets but are classified as asteroids. The first TNO was observed in 1992 and more have since been discovered with over 1,300 objects currently (as in 2021) classified as TNOs. Several distant TNOs have been discovered with semi-major axis of about 1,000 au. The most distant TNOs discovered are currently: 2012 DR30, 2014 FE72, 2017 MB7 and A/2020 M4.

Centaurs. The Centaurs are believed to be former TNOs, which were ejected from their orbits due to Neptune perturbations and are consequently orbiting between Jupiter orbit and TNOs' orbits. Their orbits are between 5.2 and 30 au [START_REF] Harris | [END_REF], not visible in figure 1.1. This category of objects is composed of icy bodies (similarly to a comet nuclei), with over 100 centaurs currently known. Their orbit far from the Sun may imply that they have experienced less thermal alteration than Main Belt asteroids or NEAs for example, suggesting that they may retain very pristine material.

Dwarf planets

A dwarf planet is defined as a non-satellite intermediate-sized body orbiting around the Sun. It has not cleared its orbit from other objects, yet has a nearly spherical shape allowed by its self-gravity and sufficient mass (2006 IAU resolution B5). Therefore, asteroid Ceres and TNO Pluto are considered dwarf planets as well as the TNOs Eris, Makemake and Haumea.

Interstellar objects

With the last two discoveries of 1I/ʻOumuamua and 2I/Borisov, IAU has defined a new object category. The interstellar objects (asteroids and/or comets) are celestial objects with a hyperbolic velocity and no gravitational bond with a star, which indicate that these objects do not originate from our Solar System.

Asteroids-comet continuum

The traditional definitions of what is an asteroid and what is a comet rest on the detection of an activity during the object discovery. Since the Rosetta mission discoveries, comet nuclei are considered a "dirty snowball" as they are composed water and CO 2 ices amongst others as well as dust while an asteroid present a higher proportion of dust, alongside of some water ice (in the case of (1) Ceres for example) and volatiles (P-et D-type asteroids). These compositional differences result from distinct source regions. Comets are active close to the Sun due to the sublimation of the volatiles hence the creation of a coma and tails, when asteroids do not show activity. However, further discoveries hinted at the absence of a sharp frontier between the two populations. For instance, the object 107P/Wilson-Harrington (Ishiguro et al. 2011) was first discovered as a comet in 1949 [START_REF] Fernández | Analysis of POSS images of comet-asteroid transition object 107P/1949 W1 (Wilson-Harrington)[END_REF]. Later on, an asteroid crossing Mars' and the Earth's orbits was discovered and named 1979 VA. Finally in 1992, the two objects were identified to have the same orbit and (4015) Wilson-Harrington is now classified simultaneously as comet and as asteroid. Bottke et al. (2002) showed through dynamical modeling, that 107P/Wilson-Harrington has a 4% chance to originate from JFC and a 65% chance to originate from the asteroid main belt outer region. Several other objects are also classified simultaneously as comet and asteroid depending on the time of observation, such as the centaur (2060) Chiron, also known as comet 95P/Chiron, for example.

Recent discoveries through space missions that studied comets and/or asteroids, such as the Rosetta mission, raised the issue of the definition of each small body population [START_REF] Barucci | Asteroid-Comet continuum: no doubt but many questions[END_REF]. Transition objects called dormant (inactive or extinct) comets [START_REF] Demeo | Comets in the near-Earth object population[END_REF]) known since the 1970s, as well as the more recently discovered active asteroids (including main-belt comets, [START_REF] Hsieh | A Population of Comets in the Main Asteroid Belt[END_REF]) shed light on the continuum that exist between the asteroid and comet populations.

Recent studies such as DeMeo and Binzel (2008) focused on identifying extinct comets candidates or comet-like objects amongst NEOs using ground-based telescope observations combined with discovery statistics and dynamical models (such as Bottke et al. (2002)) as well as three orbital parameters (jovian Tisserand number T j < 3 orbits, taxonomic types C, D, T or P, and low albedo < 0.075). They defined a comet-like object as having the same physical and chemical properties as a comet nucleus but without exhibiting a coma or a tail. They estimated that 8 ± 5% of the asteroid-like NEO population are originally comets from the outer Solar System. [START_REF] Hsieh | A Population of Comets in the Main Asteroid Belt[END_REF] presented three Main-Belt Comets (MBCs) located in the asteroid Main Belt, using ground-based optical data. These MBCs, believed to have ice in their interior, occasionally display an activity triggered by the sublimation of volatile ices. Furthermore, the space-based Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) spectral catalogue of asteroids was analyzed by [START_REF] Hsieh | Asteroid Family Associations of Active Asteroids[END_REF] to identify the asteroid family of each active asteroid, which include both MBCs and disrupted asteroids. The latter occasionally displays an activity that is caused by collisional processes.

The main mechanism behind this asteroid-comet continuum seen today is believed to be the large scale mixing that occurred in the early Solar System (with the Giant planet migrationsee chapter 2), yet several mixing scenarios have been proposed.

Thus, more scientific data are needed (surface mineralogy, elemental composition) to discriminate between the scenarios of early Solar System mixing. This will allow us to explain more clearly what the asteroid-comet continuum actually means.

One key solution for this problematic is the return to Earth of asteroids (162173) Ryugu's and (101955) Bennu's surface samples by the missions Hayabusa2 and OSIRIS-REx respectively, and their subsequent laboratory analysis.

The Solar System origin and formation with the role of the small bodies

The asteroids and the small Solar System bodies in general, are believed to be the remnants of the early Solar System planetesimals, which then formed the giant planet cores and the terrestrial planets. Therefore, the most primitive, i.e. which retained the most pristine material albeit having experienced aqueous and/or thermal alteration, are a window towards the early Solar System physical and chemical conditions, which led to the formation of planets. In this chapter, we touch on the Solar System formation; sum up the main dynamical models that are still in debate; and finally the consequence on the small bodies' distribution throughout the current Solar System.

What were the processes occurring in the early Solar System and accompanying planet formation?

The Solar System formed from a disk of gas and dust orbiting around the Protosun. These dust grains then collided with each other, growing into larger objects named "planetesimals", which eventually reached a size of tens to a thousand of kilometers. Some key aspects of these processes are not fully understood as of yet.

The protosolar nebula

At the beginning of the Solar System was a large proto-solar nebula composed of molecular gases and dusts in which temperature and pressure gradients lead to the segregation of mineralogical phases [START_REF] Wetherill | Radiometric chronology of the early solar system[END_REF], while turbulent mixing resulted in the redistribution and recycling of these different phases [START_REF] Shu | X-rays and fluctuating X-winds from protostars[END_REF]. The accumulated mass caused the nebula to gravitationally collapse while increasing its density. This caused the formation at its center of a condensed gas and dust mass surrounded by a flat protoplanetary disk composed of dust [START_REF] Nuth | Complex Protostellar Chemistry[END_REF]. The gravitational collapse was caused by random turbulences which effect was to locally increase the density in the nebula. Due to this process and in order to conserve the angular momentum, the rotational speed of the central mass as well as of the surrounding protoplanetary disk increased. When an object (dust grain…) experienced a decrease of its angular momentum through frictions, then it would go towards the center of the protoplanetary disk. Throughout the process, the central mass continued to accumulate matter and became the Protosun.

2.2.

Large-scale mass movements in the protosolar nebula

To understand the surface chemical composition of Solar System bodies such as asteroids, [START_REF] Nuth | Complex Protostellar Chemistry[END_REF] show that numerous processes in the protosolar nebula must be taken into account. In the protosolar nebula, several mass movements occurred, bringing a mixing in the composition.

2.3.

Formation of Planetesimals

While the accretion of mass occurred in the center of the nebula, in the protoplanetary disk, dust grains accreted at low velocity and formed electrostatic bounds in cm-scale [START_REF] Blum | The growth mechanisms of macroscopic bodies in protoplanetary disks[END_REF], forming larger particles.

To then form macroscopic bodies (i.e. planetesimals), several dynamical models have been developed such as the collisional coagulation model (planetesimal growth due to pair wise collisions), which suffers limitations [START_REF] Raymond | Planet formation: key mechanisms and global models[END_REF]. Another mechanism has been proposed: the streaming instability model [START_REF] Youdin | Streaming instabilities in protoplanetary disks[END_REF], where the streaming instability produces particle clumps which then become large enough to form planetesimals.

The earliest formed (first few 10 5 years, [START_REF] Kleine | Hf-W chronology of the accretion and early evolution of asteroids and terrestrial planets[END_REF]); [START_REF] Kruijer | Protracted core formation and rapid accretion of protoplanets[END_REF]; [START_REF] Schiller | Early accretion of protoplanets inferred from a reduced inner solar system 26Al inventory[END_REF]; [START_REF] Drażkowska | Planetesimal formation during protoplanetary disk buildup[END_REF]) planetesimals are located preferably inside the snow line region ( [START_REF] Ida | Formation of dust-rich planetesimals from sublimated pebbles inside of the snow line[END_REF]; [START_REF] Armitage | Prompt planetesimal formation beyond the snow line[END_REF]; [START_REF] Schoonenberg | Planetesimal formation near the snowline: In or out?[END_REF])) as well as near 1 au [START_REF] Drążkowska | Close-in planetesimal formation by pile-up of drifting pebbles[END_REF], while formation of planetesimals also occurred in the rest of the protoplanetary disk later on. The early-formed planetesimals melted and experienced differentiation (iron-rich meteorite parent bodies), while the planetesimals formed later on (2 to 4 My later, [START_REF] Villeneuve | Homogeneous distribution of 26Al in the solar system from the Mg isotopic composition of chondrules[END_REF])) did not experienced differentiation (chondrite parent bodies). Therefore, planetesimal initially formed beyond the snow line would be ice-dominated bodies, whereas planetesimal formed closer to the Sun would be rock-dominated (Stage "Accretion disk" in figure 2.

2).

The next stage is the accretion of protoplanets. The planetesimals in the protoplanetary disk grow in mass as they experience collisions, following, firstly, a phase of runaway growth (larger planetesimal mass increase exponentially, [START_REF] Greenberg | Planetesimals to planets: Numerical simulation of collisional evolution[END_REF]; [START_REF] Wetherill | Accumulation of a swarm of small planetesimals[END_REF], [START_REF] Wetherill | Formation of planetary embryos: Effects of fragmentation, low relative velocity, and independent variation of eccentricity and inclination[END_REF]; [START_REF] Kokubo | On runaway growth of planetesimals[END_REF], (1998)) and secondly an oligarchic growth phase (the large bodies mass increase slows down as it continue to grow, (Kokubo andIda 1998), (2000)). This classical planet formation ( [START_REF] Wetherill | An alternative model for the formation of the asteroids[END_REF]; [START_REF] Lissauer | Timescales for planetary accretion and the structure of the protoplanetary disk[END_REF][START_REF] Lissauer | Planet formation[END_REF]) processes result in the formation of protoplanets, also known as planetary embryos, while another population remains of the smaller planetesimals in the protoplanetary disk.

In order to overcome the limitations that the latter processes encounter with the dynamical conditions in the protoplanetary disk, an additional mechanism has been proposed, called pebble accretion ( [START_REF] Ormel | The effect of gas drag on the growth of protoplanets-analytical expressions for the accretion of small bodies in laminar disks[END_REF]; [START_REF] Lambrechts | Rapid growth of gas-giant cores by pebble accretion[END_REF]), ( 2014); [START_REF] Johansen | Forming planets via pebble accretion[END_REF])) where planetesimals accrete mm-size particle clumps known as pebble accretes. Finally, two planet forming processes using planet embryos are known to be either matter accretion around a rocky planetary embryo or by local collapse due to gravitational instabilities around rocky and icy planetary embryo in the protoplanetary disk [START_REF] Morbidelli | Dynamical evolution of planetary systems[END_REF].

At this stage, the gas of the nebula has been eliminated; planets are formed with the giant ones not in their current orbits. They all orbit within a vast variety of residual planetesimals [START_REF] Vokrouhlickỳ | Capture of trans-Neptunian planetesimals in the main asteroid belt[END_REF]. Several dynamical models on the late migration of the outer Solar System giant planets have been proposed, and are still debated.

In modern planetary migration models, the giant planets migration to their current orbits has mixed the small bodies formed throughout the Solar System resulting, for example, in the diversity today seen in the asteroid Main Belt. The initial models ( (Malhotra 1995), [START_REF] Hahn | Orbital evolution of planets embedded in a planetesimal disk[END_REF])) predicted a slow migration for the giant planets but were also unable to reproduce the orbits of the small Solar System bodies as currently observed. Then, [START_REF] Thommes | The formation of Uranus and Neptune in the Jupiter-Saturn region of the Solar System[END_REF] proposed a dynamical model where the solid cores of Uranus and Neptune were scattered outward by Jupiter and/or Saturn and acquired there current orbits trough small body's gravitational interactions in the protosolar nebula outer part.

Grand Tack Model

The Grand Tack model ( [START_REF] Walsh | A low mass for Mars from Jupiter's early gas-driven migration[END_REF]); ( 2012)) focuses on the early Solar System and its planetary formation, taking place before the Nice model described below. In an initially scattered variety of asteroids families, the Grand Tack model proposes a giant planet migration that caused radial mixing (Figure 2.2, stage "Radial mixing") and mass removal in the proto-asteroid and Kuiper belts (Figure 2.2, stage "Mass removal"). Jupiter, first giant formed, migrates inwards thus causing nearly total mass removal from the asteroid Main Belt. Saturn, newly formed, also migrated inward and got into the 2:3 mean motion resonance of Jupiter causing the inward migration to stop at the "tack" point (located at ~ 1.5 au) in the inner disk of terrestrial planetesimals. Then, Jupiter and Saturn going outwards lead to more small body orbital perturbations and some are injected back into the asteroid Main Belt, while other small bodies formed in the proto-Kuiper Belt are also injected into the asteroid Main Belt during Jupiter last migration phase (the most outward migration) [START_REF] Demeo | The compositional structure of the asteroid belt[END_REF]. Finally, further mixing of the remaining asteroid families occurred within the asteroid Main Belt (dynamically stable). However, the Grand Tack model predicts an eccentricity distribution higher than the one seen currently [START_REF] Walsh | Populating the asteroid belt from two parent source regions due to the migration of giant planets-"The Grand Tack[END_REF]). On the other hand, the current asteroid Main Belt criteria are respected (low mass, orbital criteria, asteroid family distribution) but they are not a prediction of the model, they are constrains in the model [START_REF] Demeo | The compositional structure of the asteroid belt[END_REF]. [START_REF] Raymond | The Grand Tack model: a critical review[END_REF] did a review of the Grand Tack model and shed light on the discrepancies still present in this model. Yet, the model remains valid and its testing as well as developing other models remains an active area of research.

Nice Model and planetary migration

From the model presented by [START_REF] Thommes | The formation of Uranus and Neptune in the Jupiter-Saturn region of the Solar System[END_REF], the "Nice model", dynamical model of the late migration of the giant planets and the resulting effect on small Solar System bodies, was developed (see [START_REF] Tsiganis | Origin of the orbital architecture of the giant planets of the Solar System[END_REF]; [START_REF] Morbidelli | Chaotic capture of Jupiter's Trojan asteroids in the early Solar System[END_REF].

In this dynamical model, the giant planets originally orbited closer to the Sun. They began a late (~400 My) and slow migration. Jupiter started to migrate inward, while the three remaining giant planets migrated outward. Jupiter and Saturn went in 2:1 mean motion resonance, which resulted in Uranus and Neptune acquiring their more eccentric orbits.

In the process, the small Solar System bodies were dynamically disrupted (Figure 2.2, stage "Second mass removal") with the capture of the Jupiter Trojan population ( [START_REF] Morbidelli | Chaotic capture of Jupiter's Trojan asteroids in the early Solar System[END_REF]; [START_REF] Nesvornỳ | Capture of Trojans by jumping Jupiter[END_REF]) and the implantation of Trojan-like (P-and D-type) asteroids in the Main Belt [START_REF] Levison | Contamination of the asteroid belt by primordial trans-Neptunian objects[END_REF] for example. The Late Heavy Bombardment (LHB) in the inner early Solar System is also considered a result of the small body dynamical disruption seen in the Nice model, which is a phase of intense meteoritic bombardments on Mars', Mercury's and the Moon's surface [START_REF] Gomes | Origin of the cataclysmic Late Heavy Bombardment period of the terrestrial planets[END_REF]) (Figure 2.2, stage "LHB"). However, [START_REF] Morbidelli | Evidence from the asteroid belt for a violent past evolution of Jupiter's orbit[END_REF] showed that the Nice model giant planet migration occurring late (~400 My), results in not enough mass depletion nor enough asteroid family mixing in the asteroid Main Belt.

The most up-to-date version of the Nice Model (as in 2021) and an alternative model of the Grand Tack (described above), is the five-giant-planet model (or NM12) developed in [START_REF] Nesvornỳ | Statistical study of the early solar system's instability with four, five, and six giant planets[END_REF]. This model postulates that an additional giant planet was formed in our Solar System [START_REF] Nesvornỳ | Young solar system's fifth giant planet?[END_REF], residing between Saturn and Uranus. Orbital interaction with Saturn would have ejected this fifth giant towards Jupiter, which lead to its ejection from the Solar System while providing Jupiter with its "jump" to a new orbit (as theorized by [START_REF] Morbidelli | Evidence from the asteroid belt for a violent past evolution of Jupiter's orbit[END_REF]), while keeping the terrestrial planets and the asteroid belt relatively undisturbed. The gravitational instabilities provided by the presence of this fifth giant planet can produce Neptune large major axis or the current orbital characteristics of the TNO population [START_REF] Nesvornỳ | Neptune's orbital migration was grainy, not smooth[END_REF] for instance). Extensive testing of the NM12 has been done, with for example, [START_REF] Vokrouhlickỳ | Capture of trans-Neptunian planetesimals in the main asteroid belt[END_REF] studying the capture in the asteroid Main Belt of TNOs (D-and P-type asteroids).

Further review of the dynamical evolution of the early Solar System and the subsequent variety of dynamical models can be found in [START_REF] Morbidelli | The great dichotomy of the Solar System: Small terrestrial embryos and massive giant planet cores[END_REF] and [START_REF] Raymond | Planet formation: key mechanisms and global models[END_REF]. To conclude, today's Small Solar System bodies' populations are the reflection of their own dynamical, physical, chemical and mineralogical histories entangled with the formation and evolution of the Solar System. Hence the study of small bodies and in particular asteroids is of great interest to better grasp the asteroidal diversity as well as to better understand and constrain the Solar System history. Indeed small bodies are the closest remnants of planetesimals that formed the giant planet cores and terrestrial planets. Small bodies have experienced dynamical, collisional and thermal processes, yet some of them have retained a near-primordial composition, i.e. the record of the early Solar System stages' environmental conditions.

In this optic, the OSIRIS-REx and Hayabusa2 missions targeted asteroids designated as relatively primitive, i.e. with a low albedo, composed of carbonaceous chondrite-like material and believed to have partially retained pristine material, albeit having experienced some degrees of aqueous and/or thermal alteration.

Water in the Solar System

Importance of water in the Solar System

Water is one of the most abundant molecules given that hydrogen is the most common element in the universe with oxygen ranking in third. It is fundamental for the development of Life as we know it on Earth, most importantly in its liquid state, as water may serve as a powerful solvent, a medium and a biochemical reaction catalyst [START_REF] Bruylants | Water, Solvent of Life[END_REF]. The versatile properties of this molecule are enabled by its strong dipole moment and its resulting structure.

Water can be found under several forms throughout of our Solar System, as vapor in planetary atmospheres, liquid and solid on and/or under planetary surfaces (Mars, the Moon, Saturn's rings, comets… see [START_REF] Encrenaz | Water in the solar system[END_REF], for a thorough overview of water in the Solar System) as well as constitutive of minerals (phyllosilicates amongst others). It has also been noted that water was detected outside of our Solar System (in atmosphere of stars and in interstellar gas).

The understanding of water delivery on Solar System bodies as well as water distribution across the early Solar System [START_REF] Yokochi | Water, Delivery to Earth[END_REF] is currently a very active field of research, and its advances will help our comprehension of the role of this molecule in extrasolar planetary systems as well. The study of water on primitive asteroids is important to constrain dynamical models to better understand the early Solar System evolution. It will help towards settling the controversy that surrounds the origin, abundance and history of water on Earth and better understand the key processes in the development of Life on Earth (Brack 1993).

Small bodies like comets and asteroids are believed to have played an important role in delivering water to early Earth [START_REF] Alexander | Water Reservoirs in Small Planetary Bodies: Meteorites, Asteroids, and Comets[END_REF]). This topic is highly controversial, as the recent Rosetta mission observations of the comet 67/P Churyumov-Gerasimenko (67P) showed that comet 67P D/H value is 5.3 ± 0.7 x 10 -4 , i.e. about three time the terrestrial value (Altwegg et al. 2015). This brings the discussion more in favor of the asteroids playing an important role in early Earth water delivery. In fact, this value is not at all consistent with the values of JFC already published and implies heterogeneity in the JFCs and a possible diverse origin. The result is a fundamental contribution on the discussion of the provenance of water and organic to the Earth and the emergence of Life which has been discussed for a long time. This makes water found on Earth unlikely to come from comets such as 67P. Altwegg et al. (2015) concluded that this new result supports models advocating for primitive asteroids (composed of carbonaceous chondrite material) to be the origin of terrestrial oceans and atmosphere.

This was one of the major arguments for developing the two asteroid sample return mission OSIRIS-REx and Hayabusa2 (chapter 6). For these reasons as well, the objective of my thesis is to investigate the water detection on asteroids (101955) Bennu and (162173) Ryugu. The study of water on primitive asteroids can be done through the study of H 2 O and HO - abundance (see chapters 4-Meteorites, 8-Bennu, 9-Ryugu).

In this section, I focus on water detected on asteroids and do not go into detail about water detection in the other bodies of the Solar System.

Observations and study of 3-μm region absorption band on asteroids

Amongst the several absorption features caused by hydroxyl (OH -) and water (H 2 O) in minerals, the strongest in the visible to near-infrared range is in the 3-μm region, with hydroxyl feature at 2.67-2.75 μm and water absorbing near 2.95 μm (see chapter 4). A thorough review of the hydrated minerals detected on asteroid surfaces is given in [START_REF] Rivkin | Hydrated minerals on asteroids: The astronomical record[END_REF].

In addition to the ground-based visible to near-infrared observations of asteroids, a few missions allowed for space-based observations, such as the Dawn mission (see chapter 5), OSIRIS-REx and Hayabusa2 (see chapter 6), as well as the satellite AKARI equipped with an infrared camera (Usui et al. 2019). Volatile and specifically water ice has been detected at the surface of asteroids (Rivkin and Emery 2010) such as [START_REF] Lantz | Ion irradiation of the Murchison meteorite: visible to mid-infrared spectroscopic results[END_REF] Themis (Campins et al. 2010), (65) Cybele [START_REF] Licandro | 65) Cybele: detection of small silicate grains, water-ice, and organics[END_REF], and the dwarf planet (1) Ceres and ( 4) Vesta (De [START_REF] De Sanctis | Bright carbonate deposits as evidence of aqueous alteration on (1) Ceres[END_REF].

The majority of asteroids' observations are ground-based, on the bases of which, [START_REF] Rivkin | Hydrogen concentrations on C-class asteroids derived from remote sensing[END_REF] and Takir and Emery (2012) elaborated an asteroid classification using the 3-μm region absorption band shape and center (wavelength position of the band reflectance minimum). Furthermore, the authors associated each of the four 3-μm band spectral groups with a particular asteroid surface mineralogy (Table 3.1) as well as attempting to link them to meteorite group compositions (Takir et al. 2015).

The "sharp" group (also called Pallas group, figure 3.1a) is associated with phyllosilicate hydroxyl stretching absorption in the 2. 7-μm region (between 2.5 and 2.85 μm, Rivkin et al. (2002)) and is found to be similar to the 3-μm region absorption band of CM2 and Ivuna (CI) (Takir et al. 2015) with Ivuna phyllosilicates being lizardite and chrysotile. The classification of meteorites, with a focus on CM and CI meteorites, can be fund hereinafter in chapter 4. CM and CI are subtypes of carbonaceous chondrite meteorites, which are part of the undifferentiated meteorite class and are referred to as "primitive" meteorites for having kept relatively primordial elements of their composition, albeit having experienced aqueous alteration and/or heating in some cases. The CM2 meteorites and Ivuna have likely experienced a similar aqueous alteration degree to asteroids of the sharp/Pallas group and are consequently thought to be the best meteorite analogs to this spectral group. The "rounded" group (or Themis-like, figure 3.1c) has its main absorption due to water ice (Rivkin and Emery 2010). The Europa-like group members (Figure 3.1e) exhibit an absorption band centered near 3.15 μm. Finally, the Cereslike group (Figure 3.1f) is characterized by an overall wide absorption between 2.8 and 3.7 μm plus a narrow one near 3.05 μm, associated with brucite [START_REF] Milliken | Brucite and carbonate assemblages from altered olivine-rich materials on Ceres[END_REF]. In addition, spatially resolved spectral data acquired by the Dawn mission showed that the 2.7-2.8-μm region absorptions on Ceres, are diagnostic of magnesium-bearing and ammoniated phyllosilicates (De Sanctis et al. 2016). 

Hydrogen content estimation of meteorites

In this chapter, I go into detail about the hydrogen content estimated for meteorites, starting with the hydrated phyllosilicate water and hydroxyl groups' absorption seen through reflectance spectroscopy. Focusing specifically on the hydrated phyllosilicate 3-μm region complex absorption band, I present, from the literature, the method and the hydrogen content estimated values of a selection of meteorites I used in my PhD work.

Reflectance spectroscopy principle

Spectroscopy is an analysis technique based on the dispersion of the emitted and reflected light from a sample, whose intensity decomposed for each wavelength, forms the electromagnetic spectrum of the studied sample. During my thesis, I specifically focused on visible to near-infrared (0.3 to 4 μm generally) reflectance spectroscopy, which consists of collecting and analyzing the reflected light from a sample surface and thus giving information on its mineralogical composition.

In surface reflectance spectra, the presence and absence of absorption features are diagnostic of the sample mineralogy, with for example the absorption features due to OH -, H 2 O and CO 3 -2 between 0.9 and 3 μm. As such, visible to near-infrared reflectance spectrum of pure minerals, mineral mixtures and natural sample such as meteorites, are acquired in laboratories, in order to build extensive spectral catalogues ( [START_REF] Hunt | Spectral signature of particulate minerals in the visible and near infrared[END_REF] and references therein, (Clark et al. 1990)). Of course the obtained laboratory spectra depend not only on the surface composition, but also on geometry, grain size and temperature. Such data are then used for comparison with remote-sensing spectral data acquired by space missions and ground observations of planetary and small bodies' surfaces in order to interpret their mineralogy.

In the visible to near-infrared wavelength region (0.3-3.0 μm), the absorption features visible in mineral reflectance spectra are due to different processes: electronic and vibrational (Clark et al. 1990). Electronic processes include crystal-field effects, chargetransfer, color centers and conduction band transitions ( [START_REF] Burns | Mineralogical applications of crystal field theory[END_REF]; [START_REF] Hunt | Spectral signature of particulate minerals in the visible and near infrared[END_REF]; [START_REF] Clark | Spectroscopy of rocks and minerals, and principles of spectroscopy[END_REF]). Vibrational processes, as for them, include fundamental mode, overtones and combination, which will be focused on in the case of the water (H 2 O) and hydroxyl (OH -) groups, as there absorptions constitute the 3-μm region feature studied in my thesis.

Bonds between atoms composing a molecule may vibrate at a specific frequency depending on the strength of the bond and the relevant atoms' mass. A molecule has 3N-6 normal vibration modes, also called fundamental modes, with N the number of atoms in the molecule (3 fundamental modes in the case of water). A molecule has, in addition to its fundamental mode(s), other vibrations occurring at multiples of its fundamental frequency, known as overtones. Finally, the combination modes designate the several modes of vibrations. A more in-depth overview of the vibrational processes giving rise to absorption features can be found in Farmer (1974).

To account for the several absorption processes that occur, a nomenclature is in place to distinguish the processes regardless of the absorbing material, namely the stretching vibrations (v) and bending vibrations (δ). In the case of water absorption, stretching vibrations due to inner sphere (bound) H 2 O are designated by (v') and stretching vibrations due to adsorbed H 2 O by (v) [START_REF] Bishop | Infrared Spectroscopic Analyses on the Nature of Water in Montmorillonite[END_REF]).

The absorbing radical has one fundamental mode (in stretching or bending) at a specific wavelength (λ) as well as, generally, several overtones meaning that the radical also absorbs at other wavelengths.

My thesis interest is involved in hydroxyl group and water. The hydroxyl group (OH -) has one active fundamental vibration mode in the infrared, which is an O-H stretch near 2.78 μm (in the 2.7-μm region) [START_REF] Hunt | Visible and near-infrared spectra of minerals and rocks: I silicate minerals[END_REF]. The hydroxyl group is usually part of the mineral crystal structure and as such the precise wavelength of its fundamental mode depends on the lattice site it occupies (Table 4.1). Water in minerals can be in three different locations, which will be reflected onto the visiblenear-infrared spectrum of the sample. Water may be (i) adsorbed into the grain surface (broad absorption feature caused by poorly ordered sites), or (ii) in a lattice site, or (iii) in the mineral crystal structure (sharp absorption feature caused by well-ordered sites). 

The 3-μm region absorption band: a complex feature

In the spectra of Bennu and Ryugu's surfaces, the strongest absorption feature is in the 3-μm region. In this region, absorption is cause by two components of a mineral: i.e. the hydroxyl group (OH -) and the water group (H 2 O) present in the hydrated phyllosilicates.

Phyllosilicates are clay minerals that possess a sheet-crystal structure. The OH -group has only one stretching mode and the wavelength at which it occurs is depending on the radical it is attached to. Typically, OH-bearing minerals present absorption between 2.7 and 2.8 μm (although it can occur from 2.67 to 3.45 μm) [START_REF] Clark | Spectroscopy of rocks and minerals, and principles of spectroscopy[END_REF].

When the OH radical is magnesium (in the case of magnesium-rich phyllosilicates), absorption occurs near 2.72 μm. Whereas when aluminum is the radical attached to the hydroxyl groups (Al-OH bounds in aluminum-rich phyllosilicates), the absorption occurs near 2.76 μm (De Sanctis et al. 2016).

The absorptions caused by H 2 O group are due to the stretching of oxygen-hydrogen bound (O-H bound) of the water molecule. Indeed, the typical range at which water in phyllosilicates absorbs is from 2.86 to 3.33 μm [START_REF] Rossman | Analytical methods for measuring water in nominally anhydrous minerals[END_REF]. Furthermore, in this water molecule absorption wavelength range, several absorption modes can be distinguished, with an antisymmetric stretch occurring at 2.9 μm and a symmetric stretch occurring longward at 3.1 μm typically [START_REF] Rivkin | Hydrated Minerals on Asteroids: The Astronomical Record[END_REF].

Analysis of the 3-μm region absorption band in meteorites

As seen above, the absorption feature in the 3-μm region is diagnostic of the mineralogy of the meteorite as well as its aqueous alteration degree, and can additionally be used for gaining insight into a planetary surface mineralogy, such as asteroids, if the latter exhibits an equivalent feature in remote-sensing observations (ground-or spacecraft-based) (see chapter 3 for hydrated minerals detected on small bodies). As such, many authors analyzed the 3-μm region absorption band in meteorites, such as [START_REF] Garenne | The abundance and stability of "water" in type 1 and 2 carbonaceous chondrites (CI, CM and CR)[END_REF], ( 2016), Potin et al. (2019), Beck et al. (2010Beck et al. ( ), (2014)), Takir et al. ((2013), ( 2019)), amongst others. Takir et al. (2013) conducted an analysis of the 3-μm region absorption band of CM and CI meteorites using reflectance spectra acquired under asteroid-like condition (i.e. vacuum and dry conditions), which was extended to numerous other CMs, additional CI as well as CR, CV, CO and C2-ungrouped in Takir et al. (2019). The authors showed the variety of the 3-μm region absorption band shape and coupled with the band position, proposed the following spectral groups linking it the phyllosilicate mineralogy and aqueous alteration degree: (i) group 1 with the least aqueously altered CMs that contain Fe-bearing serpentine (cronstedtite), (ii) group 2 (intermediate, moderately aqueously altered CMs), and finally (iii) group 3 the most aqueously altered CMs that contain antigorite (serpentine) (Figure 4.4). As the authors found a correlation between the meteorites compositional and chemical parameters and the previously cited three spectral groups, it shows that a CC meteorite parent body aqueous alteration can be inferred from reflectance spectroscopy of the CC meteorite. Additionally ground-based visible to near-infrared spectra of asteroids, if hydrated, shall be a great source of information on the small body surface hydration state, when compared with laboratory-measured meteorite spectra. Browning et al. (1996) in parentheses and Rubin et al. (2007), respectively. Figure from Takir et al. (2013). All meteorite spectra were measured under vacuum and dry environment, by Takir et al. (2013). The Mineralogical Alteration Index (MAI) is derived from Browning et al. (1996).

CI chondrites considered as the most hydrated meteorites (Figure 4.3) are composed on average of Mg-rich serpentine and complex clay minerals and high abundances of organics. The cronstedtite-rich CM chondrites present a shallower 3-μm absorption band depth compared to CIs', while CR chondrites present a moderate aqueous alteration, less than CIs or CMs. Finally, the less aqueously altered groups within the carbonaceous chondrite family, are the CV chondrites (with the exception of Efremovka meteorite) that have on average a low abundance in phyllosilicates (and thus a shallow 3-μm absorption band depth), and the CO chondrites that have a similarly shallow 3-μm absorption band depth. In the case of the C2 ungrouped, which include notably the Essebi and Tagish Lake meteorites, the aqueous alteration degree is variable with Tagish Lake falling into the aqueous alteration degree of CIs and Essebi most similar to CMs'.

4.5.

Hydrogen content of meteorites Alexander et al. (2012) and(2013) showed that CCs, in particular CMs and CRs, can be classified as a function of their bulk elemental and isotopic hydrogen (H), carbon (C) and azote (N) content. These parameters correlate well, even more so for CMs, with the meteorites' phyllosilicate abundances and petrologic type, which is diagnostic of there experienced degree of aqueous alteration and thermal metamorphism. Therefore, Takir et al. (2013) proposed a classification based on their hydration degree, i.e. H in water and hydroxyl (wt.%).

Following the method of Alexander et al. ((2012), ( 2013)), the measured bulk H and bulk C content of the selected meteorites as well as the average hydrogen-to-carbon (H/C) ratio of the typical insoluble organic matter (IOM) of CMs and of CRs-for the other CC meteoritesare used to calculate the meteorites' H content (Equations 4.1 and 4.2).

H organic = H/C ratio × bulk C (Eq. 4.1)

H water, OH = bulk H -H organic (Eq. 4.2)
In this method, the authors made the hypothesis that all carbon is in the organic matter, so that the organic hydrogen content (H organic ) is obtained from the carbon content (bulk C) and the average H/C ratio (Equation 4.1). The organic matter H content is then retrieved from the bulk H content to obtain the H content of water and hydroxyl groups of phyllosilicates (Equation 4.2). Additionally, the meteorite WIS91600 H content is from Gilmour et al. (2019), and the lithology 4 H content of the Tagish Lake meteorite is from 

Missions targeting asteroids and the dwarf planet (1) Ceres

In this chapter, I give an overview of the past, present and future space missions that have asteroid(s) as one of their targets or as their primary focus of study, which I will also present alongside the missions. In the case of mission having target bodies of different type (comet, asteroid, planet or satellites), I will focus only on the successful asteroidal study (for example the NASA mission Clementine which aimed to study the near-Earth asteroid Geographos but was unable due to technical problems is not mentioned, nor is the EPOXI mission (Deep Impact extended mission)).

Past missions

The in-situ exploration of asteroids, next and complementary step of the ground-based telescopic asteroid surveys, began in early '90s with the Galileo spacecraft preforming a flyby of Gaspra [START_REF] Veverka | Galileo's encounter with 951 Gaspra: Overview[END_REF], though the duration of mission planning phase could take the prior decade. The timeline of past and present missions, which had primary or secondary(s) asteroid target(s) is visible in figure 5.1.

Figure 5.1: Timeline illustration of some of the past and current space missions targeting asteroids, from https://www.asteroidmission.org/.

Galileo

The NASA Galileo spacecraft [START_REF] Johnson | Simple algorithms for remote determination of mineral abundances and particle sizes from reflectance spectra[END_REF]), launched on October 18 th 1989, aimed to study Jupiter and its moons before coming to an end on September 21 st 2003. In addition of uncovering the presence of subsurface water ( [START_REF] Carr | Evidence for a subsurface ocean on Europa[END_REF]; [START_REF] Khurana | Induced magnetic fields as evidence for subsurface oceans in Europa and Callisto[END_REF]; [START_REF] Neubauer | Oceans inside Jupiter's moons[END_REF]; [START_REF] Zimmer | Subsurface oceans on Europa and Callisto: Constraints from Galileo magnetometer observations[END_REF]) and volcanism [START_REF] Johnson | Io: Evidence for silicate volcanism in 1986[END_REF][START_REF] Mcewen | Active volcanism on Io as seen by Galileo SSI[END_REF]; [START_REF] Lopes | Volcanic worlds : exploring the solar system's volcanoes[END_REF])) on some Jovian moons and studying in detail the Jovian atmosphere [START_REF] Young | Galileo probe: In situ observations of Jupiter's atmosphere[END_REF], the spacecraft performed the first ever-asteroid fly-by on October 29 th 1991 with the Main Belt asteroid (951) Gaspra ( [START_REF] Belton | Galileo encounter with 951 Gaspra: First pictures of an asteroid[END_REF]; (Veverka et al. 1994)), as well as a second fly-by in 1993 of asteroid (243) Ida [START_REF] Belton | Galileo's Encounter with 243 Ida: An Overview of the Imaging Experiment[END_REF].

(951) Gaspra is an olivine-rich S-type [START_REF] Tholen | Asteroid taxonomy[END_REF]) irregularly shaped asteroid with 18.2 × 10.5 × 8.9 km in dimensions [START_REF] Thomas | The shape of Gaspra[END_REF].

Gaspra displays a relatively smooth surface with small fresher craters on top of an older, almost erasing the moderate-sized crater population [START_REF] Carr | The geology of Gaspra[END_REF]. The asteroid Gaspra displays a typical S-type 0.55-μm geometric albedo of 0.22 ± 0.06 [START_REF] Tholen | Asteroid taxonomy[END_REF].

(243) Ida is an irregularly shaped S-type asteroid, with dimensions of 29.9 × 12.7 × 9.3 km, belonging to the Koronis collisional family (in the inner main asteroid belt) (Belton et al. 1994). The asteroid's surface displays a lot of craters, which infer an old surface. In addition, a small satellite orbiting around Ida, called Dactyl, was also discovered (Belton and Carlson 1994). This was the first discovery of a satellite around an asteroid. Dactyl has a mean diameter of 1.4 km and is similar in colors and albedo to Ida, indicating a likely common origin for the two bodies (the Koronis parent body catastrophic collision) [START_REF] Clark | A Brief History of Spacecraft Missions to Asteroids and Protoplanets[END_REF].

Additionally, though the analysis of Dactyl's orbit, Ida's mass and density were estimated at 4.2 ± 0.6 × 10 19 g and 2.6 ± 0.5 g.cm -3 , respectively [START_REF] Belton | Galileo's Encounter with 243 Ida: An Overview of the Imaging Experiment[END_REF]).

NEAR-Shoemaker

The NASA mission NEAR-Shoemaker (Near Earth Asteroid Rendezvous; [START_REF] Santo | NEAR spacecraft and instrumentation[END_REF]) was launched on February 17 th 1996 and aimed to study in detail asteroid (433) Eros. The first long-term in-situ study of an asteroid was also complimented by a fly-by of asteroid (253) Mathilde on June 27 th 1997 [START_REF] Veverka | NEAR's flyby of 253 Mathilde: Images of a C asteroid[END_REF]. The arrival at Eros occurred on February 14 th 2000 (with a successful orbit insertion, [START_REF] Farquhar | The second coming of NEAR[END_REF]; [START_REF] Dunham | Recovery of NEAR's mission to Eros[END_REF]) and was followed by a first-of-its-kind touchdown by the spacecraft onto Eros' surface on February 12 th 2001 ((Dunham et al. 2002); (Veverka et al. 2001a)).

(433) Eros is a S-type asteroid, dynamically classified as a NEA Amor (crossing Mars' orbit). It has a rotation period of 5.27 hours [START_REF] Miller | Determination of shape, gravity, and rotational state of asteroid 433 Eros[END_REF]) and a very irregular shape with 34 × 13 ×13 km in diameter, with a mass of 6.687 ± 0.003 × 10 15 kg and a density of 2670 ± 30 kg.m -3 [START_REF] Yeomans | Radio science results during the NEAR-Shoemaker spacecraft rendezvous with Eros[END_REF]. Thus, Eros is a porous and/or fractured asteroid. Its improved three-dimensional shape model with visible small-scale morphological details is presented in [START_REF] Gaskell | Characterizing and navigating small bodies with imaging data[END_REF]. Eros' surface revealed a complex regolith (Veverka et al. 2001b) and a wide range of morphological features with craters, slides (or "dorsa"), boulders ( [START_REF] Veverka | NEAR at Eros: Imaging and spectral results[END_REF]; [START_REF] Cheng | Small-scale topography of 433 Eros from laser altimetry and imaging[END_REF]; [START_REF] Thomas | Eros: Shape, topography, and slope processes[END_REF]), slumps and "ponds": areas of gravitational low filled with size-sorted fine regolith grains, different in color from their surrounding areas [START_REF] Robinson | The nature of ponded deposits on Eros[END_REF]. This difference can be due to grain-size effect, and/or difference in space weathering state (fresher/less space weathered material in the ponds), and/or difference in mineralogical composition ( [START_REF] Robinson | The nature of ponded deposits on Eros[END_REF]; [START_REF] Riner | Global survey of color variations on 433 Eros: Implications for regolith processes and asteroid environments[END_REF]). Several mechanisms have been proposed for the formation of these ponds: electrostatic levitation and downslope movement towards gravitational low areas [START_REF] Robinson | The nature of ponded deposits on Eros[END_REF] or movements induced by impacts onto the surface [START_REF] Richardson | The global effects of impactinduced seismic activity on fractured asteroid surface morphology[END_REF]. Space weathering is the adopted mechanism that explain the spectral contrast between Eros' crater Psyche bright subtract and dark regolith fallen in ( [START_REF] Clark | Space weathering on Eros: Constraints from albedo and spectral measurements of Psyche crater[END_REF]; [START_REF] Riner | Global survey of color variations on 433 Eros: Implications for regolith processes and asteroid environments[END_REF]). The multi-instrument mineralogical study by [START_REF] Mccoy | The composition of 433 Eros: A mineralogicalchemical synthesis[END_REF] found the closest meteoritic analog of Eros' surface to be an altered OC meteorite or a primitive achondrite originating from ordinary chondrite-like material.

No compositional variation at the surface of Eros was detected [START_REF] Bell | Near-IR reflectance spectroscopy of 433 Eros from the NIS instrument on the NEAR mission: I. Low phase angle observations[END_REF]. To conclude, Eros was discovered to be a consolidated object (not a rubble-pile) that experienced some partial melting [START_REF] Cheng | Near Earth Asteroid Rendezvous: Mission Summary[END_REF].

(253) Mathilde is a slow-rotating main-Belt C-type asteroid [START_REF] Mottola | The slow rotation of 253 Mathilde[END_REF] with a mean radius of 26.5 km [START_REF] Cheng | Near Earth Asteroid Rendezvous: Mission Summary[END_REF]. Ground-based observations of the asteroid revealed a visible spectrum similar to (1) Ceres and ( 2) Pallas and a near-infrared spectrum similar to heated carbonaceous chondrites (absence of a 3-μm region absorption band) ( [START_REF] Binzel | Groundbased reconnaissance of asteroid 253 Mathilde: Visible wavelength spectrum and meteorite comparison[END_REF]; [START_REF] Rivkin | Infrared Spectrophotometry of the NEAR Flyby Target 253 Mathilde[END_REF]). Thanks to the NEAR-Shoemaker fly-by of asteroid Mathilde, its mass and density were estimated at 1.03 × 10 20 g and 1.3 ± 0.2 g.cm -3 , respectively [START_REF] Yeomans | Estimating the Mass of Asteroid 253 Mathilde from Tracking Data During the NEAR Flyby[END_REF] resulting in a high porosity of at least 50% ( [START_REF] Veverka | NEAR's flyby of 253 Mathilde: Images of a C asteroid[END_REF][START_REF] Veverka | NEAR encounter with asteroid 253 Mathilde: overview[END_REF]) and likely an asteroid rubble-pile structure. Mathilde's surface is highly cratered with polygonal craters [START_REF] Thomas | Mathilde: Size, shape, and geology[END_REF]) and notably five giant craters (crater diameter comparable to Mathilde's mean radius) on one face of the asteroid. Mathilde's resolved spectral data acquired by the mission showed a globally homogenous surface in albedo (geometric albedo of 0.043 ± 0.005, Clark et al., (1999); [START_REF] Murchie | Inflight calibration of the NEAR multispectral imager: II. Results from Eros approach and orbit[END_REF]) and color, from a homogenous mineralogical composition.

Cassini-Huygens

The Cassini-Huygens mission, result of the collaboration between NASA, ESA and ASI, was launched on October 15 th 1997. Its primary goals were to study Saturn and its moons. Additionally, on January 23 rd 2000, the spacecraft flew by asteroid (2685) Masursky, dynamically belonging to the S-type Eunomia family [START_REF] Lazzaro | SOS: the visible spectroscopic survey of 820 asteroids[END_REF]. A description of the mission objectives and instruments can be found in [START_REF] Matson | The Cassini/Huygens mission to the Saturnian system[END_REF].

Thanks to the Cassini-Huygens' spacecraft, new information was obtained on the asteroid (2685) Masursky's size, rotation period and reflectivity. The images acquired during the spacecraft fly-by, allowed for the estimation of the asteroid mean diameter between 15 and 20 km, yet its spectral type remains unknown [START_REF] Clark | A Brief History of Spacecraft Missions to Asteroids and Protoplanets[END_REF].

Deep Space 1

Launched in October 1998, the NASA mission Deep Space 1 was designed to test new technologies in space [START_REF] Nelson | Deep space one: preparing for space exploration in the 21st century[END_REF]) dedicated to the study of comet 19P/Borrelly. Nonetheless, the spacecraft flew by the asteroid (9969) Braille on July 29 th 1999 before successfully performing the fly-by of comet 19P/Borrelly on September 21 st 2001 [START_REF] Soderblom | Observations of Comet 19P/Borrelly by the miniature integrated camera and spectrometer aboard Deep Space 1[END_REF]. The mission came to a close on December 18 th 2001.

Thanks to the Deep Space 1 spacecraft fly-by, the dimensions of the irregularly shaped asteroid (9969) Braille were determined to be 2.1 × 1 × 1 km 3 alongside its rotation period estimated at 226.4 ± 1.3 hours [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]). In addition to the 2 images send back to Earth, three infrared spectra of Braille were received and Braille was classified as a NEO Qtype asteroid (olivine-and pyroxene-rich) with a high albedo (visible geometric albedo of 0.34 ± 0.03), which hint to a relatively fresh and unweathered surface [START_REF] Buratti | Braille: Deep Space 1 infrared spectroscopy, geometric albedo, and classification[END_REF]).

Stardust

The NASA comet sample return mission Stardust ( [START_REF] Brownlee | Stardust: NASA discovery proposal[END_REF][START_REF] Brownlee | Stardust: Comet and interstellar dust sample return mission[END_REF]; [START_REF] Yen | Stardust mission design, paper presented at the Astrodynamics Specialist Conference, paper 97[END_REF]) was launched on February 7 th 1999, aiming to bring back on Earth surface samples of comet 81P/Wild 2, with the comet encounter occurring in January 2004 and the samples landing on Earth in 2006. During the cruise and as an encounter sequence test, the Stardust spacecraft flew by asteroid (5535) Annefrank on November 2 nd 2002.

Stardust main science goal was to study in detailed the comet (nucleus and coma), as well as the nebular condensates and interstellar particles (ISP). Thus, the mission two main scientific objective categories were defined as (i) the collect and return to Earth of 1000 analyzable particles of 81P/Wild 2 with a diameter higher than 15 mm, (ii) the collect and return to Earth of ISP particles, as well as imaging 81P/Wild 2 nucleus and coma, and in-situ analysis of the coma composition.

The S-type asteroid (5535) Annefrank was discovered to have a highly cratered dark surface (albedo between 0.18 and 0.24) [START_REF] Newburn | Phase curve and albedo of asteroid 5535 Annefrank[END_REF]. The analysis of the 70 images acquired during the fly-by (covering less than 40% of Annefrank's surface) revealed its dimensions to be 6.6 × 5.0 × 3.4 km 3 (twice more than anticipated) as well as a triangular prism-like shape as the main body with a few small rounded bodies [START_REF] Duxbury | Asteroid 5535 Annefrank size, shape, and orientation: Stardust first results: BRIEF REPORT[END_REF]).

Hayabusa

Launched in May 9 th 2003, the JAXA mission Hayabusa [START_REF] Kawaguchi | The MUSES-C mission for the sample and return-its technology development status and readiness[END_REF]) aimed to study asteroid (25143) Itokawa physical and chemical properties. The spacecraft arrived at the asteroid on September 12 th 2005, studied the object for three months, and subsequently landed on its surface in November 2005 [START_REF] Fujiwara | The Rubble-Pile Asteroid Itokawa as Observed by Hayabusa[END_REF]. The spacecraft departed from the asteroid on April 2007, and brought back to Earth the asteroid surface samples in June 2010. In addition to its scientific goals (first asteroid sample return), the mission also had technological goals: to demonstrate the efficiency of ion engines, to perform a high-speed terrestrial atmosphere re-entry and more.

(25143) Itokawa is a S-type asteroid (with an olivine-rich composition) similar to LL5 and LL6 ordinary chondrites [START_REF] Binzel | MUSES-C target asteroid (25143) 1998 SF36: a reddened ordinary chondrite[END_REF]). The variety of data acquired by the Hayabusa payload allowed for the detailed topographic, compositional, spectroscopic studies of the small body. As a result of Hayabusa, the mass of Itokawa was estimated to 3.58 × 10 10 kg, with dimensions of 534 × 294 × 209 m 3 [START_REF] Demura | Pole and global shape of 25143 Itokawa[END_REF]) and thus a bulk density of 1.95 ± 0.14 g.cm -3 (Abe et al. 2006b). Itokawa is a bilobate body which surface was revealed to have a dichotomy: (i) rough with boulders and (ii) smooth with regolith coverage, overall lacking in craters ( [START_REF] Saito | Detailed Images of Asteroid 25143 Itokawa from Hayabusa[END_REF]; [START_REF] Fujiwara | The Rubble-Pile Asteroid Itokawa as Observed by Hayabusa[END_REF]). The spectroscopic analysis revealed an albedo variation of 10% across the asteroid surface, as well as a 10% variation in the 1-μm absorption band depth, which shed light on surface physical properties more diverse than for other S-type asteroids visited by spacecraft (Abe et al. 2006a). The spacecraft performed two touchdowns on the Muses Sea smooth terrain on 19 th and 25 th November 2005 UTC, during which images were acquired that revealed a millimeter to centimeter-sized regolith [START_REF] Yano | Touchdown of the Hayabusa Spacecraft at the Muses Sea on Itokawa[END_REF].

(25143) Itokawa samples collected consisted of small regolith grains (<10 μm) and 68 larger ones (with diameters between 30 and 180 μm).

Oxygen isotope ratios analysis of the samples revealed that they are similar to equilibrated LL ordinary chondrites ( [START_REF] Yurimoto | Oxygen Isotopic Compositions of Asteroidal Materials Returned from Itokawa by the Hayabusa Mission[END_REF]; [START_REF] Nakashima | Oxygen three-isotope ratios of silicate particles returned from asteroid Itokawa by the Hayabusa spacecraft: a strong link with equilibrated LL chondrites[END_REF])), which is in agreement with the sample mineralogy, mineral chemical composition as well as mineral modal abundance similar to ordinary chondrites. Furthermore, evidences of the sample thermal annealing, for 90% of Itokawa particles, narrow down the meteoritic analogs of Itokawa to LL5 and LL6 ordinary chondrites ( [START_REF] Nakamura | Itokawa Dust Particles: A Direct Link Between S-Type Asteroids and Ordinary Chondrites[END_REF][START_REF] Nakamura | Space environment of an asteroid preserved on micrograins returned by the Hayabusa spacecraft[END_REF]; (Tsuchiyama et al. 2011(Tsuchiyama et al. ), (2014))). Other grains, composed of silicate, are closer to LL4 chondrite composition. The maximum temperature of 800°C at which Itokawa was heated was inferred from the mineralogical and chemical composition analysis [START_REF] Nakamura | Itokawa Dust Particles: A Direct Link Between S-Type Asteroids and Ordinary Chondrites[END_REF]. Furthermore, through the comparison of the sample analyses and heating modeling, Itokawa parent body minimum diameter was estimated to be at least 20 km (Nakamura et al. 2011). Finally, using the returned sample mineralogical and chemical analyses, the Itokawa thermal metamorphism maximum age was estimated at 4.562 billion years [START_REF] Yurimoto | Oxygen Isotopic Compositions of Asteroidal Materials Returned from Itokawa by the Hayabusa Mission[END_REF]).

In addition, the returned sample analyses provided unprecedented direct evidences of the past and current asteroid surface processes. The study of the three-dimensional structure of Itokawa returned grains, performed by [START_REF] Tsuchiyama | Three-Dimensional Structure of Hayabusa Samples: Origin and Evolution of Itokawa Regolith[END_REF], revealed that the grains' shape and size are different from lunar regolith grains' and therefore the authors suggested that meteoroid impacts produced the asteroid regolith which has, from then on, experienced seismic-induced grain abrasion. Subsequently, evidences of space weathering (SpWe) was found on the grains' surface, such as sulfur-and iron-bearing nanoparticles (product of SpWe) present as a thin layer over the olivine, pyroxene and plagioclase as well as present inside the Fe-, Mg-bearing silicates [START_REF] Noguchi | Incipient Space Weathering Observed on the Surface of Itokawa Dust Particles[END_REF]. Subsequent analyses by [START_REF] Noguchi | Space weathered rims found on the surfaces of the Itokawa dust particles[END_REF] showed in detail the Itokawa grain surface modifications and found three type of nanophase Fe-rich rims. The surface and internal structure of such a rim is presented in [START_REF] Matsumoto | Surface and internal structures of a space-weathered rim of an Itokawa regolith particle[END_REF]. These nanophase Fe-rich rims and vesicles are likely the results of solar wind irradiation and He implantation ( [START_REF] Noguchi | Space weathered rims found on the surfaces of the Itokawa dust particles[END_REF]; [START_REF] Matsumoto | Surface and internal structures of a space-weathered rim of an Itokawa regolith particle[END_REF]). More recently, [START_REF] Matsumoto | Iron whiskers on asteroid Itokawa indicate sulfide destruction by space weathering[END_REF] showed the ubiquitous presence of metallic iron whiskers in triolite minerals of Itokawa returned particles, which results from the destruction of the triolite sulfide through solar wind irradiation. [START_REF] Thompson | Microchemical and structural evidence for space weathering in soils from asteroid Itokawa[END_REF] report several evidence of SpWe on one Itokawa particle (several textures and rims, amorphous surface areas, nanophase iron…) suggesting that both solar wind irradiation and micrometeorite impacts (evidence of sub-μm impact craters on Itokawa returned particles, [START_REF] Nakamura | Space environment of an asteroid preserved on micrograins returned by the Hayabusa spacecraft[END_REF]) are key SpWe processes. Furthermore, the isotopic analysis of solar implanted noble gas [START_REF] Nagao | Irradiation History of Itokawa Regolith Material Deduced from Noble Gases in the Hayabusa Samples[END_REF]) indicated a short residence time for Itokawa particles at its surface (less than 8 My), the asteroid losing its material into space with a several tens of cm per My rate. Subsequently, Itokawa lifetime is estimated between 100 and 1000 My [START_REF] Nagao | Irradiation History of Itokawa Regolith Material Deduced from Noble Gases in the Hayabusa Samples[END_REF].

The returned samples gave the first-of-its-kind ground-truth of the direct relationship between asteroid compositions and a meteorite group, as well as direct evidence of space weathering experienced by asteroidal surfaces, detected on the lunar regolith but only supposed to be the case for asteroidal surfaces.

Rosetta

The preparation of the European Space Agency (ESA) Rosetta mission began in the 1990s, as part of the ESA program Horizon 2000. This mission, launched on March 2 nd 2004, aimed to study the comet 67P/Churyumov-Gerasimenko (hereafter 67P). During its cruise towards the comet, the Rosetta spacecraft encountered during fly-bys, two asteroids, proposed by [START_REF] Barucci | Asteroid target selection for the new Rosetta mission baseline-21 Lutetia and 2867 Steins[END_REF]: (2867) Steins on September 5 th 2008 and ( 21) Lutetia on July 10 th 2010 [START_REF] Barucci | Major achievements of the Rosetta mission in connection with the origin of the solar system[END_REF]. The fly-bys were followed by the comet encounter in 2014, which started with the insertion manoeuver to the comet orbit on August 6 th 2014; concluding a 10 yearlong inbound cruise. The landing of the Philea lander occurred on November 2 nd 2014, and the mission came to a close on September 30 th 2016 with the controlled impact of the Rosetta spacecraft onto 67P's surface.

The Rosetta mission scientific goals were stated in [START_REF] Bar-Nun | Rosetta comet rendezvous mission[END_REF] and follow three main axis: (i) the link between small Solar System bodies and planetesimals, (ii) the physical and chemical processes occurring on cometary and asteroidal bodies, and (iii) increasing the in-depth knowledge of small Solar System bodies. These goals were achieved through (i) the in-situ study of the comet nucleus' as well as the two asteroids' surface material composition, and (ii) the in-situ study of cometary activity as well as of physical, chemical and dynamical studies of the asteroids.

Asteroid (2867) Steins is a diamond-shaped rubble-pile asteroid exhibiting an equatorial ridge. Thanks to the Rosetta fly-by, the asteroid was found to display a geometric albedo of 0.41 ± 0.02 [START_REF] Keller | E-type asteroid (2867) Steins as imaged by OSIRIS on board Rosetta[END_REF], and 6.67 × 5.81 × 4.47 km 3 in dimensions, with a rotational period of ~6 hours. Steins' surface exhibits regolith, ejecta, 42 crater-like features as well as a 2.1-km diameter crater on its South Pole. The crater population shows a dichotomy between the two sides of Steins, as well as an absence for small craters [START_REF] Besse | Identification and physical properties of craters on Asteroid (2867) Steins[END_REF], raising the question of surface processes that could erase small craters (seismic shaking during small impacts or the impact of the 2.1-km diameter crater). Another hypothesis is that these crater-like features could be regolith drainage holes and not impact craters [START_REF] Marchi | Cratering on asteroids In Asteroids IV[END_REF]. The age of Steins' surface is estimated at 100-150 My with an upper limit near 1.3 Gy, using the cumulative crater-size frequency, but remains uncertain due to the different processes that could have erased the small craters from its surface ( (Marchi et al. 2015); [START_REF] Jutzi | A large crater as a probe of the internal structure of the Etype asteroid Steins[END_REF]). The acquired spectral data showed a rare E-type homogenous non-space-weathered surface composition with a sulfide absorption band near 0.49 μm [START_REF] Barucci | Space missions to small bodies: asteroids and cometary nuclei[END_REF]) (consistent with ground-based spectral observations, [START_REF] Barucci | Asteroid target selection for the new Rosetta mission baseline-21 Lutetia and 2867 Steins[END_REF]) that is closest to an enstatite-and oldhamite-rich surface with few low-iron silicates [START_REF] Barucci | Major achievements of the Rosetta mission in connection with the origin of the solar system[END_REF]. Steins is considered a rubble-pile object with a thick regolith layer [START_REF] Leyrat | Search for Steins' surface inhomogeneities from OSIRIS Rosetta images[END_REF].

Asteroid (21) Lutetia is much larger than Steins, with its dimensions estimated at 121 ± 1 × 101 ± 1 × 75 ± 13 km 3 [START_REF] Sierks | Images of asteroid 21 Lutetia: a remnant planetesimal from the early solar system[END_REF]. Its rotational period is 8.17 hours [START_REF] Sierks | Images of asteroid 21 Lutetia: a remnant planetesimal from the early solar system[END_REF]. The images taken during Rosetta fly-by only covered 50% of the asteroid surface, therefore mass estimation was difficult and Lutetia bulk density estimation of 3400 ± 300 kg.m -3 was done using the Radio Science Investigation derived mass and volume [START_REF] Pätzold | Asteroid 21 Lutetia: Low mass, high density[END_REF].

Lutetia displays a visible albedo of 0.19 ± 0.02 [START_REF] Sierks | Images of asteroid 21 Lutetia: a remnant planetesimal from the early solar system[END_REF]. The images acquired during fly-by showed a highly cratered surface with a variety of morphological features such as ridges, pits, craters, scarp, and a variety of surface ages ranging from as old as 3.5-3.6 Gy to as young as ~0.1 Gy. Evidences of space weathering were found for the oldest area [START_REF] Sierks | Images of asteroid 21 Lutetia: a remnant planetesimal from the early solar system[END_REF]. Spectral observations did not allow a direct link between Lutetia's surface composition and a distinct meteorite group, but rather a mixture of carbonaceous chondrites (CK, CO and CV) with enstatite chondrite [START_REF] Coradini | The surface composition and temperature of asteroid 21 Lutetia as observed by Rosetta[END_REF]). Lutetia's surface was also found to be porous (> 40%) ( [START_REF] Coradini | The surface composition and temperature of asteroid 21 Lutetia as observed by Rosetta[END_REF]; [START_REF] Gulkis | Continuum and spectroscopic observations of asteroid (21) Lutetia at millimeter and submillimeter wavelengths with the MIRO instrument on the Rosetta spacecraft[END_REF]; [START_REF] Sierks | Images of asteroid 21 Lutetia: a remnant planetesimal from the early solar system[END_REF]. All those characteristics could imply that Lutetia underwent early metamorphism, which could have resulted in a partial differentiation of its interior [START_REF] Weiss | Possible evidence for partial differentiation of asteroid Lutetia from Rosetta[END_REF]) unlike Steins'.

A more in-depth overview of the Rosetta mission and its scientific breakthroughs regarding asteroid and cometary worlds are presented in [START_REF] Barucci | Major achievements of the Rosetta mission in connection with the origin of the solar system[END_REF] and [START_REF] Taylor | The Rosetta mission orbiter science overview: the comet phase[END_REF].

Chang'E 2

The Chang'E-2 mission (China) was launched on October 1 st 2010 aiming to enter lunar orbit and study the Moon's surface, before the Moon-landing Chang'E-3 mission (landing in December 2013). With this phase of the mission completed, the space probe had an extended mission to stay in the Sun-Earth L2 point (reached on August 15 th 2011) [START_REF] Wu | Pre-LOI trajectory maneuvers of the CHANGʹ E-2 libration point mission[END_REF]) and finally to perform, on December 13 th 2012, a fly-by of asteroid (4179) Toutatis [START_REF] Cao | Navigation of Chang'E-2 asteroid exploration mission and the minimum distance estimation during its fly-by of Toutatis[END_REF]. Following the successful asteroid fly-by, the Chang'E-2 spacecraft is continuing its course in deep space, to assess the performance of its onboard systems.

(4179) Toutatis is an S-type asteroid with its closest meteoritic analogs being the undifferentiated L-chondrite ( [START_REF] Howell | Visible and near-infrared spectral observations of 4179 Toutatis[END_REF]; [START_REF] Reddy | Composition of near-earth asteroid (4179)[END_REF]). Toutatis is classified as NEA Apollo (Mars-crossing) asteroid with an orbit in 1:4 mean motion resonance with the Earth, which allow for the asteroid very close approach to the Earth every 4 years. This asteroid has thus been extensively studied (with, for example, Hubble telescope observations, [START_REF] Noll | Imaging of asteroid 4179 Toutatis with the hubble space telescope[END_REF]; photometric observations, [START_REF] Hudson | Photometric properties of Asteroid 4179 Toutatis from lightcurves and a radar-derived physical model[END_REF]; radar observations since 1992, [START_REF] Ostro | Radar images of asteroid 4179[END_REF], [START_REF] Hudson | High-resolution model of asteroid 4179 Toutatis[END_REF]). Observations revealed that Toutatis does not rotate along its principal axis, but rather has a rotation period along its long-axis of 5.4 days with a precession period of 7.4 days [START_REF] Busch | Twenty years of Toutatis[END_REF], likely due to the Earth tidal effect [START_REF] Scheeres | Rotational fission of contact binary asteroids[END_REF] and Yarkovsky-O'Keefe-Radzievkii-Paddack (YORP) effect (Bottke et al. 2002). With 4.75 km ± 10 % maximum length and 1.95 km ± 10 % width, Toutatis is a bifurcated object (two lobes, head and body), which indicates a binary origin [START_REF] Huang | The Ginger-shaped Asteroid 4179 Toutatis: New Observations from a Successful Flyby of Chang'e-2[END_REF]. Its surface shows numerous craters, concavities, boulders [START_REF] Hudson | High-resolution model of asteroid 4179 Toutatis[END_REF], as well as evidence for a layer of fine regolith [START_REF] Hudson | Photometric properties of Asteroid 4179 Toutatis from lightcurves and a radar-derived physical model[END_REF]. The first optical images of the asteroid were acquired by Chang'E-2 [START_REF] Cao | Navigation of Chang'E-2 asteroid exploration mission and the minimum distance estimation during its fly-by of Toutatis[END_REF], which revealed a smaller crater density on the small lobe than on the big lobe [START_REF] Zou | The preliminary analysis of the 4179 Toutatis snapshots of the Chang'E-2 flyby[END_REF]. The shape and surface aspect, resembling a ginger root, lead to the designation of Toutatis as a gingershaped asteroid [START_REF] Huang | The Ginger-shaped Asteroid 4179 Toutatis: New Observations from a Successful Flyby of Chang'e-2[END_REF].

Dawn

Dawn is a NASA mission launched on September 27 th 2007 in order to explore (4) Vesta and (1) Ceres, the two largest small Solar System bodies ( [START_REF] Rayman | Dawn: A mission in development for exploration of main belt asteroids Vesta and Ceres[END_REF]; [START_REF] Russell | The dawn mission to Vesta and Ceres[END_REF]). The mission goals were to extensively study the two small Solar System bodies' (i) surface morphology and (ii) composition (mineralogical, elemental, and molecular). The Dawn spacecraft orbited around Vesta from July 16 th 2011 to September 5 th 2012, and then went on to the dwarf planet Ceres, from March 2015 to 2018. After two mission extensions, the Dawn mission came to a close on October 31 st 2018, when the spacecraft fail to communicate and ran out of fuel.

(4) Vesta is a fully differentiated object with a basaltic pyroxene-rich surface (De Sanctis et al. 2012); [START_REF] Prettyman | Neutron Absorption Measurements Constrain Eucrite-Diogenite Mixing in Vesta's Regolith[END_REF]). Its dimensions in diameter were estimated at 569 × 554.5 × 452.86 km [START_REF] Konopliv | The Vesta gravity field, spin pole and rotation period, landmark positions, and ephemeris from the Dawn tracking and optical data[END_REF]). Vesta's surface is highly cratered and exhibits two southpole giant impact basins which formation produced large-scale depressions visible in the equatorial and north region [START_REF] Buczkowski | Large-scale troughs on Vesta: A signature of planetary tectonics[END_REF]. Vesta was early on linked to the Howardite-Eucrite-Diogenite (HED) meteorite group [START_REF] Mccord | Asteroid Vesta: Spectral reflectivity and compositional implications[END_REF]. The results from the Dawn mission further strengthened the link, proving Vesta as the parent body of the HED meteorites [START_REF] Mcsween | Dawn; the Vesta-HED connection; and the geologic context for eucrites, diogenites, and howardites[END_REF], which were excavated by the impact that formed the large south-pole Rheasilvia impact basin ~1 Gy ago [START_REF] Marchi | The violent collisional history of asteroid 4 Vesta[END_REF]. Moreover, Vesta's surface displays hydrated minerals [START_REF] De Sanctis | Spectroscopic Characterization of Mineralogy and Its Diversity Across Vesta[END_REF]; [START_REF] Prettyman | Elemental Mapping by Dawn Reveals Exogenic H in Vesta's Regolith[END_REF])), which are believed to be exogenic material from CM, CC-like impactors [START_REF] Mccord | Dark material on Vesta from the infall of carbonaceous volatile-rich material[END_REF] as well as carbon-rich minerals.

(1) Ceres is a low-albedo dwarf planet, with a density of 2,100 kg.m -3 and a rotation period of and 5.34 hours. Ceres has a near-spherical, oblate, shape characterized by an equatorial radius of 487 ± 2 km and a polar radius of 455 ± 2 km [START_REF] Thomas | Differentiation of the asteroid Ceres as revealed by its shape[END_REF]. Its surface composition has been studied from 1970's and was known to be similar to the one of carbonaceous chondrites: clay-like minerals and darkening agent (carbon black for example) ( [START_REF] Chapman | Comparisons of meteorite and asteroid spectral reflectivities[END_REF]; (Johnson and Fanale 1973)). Using ground-based telescope observations, several minerals were detected over the years onto Ceres' surface: hydroxylated, hydrated minerals ( [START_REF] Lebofsky | Asteroid 1 Ceres: Evidence for water of hydration[END_REF]; [START_REF] Larson | Remote spectroscopic identification of carbonaceous chondrite mineralogies: Applications to Ceres and Pallas[END_REF])), structural water in clay minerals [START_REF] Lebofsky | The 1.7-to 4.2-/zm Spectrum of Asteroid 1 Ceres: Evidence for Structural Water in Clay Minerals[END_REF]), phyllosilicates ((King et al. 1992); [START_REF] Vilas | CCD reflectance spectra of selected asteroids. II. Low-albedo asteroid spectra and data extraction techniques[END_REF])), carbonates [START_REF] Rivkin | The surface composition of Ceres: Discovery of carbonates and iron-rich clays[END_REF])…

The data analysis from the Dawn mission shed light on Ceres's entire surface morphology with the presence of impact craters [START_REF] Stephan | Ceres' impact craters-Relationships between surface composition and geology[END_REF] and internal processes such as domes [START_REF] Schenk | Origins of Central Pits and Domes on Ceres: Dawn Mapping Constraints and Ganymede Comparisons[END_REF], flows [START_REF] Schmidt | Geomorphological evidence for ground ice on dwarf planet Ceres[END_REF]) and extrusions [START_REF] Ruesch | Cryovolcanism on ceres[END_REF] for examples. As for Ceres' surface mineralogy, DeSanctis et al. (2015) and Ammannito et al. (2016) showed the presence of areas rich in hydroxyl and ammonium-bearing minerals, as well as organics (Kaplan et al. 2018). Furthermore, evidence for recently exposed subsurface ice was found with the detection of localized water ice [START_REF] Combe | Detection of local H 2 O exposed at the surface of Ceres[END_REF], ( 2019)) and higher hydrogen abundance at high latitudes [START_REF] Prettyman | Extensive water ice within Ceres' aqueously altered regolith: Evidence from nuclear spectroscopy[END_REF](Prettyman et al., ( ), (2019))). Ceres was found to have been heated and homogenously heavily aqueously altered, with the presence of subsurface water ice locally exposed and could be still a geologically active body (McCord and Zambon 2019).

Current missions

OSIRIS-REx

The NASA mission OSIRIS-REx (Origins Spectral Interpretation Resource Identification Security -Regolith Explorer) (Lauretta et al. 2017) is an asteroid return sample mission that targets asteroid (101955) Bennu. The spacecraft arrived at Bennu on December 2018 and performed a 1.5 yearlong-detailed study of the asteroid, before successfully sampling its surface in October 2020 during TAG (Touch-and-Go maneuver). After the post-TAG science data acquisition, OSIRIS-REx departed from the asteroid in May 2021, and is scheduled to bring back Bennu's surface samples on Earth in September 2023.

Owing to the fact that my thesis is widely centered on the analysis of the OSIRIS REx spectral data, the mission description and detailed results obtained for (101955) Bennu is described in chapter 6, sections 6.1 and 6.2, respectively.

Hayabusa2

Hayabusa2 is, similarly to OSIRIS-REx, an asteroid sample return mission from JAXA [START_REF] Watanabe | Hayabusa2 Mission Overview[END_REF]). Hayabusa2 was launched in 2014 and arrived at its target: asteroid (162173) Ryugu (formerly 1999 JU3) in 2018. Before successfully twice sampling Ryugu's surface, the spacecraft accomplished a 1.5 yearlong orbiting phase during which the asteroid was extensively studied. Ryugu's surface regolith samples landed back on Earth in December 2020.

Given that my thesis also concerns the analysis of the Hayabusa2 spectral data, the mission description and detailed results obtained for (162173) Ryugu is described in chapter 6, sections 6.3 and 6.4, respectively.

In conclusion, the past missions showed a large diversity on physical, chemical and mineralogical properties of the visited asteroids. The variety of the asteroids that were studied in-situ by a visiting spacecraft is visible in figure 5.2. The asteroids represented are not to scale, but the wide variety in shape is striking.

Future missions

Faced with the scientific breakthroughs of the previous mission studying small Solar System bodies and the inexhaustible of information that can be derived from such small worlds about our early Solar System, as well as the wide variety of small body populations, which holds the promise of much more scientific discoveries ahead, the space agencies have selected several other missions targeting specifically asteroids, such as Psyche (NASA), Lucy (NASA), Destiny (JAXA) and Dart (NASA) coupled with Hera (ESA). Each are concisely presented in this following section, alongside what is currently known of their targets.

Psyche

Psyche is a NASA mission due to launch in 2022, to study the physical, mineralogical and chemical properties of asteroid ( 16) Psyche, for 21 months, starting in 2026 [START_REF] Oh | Psyche: Journey to a metal world[END_REF]; ( 2019)). Asteroid ( 16) Psyche is a metal-rich small body, believed to be exposed planetesimal nickel-iron core, and as such will the first to be directly studied in-situ by a mission, leading to a better understanding of the Earth's core. To answer these scientific goals, the mission is planning to characterize (i) the asteroid nature (core or unmelted material), (ii) its surface relative age, (iii) the light elements incorporated into small metal bodies (same as expected for the Earth's core or not), (iv) the forming conditions of the asteroid (more oxidizing or reducing than the Earth's core), and finally (v) its surface topography [START_REF] Oh | Development of the Psyche Mission for NASA's Discovery Program[END_REF].

(16) Psyche is an outer main belt M-type asteroid, 279 x 232 x 189 km in dimensions with an estimated density between 3,400 to 4,100 kg.m -³, with varying density measurements ( [START_REF] Kuzmanoski | Motion of the asteroid (13206) 1997GC22 and the mass of (16)[END_REF]; [START_REF] Lupishko | On the bulk density of the M-type asteroid 16 Psyche[END_REF], [START_REF] Baer | Astrometric masses of 26 asteroids and observations on asteroid porosity[END_REF]; [START_REF] Shepard | A radar survey of M-and X-class asteroids[END_REF]; Psyche mission website: https://psyche.asu.edu/). It is predominantly made of nickel-iron ( [START_REF] Shepard | A radar survey of M-and X-class asteroids II. Summary and synthesis[END_REF]; [START_REF] Matter | Evidence of a metal-rich surface for the Asteroid (16) Psyche from interferometric observations in the thermal infrared[END_REF])), with the detection of highly magnesian orthopyroxene in some rocky locations on its surface [START_REF] Hardersen | Near-IR spectral evidence for the presence of ironpoor orthopyroxenes on the surfaces of six M-type asteroids[END_REF], as well as the detection of a hydrated spectral feature likely exogenic hydrated phyllosilicates, resulting from chondrite-like impact material [START_REF] Takir | Detection of water and/or hydroxyl on asteroid (16) Psyche[END_REF]. It is not yet known how Psyche was formed; yet the main formation hypothesis is a "hit and run impact" that stripped the differentiated body of its silicate mantle, leaving the planetesimal core, i.e. Psyche (Asphaug and Reufer 2014).

Lucy

The NASA mission Lucy [START_REF] Levison | NASA's Lucy Mission to the Trojan Asteroids[END_REF] The main scientific goals of Lucy are the following: (i) to better understand the early Solar System physical, chemical and dynamical conditions and processes, (ii) better understand the giant planet formation and find evidence of orbit migration, (iii) better understand the celestial body accretion process, and (iv) primordial organic matter [START_REF] Levison | NASA's Lucy Mission to the Trojan Asteroids[END_REF].

The mission scientific objectives are to study the Jupiter Trojans' surface geology (geomorphological features, relative ages…); surface color and composition (minerals, ices, organics), interiors and bulk properties (mass, density, exposed subsurface material) as well as the Trojans' satellites and search for rings.

(52246) Donaldjohanson is a C-type main Belt asteroid of ~4 km in diameter [START_REF] Souza-Feliciano | Analysis in the visible range of NASA Lucy mission targets: Eurybates, Polymele, Orus and Donaldjohanson[END_REF], which is believed to originate from the catastrophic collision that created the Erigone family [START_REF] Nesvornỳ | Identification and dynamical properties of asteroid families[END_REF]. It also has a slow rotational period of 251.1 hours.

(3548) Eurybates is a C-type Jupiter Trojans asteroid, part of the L4 swarm. Eurybates has an albedo of 5.2 %, a rotational period of 8.7 hours and a diameter of 64 km (Grav et al. 2012), while its satellite Queta is near 1.2 km in diameter [START_REF] Noll | Detection of a Satellite of the Trojan Asteroid (3548) Eurybates-A Lucy Mission Target[END_REF]. Interestingly, Eurybates is part of the only known collisional family in the Jupiter Trojan population [START_REF] Brož | Eurybates-the only asteroid family among Trojans?[END_REF], which is, unlike the majority of the Trojan population, not D-type (DeMeo et al. 2009).

(15094) Polymele is 21 km in diameter and has a visible albedo of 0.09 (Grav et al. 2012). It is likely a P-type asteroid (organic-rich, dark and spectrally moderately red asteroid class) [START_REF] Sharkey | Compositional Constraints for Lucy Mission Trojan Asteroids via Near-infrared Spectroscopy[END_REF]). This Trojan is believed to be a collisional fragment of a P-type parent body.

(11351) Leucus is a D-type (likely carbon-and organic-rich, very dark and spectrally very red asteroid class) Trojan [START_REF] Roig | Taxonomy of asteroid families among the Jupiter Trojans: comparison between spectroscopic data and the Sloan Digital Sky Survey colors[END_REF]) characterized by a very slow rotation period of 466 hours [START_REF] Buie | Light curves of lucy targets: Leucus and polymele[END_REF], which should result in high temperature dichotomy between the two asteroid sides. The asteroid dimensions are 60.8 × 39.1 × 27.8 km, with an ellipsoidal shape as suggested by its light curve [START_REF] Mottola | Convex Shape and Rotation Model of Lucy Target (11351) Leucus from Lightcurves and Occultations[END_REF]) and a visible albedo of 0.08 (Grav et al. 2012).

(21900) Orus is also a D-type Trojan asteroid (Emery et al. 2011), 51 km in diameter with a visible albedo of 0.075 (Grav et al. 2012). Its rotational period is 13.5 hours.

(617) Patroclus and Menoetius are a binary pair of Trojans, ~113 km and ~104 km in diameter, respectively, with the pair albedo estimated at 0.05. Their rotational period is equivalent to their mutual orbital period of 104 hours (doubly-synchronous binary) [START_REF] Oey | Period determination of 617 Patroclus[END_REF]. They are both P-type asteroids, likely primitive bodies remnants of the early Solar System. Their dimensions were estimated to be 127 × 117 × 98 km for Patroclus and 117 × 108 × 90 km for Menoetius [START_REF] Buie | Size and shape from stellar occultation observations of the double Jupiter Trojan Patroclus and Menoetius[END_REF].

DESTINY +

The JAXA DESTINY⁺ mission (Demonstration and Experiment of Space Technology for INterplanetary voYage with Phaethon fLyby and dUst Science) is planned to be launched in 2024 [START_REF] Kawakatsu | Destiny mission overview: a small satellite mission for deep space exploration technology demonstration[END_REF]; [START_REF] Arai | DESTINY+ mission: Flyby of Geminids parent asteroid (3200) Phaethon and in-situ analyses of dust accreting on the Earth[END_REF]). This science and technology demonstration mission is due in August 2026 to fly by asteroid (3200) Phaethon, considered the parent body of the very active Geminids meteor shower (Williams and Wu 1993).

The mission scientific goals are to (i) study in-situ the asteroid dust (potentially the terrestrial organic matter source) and (ii) shed light on the active asteroid characteristics and mechanisms at the origin of the meteor shower.

(3200) Phaethon is a NEA Apollo-type asteroid with a 5.8-km diameter [START_REF] Taylor | Radar and infrared observations of near-earth asteroid 3200 Phaethon[END_REF].

Classified as a B-type asteroid, it is spectrally similar to CM/CI meteorites [START_REF] Licandro | The nature of comet-asteroid transition object (3200)[END_REF]). Activity has been detected at the surface of Phaethon, notably dust ejection and a dust tail visible near perihelion ((Jewitt and Li 2010); [START_REF] Li | Recurrent perihelion activity in (3200) Phaethon[END_REF]; [START_REF] Jewitt | The dust tail of asteroid (3200) Phaethon[END_REF])), while the mechanism behind these phenomenon and thus the meteor shower is not yet known. Phaethon's surface was revealed to not have hydrated minerals [START_REF] Takir | 3-μm Spectroscopy of Asteroid (3200) Phaethon: Implications for B-Asteroids[END_REF], while having potentially relatively large particles or a high surface porosity [START_REF] Ito | Extremely strong polarization of an active asteroid (3200) Phaethon[END_REF]). Phaethon's surface has also been characterized as being compositionally diverse [START_REF] Kareta | Rotationally resolved spectroscopic characterization of near-Earth object (3200)[END_REF]), yet [START_REF] Lee | Investigation of surface homogeneity of (3200)[END_REF] showed neither rotational nor latitudinal color variation at the asteroid rather homogeneous surface and suggest that it experienced uniform thermal metamorphism. Phaethon is a unique small Solar System body, considered by [START_REF] Licandro | The nature of comet-asteroid transition object (3200)[END_REF] to be an asteroid-comet transition object.

DART, Hera

The NASA mission DART (Double Asteroid Redirect Test) is an asteroid deflection experiment, the first of its kind [START_REF] Cheng | Asteroid impact & deflection assessment mission: kinetic impactor[END_REF]. Its target is the binary asteroid system of NEA (65803) Didymos and its ~160-m long moonlet Dimorphos, previously unofficially known as Didymoon. DART is scheduled to be launched between November 24 th 2021 and February 15 th 2022 and arrive at the NEA Didymos in late September 2022. The spacecraft will perform, as part of its main goals, a kinetic impact on Dimorphos to deflect Didymos' moon from its current orbit in October 2022. The complementary ESA mission Hera [START_REF] Michel | European component of the AIDA mission to a binary asteroid: Characterization and interpretation of the impact of the DART mission[END_REF]) will be launched in 2024 with the goal of carrying out a survey of Didymos and Dimorphos after Dart's impact, to assess the deflection technology efficiency as well as its effects on Dimorphos (DART's crater, the asteroid mass, internal structure…). Finally these two missions will allow the study of a hyper-velocity collision onto a small body, which will put constrains on asteroid impact model. DART and Hera missions are the two components of AIDA (the NASA and ESA international collaboration: Asteroid Impact and Deflection Assessment).

(65803) Didymos is a binary near-Earth top-shaped asteroid of about 780 m across [START_REF] Naidu | Radar observations and a physical model of binary near-Earth asteroid 65803 Didymos, target of the DART mission[END_REF] and displays an equatorial bridge. With its secondary, Dimorphos, they are classified as S-type asteroid system [START_REF] Cheng | AIDA DART asteroid deflection test: Planetary defense and science objectives[END_REF]). Didymos has a MOID of 0.04 au and H = 18.1 and thus is considered a PHA [START_REF] Cheng | AIDA DART asteroid deflection test: Planetary defense and science objectives[END_REF].

Didymos rotational period is 2.26 hours, while Dimorphos is tidally locked and has a revolution period (around Didymos) of 11.9 hours. The binary system has an optical albedo estimated to 0.15 ± 0.04 [START_REF] Naidu | Radar observations and a physical model of binary near-Earth asteroid 65803 Didymos, target of the DART mission[END_REF].

For further reading, the reader can refer to [START_REF] Clark | A Brief History of Spacecraft Missions to Asteroids and Protoplanets[END_REF], which goes into much more details on the space missions that studied asteroids and protoplanets as well as the small bodies they visited.

Current Missions and their Targets

The two space missions I focused on during my thesis are OSIRIS-REx & Hayabusa2. They both visited and studied with very similar scientific goals a primitive asteroid and ultimately performed a sample return. In this chapter, I go into more detail on each mission: its scientific objectives, timeline, the different instruments (with a focus on the visible-nearinfrared spectrometers) and the asteroid target itself: what was known before spacecraft arrival at the asteroid and what was discovered during the mission.

As I was part of the OSIRIS-REx Science Team, I was able to closely follow the asteroid operation phases of OSIRIS-REx and attended all Science Team Meetings from 2018 to today (end of 2021), as well as those of the Spectral Analysis Working Group (SAWG), both in person (I spent about 4 months combined in Tucson in 2019) and virtually. I therefore provide in this chapter slightly more details on the OSIRIS-REx mission than on the Hayabusa2.

The objectives of these two missions are to visit two primitive small worlds (low albedo asteroids, that retained their primordial composition) to understand the origin and evolution of our Solar System as well as the origin of Life on Earth [START_REF] Lauretta | Meteorites and the early solar system II[END_REF]. The two primitive and supposed not strongly chemically altered asteroid targets ((101955) Bennu and (162173) Ryugu) of these missions have been selected among the easily reachable targets (among the NEA population) through the following selection process shown in figure 6.1. Ryugu is among the 5 carbon-rich (knowledge available at the time of selection), easily reachable asteroids as well.

The OSIRIS-REx Mission

The OSIRIS-REx mission lead by NASA and the University of Arizona, is an international collaboration between universities, institutes, companies and space agencies with the official OSIRIS-REx partners including: Lockheed Martin Space Systems Company, United Launch Alliance, Arizona State University, Massachusetts Institute of Technology, Harvard University, KinetX, Canadian Space Agency, Centre National d'Études Spatiales (CNES) and Japan Aerospace Exploration Agency (JAXA).

OSIRIS-REx Science Objectives

The concept of the NASA mission OSIRIS-REx emerged in 2006 (with the first study concept at NASA as Discovery mission) and was selected in May 2011 by NASA as part of their New Frontiers missions (alongside the New Horizons and Juno missions). The mission's name OSIRIS-REx sums up the scientific objectives of the mission: Origins, Spectral Interpretation, Resource Identification, and Security-Regolith Explorer (Lauretta et al. 2017), with the mission primary objective being "Origins", i.e. the return to Earth and subsequent laboratory analysis of at least 60 g of asteroid surface regolith sample (2kg maximum), which is chosen as pristine as possible and carbon-rich. This amount of sample will be necessary to study the composition of the minerals and organics as well as their history and distribution and performed a wide range of laboratory analysis with a portion of the returned sample preserved for future new analysis methods to be applied. All the results will shed light on the history of Bennu: a microgravity, carbonaceous, small Solar System body.

The second objective of the OSIRIS-REx mission "Resource Identification" is to map the target asteroid Bennu's surface properties (i.e. chemistry, mineralogy…) in the course of studying in detail the asteroid surface as well as selecting a sampling site and provide geological in-situ context of the sample. Global properties mapping sheds light on the asteroid history (geological and dynamical). This objective is completed during the different phase of the asteroid proximity operations (after the asteroid arrival of the spacecraft, see annex A)

The third objective ("Regolith Explorer") is to document down to a centimeter-to sub centimeter-sized scale the chosen sample site regolith to provide thorough context for the returned sample.

The fourth objective ("Security") is the study of the Yarkovsky effect (dynamical effect, part of the Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effect) caused by the Sun illumination differences between two sides of an airless small body, and resulting, over time, in orbit modification. The absorbed light on the illuminated side of the body results in a thermal emission (heat) on the shadowed side, which produce a slight push on the body (Figure 6.2; [START_REF] Connolly | Towards understanding the dynamical evolution of asteroid 25143 Itokawa: constraints from sample analysis[END_REF]).

Figure 6.2:

Illustration of the Yarkovsky effects on the dynamic of an airless small body, from Lauretta et al. (2017).

Finally, the fifth objective ("Spectral Interpretation") is the improvement of asteroid astronomy, by acquiring in-situ, direct spectral observation of asteroid's surface and providing a comparison with the asteroid ground-based spectral observations.

OSIRIS-REx Spacecraft

Built by Lockheed Martin Space Systems Company, the OSIRIS-REx spacecraft (Bierhaus et al. 2018) is composed of: (i) the spacecraft bus (i.e. the structure and all navigation and control subsystems), (ii) the Touch-and-Go Sample Acquisition Mechanism (TAGSAM), (iii) the Sample Return Capsule (SRC) and (iv) the scientific payload (Figure 6 

OSIRIS-REx Science Payload

Located on the instrument desk (Figure 6.4), the OSIRIS-REx science payload in composed of five instruments designed to deliver the scientific products to achieve each of the mission science objectives. Onboard the spacecraft, are a suite of cameras, a laser altimeter, three spectrometers observing in the visible-near infrared, thermal and X-ray wavelength range. In this paragraph, I present each instruments and their characteristics with an emphasis on the OSIRIS-REx Visible and near-Infrared Spectrometer (OVIRS) which spectral data I analyzed in the course of my thesis. PolyCam is narrow-field Ritchey-Chretien telescope capable of refocusing. PolyCam acquired high-resolution images of the sample site (at sub-centimeter scale, during Orbital-B and Reconnaissance phases-see table 6.1 hereinafter for the OSIRIS-REx asteroid study phase timeline) as well as surface spectral images for boulder mapping.

The final OCAMS instrument, SamCam is a wide-angle camera whose main purpose is to document the asteroid surface during sample collection as well as acquiring surface images for geological context during Reconnaissance phases.

Finally, images of SamCam of the TAGSAM head provided clearance (with confirmation of the sample presence) for the sample head to be stowed. Generally, OCAMS images were used in the geomorphological mapping of Bennu's surface, in the production of Digital Terrain Models (DTMs) and shape models, as well as in the search for Bennu's satellites and the detection of ejection events from the asteroid surface. The subsequent on-flight calibration and data processing of OCAMS are explained in Golish et al. ( 2020) and (2021a). The OSIRIS-REx Laser Altimeter (OLA) (Figure 6.6) was provided by the Canadian Space Agency. This scanning LIDAR (Light Detection and Ranging) records the distance of the spacecraft from the asteroid surface by measuring the delay between its emitted and the return pulses by the Bennu's surface (Daly et al. 2017). OLA data are used in the production of high-resolution DTMs (Barnouin et al. 2020) as well as Bennu's shape model (Seabrook et al. 2019) as well as refining the spacecraft trajectories. Global and local (for the sample site candidates) DTMs have a resolution of ∼ 7 cm per pixel and ∼ 3 cm per pixel respectively, the latter being unprecedented for space missions. In the case of sample site candidates, OLA data are also used to assess their potential hazards, their tilt range (which can impact TAGSAM capabilities). The OSIRIS-REx Visible and Infrared Spectrometer (OVIRS) (Figure 6.9), supplied by NASA Goddard Space Flight Center, is a point spectrometer characterized by a spectral range from 0.4 to 4.3 μm (25,000-2,300 cm -1 ) and a 4-mrad field of view (Reuter et al. 2018). Its goal is to record and map the asteroid surface mineralogy, globally and locally for the sample site candidates as well as providing compositional context for the collected samples. Its wavelength range makes OVIRS sensible to organic and carbonate minerals as well as waterand hydroxyl-bearing minerals. The unresolved and resolved OVIRS spectra of Bennu will also be compared to unresolved ground-based spectral observations of asteroids. OVIRS was designed to meet the mission science requirements, notably to be able to detect a spectral absorption feature 5 % deep on a very dark surface (3 % reflectance) in the inner Solar System. A focus on the OVIRS data processing pipeline is presented in section 6.2 below.

Figure 6.9: Photograph of the OSIRIS-REx Visible and Infrared Spectrometer (OVIRS) before assembly onto the spacecraft instrument desk. OVIRS goal is the mineralogical study and mapping of Bennu's surface with an emphasis on detecting hydrated and organic minerals, from Lauretta et al. (2017).

Several subsystems and instruments onboard compose the Sample Acquisition and Return Assembly (SARA). Firstly, the Touch and Go (TAG) is the maneuver the spacecraft performed to approach and make contact with Bennu's surface, collect the regolith material and back away from the surface [START_REF] Williams | OSIRIS-REx Flight Dynamics and Navigation Design[END_REF]. Secondly, the Touch-and-Go Sample Acquisition Mechanism (TAGSAM) effectively collects regolith samples with the Touch-and-Go Camera System (TAGCAMS) used to document and perform check up on the sample collection maneuvers as well as the Sample Return Capsule (SRC) into which Bennu's sample is stored and will subsequently deliver it on Earth. TAGSAM (Figure 6.10) is composed of an articulated arm and a sampling head, which deployed has a full length of 3.35 meters (Bierhaus et al. 2018). Equipped with nitrogen gas bottles to conduct three sampling attempts, the gas is injected into the surface from the sampling head when the latter makes contact with the asteroid surface. The jet of gas stirs up the surface regolith and carries the fine regolith material (up to 2 cm in size) into the side compartment of the sampling head (Figure 6.10b).

The inbound cruise of the OSIRIS-REx spacecraft begins with a one-yearlong orbit around the Sun, followed by an Earth Gravity Assist (EGA) on September 22 nd 2017. Finally, using the spacecraft thrusters to match Bennu velocity, the OSIRIS-REx spacecraft arrived at the asteroid on December 3 rd 2018.

The asteroid proximity operations consist of all the science-focused phases, which aim to study globally asteroid Bennu's properties (physical, chemical and geological), as well as locally in the scope of selecting a sample site (Annex A). These asteroid survey phases differ in spacecraft orbit and altitude, in the instruments observing and are divided into 5 main phases: Preliminary Survey, Orbital A, Detailed Survey (DS), Orbital B and Reconnaissance, each summarized in table 6.1.

Notably during the DS Equatorial Stations (EQ) several dedicated scientific products combining the collected data, were used, i.e. the Integrated Global Science Value Map, the Global Safety Map and the Global Sampleability Map in order to down-select two sample sites (primary and back-up). At the end of this phase, the Team succeeded in selecting four sample site candidates, i.e. Sandpiper, Osprey, Kingfisher and Nightingale, with Bennu's properties global maps delivered by the Team being one of the major science objectives of the mission. 

Asteroid (101955) Bennu

Bennu properties known before the mission

Prior to OSIRIS-REx arrival at Bennu (formally known as 1999 RQ36), the asteroid has been the subject of ground-based telescope observations (see table 1 for Bennu observation summary in Lauretta et al. (2015)) in order to constrain its properties (chemical, physical, dynamical).

Bennu is an Apollo NEA with a perihelion (q) and aphelion (Q) at 0.897 ± 2.390. 2013)) low-albedo asteroid (geometric albedo of 4.5 ± 0.5%, (Lauretta et al. 2015)) with CIs and/or CMs as its closest meteorite analogs (Clark et al. 2011). Ground-based photometry of Bennu is consistent with those of low-albedo asteroids [START_REF] Hergenrother | Lightcurve, Color and Phase Function Photometry of the OSIRIS-REx Target Asteroid (101955)[END_REF]. Results from thermal inertia study predicted that several millimeters-to one centimeter-sized regolith is present at Bennu's surface with a homogenous longitudinal distribution [START_REF] Emery | Thermal infrared observations and thermophysical characterization of OSIRIS-REx target asteroid (101955)[END_REF]. [START_REF] Nolan | Shape model and surface properties of the OSIRIS-REx target Asteroid (101955) Bennu from radar and lightcurve observations[END_REF] produced the first radar shape model of Bennu (Figure 6.21) from ground-based radar images and optical lightcurves. Bennu has a spheroidal shape with an equatorial ridge, a mean diameter of 492 ± 20 m and a rotation period of 4.297 ± 0.002 h, suggesting a rubble-pile structure. Ground-based and Hubble Space telescope data of Bennu revealed an acceleration of its rotation rate that could the result of the YORP effect [START_REF] Nolan | Detection of Rotational Acceleration of Bennu Using HST Light Curve Observations[END_REF]). Bennu's bulk density (ρ) was estimated, from ground based observation and modeling, at about 1260 ± 70 kg.m -3 , giving an estimated mass of (7.8 ± 0.9).10 10 kg derived from meteorite analog comparison, along with a macroporosity of 40 ± 10 %, consistent with a gravitationally bound rubble aggregate [START_REF] Chesley | Orbit and bulk density of the OSIRIS-REx target Asteroid (101955)[END_REF]).

Finally, using models resting on Earth-based observations and using a uniform mass distribution, Scheeres et al. ( 2016) modeled Bennu's shape, spin state, mass and surface properties to analyze surface and interior properties such as surface slopes for example.

For a more in-depth description of all properties known about asteroid (101955) Bennu pre-OSIRIS-REx encounter, the reader should refer to the Design Reference Asteroid (DRA) by [START_REF] Hergenrother | The Design Reference Asteroid for the OSIRIS-REx Mission Target (101955)[END_REF] and the astronomical survey of Bennu summarized in Lauretta et al. (2015).

Finally, out of the 45 craters analyzed, three presents spectral evidence (redder and darker) of likely fine-grained regolith, not present for other craters probably as the result of mass movement introducing coarser regolith in crater floors ( (Walsh et al. 2019); (Jawin et al. 2020)).

Aside from the hydrated phyllosilicate 2.7-μm absorption band, an absorption feature in the OVIRS spectral data centered near 3.4 μm was detected (Simon et al. 2020b). This ubiquitous feature is due to a mixture of organic and carbonate minerals. Varying in strength and shape (consistent with other similar Main Belt asteroids), this band is the deepest for individual boulders, likely caused by a higher organic and carbonate abundance and/or different space weathering degrees. In addition, bright likely carbonate veins have been detected [START_REF] Kaplan | Bright carbonate veins on asteroid (101955) Bennu: implications for aqueous alteration history[END_REF] in the spectral data and associated images. Boulders in the Nightingale crater region exhibit cm-large and ~m-long bright veins. These carbonate veins are thought to be similar to the veins observed in aqueously altered carbonaceous chondrites, which would suggest a large-scale aqueous alteration experienced by Bennu's parent body over millions of years as well as the possibility of an open-system large-scale carbonaceous asteroid hydrothermal alteration during the early Solar System phases.

Additionally, exogenic m-size boulders composed of pyroxene like the howardite-eucritediogenite (HED) originating from ( 4) Vesta, were discovered at the surface of Bennu (DellaGiustina et al. 2021). Those Vesta fragments are believed to have fallen onto Bennu or onto its parent body, suggesting that rubble-pile asteroids can preserve large-scale interasteroidal mixing marks throughout their lifetime.

Furthermore, Bennu's spectral data also exhibit minor absorption bands, as described by Simon et al. (2020a). Weak absorption features (few percent in depth) are present in OVIRS data near 0.55, 1.05, 1.4, 1.8, and 2.3 μm. The 0.55-μm absorption feature is associated with iron oxides (in particular magnetite and goethite) and is strongest in the reddest spectra. The other weak bands are consistent with the presence of hydrated Mg-or Fe-bearing phyllosilicates at the surface of Bennu. Hydrated phyllosilicates and iron oxides are products of a significant past aqueous alteration.

The analysis of OTES spectra, conducted by Hamilton et al. (2021) shed light on particle size variation at the surface of Bennu as well as on the degree of compositional variation. The authors detected two spectral types in the OTES data, which are each associated with a surface: morphology of dark, large and rough boulders or smooth region without large boulders. The OTES spectral type analysis suggest (i) a surface composed of boulders covered by a thin coat (up to tens of μm) of fine particle (<~65-100 μm), (ii) a limited abundance variation of anhydrous silicates, as well as (iii) a surface bulk composition similar to the most aqueously altered carbonaceous chondrites. 

The Hayabusa2 Mission

The sample return Hayabusa2 mission [START_REF] Watanabe | Hayabusa2 Mission Overview[END_REF]) was launched on December 3 rd 2014 with the goal of in-situ studying and characterizing in detail the geology, dynamic and physical properties of the C-type primitive asteroid ( 162173) Ryugu (formally known as 1999 JU 3 ) in the more global scope of better understanding our Solar System early stages with the general objectives to understand our origins. In this section, I present the Hayabusa2 mission (objectives, spacecraft, science payload and timeline) as well as our knowledge of asteroid Ryugu before the Hayabusa2 mission and after the spacecraft arrival.

Hayabusa2 Scientific Objectives

Following in the footsteps of the JAXA mission Hayabusa and using the technology heritage of this mission, which studied and sampled the asteroid Itokawa (see chapter 5), the sample return mission Hayabusa2 had four science objectives ( [START_REF] Watanabe | Hayabusa2 Mission Overview[END_REF], [START_REF] Tachibana | THE HAYABUSA2 PROJECT TEAM: Hayabusa2: Scientific importance of samples returned from C-type near-Earth asteroid (162173) 1999 JU3[END_REF])):

(i) to better characterize the transfer/mixing processes of material in the early Solar System nebula, with an emphasis on water and organics delivered on Earth during the early stage of planetary formation, through the mapping of Ryugu's surface composition and study of hydrated minerals and organics' distribution.

(ii) to characterize the physical and chemical (presence of aqueous alteration) properties of planetesimals through the meticulous study and mapping of asteroid Ryugu's properties (such as products of aqueous alteration as well as different types of organics) at global and local scale as well as through laboratory analysis of the returned regolith sample of Ryugu's surface.

(iii) to study the NEA Ryugu to better understand the early Solar System environment (physical and chemical conditions) as well as conditions in the protoplanetary disk, which Ryugu has record of matter evolution in these environments. The mission reconstructed Ryugu's chronology, while taking into account the subsequent space weathering and thermal alteration experienced by the asteroid after its formation.

(iv) to identify and study the dynamical process experienced by planetesimals in the early Solar System. To carry out this objective, the mission impacted the surface of Ryugu, using the small carry-on impactor (SCI) and characterized the artificial crater created determining Ryugu's main physical properties.

Hayabusa2 Spacecraft

The Hayabusa2 spacecraft (Figure 6.31) is 1.0 m × 1.6 m × 1.25 m in dimensions with 600-kg wet weight [START_REF] Watanabe | Hayabusa2 Mission Overview[END_REF]). It has four ion engines, twelve thrusters for propulsion, as well as two solar panels providing adequate power to the spacecraft between 1.0 and 1.4 au. The navigation and well-being of the engine is ensured by an optical camera system (ONC), an attitude and orbit control system (AOCS) with two laser altimeters (LIDAR, LRF), two star trackers, two inertial reference systems, four accelerometers as well as four coarse sun aspect sensors with last but not least a communication system [START_REF] Tsuda | System design of the Hayabusa 2-Asteroid sample return mission to 1999 JU3[END_REF]).

After asteroid arrival, the spacecraft is placed at "Home position" (HP), which is 20 km above the asteroid surface and uses the asteroid rotation to acquire scientific data of its entire surface. The second position of the spacecraft called "low altitude", i.e. 1 km above the asteroid, is designed for the detail study of the artificial impact, or SCI impact. Several other positions placed the spacecraft at intermediate altitudes (6 km for example). Therefore, the Hayabusa2 spacecraft did not orbit around the asteroid but was hovering above it at different altitudes. The navigation of the spacecraft was of two types: mainly an optical navigation and secondly a navigation using artificial landmarks deployed on the asteroid surface and used as guidance during the touch-and-go maneuvers, which resulted in the sample collections [START_REF] Kikuchi | Ballistic deployment of the Hayabusa2 artificial landmarks in the microgravity environment of Ryugu[END_REF]; [START_REF] Ogawa | Initial Results of Hayabusa2 Impact Experiment and Observations of Impact Ejecta and Crater[END_REF])).

Hayabusa2 Science Payload

The Hayabusa2 spacecraft carries four science instruments as well as three small-sized rovers and a lander, which are presented in this section. All science instruments onboard aim to study and characterize in detail the dynamic, composition, chemistry and physical properties of asteroid Ryugu. The main objective is to sample Ryugu's surface and provide thorough geological context to the samples and in a larger scope to better understand the early Solar System environment in which the asteroid formed and evolved as a micro-gravity world.

The LIDAR laser altimeter [START_REF] Mizuno | Development of the Laser Altimeter (LIDAR) for Hayabusa2[END_REF]) onboard Hayabusa2 has two uses: for the navigation, namely during rendezvous, approach and touchdown, as well as for science observations to record precisely the topography of Ryugu's surface, its normal albedo [START_REF] Yamada | Albedo Observation by Hayabusa2 LIDAR: Instrument Performance and Error Evaluation[END_REF], its gravity and potentially detect asteroidal dust grains around the asteroid [START_REF] Senshu | Dust Detection Mode of the Hayabusa2 LIDAR[END_REF]. Due to its double purpose, the dynamic range of the instrument is from 25 km to 30 m, adequate for an expected surface normal albedo of 0.06-0.1. The laser wavelength of this instrument is 1.064 μm. This low-mass (3.5 kg) instrument was build using the heritage of the Hayabusa mission LIDAR and the LALT laser altimeter of the SELENE lunar explorer mission.

The Hayabusa2 optical navigation camera telescope (ONC-T) [START_REF] Kameda | Preflight Calibration Test Results for Optical Navigation Camera Telescope (ONC-T) Onboard the Hayabusa2 Spacecraft[END_REF]) has a seven-colors telescopic framing optical camera with a field of view (FOV) of 6.27° × 6.27°. This instrument is multi-purpose as well, as it is used for optical navigation (during the approach phase and asteroid proximity phases) and for mapping the asteroid surface with the production of DTM. The ONC-T is equipped with a wheel containing seven bandpass filters, which give access to spectrophotometric properties such as the albedo, the hydrated mineral 0.7-μm absorption band, UV-visible spectral slope to be mapped. The ONC system also carries two wide-angle cameras (ONC-W1, ONC-W2).

The near-infrared spectrometer (NIRS3) acquires reflectance spectra in the near infrared spectral range of 1.8 to 3.2 μm for the detection of hydrated and hydroxide minerals' absorption bands in the 3-μm region (Iwata et al. 2017), in conformity with the instrument science requirement of estimating the degree of aqueous alteration and thermal metamorphism of the asteroid surface.

Finally onboard MASCOT, the MicrOmega experiment is a hyperspectral IR microscope [START_REF] Bibring | The MicrOmega Investigation Onboard Hayabusa2[END_REF] with the objective to study the surface grain mineralogical composition and can provide identification of ice and organic minerals among others.

In addition, the Hayabusa2 technical experiment that will demonstrate autonomous exploration of the asteroid's surface, i.e. the MINERVA-II rover payload is composed of three solar cells-powered rovers. Deployed onto Ryugu's surface after asteroid arrival, they can move by hopping using a torque mechanism, inherited from the Hayabusa mission MINERVA rover [START_REF] Yoshimitsu | Advanced robotic system of hopping rovers for small solar system bodies[END_REF].

The Hayabusa2 spacecraft was able to perform an artificial impact on a micro-gravity asteroidal environment using the Small Carry-on Impactor (SCI, [START_REF] Saiki | The Small Carry-on Impactor (SCI) and the Hayabusa2 Impact Experiment[END_REF])) and the deployable wide-angle camera (DCAM3, (Sawada et al. 2017a); [START_REF] Ogawa | System Configuration and Operation Plan of Hayabusa2 DCAM3-D Camera System for Scientific Observation During SCI Impact Experiment[END_REF]; [START_REF] Ishibashi | Performance of Hayabusa2 DCAM3-D Camera for Short-Range Imaging of SCI and Ejecta Curtain Generated from the Artificial Impact Crater Formed on Asteroid 162137 Ryugu (1999 JU 3 $\mbox{JU}_{3}[END_REF])) to observe the impact and subsequent ejecta curtain while the spacecraft itself was safely on the opposite side of the asteroid, avoiding any ejecta hazards. The 2-kg explosively compact kinetic impactor is made of oxygen-free copper and impacted Ryugu's surface with a ~2km.s -1 velocity (Arakawa et al. 2017). The SCI artificial crater uncovers subsurface material, which enables its investigation by the Hayabusa2 science payload and subsurface sample collection.

The sampler or Sampling Device (SMP, (Sawada et al. 2017b)) (Figure 6.33a) is composed of several entities: the sample horn and the sample catcher collecting and storing the surface regolith sample, as well as the sample container inside the re-entry capsule. The sample catcher is composed of three distinct containers (Figure 6.33b) to store up to three different samples from three different locations on the asteroid surface while avoiding contamination between the samples.

Sample acquisition occurred during a Touch-and-Go maneuver, in which, when the sample horn touched the asteroid surface, a 5-g tantalum bullet with a 300-m.s -1 speed impacted the surface, the ejecta are collected through the sample horn and guided towards a chamber in the sample catcher. The spacecraft, then, backed away from the asteroid surface using its thrusters. After all sample acquisitions were over, the sample catcher was put into the sample container in the re-entry capsule, which has a 40-cm diameter, 25-cm depth and 20kg mass [START_REF] Okazaki | The Hayabusa2 SMP Team: Hayabusa2 Sample Catcher and Container: Metal-Seal System for Vacuum Encapsulation of Returned Samples with Volatiles and Organic Compounds Recovered from C-Type Asteroid Ryugu[END_REF].

RCC λ designates the radiometric calibration coefficient (RCC) for each wavelength, F 0,λ is the 1-au solar irradiance and d the Sun-target distance (au). The RCC values were obtained from on-ground measurements as well as using the onboard radiometric calibration lamp (RAD lamp) during flight to refine the RCC while also taking into account temperature differences between ground and flight measurements. Additionally, the NIRS3 Moon observations during EGA (December 3 rd 2015) were used for absolute radiometric calibration verification.

The following steps concern the thermal and photometric corrections. The thermal component present in the NIRS3 spectral dataset, resulting from Ryugu's surface thermal emission, is estimated using the Planck function fitted to the NIRS3 I/F spectrum. The emissivity is assumed constant to 0.986 [START_REF] Ishiguro | Optical properties of (162173) 1999 JU3: in preparation for the JAXA Hayabusa 2 sample return mission[END_REF]. The modeled thermal emission is then removed and the I/F spectra are converted to reflectance factor (REFF) with the standard viewing geometry (i = 30°, e = 0°, α = 30°) for incidence, emission, and phase angles respectively, using the equation:

𝑅𝐸𝐹𝐹 30°, 0°, 30°= 𝐼/𝐹 𝑖, 𝑒, 𝛼 𝐼/𝐹 𝑖, 𝑒, 𝛼 • 𝐼/𝐹 30°, 0°, 30°c os 30°
And the modeled I/F is computed with the Hapke modeling (Hapke 1993) following equation:

𝐼 𝐹 𝑖, 𝑒, 𝛼 = 𝜔 4 • 𝜇 𝜇 + 𝜇 • 1 + 𝐵 𝛼 • 𝑝 𝛼 + 𝐻 𝜇 • 𝐻 𝜇 -1 • 𝑆 𝑖, 𝑒, 𝛼
This equation uses the single scattering albedo (ω), the incidence and emission angle effective cosines (μ 0e and μ e , respectively), the shadowing factor of macroscopic surface roughness (S(i, e, α)), the opposition effect (B(α)) and H-functions. The latter two represent the multiple scattering. The single-particle phase function (p(α)) is a one-term Henyey-Greenstein function [START_REF] Henyey | Diffuse radiation in the galaxy[END_REF]. All Hapke model parameters were obtained from ground-based observations [START_REF] Ishiguro | Optical properties of (162173) 1999 JU3: in preparation for the JAXA Hayabusa 2 sample return mission[END_REF]).

Asteroid (162173) Ryugu

Ryugu properties known before the mission

Ground-based observations showed Ryugu's orbit to be characterized by a perihelion (q) and aphelion (Q) of 0.963 au and 1.416 au, respectively, a semi-major axis of 1.19 ± 3.3.10 -9 au and an eccentricity of 0. 19 ± 4.1.10 -9 (Wada et al. 2018), which classify Ryugu as an Apollotype NEA. The asteroid is also characterized by a revolution period of ~474 days and a rotation period of 7.625 ± 0.003 hours ( [START_REF] Müller | Hayabusa-2 mission target asteroid 162173 Ryugu (1999 JU3): Searching for the object's spin-axis orientation[END_REF]; [START_REF] Perna | Spectral and rotational properties of near-Earth asteroid (162173) Ryugu, target of the Hayabusa2 sample return mission[END_REF]; [START_REF] Wada | International Regolith Science Group (IRSG) in Hayabusa2 project: Asteroid Ryugu before the Hayabusa2 encounter[END_REF]. According to ground-based observations, Ryugu was found to possess an irregular, near-spherical shape (Figure 6.38a) with an 850 to 880-m diameter (less than 1 km) [START_REF] Müller | Hayabusa-2 mission target asteroid 162173 Ryugu (1999 JU3): Searching for the object's spin-axis orientation[END_REF]).

(162173) Ryugu: What has been discovered by the Hayabusa2 mission?

The Hayabusa2 spacecraft arrived at its HP at Ryugu on June 27 th , 2018, and the first look at the asteroid revealed a spinning-top shape (0.872 ± 0.007 polar-to-equatorial axis ratio), with an equatorial ridge characterized by a 502 ± 2-m equatorial radius (Watanabe et al. 2019). This shape could be the result of period of high-speed rotation (twice as today rotation period: 7.63262 ± 0.00002 hours) for asteroid Ryugu, which was then remodeled by centrifugally forces, according to its surface slopes' analysis and global homogeneity. With an average estimated mass of 4.50 × 10 11 kg (with 1.3% uncertainties), a total volume obtained of 0.377 ± 0.013 km 3 and ultimately a bulk density of 1.19 ± 0.02 g.cm -3 , Ryugu presents a high porosity, more than 50%. Large boulders are present at the asteroid surface, which combined with its previously mentioned characteristics, indicate the rubble-pile nature of the asteroid (reaccumulation of rocky fragments produced from the asteroid parent body disruption, resulting into a highly porous, micro-gravity small body with a lowinternal cohesion). Additionally, Ryugu obliquity is estimated at 171.64° ± 0.03°, meaning a near 180° angle between the asteroid rotational and orbital poles and a near perfect retrograde rotation (Watanabe et al. 2019). In addition, the satellite search conducted during the approach phase of the spacecraft within the 100 km around the asteroid, revealed no natural satellites with a size more than 0.1 m (Watanabe et al. 2019).

Surface Morphology. Ryugu's surface presents several distinct geomorphological features, such as an equatorial ridge, numerous boulders with Otohime being the largest with a 160-m longest axis (in the southern hemisphere) (Figures 6.39 and 6.40) (Sugita et al. 2019), as well as a variety of craters (Hirata et al. 2020). Ryugu's surface is dominated by large grain size (more than 1 cm) regolith (Sugita et al. 2019). Ryugu equatorial ridge is characterized by (i) craters overlaid on the ridge formed before the craters, (ii) overlapped boulders due to mass movement from the equator to the midlatitudes and (iii) no grain-size segregation, thus a relatively low global surface activity. Furthermore, Ryugu's interior is thought to have low homogeneous cohesive strength, as suggested by the large grain-size of its surface and the absence of flat crater floors (Sugita et al. 2019).

The diversity of boulder size and shape at the surface of Ryugu were investigated by [START_REF] Michikami | Boulder size and shape distributions on asteroid Ryugu[END_REF], that found an apparent uniformity in the boulder distribution across the asteroid surface with buried boulders on the equatorial ridge due to fine-grained material movement towards the equator. The boulder shapes are very similar to impact fragment produced in laboratory (with elongated large boulders) while comparison of the total volumes of the 5-m and larger boulders and of the 20-m and larger craters, showed that most of Ryugu's boulders originates from the catastrophic collision between the asteroid parent body and an impactor, strengthening this hypothesis ( (Watanabe et al. 2019); (Sugita et al. 2019)).

The MASCOT lander MasCam images showed dm-to m-sized boulders as well as no finegrained regolith on the asteroid surface [START_REF] Jaumann | Images from the surface of asteroid Ryugu show rocks similar to carbonaceous chondrite meteorites[END_REF], revealing two types of boulder morphologies and textures, i.e. bright-smooth face-sharp angles, or dark-crumbly face-cauliflower-like texture. Images also showed the dark-type boulders did not experienced extensive aqueous alteration due to the observed bright inclusions in its dark matrix, similar to carbonaceous chondrites' inclusions.

The spectral characterization of Ryugu's craters (Hirata et al. 2020), conducted by Riu et al. (2021) with the aim of investigating the differences between fresher (in craters' floor) and more space-weathered material (in surrounding terrain). They found global spectral properties to be similar hinting to a globally homogeneous composition of the surface or a surface material rapidly altered through space weathering. This lake of diversity in the global spectral characteristics could also be linked to the NIRS3 data spatial resolution that is lower than the ONC camera suites' data's. Nonetheless, differences in the surface spectral properties in the NIRS3 data were found and could be linked to differences in grain sizes or porosity for example as well as differences in space weathering degree. Furthermore, four spectral classes based on 2 spectral parameters (the 2.72-μm absorption band depth and the 2-μm reflectance factor) were established, highlighting the spectral properties' similarity between the crater floors and the recently excavated SCI crater floor material, i.e. lower 2μm reflectance and a deeper 2.72-μm absorption band depth. These crater floors' spectral properties aside of the material with a younger exposure age hypothesis, could also be explained by an accumulation finer-grained material, produced by solar heating over time, into low geopotential locations, i.e. crater floors.

Additionally, Ryugu's surface (exposed and space-weathered material) is likely to have high organic matter content (>50%), higher than Ryugu meteorite analogues [START_REF] Potiszil | The Albedo of Ryugu: Evidence for a High Organic Abundance, as Inferred from the Hayabusa2 Touchdown Maneuver[END_REF]). This organic matter content is expected to be higher in the second sample collection of the SCI crater freshly excavated material (less space-weathered). This expected high organic abundance in both collected samples could suggest that, due to the rubble-pile nature of the asteroid, fragments of a comet nucleus could have been incorporated onto Ryugu and the ice subsequently sublimated [START_REF] Potiszil | The Albedo of Ryugu: Evidence for a High Organic Abundance, as Inferred from the Hayabusa2 Touchdown Maneuver[END_REF]).

The study of the spectro-photometric properties of Ryugu's surface such as albedo and locally-retrieved single-scattering albedo, revealed globally homogenous properties across the surface with small variations, notably (i) "bright" area from 190°E to 290°E longitude and near the equator to the southern midlatitudes, as well as (ii) darker areas exhibiting a 2.72μm absorption band relatively deeper and associated with geomorphological surface features, indicating possible higher abundance of hydrated minerals and dark fine regolith in the surface upper layer [START_REF] Pilorget | Global-scale albedo and spectrophotometric properties of Ryugu from NIRS3/Hayabusa2, implications for the composition of Ryugu and the representativity of the returned samples[END_REF]).

Ryugu's Parent Body. (162173) Ryugu is a rubble-pile asteroid that formed through the reaccumulation of fragments of its parent body and impactor after the parent body catastrophic collision. The bright boulders visible at the surface of the asteroid (Figure 6.42) are divided into two types themselves: (i) featureless and less ultraviolet upturn, believed to originate from regions on Ryugu's parent body that experienced a different degree of thermal metamorphism and spectrally consistent with thermally metamorphed carbonaceous meteorites, while (ii) the second bright boulder type is spectrally consistent with ordinary chondrite meteorites and are likely originating from one/several anhydrous and silicate-rich impactors [START_REF] Tatsumi | Collisional history of Ryugu's parent body from bright surface boulders[END_REF]. Both hypotheses will be tested with Ryugu's returned sample analysis.

Sample Site Selection & Sample Collection.

Hayabusa2 primary goal of collecting regolith samples from Ryugu's surface came true with the spacecraft first touchdown successfully executed on February 21 st , 2019. The sample site was selected following the remote-sensing observation strategy to assess the entire surface of the asteroid and find location answering the scientific and engineering requirements ( [START_REF] Yamaguchi | Hayabusa2-Ryugu proximity operation planning and landing site selection[END_REF]; [START_REF] Kikuchi | Hayabusa2 Landing Site Selection: Surface Topography of Ryugu and Touchdown Safety[END_REF]).

The landing site selection (LSS) process was strongly constrained by the boulder-rich surface of the asteroid. Therefore, an iterative systematic process was design to select the best landing site safety wise with two steps: (i) the "Phase-I LSS" which based on the Ryugu global mapping, investigated of 100-m size potential sites, and (ii) the "Phase-II LSS" which investigated 10-m scale sites using close-up images and DTMs, followed by numerical simulations assessing feasibility of the touchdown with regards to the local topography and surface gravity field. Using this process [START_REF] Kikuchi | Hayabusa2 Landing Site Selection: Surface Topography of Ryugu and Touchdown Safety[END_REF]. The LSS was finalized on August 17 th , 2018, and the mission selected the 3 m radius site L08 located on the equatorial ridge (Watanabe et al. 2019). The acquired images during Hayabusa2 touchdown on February 21 st , 2019, revealed that the exposed surface material underwent a reddening due to space weathering and/or solar heating, whose effect occurred through a short time period (Morota et al. 2020). In addition, a second successful touchdown of the asteroid surface was performed on July 11 th 2019 and collected SCI impact freshly excavated material.

The laboratory analysis of both sets of samples will shed light on the surface detailed composition (organics, hydrated minerals…), as well as processes such as space weathering and the overall evolution of NEA Ryugu.

Hayabusa2 Extended Mission

Following the successful sample capsule landing in Earth on December 6 th , 2020 and the safe recovery of Ryugu's samples, the Hayabusa2 spacecraft is scheduled to embark on an extended mission. Two potential asteroid targets for this long-term (~10 years) extended mission have been selected, i.e. 2001 AV43 and 1998 KY26. Both are small-sized (diameter of tens of meters) and fast-rotating (10-minute rotation period) bodies, which result in centrifugal force dominating the gravity force at the asteroid surface. They will be the first of their kind to be visited by a spacecraft. Either extended missions will answer two additional goals: (i) to further develop the long-term navigation technology for more flexible missions and (ii) to collect additional science and technological data on those small body worlds in the scope of planetary defense (data that could allow us to take actions preventing catastrophes due to small objects colliding with the Earth). An arrival at 2001 AV43 would take place in November 2029 while an arrival at 1998 KY26 would occur in July 2031.

Hayabusa2 extended mission information were found in the official website: https://www.hayabusa2.jaxa.jp/en/topics/20200803_exm/.

Asteroid surface H content estimation methods

The 3-μm region absorption band analysis enables to study the phyllosilicate composition and relative abundance and consequently to estimate the H content. The basic spectral parameters used to analyze the absorption band are presented in this chapter (i.e. band minimum position, band depth and band area), followed by additional spectral parameters used to estimate the H content of the asteroid surface. Milliken and Mustard (2005) showed that spectral parameter calculated on the 3-μm region absorption band could be used to estimate the absolute water content of a sample.

In my study, I used three distinct methods to estimate the hydrogen content of the phyllosilicates water (H 2 O) and hydroxyl (OH -) groups from the asteroid surface spectral data after comparison with meteorites. Indeed, I computed several spectral parameters on the 3μm region phyllosilicate absorption band of both the asteroid and the meteorite datasets. In the case of the meteorite dataset I selected, their H content has been independently measured in laboratory (see chapter 4). Thus, for each used spectral parameter or methods, the comparison between the values obtained for meteorites and asteroid enabled me to estimate the H content of asteroids' surfaces, namely of (101955) Bennu and ( 162173) Ryugu.

Two spectral parameters were used for the H content estimation: the effective singleparticle absorption thickness (ESPAT) and the normalized optical path length (NOPL). These two parameters have previously been used to quantify minerals' water content from laboratory-measured reflectance spectra ( (Milliken and Mustard 2005), ( 2007a), ( 2007b)). Furthermore, Pommerol & Schmitt ((2008a), ( 2008b)) analyzed the effect of particle size as well as viewing geometry onto the 3-μm phyllosilicate absorption band of laboratorymeasured reflectance spectra using two different hydrated minerals and several spectral parameters including the NOPL and ESPAT. Notably, in their studies, the authors looked at primarily the H 2 O absorption near 3-μm, excluding the OH -absorption near 2.7 μm. They showed that, for the same sample, band depth values are very much impacted by large phase angles. The impact of viewing geometry on visible-to-near-infrared reflectance spectrum absorption features was also studied by Potin et al. (2019) for example, which reached this conclusion as well, is an active field of research.

Additionally, in the case of Bennu's spectral data, I modeled the 3-μm region absorption band using gaussian functions (Gaussian modeling). Indeed, Kaplan et al. (2019) through gaussian modelling of the 3-μm region phyllosilicate absorption band of meteorites, found a correlation between the second modeled gaussian (centered near 2.75 μm on average) and the meteorite H content, giving rise to the possibility of asteroids' surface H content estimation using this method. I therefore used the area of the gaussian centered near 2.75 μm as my third method for H content estimation.

Band minimum position

In the case of Bennu, due to the shape of the 3-μm spectral region band, several methods were developed to locate the minimum in reflectance or I/F of the absorption band. In the obtained OVIRS Bennu's spectra, there is no sharp band minimum and the small noise around the band minimum wavelength region, do not allow for the use of the absolute reflectance or I/F minimum. Therefore, three types of function were fitted between 2.69 and 2.85 μm (chosen as the best interval for the computation to (i) avoid the inflection point at the beginning of the absorption feature-the band shoulder-and (ii) be sure to contain the band minimum in our interval in case it were to shift significantly), their first derivatives are computed and the inflection point location was used to determine the band minimum position. The three functions were (i) a smoothing spline with a smoothing parameter value of 0.999999, derived from best fit testing, (ii) a 6 th degree polynomial (also used in Takir et al. (2013) for absorption band determination (using the absolute minimum of the fitted polynomial function), and finally (iii) a 7 th degree polynomial.

For Ryugu, the 3-μm region band in NIRS3 spectra of Ryugu's surface displays a very sharp spectral shape, and the wavelength sampling in the 3-μm region being lower than the one of the OVIRS spectrometer (in the case of Bennu), it allowed for the use of the reflectance or I/F absolute minimum to locate the band minimum.

Band depth

The absorption band depth (D B ) calculation follows the classical formula as used by Clark and Roush (1984) (Equation 7.1), which used the reflectance at the band center (R B ) and normalize the band depth with the band linear continuum at the band center (R C ). The linear continuum is thus removed, which allows for band depth comparison between bands and/or spectra.

𝐷 = (Eq. 7.1)

The 3-μm region band depth was computed for Bennu using the SPINDEX software (Kaplan et al. 2020), which was developed by the OSIRIS-REx Team to automatically calculate spectral parameters such as spectral slopes and the depth of absorption band of mineral likely to be detected on Bennu' surface using a catalogue of band parameters (wavelength minimum and continuum anchor point) found in the literature.

With SPINDEX, we used the equation type 2 (Equations 7.2 and 7.3) and the following wavelength parameters in order to adapt the index #7 (titled "OH @ 2.7μm", Kaplan et al. 

ESPAT

The ESPAT (Effective Single Particle Absorption Thickness) parameter was defined by Hapke (1993), ( 2012) and requires to be calculated on single-scattering albedo spectra. In order to convert I/F spectra into single-scattering albedo (SSA) spectra, I applied the Hapke model ( (Hapke 1993), ( 2012)) in the 2012 version.

The Hapke Model

The reflectance spectrum shape and intensity level of a sample (meteorite or asteroid surface in our case) is subject to the effects of several parameters such as the sample grain size, the viewing geometry and the temperature (of the detector as well as the sample) amongst others.

The light interaction with a surface can be modeled using radiative transfer equations as part of a radiative transfer model (or spectral model) such as the most commonly known model of Hapke ((Hapke 1993), ( 2012)) or the model of Shkuratov [START_REF] Shkuratov | A model of spectral albedo of particulate surfaces: Implications for optical properties of the Moon[END_REF], though only Hapke model theory will be very briefly described here (for a full description see Hapke (1993), ( 2012)). These models are approximations and cannot reproduce absolutely accurately a reflectance spectrum measured in space for example. The Hapke model gives the solution of the radiative transfer equations using few free parameters and attempt to describe the reflection, absorption, scattering and emission of the light onto a material. Though the effects of viewing geometry, grain size and porosity on reflectance spectra of meteorite (e.g. Cloutis et al. (2018)) have been studied in laboratories, it is still an on-going field of research as the effects of these different parameters are not yet untangled.

Case of the laboratory-measured meteorite spectra

In the case of meteorite spectra measured in laboratory, we apply several simplifications on the Hapke model. I used the same hypothesis as used by Garenne et al. (2016) or [START_REF] Milliken | Hydration state of the Martian surface as seen by Mars Express OMEGA: 2. H 2 O content of the surface[END_REF]Mustard (2007a), (2007b), which are (i) no opposition effects (no SHOE, no CBOE) and a backscattering negligible (B(g) = 0), as well as an isotropic phase function with an isotropic scattering (p(g)) equal to 1. The incidence and emergence angles are from the viewing geometry during each meteorite spectrum acquisition (i = 15°, e =45° and i = 0°, e =30°).

The selected meteorite spectra were each acquired on powder samples therefore these hypotheses on the Hapke modeling parameters are reasonable since we are in the case of particulate samples which particles are in contact (powder) and larger in size than the wavelength ( (Milliken and Mustard 2007a), ( 2007b)).

The meteorite spectra from Takir et al. ((2013), ( 2019)) were acquired on meteorite chips grounded into fine powders of ~100-μm particle size on average, while the wavelength range of study here is between ~2 to ~4 μm. No size distributions of the meteorite samples were done because of the small amount of samples. The input parameters for the Hapke modeling are the reflectance values (r) and the spectrum viewing geometry: incidence (i), emergence (e) and phase (alpha) angles.

I used the equations 11.6 and 11.3 (Equations 7.4 and 7.5, respectively) from Hapke (1993) in page 291.

𝛾 = [( ) ( )( )] ( ) (Eq. 7.4)
The albedo factor (γ) is calculated using the relative reflectance (Γ), the cosine of the emergence angle (μ = cos(e)) and the cosine of the incidence angle (μ 0 = cos(i)). The volume single-scattering albedo (ω) can then be retrieved using equation 7.5 (also in [START_REF] Hapke | Theory of reflectance and emittance spectroscopy[END_REF], equation (14.3) in page 376).

𝜔 = 1 -𝛾 (Eq. 7.5)
Finally, this process is done for each spectrum wavelength. where the reflectance (r) as a function of the incidence (i), the emergence (e) and the phase angles (α), is modeled using the porosity coefficient (K), the single-scattering albedo (ω), the cosines of the incidence and emergence angles (μ 0 and μ, respectively), the Henyey-Greenstein (HG) function (p), the asymmetry coefficient (g), the Shadow Hiding function (B S ), the Ambartsumian-Chandrasekhar H function (H) and finally the Shadowing function (S(i, e, g)).

The Hapke model used is the five-parameter form (Equation 7.6) as described by Li et al. (2007a), ( 2007b), ( 2009)). These five parameters are the single-scattering albedo (SSA, ω), the single-term Henyey-Greenstein (HG) function (p) with an asymmetry factor (g), the roughness parameter (θ) and finally the opposition effect width (h) and height (B 0 ). In this case, following Li et al. ((2007a) 

Calculation of the ESPAT parameter

The ESPAT parameter (W) is derived from absolute values of single-scattering albedo (ω) as defined by Hapke ((1993), ( 2012)) by the following equation (Equation 7.9), where Q A is the absorption efficiency and Q S is the scattering efficiency.

𝑊(𝜆) = ( ) ( ) = ( ) ( )
(Eq. 7.9)

Hapke (( 1993), ( 2012)) defined the single-scattering albedo of single particle (ϖ) (Equation 7.10) as the ratio of the total amount of power scattered (P S ) to the total power removed from the wave (or extinguished power P E ).

𝜛 𝜆 = = = (Eq. 7.10)
This definition is the equivalent of the ratio of the average particle cross sectional area (σ) and also the ratio of the scattering coefficient (Q S ) and the extinction coefficient (Q E ).

Using the absorbance coefficient (Q A ), the ESPAT parameter can be described by equation 7.11 ((Milliken and Mustard 2007a), ( 2007b)).

𝑊 𝜆 = = (Eq. 7.11)

Hapke ( 2012) stated that in the case of a medium where particles are in contact, such as in powder sample or regolith, then the Fraunhofer diffraction is inexistent. Thus, the coefficient Q d is null, the extinction coefficient can be considered equal to 1 (Q E (λ) = 1), and the scattering coefficient is equivalent to the volume-average single-scattering albedo (Q S (λ) = ω(λ)). Therefore, the ESPAT parameter can be computed with equation 7.12 (equation 6.33 in Hapke ( 2012)).

𝑊 𝜆 ≡ ( ) ( ) = ( ) ( ) ( ) = ( ) ( )
(Eq. 7.12)

In the case of no absorption: the scattering coefficient Q S (λ) is equal to 1, and therefore the ESPAT parameter is null, following the equation 7.12.

However, in the case of dark sample: the single-scattering albedo values (ω(λ)) are inferior to 1 in OVIRS wavelength range (0.4 to 4.3 microns), even when no absorption occurs. Therefore, following [START_REF] Milliken | Hydration state of the Martian surface as seen by Mars Express OMEGA: 2. H 2 O content of the surface[END_REF]Mustard ((2007a), (2007b)). I divide the ω(λ) values by their continuum fits (using the maximum single scattering albedo value = ω max (λ) at the same wavelength) to isolate the absorption band studied. Thus, the ESPAT parameter (W(λ)) formula, I used, is shown in equation 7. 13 ((Milliken and Mustard 2007a), ( 2007b)). The SSA (ω(λ)) spectrum at the chosen center wavelength (λ) is divided by the fitted linear continuum (ω max (λ)) value at the center wavelength.

𝑊 𝜆 = ( ) ( ) ( ) ( )
(Eq. 7.13)

A three-wavelength-channel average is computed for both continuum anchor points as well as the center point for Bennu and the meteorite data set and only for the continuum anchor points in the case of Ryugu. This is to be less sensitive to channel-to-channel noise. In the case of Ryugu, the narrow shape of its 3-μm region absorption band near its minimum does allow for such wavelength channel average (risk of underestimate the ESPAT parameter value).

The advantage of the ESPAT parameter is that it is independent of sample composition or albedo ( (Milliken and Mustard 2007a), ( 2007b)).

NOPL

The NOPL parameter is calculated on absolute reflectance spectra, and therefore as the advantage of not requiring any spectral unit conversion as the ESPAT does. Calculated on both asteroid surface and meteorite sample spectra, using the formula (Equation 7.14) with the reflectance R(λ) at the chosen center wavelength (λ) as well as the continuum reflectance at the same center wavelength R c (λ) ((Milliken and Mustard 2005); (Milliken and Mustard 2007a), (2007b); (Milliken et al. 2007); (Garenne et al. 2016)).

𝑁𝑂𝑃𝐿 𝜆 = ( ) ( ) (Eq. 7.14)
The linear continuum was fitted between 2.6 to 3.3 μm for asteroid Bennu's spectra, from 2.6 to 2.9 μm for asteroid Ryugu spectra and finally with adapted anchor points near ~2.6 and near ~ 3.3 μm for the selected meteorites (see table 8.1 for the meteorites' continuum). The center wavelength is chosen as the minimum absorption in the asteroid spectra, i.e. 2.73 μm for Bennu and 2.72 μm for Ryugu (Kitazato et al. 2019). The NOPL parameter is then calculated using each asteroid minimum absorption wavelength on the meteorite spectral data set. To avoid taking into account the channel-to-channel noise in the spectra, a threewavelength-channel average is computed for both continuum anchor points in case of both asteroid data and the meteorite data, as well as for the center point on the meteorite data.

In the case of Ryugu, no channel average was computed for the center point in order to avoid underestimating the NOPL value, due to the narrow shape of the 3-μm region absorption band.

Furthermore, the variations remaining in the temperature-detrended band depth distribution may be explained by other factors such as variation in the regolith grain size, composition, types of rocks as well as surface morphology and the projected shadows, for example.

Moreover, in the process of settling if the thermal tail was neither under-nor over-corrected (which could result in the spectral parameter, i.e. 2.73-μm band depth correlation with the estimated surface temperature), Bennu's surface temperature estimated for the EQ3 station was done with two different methods by Josh Emery: (i) using a single estimated surface temperature for each spectrum, (ii) using a Gaussian distribution of estimated surface temperature for each spectrum. After the removal of the thermal component, I compared the resulting two spectral sets (L3C, i.e. thermally corrected and not photometrically corrected) for each station EQ3 and EQ4, to established if there were significant differences between each equatorial station two datasets in the 2.73-μm spectral parameters such as band minimum position, depth and area. I found that the two different TTR temperature estimations (i) do not affect the 3-μm region absorption band minimum position and (ii) have a slight effect (i.e. the difference falls within the ± 1σ interval) on the 2.73-μm band depth and band area between 2.6 and 3.3 μm, in both cases: EQ3 and EQ4.

To conclude, the thermal tail removal is always a delicate matter, Simon et al. (2020) discussed that the band depth to surface temperature estimation correlation causes are not yet clearly understood in her paper, as she undertook more testing on the thermal removal process ( (Simon et al. 2020)-Supplementary Material). This observed correlation may be due to the TTR method and/or be linked to the asteroid surface properties' variation, i.e. in the regolith grain size, the thermal inertia, the albedo, the different space weathering degrees and material composition.

Gaussian modeling

As described in chapter 7, I used three methods to quantify the H content of Bennu's surface, i.e. NOPL, ESPAT and the G2 area from the gaussian modelling of the [START_REF] Rivkin | Astronomical observations of volatiles on asteroids[END_REF].

The modeling of the resulting 3-μm region hydrated phyllosilicate absorption band in Bennu's spectra as well as in the selected carbonaceous chondrites was computed using 5 gaussians or less. A linear continuum was used for the gaussian modeling, which, in the case of Bennu, was from 2.6 to 3.3 μm, and in the case of the CC meteorites had adapted continuum anchor points, reported in table 8.1 below.

Furthermore, the calculation of the ESPAT parameter requires the reflectance spectra to be converted into single-scattering albedo (SSA) using Hapke model equations (Hapke (1993), ( 2012)), as explained in the chapter 7. In the case of laboratory-measured meteorite reflectance spectra, simplifications of the Hapke modeling may be applied, thus the parameters needed to convert into SSA meteorite spectra are the incidence, emergence and phase angles (i.e. the viewing geometry), given as well in table 8.1.

The meteorite gaussian modeling results are shown in annex E, as well as their G2 area values in table 8.1. I used the minimum number of gaussians required to well reproduce the phyllosilicate absorption band in the 3-μm region, as it is the case for meteorites showing a narrower phyllosilicate absorption band than Bennu's. In all cases yet, a gaussian centered near 2.74-2.75 μm (designated as G2) is present and used in modeling the selected meteorites. 

Discussion on Bennu's surface H content and comparison to meteorites

Resulting from my analysis, Bennu is most similar to Tagish Lake and the CM meteorites and in particular the heated CM (which have experienced on average temperatures more than ~400°C, e.g. Lee et al. (2016)). My estimation of Bennu's surface global average H content and the absence (non-detection) of olivine, may infer that Bennu's phyllosilicates have not experienced significant dehydration nor decomposition that take place in temperature near 700°C ( (Hamilton et al. 2019), ( 2021)). Furthermore, the lower H content regions on the asteroid surface are consistent to areas of higher estimated surface temperature (near 350 K, see Simon et al. (2020)-figure 3c). In addition, Rozitis et al. (2020a) showed that Bennu's seasonal surface temperature changes are of modest amplitude, while diurnal changes are more prevalent with perihelion equatorial temperature reaching a 390-K high. Moreover, organics were found locally on Bennu's surface ( (Simon et al. 2020); [START_REF] Kaplan | Composition of organics on asteroid (101955) Bennu[END_REF])), which could indicate as well that no significant heating impacted these regions (Kebukawa et al. 2010). This may exclude heated CMs as part of Bennu's best meteorite analogs, while still retaining the least heated of the heated CMs as suitable meteorite analogs highlighting the low to moderate heating that Bennu have experienced.

Even though Tagish Lake spectra show differences with those of Bennu (namely with regards to the spectral slope), this meteorite has been found to be suitable analog for Bennu with regards to its carbonate content, its strong hydration and low albedo compared to OVIRS ( (Kaplan et al. 2020b); (Merlin et al. 2021)), and in laboratory measurements used for comparison with OTES data [START_REF] Brunetto | Characterizing irradiated surfaces using IR spectroscopy[END_REF]).

Bennu's surface H content variations

The spatial variations of the average H content (phyllosilicate H 2 O and OH -group hydrogen content) computed for Bennu's surface is visible in figure 8.12, overlaid on the asteroid global basemap [START_REF] Bennett | A high-resolution global basemap of (101955)[END_REF].

They additionally display an albedo at 0.55 μm higher than average, lower organic carbon abundances (Simon et al. 2020) 

Discussion on Bennu's surface H content spatial distribution

The hydration spatial distribution on Bennu's surface is for the most part evidence of Bennu present processes (i.e. heating, space weathering, and particle ejection event triggered possibly by meteoroid impacts, thermal fatigue… [START_REF] Hergenrother | Introduction to the Special Issue: Exploration of the Activity of Asteroid (101955) Bennu[END_REF]; [START_REF] Lauretta | Episodes of particle ejection from the surface of the active asteroid (101955) Bennu[END_REF]) and past processes that molded Bennu's parent body.

Part of these processes tends to decrease the surface hydration such as impact-induced heating (Nakamura 2006) while other would inversely increase the hydration like solar wind proton implantation ((Li and Milliken 2017); (Tucker et al. 2019)), which has been showed to increase the Moon 2.7-μm absorption band strength and hydrogen content of the surface primarily in high latitudes ( (Li and Milliken 2017); (Clark 2009); [START_REF] Pieters | Character and Spatial Distribution of OH/H 2 O on the Surface of the Moon Seen by M 3 on Chandrayaan-1[END_REF]); (Sunshine et al. 2009)). This pattern was similarly observed on Bennu with higher hydration near the poles, but not on Ryugu ( (Kitazato et al. 2019); (Praet et al. 2021b)). In addition, the observed hydration pattern of Bennu's surface correlates with the estimated surface temperature (Simon et al. 2020), likewise in the case of the Moon implanted hydrogen (S. Li and Milliken 2017). Notably, solar wind proton implantation is a superficial process, which infers that the composition of Bennu's subsurface return sample might not be representative of my findings. Moreover, meteoroid impacts would in priority alter the equatorial region (Bottke et al. 2020) and cause dehydration; likewise the large equatorial impact-induced craters could have triggered a dehydration of the material. Additionally, long-exposed boulders might be more likely to exhibit dehydration due to similar processes. As demonstrated by Jawin et al. (2020), mass movement at the surface of Bennu preferably occurs from the asteroid midlatitudes towards the equator, altering the surface in the process.

The combination of processes impacting differently Bennu's surface hydration, i.e. dehydration in the case of meteoroid impacts and hydration through solar wind proton implantation could explain the small amplitude of H content spatial variation inferred from our spectral dataset with a spatial resolution of 20 × 30 m. Interestingly, Starukhina (2001) showed through modeling that solar wind proton implantation should increase the absorption band strength of asteroids, which has not yet been confirmed by asteroidal spectroscopic survey ( [START_REF] Rivkin | Hydrogen concentrations on C-class asteroids derived from remote sensing[END_REF]), ( 2015)). This process however, has been showed to affect the OTES spectral data of Bennu's surface, using comparison with laboratory-irradiated meteorite far-infrared spectra [START_REF] Brunetto | Characterizing irradiated surfaces using IR spectroscopy[END_REF]. Therefore, we expect a solar wind proton implantation contribution in the 2.7-μm region of the OVIRS data.

As for the space weathering spectral effects, they vary depending the material initial properties (physical and chemical) (Lantz et al. 2018) 

Bennu's hydration compared to C-complex asteroids

Phyllosilicate on small bodies' surfaces-in particular asteroids-has been studied from ground-based observations (e.g., [START_REF] Rivkin | Hydrogen concentrations on C-class asteroids derived from remote sensing[END_REF], (Takir et The Dawn mission, using the visible and infrared mapping spectrometer (VIR) (De [START_REF] De Sanctis | The VIR spectrometer[END_REF]) from 0.25 to 5μm, provided spatially resolved spectral data with near-global coverage of small bodies' surfaces while in orbit around Ceres and Vesta. Ceres' surface exhibits a 2.72-2.73-μm absorption feature diagnostic of Mg-bearing phyllosilicates, which composition was found to be fairly uniform across the dwarf planet surface [START_REF] Ammannito | Distribution of phyllosilicates on the surface of Ceres[END_REF]. In addition, the study of hydrogen elemental abundance with the Dawn mission gamma ray and neutron detector instrument GRaND revealed that while the majority of hydrogen on Vesta' surface is contained in the hydroxyl-bearing minerals, on Ceres higher hydrogen abundance are found in the polar regions due to subsurface ice (Prettyman et al. 2019). However, Bennu's physical-chemical properties as well as its evolution history differ from those of Vesta and Ceres. What's more, ground-based spectroscopic surveys targeting asteroids shed light on the presence the 2.7-μm region absorption feature and its shape diversity (e.g. [START_REF] Rivkin | Hydrogen concentrations on C-class asteroids derived from remote sensing[END_REF][START_REF] Rivkin | Astronomical observations of volatiles on asteroids[END_REF]; Takir and Emery (2012)). Yet, atmospheric absorption renders the 2.5-2.85μm region difficult to analyze, with the phyllosilicate 2.7-μm region absorption minimum located in this precise wavelength region, prohibiting in-depth compositional studies and CC meteorite comparisons.

Yet, a space-based spectroscopic survey of asteroids, notably between 2.5 and 5 μm was made possible by the Infrared Camera of the AKARI satellite and resulted into a spectral catalog of mainly C-and S-complex asteroids (Usui et al. 2019). The authors found the 2.7μm-region absorption feature, centered near 2.75 μm on average, for the main part of the Ccomplex asteroids, using the band strength as proxy for phyllosilicate relative abundance.

Additionally, Beck et al. (2021) found a method to estimate equivalent water content of MB asteroids supported by the AKARI spectral library and laboratory-measured CC meteorite spectral dataset in a dry and vacuum environment (Beck et al. 2010) In the spring of 2019, I also participated to the sample site selection process, looking at the regions of interest (ROI) spectral properties using OVIRS spectral data.

Even though this part the work took out a long time of investigation and discussion, no ROI truly stood out from the others in term of visible to near-infrared spectral properties, with for example, a deeper 3-μm region absorption band, which would have indicated a potentially more hydrated site. Eventually, the final selection of the primary and back-up sample site was made primarily in the basis of the safety and sampleability criteria rather than the science value criteria.

Asteroid (162173) Ryugu: Analysis of the NIRS3 spectral data

In this chapter, I present my analysis of the NIRS3 spectral data taken of the surface of asteroid (162173) Ryugu by the JAXA Hayabusa2 mission (see chapter 6.3 for an overview description of this mission and chapter 6.4 for the description of the NIRS3 spectrometer and the spectral data reduction steps). My goal was to quantify Ryugu's surface global average H content (i.e. the hydrogen content of the hydrated phyllosilicate water and hydroxyl groups) using the same methods developed for Bennu (i.e., ESPAT and NOPL-see the previous chapter 8) while additionally improving them.

Ryugu's 3-μm region absorption band

After the Hayabusa2 spacecraft arrival at home position, 20 km above asteroid (162173) Ryugu, in late June 2018, the NIRS3 spectrometer proceeded to acquire visible to nearinfrared spectra of the asteroid surface, from 1.8 to 3.2 μm (Iwata et al. 2017), in scanning mode. An absorption band centered at 2.72 μm was detected across the entire surface of the asteroid. This narrow and weak absorption feature is diagnostic of hydrated phyllosilicates in particular Mg-bearing phyllosilicates with regards to the band minimum position, and unlike Bennu's case, mostly hydroxyl-bearing minerals (Kitazato et al. 2019).

For my analysis, I used the NIRS3 spectra acquired on July 19 th 2018, which present a nearfull coverage of the Ryugu's surface (between -70° to 70° latitudes). In addition, I filtered out the highest latitude spectra to not take into account the less well-corrected data and any subsequent artifacts present, which results in a spectral mapping from -60° to 60° latitudes. The spectral dataset were acquired with phase angles between 17.5° and 17.8° with a spatial resolution of 20 m.px -1 . All NIRS3 spectra were calibration and photometrically corrected with Hapke model (see (Kitazato et al. 2019), as well as chapter 6.4) to the standard viewing geometry of with incidence 30°, emergence 0° and phase angle 30°. Figure 9.1 shows the global average spectrum of the NIRS3 dataset I used in my analysis alongside the spectra exhibiting the shallowest and deepest 2.72-μm absorption feature (in blue and red respectively) normalized at 2.5 μm.

Across Ryugu's surface, small variations in the 2.72-μm band depth are seen (Kitazato et al. 2019) (smaller in comparison than those seen on the 2.73-μm absorption band of Bennu), with no variation of the band minimum position. The main NIRS3 spectral variations observed on Ryugu's surface are on the spectral slope between 2.00-2.60 μm. In fact, the spectral data acquired of Ryugu's surface by the spectrometer NIRS3 and the camera ONC-T (Sugita et al. 2019) shed light on a rather homogeneous surface exhibiting only small variations. In their analysis combining both sets of data spectrophotometric and spectral, Barucci et al. (2019) performed an unbiased spectral clustering using multivariate statistical analysis, which resulted in the detection of small spectral slope variations, considered the product of space weathering effects and material present at the asteroid surface exhibiting different degree of alteration (more or less fresh).

Proposed model for asteroid surface H content estimation 10.1. Proposed model

On the basis of my analysis using a wider range of CCs meteorite subtypes and application to Ryugu's surface (see sections 9.2 and 9.4), I proposed two simple models to be used for an approximation of the asteroid's surface H content estimation (H in equations 1 and 2). The two equations were derived from the exponential regressions (Figure 9.3) using the ESPAT mean parameter (Ep) and the NOPL mean parameter (Np), reported in equations 10.1 and 10.2:

𝐻 = 0.540 × 𝑙𝑛 . + 1 
(Eq. 10.1)

𝐻 = 1.196 × 𝑙𝑛 . + 1 (Eq. 10.2)
These models can be applied to other primitive hydrated phyllosilicate-bearing asteroids with a fully observed 3-μm region absorption band to obtain an average estimation of the H content of phyllosilicate H 2 O and OH -groups.

The obtained equations can only give a H content estimation as the 3-μm region absorption band strength varies as a function of several parameters, i.e. morphological properties (grain size and porosity), surface temperature, and geometric illumination ( (Potin et al. 2019); (Pommerol andSchmitt 2008a), (2008b)). From my analysis, I obtained similar results with both methods. I suggest using the NOPL method (computed directly on reflectance spectra) for telescopic ground observations, as it does not require conversion to SSA, which may add uncertainties in the analysis. In the case the user is able to accurately convert reflectance spectra to SSA as in space missions data, the ESPAT method can be the more interesting choice, as it is not dependent of surface photometric effects.

Application to Bennu's sample site Nightingale

The NOPL method was applied to the spectral data of Bennu's primary sample site Nightingale. I had the opportunity to supervise a graduate student from University College of Dublin, Cloé Alcaria, for a 2-month research internship (June to July 2021). We worked together on the analysis of Nightingale spectral properties before and after sample collection (Figure 10. 1a andb). The main question motivating for the student internship was: do we see any changes in its spectral properties subsequent to the sample collection event?

For the spectral data analysis, she used the programs I developed for my thesis, as well as the improved model for H content estimation. In this preliminary work, we aimed to compute the sample site surface H content before and after sample collection (Figure 10.1a and b), likely modified by the event on October 2020, which brought up to the surface subsurface material.

Conclusion and discussion

The results obtained during my student's internship need to be completed and I will do so after my PhD defense. Moreover, a similar analysis may be conducted on the Hayabusa2 sample site as well as on the region of the IRC artificial impact with the objective to better understand the effect of space weathering by comparing with fresher material (less space weathered).

The main objective of the defined methods is to be applied to a large number of objects that show a 3-μm region absorption band to determine their H content. However, the estimation of the asteroid H content can be underestimated regardless of the method used. Beck et al. (2021), showed that asteroid water estimations, using AKARI data, are lower than that measured for CC meteorites. Only a comparison with the returned samples from space missions will allow us to estimate the quality of the model.

Conclusions and Prospective

Conclusions

The study of the presence of water is a very active and important domain of research in Astrophysics with in particular the understanding of the terrestrial water origin ( (Alexander et al. 2012); (Altwegg et al. 2015); (Piani et al. 2020)). The debate resides in the delivery process of the amount of terrestrial water when the Earth originated from a hot and dry part of the protoplanetary disk during the Solar System formation. Many primitive asteroids store water in the form of hydroxyl groups in hydrated minerals, reflecting their previous abundant water content (Alexander et al. 2012). For this reason, I performed an in-depth investigated the 3-μm region absorption feature with the primary goal of estimating the hydrogen content of water and hydroxyl groups in the hydrated phyllosilicates (H content) on the surface of (101955) Bennu and ( 162173) Ryugu, as well as its spatial variations on the asteroids' surface. The latter may provide help to constrain the evolution model of pristine asteroid populations and well as on a larger scale of planetary system formation.

In the first part of my work on spectral data of asteroid Bennu acquired by the NASA OSIRIS-REx mission, I present the first spatially resolved estimation of hydrogen content in water and hydroxyl groups of hydrated phyllosilicates obtained on an asteroid surface (Praet et al. 2021a). The results showed latitudinal variations in H content as well as variations associated with geomorphology. My results suggest that Bennu is moderately hydrated with an average H content of ~0.71 ± 0.16 wt.% and most similar to C2 ungrouped Tagish Lake and heated CM meteorites. The less hydrated equatorial band of Bennu may be explained by the combination of several space weathering processes (solar wind implantation, impact dehydration…) as well as mass movement. An overview paper on the effects of space weathering is under revision by B.E. 2021) estimated the water content for the most hydrated asteroids to be lower than those of CC meteorites; I suggest that the returned sample H content will be at least 0.71 wt.%.

Moreover, surface and subsurface material have been collected by the sample acquisition mechanism TAGSAM which penetrated several centimeters into the subsurface [START_REF] Lauretta | THE osiris-rex touch-and-go sample acquisition event and implications for the nature of the returned sample[END_REF] with the latter likely less space-weathered, and will unravel the space weathering effects.

The described NOPL and ESPAT methods applied for the first time in the context of in-situ spectral data of asteroid Bennu's surface, were also applied on a second primitive near-Earth asteroid (162173) Ryugu (Praet et al. 2021b) visited by the JAXA's Hayabusa2 mission.

Therefore, in the second part of my work, I estimated the surface global average H content value of asteroid Ryugu to be 0.52 +0.16 -0.21 wt.%. The obtained H content variations do not correlate with the asteroid surface morphology, nor are Ryugu's ESPAT and NOPL parameters. The estimated H content is consistent with several aqueously altered CC meteorite subtypes and in particular to the H content of heated CM. I expect to confirm these obtained results of Ryugu return samples, currently under analysis.

Additionally, I derived an exponential correlation of the H content measured on meteorites that can be used as a method to derive H content estimations for other primitive small bodies. The user may choose one of the two functions depending on the method most suitable for the available dataset. In our case, both methods give very consistent results, with a slightly better approximation with the ESPAT correlation. I also suggest the use of NOPL for ground-based data of asteroids, which is computed directly on reflectance spectral data and does not require the conversion of the spectra into single-scattering albedo (for the ESPAT computation). The estimation of Bennu and Ryugu H contents, if confirmed via laboratory analysis on there respective returned samples, will allow the confident application of the derived models to other asteroids that show a 3-μm absorption band to estimate their average H content.

The estimation of H content on primitive asteroids is important for understanding the origin abundance, and history of water on Earth as well as constraining models and dynamical processes of our Solar System origin and evolution (Figure 11.1). It will therefore provide elements for the understanding of the key processes in the development of Life on Earth (Brack 1993). As suggested by Altwegg et al. (2019), the two of the key ingredients for Life, water and complex organic molecules, may have been delivered to early Earth through small body impacts and the on going and future detailed laboratory analysis of Ryugu's and Bennu's returned samples will add to our comprehension of this topic.

Perspectives and application to other asteroids

My immediate follow-on work is to finalize the preparation of a peer-reviewed article on OSIRIS-REx primary sample site Nightingale, focusing on the before and after the sample collection and any changes in its visible to near-infrared spectral properties using OVIRS data, as the sample collection, as seen on the TAGCAM images, brought back onto the surface subsurface material leading to the disruption of the sample site.

Moreover, with the first result papers on the composition of asteroid Ryugu returned samples in the process of being published, i.e. Yada et al. (2021), I will be able to test my model on asteroidal surface H content estimation and improving it in the process.

As of today, visible to near-infrared data of Solar System small bodies are available with for example the AKARI asteroid spectral data (Usui et al. 2019) to extend our study. Furthermore, in the coming years, other very exciting in-situ visible to near-infrared spectral observations are scheduled to take place with: the MMX MIRS spectral data of the Martian moons Phobos' and Demos' surfaces, the Lucy mission with its seven asteroid targets amongst others, as well as the James Webb Space Telescope (JWST). AKARI satellite infrared camera observed 64 asteroids, in the C-, S-, X-and D-complex including 22 C-type asteroids (Usui et al. 2019). Amongst this dataset, a large number of objects exhibit a 3-μm region absorption band diagnostic of hydrated phyllosilicates.

James Webb Space Telescope (JWST) is scheduled to launch on December 2021 and has the capability to observe a large quantity of small bodies, shedding light on their compositional diversity and properties.

The JAXA Martian Moon eXploration (MMX) mission in particular the spectrometer-imager MIRS (MMX InfraRed Spectrometer sensitive from 0.9 to 3.6 μm) will investigate the surface properties of Martian satellites Phobos and Deimos to understand the origin and nature of these bodies (i.e. are they captured asteroids or impact-formed Martian fragments) and select two sample sites on Phobos for sample return on Earth scheduled for July 2029.

The NASA Lucy mission, scheduled to launch at the end of 2021, will visit several Trojan asteroids and provide in particular spectral data from 0.95 to 3.6 μm of their surfaces. The objective of this mission is to improve our understanding of the early Solar System conditions and processes.

My PhD Experience

In the course of my PhD I was very fortunate to have the great opportunity of being able to work in close collaboration with a large international community: American (NASA) scientists, Japanese (JAXA) scientists, as well as European scientists part of the OSIRIS-REx Science Team.

As the OSIRIS-REx spacecraft arrived at asteroid (101955) Bennu in December 3 rd 2018, the first data and in particular spectra were acquired right at the beginning of my PhD. Consequently, in my first year of PhD, the first analysis and interpretation of the OSIRIS-REx data took place and I subsequently participated to the scientific discussions, in particular the OVIRS spectral data analysis and interpretation and the sample site selection. I had a very privileged place to witness the evolution of the OVIRS data pipeline with the several calibration updates to improve the correction of Bennu's surface spectral data not acquired in the nominal conditions (i.e. instrument captor temperature higher than initially considered).

Additionally, I followed several teleconferences per week: with the entire OSIRIS-REx Science Team (i.e. the 2-hour long Science Weekly and the 4-hour long Science Monthly), with the Spectral Analysis Working Group team (SAWG) 2-hour long teleconference, as well as with the Photometric Modelling Working Group (PMWG) teleconference. All of which took place in the late afternoon to evening due to the time difference with the USA. I also presented the progress of my work regularly in those different science teleconferences.

I am very satisfied of my PhD experience with worldwide collaborations and I hope to continue in this very active field for the understanding of our Solar System and other planetary systems. Bennu's surface composition and thermophysical properties before the spacecraft collects and returns a sample of the asteroid. One of these instruments, the OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS), is a point spectrometer that measures reflected light from 0.4 to 4.3 lm, a spectral range that contains features associated with minerals, water, and organics. OVIRS will collect >450,000 spectra (resampled to 1393 channels) at spatial resolutions of ~20 m during global spectral mapping and ~4 m during reconnaissance mapping (Reuter et al. 2018). We will use spectral indices to reduce the hyperspectral data to single values that direct the science team to regions of interest on Bennu and that can be mapped to evaluate mineral and chemical presence and distribution. This data reduction step is necessary to analyze the large number of spectra collected over the course of the mission. These indices target specific spectral absorptions associated with phases of interest (e.g., organics). The resulting mineral/ chemical maps contribute substantially to a science value map that will inform sample site selection.

Annex

In advance of OSIRIS-REx's arrival at Bennu, we collected over 100 spectral indices from the literature, wrote software to apply them to data having OVIRS's spectral resolution, and tested the indices using laboratory spectra of minerals and meteorites. These tests gauge the fidelity and applicability of each spectral index to materials that are relevant to the surface of Bennu. Here we present a subset of indices expected to be most useful for science and discuss the conditions under which these indices perform best.

BACKGROUND

Bennu was chosen as the target of the OSIRIS-REx mission for its proximity to Earth and regolith properties (Lauretta et al. 2015). Bennu is a near-Earth object considered dynamically likely to have originated in the Polana-Eulalia inner main-belt families (Walsh et al. 2013;Bottke et al. 2015;[START_REF] Campins | Compositional diversity among primitive asteroids[END_REF]De Le on et al. 2018). Ground-based visible to near infrared (VIS-NIR) spectra of Bennu exhibit a negative (blue) slope and it is classified as a B-type asteroid in the Bus-DeMeo taxonomy (Clark et al. 2011). B-types are thought to be compositionally primitive and volatile rich, and are sometimes observed to have a 0.7 lm absorption, which is associated with hydrated minerals [START_REF] Clark | Spectroscopy of B-type asteroids: Subgroups and meteorite analogs[END_REF]. Spectra of Bennu lack this 0.7 lm absorption. [START_REF] Binzel | Spectral slope variations for OSIRIS-REx target Asteroid (101955) Bennu: Possible evidence for a fine-grained regolith equatorial ridge[END_REF] observed variation in Bennu's spectral slope with multiple viewings, which they attributed to particle size variation from regolith accumulation at the equatorial ridge.

Comparison of Bennu's ground-based spectrum with a database of laboratory spectra suggested that Bennu is spectrally similar to the carbonaceous (C) chondrites, specifically the aqueously altered CI and CM groups (Clark et al. 2011). The CIs and CMs have low reflectance (<10% in theVIS-NIR spectral range) and show great variability in spectral shape, slope, and number of absorptions depending on the degree of alteration, particle size, and viewing geometry (e.g., Johnson and Fanale 1973;Cloutis et al. 2011aCloutis et al. , 2011b;;[START_REF] Beck | What is controlling the reflectance spectra (0.35-150 lm) of hydrated (and dehydrated) carbonaceous chondrites?[END_REF]). Absorptions associated with hydration (H 2 O) or hydrated minerals (OH -) are prominent in many of the CI and CM meteorite spectra at 0.7 lm and ubiquitous at 2.7-3 lm (e.g., [START_REF] Hiroi | Thermal metamorphism of the C, G, B, and F asteroids seen from the 0.7 lm, 3 lm, and UV absorption strengths in comparison with carbonaceous chondrites[END_REF]Beck et al. 2010), and are also observed in B-and C-type asteroids [START_REF] Vilas | Phyllosilicate absorption features in main-belt and outer-belt asteroid reflectance spectra[END_REF][START_REF] Vilas | A cheaper, faster, better way to detect water of hydration on solar system bodies[END_REF][START_REF] Rivkin | Hydrated minerals on asteroids: The astronomical record[END_REF][START_REF] Clark | Spectroscopy of B-type asteroids: Subgroups and meteorite analogs[END_REF]Takir and Emery 2012;Takir et al. 2015). Weaker absorptions due to vibrational modes and overtones in phyllosilicates, carbonates, sulfates, and organics are seen in some laboratory spectra (Cloutis et al. 2011a).

Carbonaceous chondrite mineralogy has been extensively studied (e.g., [START_REF] Tomeoka | Matrix mineralogy of the Orgueil CI carbonaceous chondrite[END_REF][START_REF] Zolensky | Mineralogy and composition of matrix and chondrule rims in carbonaceous chondrites[END_REF][START_REF] Lauretta | Mineralogy of fine-grained rims in the alh 81002 cm chondrite[END_REF][START_REF] Bland | Modal mineralogy of carbonaceous chondrites by X-ray diffraction and M€ ossbauer spectroscopy[END_REF][START_REF] Howard | Modal mineralogy of CM2 chondrites by X-ray diffraction (PSD-XRD). Part 1: Total phyllosilicate abundance and the degree of aqueous alteration[END_REF]Howard et al. , 2015;;[START_REF] King | Modal mineralogy of CI and CI-like chondrites by X-ray diffraction[END_REF]. Briefly, anhydrous silicates, such as olivine, pyroxene, and plagioclase, are commonly found in carbonaceous meteorites, with abundances that diminish with progressive aqueous alteration (e.g., [START_REF] Mcsween | On the nature and origin of isolated olivine grains in carbonaceous chondrites[END_REF][START_REF] Sheng | Origin of plagioclase-olivine inclusions in carbonaceous chondrites[END_REF]Browning et al. 1996;Howard et al. 2015). Phyllosilicates, specifically (Mg, Fe) serpentines and smectitic clay minerals such as saponite, are common products of aqueous processing and make up 75-80% of the volume of some CM and CI meteorites [START_REF] Howard | Modal mineralogy of CM2 chondrites by X-ray diffraction (PSD-XRD). Part 1: Total phyllosilicate abundance and the degree of aqueous alteration[END_REF](Howard et al. , 2015;;[START_REF] King | Modal mineralogy of CI and CI-like chondrites by X-ray diffraction[END_REF]. CM chondrites contain abundant tochilinite (approximately FeSÁ(Mg,Fe) (OH) 2 ), an iron sulfide-hydroxide phase. Metals (Fe, Ni) and sulfides are also found in C chondrites (e.g., Abreu and Brearley 2010), although they are unlikely to be observed in VIS-NIR spectra owing to a lack of absorption features. Magnetite, Feoxides, and Fe-hydroxides can have a considerable effect on albedo and VIS-NIR absorptions even in low abundances (Cloutis et al. 2011a). Organics contribute up to 5 wt% carbon to these meteorites, typically in an insoluble form with a varied composition (e.g., Alexander et al. 2007[START_REF] Alexander | The nature, origin and modification of insoluble organic matter in chondrites, the major source of Earth's C and N[END_REF]. Carbon can also reside in carbonates (e.g., [START_REF] Alexander | Carbonate abundances and isotopic compositions in chondrites[END_REF].

Table 1. Parameter descriptions: A list of the 95 spectral indices analyzed in this paper (of the 107 total calculated by Spindex), their source, the equation type, the defining wavelengths and constants, and threshold value. Type corresponds to equation numbers in Fig. S1 in supporting information, and those equations, along with the wavelength positions and constants, allow for the spectral index to be calculated on any spectrum. Our knowledge of both the composition and spectral features of the C chondrites provides our best starting point for the science return from OVIRS measurements of Bennu's surface. As a result, the following minerals and chemicals were specifically targeted for analysis with spectral indices: olivine (forsteritic and fayalitic), pyroxene (orthopyroxene and clinopyroxene), serpentine (Mg, Fe), saponite, mixed layered or poorly crystalline Fe-bearing and clay minerals, magnetite, oxides, hydroxides, carbonates, and organic matter. If these a priori assumptions turn out to be incorrect, then the indices may need to be re-evaluated.

Parameterizing Spectra for Mission Science

Spectral indices have an established history in planetary science in cases where there is a need to uniformly process and interpret large amounts of spacecraft data [START_REF] Lucey | Abundance and distribution of iron on the Moon[END_REF][START_REF] Bell | Mineralogic and compositional properties of Martian soil and dust: Results from Mars Pathfinder[END_REF][START_REF] Murchie | Near-infrared spectral variations of martian surface materials from ISM imaging spectrometer data[END_REF]. The aim is to describe a feature or absorption in the spectrum using a single value, which is defined by algorithmically combining spectral data at certain wavelengths (e.g., [START_REF] Pelkey | CRISM multispectral summary products: Parameterizing mineral diversity on Mars from reflectance[END_REF]). The spectral indices (e.g., combination of algorithm and defining wavelengths) for OSIRIS-REx mission science were Table 1. Continued. Parameter descriptions: A list of the 95 spectral indices analyzed in this paper (of the 107 total calculated by Spindex), their source, the equation type, the defining wavelengths and constants, and threshold value. Type corresponds to equation numbers in Fig. S1 in supporting information, and those equations, along with the wavelength positions and constants, allow for the spectral index to be calculated on any spectrum. compiled from the available literature. A reference for each index can be found in Table 1.

A comprehensive index set was previously created to interpret data from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) aboard the Mars Reconnaissance Orbiter [START_REF] Pelkey | CRISM multispectral summary products: Parameterizing mineral diversity on Mars from reflectance[END_REF][START_REF] Viviano-Beck | Revised CRISM spectral parameters and summary products based on the currently detected mineral diversity on Mars[END_REF], and the resulting mineral maps ("summary products'') have been highly influential for highlighting the diversity and distribution of Martian mineralogy [START_REF] Wray | Compositional stratigraphy of claybearing layered deposits at Mawrth Vallis, Mars[END_REF][START_REF] Murchie | Evidence for the origin of layered deposits in Candor Chasma, Mars, from mineral composition and hydrologic modeling[END_REF][START_REF] Thollot | Mars most minerals in a nutshell: Various alteration phases formed in a single environment in Labyrinthus Noctis[END_REF]. We directly adopted many of the indices from [START_REF] Pelkey | CRISM multispectral summary products: Parameterizing mineral diversity on Mars from reflectance[END_REF] for use at Bennu, but because the expected composition of Bennu differs substantially from that of Mars, we did not incorporate a number of those indices, and we used other sources to ensure inclusive mineral/chemical detection. In total, the OSIRIS-REx team collected 107 spectral indices from the literature for use at Bennu (Table 1). Owing to the diversity of sources from which these spectral indices were collected, the degree to which each index has been proven reliable differs. For instance, some have been tested broadly on Mars spectral data (e.g., [START_REF] Pelkey | CRISM multispectral summary products: Parameterizing mineral diversity on Mars from reflectance[END_REF][START_REF] Ody | Global investigation of olivine on Mars: Insights into crust and mantle compositions[END_REF], others were developed for asteroid spectra (e.g., [START_REF] Lebofsky | Infrared reflectance spectra of asteroids -A search for water of hydration[END_REF][START_REF] Vilas | A cheaper, faster, better way to detect water of hydration on solar system bodies[END_REF], and still others were created and tested using (commonly monomineralic) laboratory spectra (e.g., [START_REF] Cloutis | Spectral reflectance-compositional properties of spinels and chromites: Implications for planetary remote sensing and geothermometry[END_REF][START_REF] Cloutis | Detection and discrimination of sulfate minerals using reflectance spectroscopy[END_REF]. Whether these indices are applicable outside of the specific scenario for which they were created is an open question, and one this study tests.

Reflectance values are known to represent more than just sample composition. The influence of other factors such as particle size (e.g., [START_REF] Mustard | Hydrated silicate minerals on Mars observed by the Mars reconnaissance orbiter CRISM instrument[END_REF]Hays 1997), albedo (e.g., Clark 1983), space weathering (e.g., [START_REF] Lantz | Ion irradiation of the Murchison meteorite: Visible to midinfrared spectroscopic results[END_REF]Lantz et al. , 2017)), temperature (e.g., [START_REF] Bishop | Low-temperature and low atmospheric pressure infrared reflectance spectroscopy of Mars soil analog materials[END_REF], and the environment (e.g., vacuum, Takir et al. 2013) on the spectral indices also may be of great consequence. For instance, significant changes in slope of the Bennu spectrum have been attributed to particle size effects [START_REF] Binzel | Spectral slope variations for OSIRIS-REx target Asteroid (101955) Bennu: Possible evidence for a fine-grained regolith equatorial ridge[END_REF]. Where possible, we tested the sensitivity of spectral indices to each of these factors. However, there are few spectra available that were measured under vacuum. In addition, although space weathering has been studied extensively, its effect on spectra of C chondrites and small bodies such as Bennu is complex (Lantz et al. 2017;Thompson et al. 2019). Therefore, some spectral properties may only be tested and understood with spectral data returned from the mission and ultimately from analysis of the returned sample.

METHODS

Spectral Collection

We tested the spectral indices with mineral and meteorite spectra publicly available in the Reflectance Experiment Laboratory (RELAB), United States Geological Survey Spectral Library version 7 (USGS), and Jet Propulsion Laboratory ECOsystem (JPL) spectral libraries. We also obtained data from the literature and the OSIRIS-REx spectral library (Takir et al. 2013(Takir et al. , 2019;;Donaldson Hanna et al. 2019). To identify mineral spectra of interest, we performed a keyword search on the entirety of these databases, searching for each of 28 minerals (e.g., olivine minerals: fayalite and forsterite) that are listed in Table 2. We sought meteorite spectra of C chondrites, ordinary (O) chondrites, and ureilites for their high abundances of carbon (as graphite, amorphous carbon, and organic compounds)-a priority for spectral detection with the OSIRIS-REx mission. These meteorites also span a range of aqueous and thermal alteration scenarios and consequently contain the full range of primary silicate and alteration minerals that our spectral indices target.

Candidate test spectra were discarded if they (1) did not show absorptions characteristic of their labeled mineral, (2) appeared to be substantively contaminated by another mineral so that identifying absorptions were obscured, (3) were duplicates or identical repeat measurements of the same sample (e.g., the spliced and unspliced spectra available in RELAB), and/or (4) were physical mixtures or otherwise experimentally altered beyond grinding. Of the original 1340 mineral spectra returned, we found 1149 mineral spectra that met our criteria, and we used them to analyze the spectral indices. We collected an additional 293 meteorite spectra that fit these same criteria as follows: 85 C and O chondrite particulates from RELAB, 60 ureilite particulates from RELAB, 101 C chondrite optically thick slabs (referred to here as chips) from RELAB, 30 C chondrite particulates measured under vacuum (Takir et al. 2013(Takir et al. , 2019)), and 17 OSIRIS-REx spectral library samples (Donaldson Hanna et al. 2019; Table 2; see Fig. S3 in supporting information for a plot of all meteorite spectra).

For both meteorites and minerals, we collected metadata on the wavelength range, particle size, and sample information for each spectrum if it was available. Because these laboratory spectra have the typical high signal-to-noise ratio of laboratory instruments, we also created a second library of noiseadded spectra with 5% random noise added at all wavelengths, which is consistent with the upper limit of noise observed in OVIRS spectra and is within the expected noise for the OVIRS instrument (Reuter et al. 2018). We generated 1000 random noise profiles and added them to each spectrum to determine how noise affects band depths and errors.

Index Analysis

After collecting our test spectral data set, we calculated 107 spectral indices for every spectrum with Spindex (a portmanteau of spectral index), an IDLbased program that was created by the team for calculating the OSIRIS-REx spectral indices. Spindex was designed to be compatible with OVIRS data that have been photometrically corrected and ratioed to a perfectly diffuse (Lambert) surface (i.e., reflectance factor), which is equivalent to the reflectance quantity typically measured in a laboratory setting.

We resampled the test spectral data set to the spectral resolution of OVIRS to make it compatible with Spindex. Of the 107 spectral indices, 12 were not included in the analysis; these indices measure slopes or reflectance ratios and will be used to highlight space weathering trends and regional composition at Bennu. For the remaining 95 indices, Spindex uses 21 different equation types that range from a typical band depth measurement (Clark and Roush 1984) to more complex weighted sums that take into account reflectance values at up to five or more different wavelengths (i.e., [START_REF] Ody | Global maps of anhydrous minerals at the surface of Mars from OMEGA/MEx[END_REF]; see Fig. S1). Table 1 contains a full list of these indices, a reference to the equation used to calculate them, the defining wavelengths, and a threshold value. The threshold is an estimate of the minimum valid band depth value for the index, which is defined by OVIRS instrument noise requirements (Reuter et al. 2018;Simon et al. 2018).

Spindex produces a number of data products in relation to each spectrum, including band depths, errors on those band depths, band presence (e.g., whether band depth is above or below the designated threshold), and reflectance at 0.5 lm. Although the threshold was an integral part of this analysis, Spindex reports band depth values regardless whether they fall above the threshold, and we include this information where possible. In addition, we compared the calculated band depths with mineralogy (for the meteorite spectra), particle size, and reflectance at 0.55 lm to determine [START_REF] Clark | Asteroid (101955) 1999 RQ36: spectroscopy from 0.4 to 2.4 µm and meteorite analogs[END_REF] the relationship between index value and composition, if any and ( 2) the influence of non-compositional variables most likely to affect band depth.

An uncertainty value (band sigma) is computed for every spectral index. We use the root mean square (rms) of the spectral values in a AE16 nm wavelength interval for each wavelength that defines the band parameter as the adopted uncertainty. In OVIRS spectra shortward of 2.4 lm, the spectral resolution is resampled to 2.0 nm, so the 32 nm range (16 nm in each direction) includes 15 or 16 channels. The uncertainties in the calibrated spectra due to read noise, thermal noise, gain, and other instrumental sources, along with the absolute calibration and photometric correction, are also included and added to the rms noise in quadrature. For each band calculation, these uncertainties in the input band center and continuum values are propagated according to the band depth formula using a Taylor expansion [START_REF] Bevington | Data reduction and error analysis for the physical sciences[END_REF].

To test index performance, we visually evaluated every spectrum along with its Spindex output and determined whether the Spindex-identified absorption features were positive, negative, false positive, or false negative. A positive was recorded if the spectral index identified a spectral feature as being present (i.e., above threshold), and the feature was in fact present. Likewise, a negative result was recorded if the spectral index did not identify the spectral feature, and the feature was not present. A false positive result was recorded if the spectral index identified the spectral feature, but the feature was not present. Finally, a false negative was recorded when the spectral index did not identify a feature, but that feature was present. However, owing to the difficulty of correctly determining the mineral/ chemical source of the absorption and estimating whether the absorption was stronger than the threshold, false negatives were likely underreported. Because of the high likelihood of inconsistencies, we do not report the false negative results (although they were helpful in determining updates needed for Spindex-i.e., new indices or index adjustments). Thus, indices with high rates of positives and negatives and low rates of false positives were designated as reliable indices.

RESULTS

Minerals

We tested the indices on 1149 spectra of 28 different minerals/organics (Table 2) to determine how the indices perform in the most ideal case, where each spectrum represents a single, pure phase. These tests allowed us to identify indices that have a high rate of positive identification for the phase of interest and return a low rate of false positives for other minerals/organics. We discuss a few examples along with a summary of the overall findings, and all results are presented in Tables S1.1-S1.13 in supporting information.

In the first example, we tested a spectral index targeting pyroxene (#47: pyroxene at 1.9 lm) on spectra of the pyroxene minerals augite, hedenbergite, pigeonite, ferrosilite, and enstatite (Figs. 1a and1c). Using this index, 83% of the pyroxene spectra have band depths stronger than 5%, so a majority of the pyroxenes are positively identified. If we break these results down by pyroxene mineral, however, the Ca-rich clinopyroxenes (hedenbergite, augite, and pigeonite) typically exhibit weaker band depths, whereas enstatites and ferrosilites almost always exceed the 5% band depth threshold (Fig. 1a). When we compare the spectra of the pyroxenes, this discrepancy appears to be due to the longer-wavelength position of the Ca-rich clinopyroxene 2 lm band, which is not well captured by the wavelengths defining this index (Fig. 1c). Ideally, we want indices that positively identify pyroxene any time it is present in a spectrum, in addition to indices that can be used to distinguish between low-calcium and high-calcium pyroxenes.

We are equally interested in how a spectral index deals with spectra of minerals that are not targeted by that index. For example, when the pyroxene index above is tested on all 1149 mineral spectra, it returns a false positive 18% of the time (i.e., positively detects pyroxene where a visual inspection reveals no pyroxene). An example of the positive, negative, and false positive results for six different indicesis shown in Fig. 2, with the results tabulated by mineral. In some cases where there are overlapping absorption features (e.g., pyroxene and olivine at 1 lm) we expect a higher rate of false positives, so results broken down by mineral allow for a fuller assessment of index performance (Fig. 2, Tables S1. 1-S1.13).

These tests demonstrate that most indices work as expected for pure mineral spectra. For instance, an olivine index defined in [START_REF] Pelkey | CRISM multispectral summary products: Parameterizing mineral diversity on Mars from reflectance[END_REF]#48: olivine at 1.05-1.47 lm) positively identifies the 1-lm feature in both fayalitic (forsterite number, Fo, <50) and forsteritic (Fo >50) olivine (Fig. 2a). However, this index also generates false positives for a number of the other minerals, usually as a result of a non-olivine iron absorption near 1 lm. In another example, a serpentine index (#66: Mg-OH at 2.32 lm) also performs well for the targeted serpentine minerals (antigorite, chrysotile, cronstedtite, and lizardite), but likewise returns many false positives for carbonates, organics, and clays due to their absorption features in the 2.2-2.5 lm region (Fig. 2b). Indices #89 and #107-targeting aliphatic organics at 3.42 lm and carbonate at 3.95 lm, 

C. D.

47: Pyroxene @ 1.9 µm: Mineral Spectra 47: Pyroxene @ 1.9 µm: Ureilite Meteorite Spectra Reflectance (norm., offset) Fig. 1. Spindex results for a pyroxene parameter. A, B) Band depths calculated with parameter #47, pyroxene at 1.9 lm, are plotted for pyroxene mineral spectra (A) and meteorite spectra (B). Black designates a band depth above the threshold, and red is below. Symbols are used to differentiate pyroxene minerals and meteorite groups. The threshold value for this parameter is shown as a dashed line. C, D) A subset of the spectra from which each of these band depths was calculated; the spectra are normalized at 0.55 lm and offset so that the top 10 spectra (black) and bottom 10 (red) correspond to band depth values above and below the threshold. C-ung, ungrouped C chondrite. All meteorite spectra in this study can be viewed individually in Fig. S3. (Color figure can be viewed at wileyonlinelibrary.com.) 
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Fig. 2. Positive, negative, and false positive results for minerals. A-F) The number of times each of six spectral parameters returned a positive, negative, or false positive result is tabulated. The results are broken down by mineral, with the minerals that the parameter targets italicized in red (e.g., parameter #48 targets the olivine minerals forsterite and fayalite). More information on the minerals and the number of spectra in each can be found in Table 2. (Color figure can be viewed at wileyonlinelibrary.com.) Spectral indices for OSIRIS-REx respectively-are two examples that perform well (>75% positive detections) for their target mineral/chemical and have false positives concentrated in specific minerals (Figs. 2c and2d). The aliphatic organics absorption at 3.4 lm overlaps with a carbonate absorption at that same wavelength, so this index returns false positives specifically for the carbonate minerals calcite, dolomite, and magnesite. Aliphatic organics are also found as contaminants in many of the pure minerals, accounting for the higher rate of positive detections of index #89 for all minerals/chemicals.

In a small number of cases, indices perform poorly even on their target minerals. Figures 2e and2f shows two extreme examples: indices #13 (NH at 3.43 lm) and #42 (olivine at 1.25 lm). Indices that return only false positives, without any positive results, are concerning owing to the likelihood of misinterpretation when mapping Bennu and have been labeled "Do Not Use (DNU)." Most of these indices target absorption features that overlap with the strong OH/H 2 O absorption at 3 lm. These indices are likely to be useful for many applications, but may be unsuitable for application to Bennu given the presence of a global 3lm absorption band (Hamilton et al. 2019).

Organics

Organics are one of the highest-priority materials targeted by OVIRS observations because the primary mission objective is to return volatile-and organic-rich material from the early solar system. Absorptions due to aromatic CH at 3.28 lm (#105) and aliphatic CH at 3.42 lm (#89) were chosen as the most likely features to be seen on Bennu based on the C chondrites (e.g., [START_REF] Schmitt-Kopplin | High molecular diversity of extraterrestrial organic matter in Murchison meteorite revealed 40 years after its fall[END_REF][START_REF] Kebukawa | Compositional diversity in insoluble organic matter in type 1, 2 and 3 chondrites as detected by infrared spectroscopy[END_REF][START_REF] Orthous-Daunay | Mid-infrared study of the molecular structure variability of insoluble organic matter from primitive chondrites[END_REF][START_REF] Alexander | The nature, origin and modification of insoluble organic matter in chondrites, the major source of Earth's C and N[END_REF]. This expectation is consistent with previous remote detections (e.g., [START_REF] Pendleton | The organic refractory material in the diffuse interstellar medium: Midinfrared spectroscopic constraints[END_REF][START_REF] Dartois | Diffuse interstellar medium organic polymers: Photoproduction of the 3.4, 6.85 and 7.25 lm features[END_REF]Campins et al. 2010;Rivkin and Emery 2010;[START_REF] Cataldo | Far-and mid-infrared spectroscopy of complex organic matter of astrochemical interest: Coal, heavy petroleum fractions and asphaltenes[END_REF][START_REF] Chiar | The structure, origin, and evolution of interstellar hydrocarbon grains[END_REF]. Previous work has shown that band depth at 3.42 lm is strongly correlated with the hydrogen to carbon ratio (H/C) in pure, insoluble organics extracted from meteorites and sedimentary rocks (Kaplan and Milliken 2018;Kaplan et al. 2019). Because insoluble organic matter (IOM) constitutes the majority of the organic matter in C chondrites [START_REF] Alexander | The nature, origin and modification of insoluble organic matter in chondrites, the major source of Earth's C and N[END_REF], we used IOM spectra as the most reliable test of the organic spectral indices. We find that the IOM with the highest H/C values has aliphatic absorption features (#89) greater than the 5% threshold, but there are no aromatic absorptions greater than 5%.

In laboratory spectra of meteorites, the aliphatic organic absorption is rarely detected at >5% band depths, and aromatic absorptions are not observed (Kaplan et al. 2019). However, if we change the threshold for detection of the aliphatic absorption to 4%, we find that there are 30% more positive organic detections in the meteorites and still <4% false positives (i.e., these are real detections in the meteorite spectra). If the threshold is 3%, there are nearly double the positive organic detections for the meteorite spectra, and the false positive detection rate increases to 8%. The original 5% threshold is defined by expected OVIRS performance during the mission, but it may be necessary to lower the threshold of valid band depths for this index to detect organics on Bennu. Tests on the meteorite spectra show that this can be done without greatly increasing the number of false positive detections.

Meteorites

The meteorite test spectra help establish how well the indices work on heterogenous materials that are our current closest approximation to Bennu's surface. The C chondrite spectra have lower overall reflectance and fewer absorption features (particularly features with >5% depth) than the pure mineral spectra. Prominent features in the meteorite spectra include Fe-related absorptions from 0.5 to 1.2 lm and the OH/H 2 O absorptions from 2.7 to 3 lm (Cloutis et al. 2011a(Cloutis et al. , 2011b)). Many of the C chondrites also have spectral features associated with organics and carbonate (3.4 and 4 lm). Although some C chondrites have weak pyroxene and olivine absorption features (1 and 2 lm), only the ureilites-rare stony meteorites with high carbon content (e.g., [START_REF] Berkley | The nature and origin of ureilites[END_REF])-routinely have olivine and pyroxene absorptions with >5% band depths (Figs. 1b and1d).

Indices tested on the C chondrite spectra produce weaker band depths, resulting in fewer positive detections and fewer false positive detections than for the mineral spectra. This trend is likely due to the presence of opaques that reduce the overall reflectance and band depths of these samples. Indices applied to the meteorite spectra have, on average, ~2% false positives, compared with the 9% average false positive returns for the pure mineral spectra. Only half of the 95 indices are ever observed above their threshold value and, of these positive detections, more than 80% are due to the four indices that measure the 3-lm region.

Absorptions associated with hydrated minerals at 0.7 and 2.7-3 lm are of particular interest for the OSIRIS-REx mission because Bennu is thought to be a fragment of a larger asteroid that experienced intense hydrothermal alteration early in solar system history (Lauretta et al. 2015). Index #7, targeting OH at 2.7 lm, results in band depths surpassing the 5% threshold in 62% of meteorite spectra. This absorption feature is least prominent in the pristine ureilites and most prominent in aqueously altered CI, CR, and CM chondrites (Fig. 3a). In fact, the band depth of this 2.7lm absorption becomes weaker with increasing petrologic type (i.e., Beck et al. 2014;Garenne et al. 2016), which corresponds to decreasing aqueous alteration and increasing thermal processing (Fig. 3b). Other indices associated with the 3 lm region (#3, #4, and #52) showed comparable results, but may be more strongly influenced by adsorbed terrestrial water in spectra measured under ambient conditions. The 0.7 lm band is positively identified in fewer meteorite spectra (15%) and is even more specifically associated with spectra of aqueously altered C chondrites, as it is only observed in the CM and C-ungrouped meteorites (Figs. 3c and3d). All of the meteorites with a 0.7 lm absorption are petrologic type 1 or 2, the most aqueously altered of the meteorites.

A small portion of the meteorite spectra used in this study (30 of 293 total spectra) were measured under vacuum, and all of these are of C chondrites. Takir et al. (2013) demonstrated that the vacuum environment reduces the strength of the 3 lmH 2 O absorption in these spectra by removing adsorbed terrestrial water. However, even with the adsorbed water absent, we detect a 3 lm absorption (#3, H 2 O/OH at 3 lm) in 78% of these vacuum spectra. By comparison, this absorption is detected in 99% of the C chondrite particulates measured under ambient conditions and in 94% of the C chondrite chip spectra, which are also measured under ambient conditions but are expected to be less affected by adsorbed water than the particulates (Fig. S2 in supporting information). Given the predominance of ambient spectra in our collection, the positive detection rates and band depths at 3 lm are overestimates, although the vacuum spectra confirm that this feature is still likely to be observed with our indices for asteroids and other space observations.

Summary of Mineral, Organic, and Meteorite Tests

We identified the 17 indices that are most likely to perform well for carbonaceous meteorites, the surface of Bennu, and similar asteroid surfaces (Table 3). This selection was guided by the expected mineralogy/ chemistry of bodies such as Bennu as described earlier (i.e., minerals/chemicals we want to be able to detect), and the results of the index tests (i.e., how good we are at detecting them), with the results of the meteorite analysis prioritized over the pure mineral/chemical Table 3. Best parameters: A list of the 17 parameters that are most likely to be useful for detecting absorption features in spectra of carbonaceous chondrites. Rates of detection (positive %) and false positive returns (false positive %) are reported for the meteorite and mineral test; breakdown of these numbers by meteorite group or mineral is found in Tables S1.1 results (Tables S1. [START_REF] Izawa | Spectral reflectance properties of magnetites: implications for remote sensing[END_REF] and S1. 1-S1.12, respectively). This subset of indices targets olivines, pyroxenes, phyllosilicates, ferrous minerals, carbonates, and organics. Most of these indices yield positive detections in >80% of cases for the pure minerals. Those that result in a lower fraction of successful cases were chosen specifically because they worked well for meteorites or filled a needed niche (e.g., aromatic organics).

COMPOSITION, ALBEDO, PARTICLE SIZE, AND SIMULATED INSTRUMENT NOISE Composition

We collected 17 well-characterized meteorite and analog mineral mixture spectra as part of preparation for the OSIRIS-REx spectral measurements with OVIRS and the OSIRIS-REx Thermal Emission Spectrometer (OTES; Christensen et al. 2018). This library consists of particulate samples measured under ambient conditions at the OVIRS and OTES wavelengths without added noise. Donaldson Hanna et al. (2019) reported the team's spectral interpretation of the samples, focusing on the OTES wavelengths. We compared mineral abundances and band depths for the OSIRIS-REx spectral library samples to understand the relationship, if any, between index strength and composition (Fig. 4). We collected the meteorite mineral abundances from literature (Howard et al. 2015) and measured them directly (Donaldson Hanna et al. 2019), but the meteorites are known to be heterogeneous, so we cannot be certain that the sample aliquots measured spectrally are identical in mineralogy to those in the literature or even the thin sections of our own samples.

We find multiple indices that are correlated with mineral abundance. Fit using a linear regression, the relationships reported here have r 2 > 0.6, and in some cases as high as 0.82. First, pyroxene abundance is correlated with three indices (#25, #56, and #71) that measure band depth near 0.9 lm. However, the pyroxene band depths are all below the 5% detection threshold. Given how weak many of the meteorite absorption features are, it may be important to map and assess band depths below the 5% instrument threshold at Bennu. Phyllosilicate abundance is correlated with indices (#3, #4, #7, and #52) that measure the 3-lm feature between 2.7 lm(OH)and3 lm(OH/H 2 O) (Fig. 4). The 3-lm absorption band depths are greater than the 5% threshold, although the strength of this feature may be artificially increased by the presence of adsorbed terrestrial water (Takir et al. 2013), which likely explains why some samples with 0 vol% phyllosilicates have band depths that exceed zero. Garenne et al. (2016) demonstrated a linear relationship between 2.8-lm band depth and H wt% for C chondrite spectra measured under vacuum (r 2 = 0.66), where H wt% is a proxy for phyllosilicate abundance, suggesting that a relationship exists regardless of whether adsorbed water is present. Ultimately, coordinated spectral and compositional measurements (e.g. X-ray diffraction, microprobe) for a larger number of samples are needed to provide further evidence for band depth-compositional relationships in meteorites.

Albedo and Particle Size

Because the spectra collected for this study were measured for many purposes, the variable measurement conditions allow us to test the effects of sample and spectral properties on the Spindex indices. In particular, it is important to know how these indices respond to spectra of natural surfaces with variable particle size and albedo. For most minerals and the meteorites, we have enough spectra (Table 2) that a wide range of albedos is represented by the data set (e.g., see Fig. 5 for range of reflectance at 0.55 lm for serpentines and meteorites). In addition, the data set includes spectra of both chips and particulates; particulate size fractions range from <10 to >1000 lm, with <45 lm being the most common particle size.

We compared the reflectance at 0.55 lmw i t hb a n d depth for each of the indices and found no correlations. positive below threshold Fig. 5. Particle size and albedo versus band depths. A, B) Band depth for parameter #50 (Fe2-Fe3 @ 0.7 lm-serpentine) is plotted against reflectance at 0.5 lm for hydrated minerals (A) and meteorites (B). For this parameter, band depths below the threshold of 0.99 are positive detections (black), and those above the threshold are negative detections (red); the threshold is shown as a dashed line. C) Band depth versus maximum particle size for the hydrated minerals and (D) the numbers of chip and particulate meteorites with (positive, black) and without (negative, red) a 0.7 lm absorption feature. (Color figure can be viewed at wileyonlinelibrary.com.) Reflectance at 0.55 lm was used because it corresponds to the V passband (e.g., filter centered at 0.55 lm used in broad-band photometry) and is the most common wavelength for reporting geometric albedo or normal reflectance of asteroids. Band depths weaken as albedo decreases [START_REF] Nash | Spectral reflectance systematics for mixtures of powdered hypersthene, labradorite, and ilmenite[END_REF][START_REF] Clark | Spectral properties of mixtures of montmorillonite and dark carbon grains: Implications for remote sensing minerals containing chemically and physically adsorbed water[END_REF]Milliken and Mustard 2007), so if an albedo effect is present, we would expect to see a positive correlation between reflectance at 0.55 lm and the band depth returned by each index. Figures 5a and5b shows one such comparison for index #50 (Fe 2+ -Fe 3+ at 0.7 lmi n serpentine) for both serpentine mineral spectra and meteorite spectra. In this case, the index appears to have the strongest band depth at the lowest reflectance values. This association between albedo and band depth is likely a result of this absorption feature arising in only the most aqueously altered C chondrites, which are also the lowest-albedo samples.

As with albedo, we observe no particle size effect in these data. In VIS-NIR spectra, samples with the smallest (<10 lm) and largest (>500 lm) particle sizes have the weakest band depths because of the dominance of surface scattering and absorption, respectively, over volume scattering (e.g., Hapke 1993;[START_REF] Mcguire | An experimental study of light scattering by large, irregular particles[END_REF][START_REF] Mustard | Effects of hyperfine particles on reflectance spectra from 0.3 to 25 lm[END_REF]. Laboratory spectra are commonly measured on powders ground to an intermediate particle size of <45 lm to maximize volume scattering. We analyzed the meteorite spectra with a 0.7 lm absorption and found that this absorption is observed at all particle sizes, including for chips. There are as many detections as non-detections (above and below threshold) at all particle sizes for this spectral index (Figs. 5c and5d). The mean, mode, or distribution of particle sizes in the samples is rarely reported, so it is possible that the maximum particle size, which is used here, does not accurately represent effective sample particle size. The meteorite spectra fall into two distinct particle sizes, chips and particulates, where chips are expected to have weaker absorptions features (Kaplan et al. 2019). Interestingly, within the meteorite spectra, a greater proportion of the chips have a 0.7 lm feature than the particulates. Again, this difference is likely a result of compositional variability between the two groups rather than a particle size effect; the chip samples are primarily CM-group C chondrites, which are likely to have a 0.7 lm absorption, whereas the particulate samples also includes ureilites, ordinary chondrites, and thermally processed C chondrites that typically do not have this absorption feature. All other indices also lack a relationship with particle size.
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Noise

We see small systematic differences in Spindex results when AE5% random noise is added to every spectrum. This degree of noise is chosen as a worst case scenario for OVIRS assuming the noise needs to be <AE4.4% to detect a 5% absorption feature on a 3.5% reflectance body (Reuter et al. 2018;Simon et al. 2018). Spindex calculations account for noisy data by averaging six or more channels for every wavelength calculation; thus small, single-channel spikes should not disproportionately affect the calculation. There is a possibility of removing real absorption features or adding spurious ones when noise is present. However, we find that 5% noise does not strongly affect the interpretation of absorption features in the spectrum. For instance, our original, noise-free spectrum of the Murchison meteorite does not have a 3.42 lm organic absorption feature and, appropriately, when index #89 (CH at 3.42 lm-aliphatic organics) is calculated on that spectrum, band depth is close to zero. When this index is calculated on 1000 Murchison spectra with added noise, the 3.42 lm band depth varies from -0.062 to 0.027. None of the noise-added spectra have band depths greater than the 5% threshold. We find similar results for the index #7 (OH at 2.7 lm), which was originally above the threshold value, and noise-added spectra all have a band depth >5%.

Band depth is highly correlated with the error value on that band depth (e.g., r 2 = 0.96 for index #89 calculated on Murchison), in such a way that error is minimized when band depth is closest to the true (noisefree) band depth. The largest, spurious band depths also have the largest errors, which means they are more likely to be identified and removed during spectral analysis and mapping.

CAVEATS

Spectral indices are a useful method for collapsing hyperspectral data into a single data point, which enables rapid assessment of spectra and provides a straightforward value for mapping, but there are important caveats to consider when using index values instead of full spectra. The first is that abundance and band depth are not necessarily correlated. Although a small number of indices appear to have band depths that increase with mineral abundance (Figs. 4b and4c), for others, this correlation does not exist or there is not enough mineral/chemical data to test for a relationship. VIS-NIR absorption strength is expected to be nonlinearly related to composition (e.g., [START_REF] Van De Hulst | Light scattering by small particles[END_REF]Hapke 1993), and only a few other studies have looked at absorption strength and composition for comparable materials (Garenne et al. 2016;Kaplan et al. 2019). In all likelihood, obtaining more than relative abundances from the mineral/chemical maps produced using these indices will be a nontrivial task.

The potential also exists for data with low signal-tonoise ratios or spikes at specific wavelengths to influence the Spindex band depths (and specifically band depths above the determined threshold value). For some indices (e.g., organics and other weaker features), absorptions may only be detected below the given threshold value, and individual spectra will need to be visually inspected to distinguish between noise and spectral features at these low values. Similarly, absorption features in regions where there are multiple similar absorptions (e.g., the 1 lm feature in both olivine and pyroxene) will be difficult to distinguish with spectral indices. Combinations of bands may be needed to positively detect these phases (e.g., checking whether the 2 lm band is present to potentially distinguish pyroxene from olivine). We recommend that any important or unusual identifications, and especially any band depths with high uncertainty values, should be validated manually in the original spectral data before inclusion or exclusion from maps.

Although we attempted to create a comprehensive set of spectral indices, asteroid and/or instrument conditions may require additional indices or adjustment of existing ones. The laboratory spectra used to test the indices typically were measured under ambient conditions that may have led to the observation of hydration features not indigenous to the samples. Additionally, indices that are deemed inappropriate for C chondrites or carbonaceous asteroids may be highly useful for other applications.

Space weathering, in particular, will change spectral features in ways that are not readily testable with unweathered samples in our spectral libraries. In addition to the spectral indices discussed here, we will assess slopes for multiple regions of the OVIRS spectrum as a measure of space weathering [START_REF] Lantz | Ion irradiation of the Murchison meteorite: Visible to midinfrared spectroscopic results[END_REF](Lantz et al. , 2017)). Differences in slopes and absorptionfeature strength and shape, when taken in the context of geologic observations, will inform our understanding of space weathering on Bennu.

PRELIMINARY RESULTS FROM BENNU

The first disk-integrated VNIR spectrum of Bennu has a blue slope, consistent with ground observations, and a distinct "3 lm" band (Hamilton et al. 2019;Fig. 6). When Spindex is applied to that spectrum, only three spectral indices (#3, 4, and 52) have band depths > 5%. All three indices are associated with the "3 lm" band, and band depths between 16% and 18% are recorded depending on the position of the band center. The spectral index centered at 2.7 lm (#7) is located shortward of Bennu's ~2.74-lm band center (Hamilton et al. 2019) and therefore remains <5%. We observe no other absorption features in this spectrum, and no false positives are reported with Spindex. Disk-integrated spectra, by their nature, are commonly not representative of what is observed at high spatial resolution (e.g., Hubble Mars versus CRISM Mars). Future, spatially resolved spectra could exhibit greater variation and all will be run through Spindex.

CONCLUSIONS

From 95 spectral indices derived from the literature, we describe the 17 that are most likely to capture the mineral and chemical diversity on Bennu and in C chondrite meteorites (Table 3). We tested these indices on 1149 mineral spectra and 293 meteorite spectra. They (1) identify absorption features that we expect to be present on Bennu and ( 2) rarely falsely identify absorptions that are not present in the spectrum. In the course of finding the best indices, we also identified indices that routinely return negative and/or false results, which require caution when applied to asteroid or meteorite spectra. Although the laboratory spectra do not show systematic relationships between albedo or particle size and band depth, we anticipate that differences in albedo, particle size, viewing geometry, temperature, and space weathering could have a discernable effect on the spectra gathered at Bennu. These results will provide guidelines for mineral/ chemical mapping on Bennu. Global and local mineral/ chemistry maps at <50 m spatial resolution will be used in the selection and characterization of a primary sample site on Bennu. Preliminary analysis of Bennu's spectrum with Spindex detects a 3 lm absorption, and no other spectral features. As illustrated by the C chondrites spectra, the combination of weak absorptions and an absorbing matrix can make it difficult to use spectral indices alone to understand the complex mineralogy of a body like Bennu and additional spectral interpretation will be needed in addition to the indices. However, this set of tested indices may serve as a guideline for future mapping of carbonaceous asteroids or meteorites, particularly where the amount of data collected makes parameterization desirable. The metrics used in this study to determine confidence level in each spectral index (e.g., positive and false positive detection rates calculated for various minerals and meteorite groups) will be useful for estimating errors on the mineral/chemical maps when considered alongside instrument and observation conditions. The sample returned by the mission will ultimately test our spectral interpretations of the composition of Bennu's surface.

Center for Meteorite Studies, Arizona State University, Tempe, AZ, USA. 20 Department of Physics and Astronomy, Northern Arizona University, Flagstaff, AZ, USA. 78 A full list of authors and their affiliations appears at the end of the paper. *e-mail: hamilton@boulder.swri.edu T he Origins, Spectral Interpretation, Resource Identification, and Security-Regolith Explorer (OSIRIS-REx) mission began its Approach phase to asteroid (101955) Bennu in August 2018. Before and just after arrival at Bennu on 3 December, the OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS) and Thermal Emission Spectrometer (OTES) collected hyperspectral data of this B-type asteroid, which is thought to be related to the carbonaceous chondrite meteorites 1 . The OVIRS instrument 2 is a hyperspectral, point spectrometer that measures the reflected and emitted energy of Bennu across the spectral region from 0.4 to 4.3 µm (25,000 to 2,300 cm -1 ) with a circular, 4 mrad field of view (FOV). The OTES instrument 3 , the first thermal infrared spectrometer to visit an asteroid, is a hyperspectral, point spectrometer that measures the emitted radiance of Bennu across the spectral region from ~1,750 to 100 cm -1 (~5.71 to 100 µm) with a circular, 8 mrad FOV. The primary role of visible-to-infrared spectroscopy on the OSIRIS-REx mission is to characterize the mineralogy and chemistry of Bennu and aid in sample site selection 4 . The OTES radiance data also are used in conjunction with thermophysical models to determine properties of the surface, such as particle size and roughness, and to study the Yarkovsky effect 5 . The mineralogy and chemistry of the surface of Bennu provide information about the geological processes that have affected the asteroid, the potential for resource extraction and the accuracy of telescopic spectral observations (with the final ground truth coming from measurements of the returned sample).

On five days between 2 and 9 November 2018, both spectrometers obtained whole-disk (sub-FOV) spectra of Bennu for 4.5 h, which is just over one full rotation period (~4.3 h). In December 2018, both instruments collected spatially resolved spectra of Bennu as 'ride-along' observations during imaging activities optimized for the PolyCam and MapCam imagers 6 .

Visible and near-infrared spectral characteristics

The ground-based, composite (0.4 to 2.4 µm) reflectance spectrum of Bennu shows a spectrally 'blue' (negative) continuum slope across the visible and near-infrared, characteristic of B-type asteroids 1 . Clark et al. 1 did not find strong spectral absorptions in the Bennu telescopic data, and they identified CI-and CM-type carbonaceous chondrites as the most likely spectral matches, with a preference for a CM1-like composition. (Please note that throughout this Article we follow the standard convention of petrologic types for chondrites, such as CI1 and CM2, first introduced by Van Schmus and Wood 7 .) Thus, Bennu was predicted to have hydrated minerals, but no spectral features attributable to hydration were observed. The average OVIRS disk-integrated spectrum of Bennu compares very well with the telescopic data at these wavelengths, also having a negative slope and no clear absorption Evidence for widespread hydrated minerals on asteroid (101955) Bennu features (Fig. 1). There is no variation in the spectra (above the noise) with rotational phase. Analysis of spatially resolved data is ongoing and will be used to confirm or refute ground-based observations of spectral slope changes 8 .

A blue-sloped continuum could be explained in one or more ways; such a continuum has been observed in some CI and CM carbonaceous chondrites and, in CI meteorites, is attributed to the presence of fine-particulate magnetite and/or insoluble organic material; it is also commonly associated with larger-particle-size samples and possibly space weathering 9-11 . Lauretta et al. 12 have identified a candidate magnetite feature at 0.55 µm (ref. 13 ) in the darkest materials imaged by the MapCam instrument; however, as of yet, no such feature has been observed in OVIRS spectra that would confirm this detection or its assignment to magnetite. Such a feature may become evident in the higher-spatial-resolution OVIRS data that will be collected later in the mission. Experimental space weathering of carbonaceous materials can result in reddening or bluing of the spectral slope 11,14,15 ; at present, we do not have sufficient information from OVIRS spectra to draw any conclusions about the nature or degree of space weathering on Bennu as it relates to Bennu's spectral slope or the presence of magnetite.

At longer wavelengths (>2.4 µm), both disk-integrated and spatially resolved OVIRS spectra display an approximately 2.7 µm absorption feature. The 2.7 µm feature is apparent in all OVIRS spectra collected thus far and is similar to the feature observed in aqueously altered CM1 and CM2 carbonaceous chondrites 16-19 . In analogue meteorites measured under appropriate conditions (Fig. 2), this absorption is due primarily to structural hydroxyl ions in hydrous clay minerals (typically poorly ordered to crystalline phyllosilicates of the kaolinite-serpentine group), which are common in CI and CM carbonaceous chondrites 19-21 . Among carbonaceous chondrites, hydrated minerals also are a component of CR chondrites 22 . Adsorbed H 2 O in CI/CM meteorite samples (commonly terrestrial in origin) exhibits a broad feature centred closer to 3.1 µm (ref. 19 ). Any potential H 2 O feature in the OVIRS spectrum is weak and will be examined in greater detail using higher-spatial-resolution data.

The exact position of the approximately 2.7 µm band minimum in phyllosilicates shifts with mineral structure and composition 19,23 and there is experimental evidence that its position may be altered by space weathering 24 . The band centre in the OVIRS data is at 2.74 µm (±0.01). Takir et al. 19 have shown that CI and CM chondrites display three distinct types of spectra based on the position of this feature. In 'group 1' spectra, this feature ranges in position from 2.77 to 2.80 µm and is associated with petrologic subtypes between CM2.3 and 2.6 (where decimal values indicate relative alteration within type 2, with smaller values representing greater alteration). The band centre for 'group 2' meteorites ranges from 2.76 to 2.78 µm and includes petrologic subtypes CM2.1 to 2.2, which are the most aqueously altered petrologic type-2 meteorites. Finally, 'group 3' meteorites are also CM2.1 to 2.2 but have a band centre at 2.72 µm. Ivuna, the only CI1 in the study, has a band centre at 2.71 µm. The OVIRS band centre lies between groups 2 and 3 and is consistent with meteorites having petrologic types of CM2.1-2.2. Meteorites with these petrologic types are among the most aqueously altered samples studied. Space weathering effects on asteroids in this spectral region do not always match predictions 25 but if solar wind irradiation is affecting this band in a manner consistent with experimental data on Murchison (CM2.5), the predicted effect would be to shift the band centre to slightly longer wavelengths (a maximum of 0.03 µm for Murchison) and introduce a concave shape 24 . As seen in Fig. 2, the spectra of CI and CM1 and low petrologic subtype CM2 meteorites can display concave shapes in the absence of irradiation. The concavity of the Bennu spectrum is visibly less than that observed in the analogue meteorites; therefore, we cannot uniquely ascertain whether or not the shape of the Bennu spectrum in this region is indicative of space weathering.

Previous studies have identified four classes of so-called 3 µm band shapes among C-complex main belt asteroids, which includes the region of the 2.7 µm feature. These classes are named for their type examples: the asteroids Ceres, Pallas and Themis and the Jovian moon Europa 26-29 . These classes correspond to different dominant surface materials. Bennu's spectrum, with its smooth rise from 2.85 to ~3.3 µm and blue spectral slope, falls into the Pallaslike class, consistent with what is presumed to be a phyllosilicatedominated composition.

Spectra of Cb-type 30 asteroid (162173) Ryugu measured by the near-infrared spectrometer on the Japan Aerospace Exploration Agency-led Hayabusa2 mission exhibit a weak, narrow 2.72 µm hydroxyl band that does not vary spatially and is interpreted as indicating the presence of Mg-rich phyllosilicates 31 . The best meteorite analogues for the observed feature are thermally metamorphosed CI chondrites and shocked CM chondrites, suggesting that Ryugu has experienced more heating than Bennu, although other interpretations are possible 31 . Regardless of the interpretation, it is clear that Ryugu differs from unheated or slightly heated, phyllosilicate-rich carbonaceous chondrites and from Bennu.

There is not yet unambiguous evidence of organic features in the whole-disk or spatially resolved OVIRS spectra of Bennu above the level of the noise in the data shown. The whole-disk observations filled only approximately 40% of the FOV, and the spatially resolved data were acquired at moderate phase angles (approximately 40-50°) on relatively hot (approximately 340 K) surfaces, which increases the contribution from thermal emission at the wavelengths where organic bands would be expected. Planned higher-spatial-resolution data on colder surfaces may yet reveal such signatures.

Thermal infrared spectral characteristics

Whole-disk emissivity spectra of Bennu acquired in 2007 by the Infrared Spectrograph on the Spitzer Space Telescope have no discernible spectral features above the noise level of the data 32 although a comparison is shown in ref. 33 . Comparable disk-integrated OTES observations require additional calibration because Bennu does not fill the OTES FOV. However, spatially resolved (80 m per spot) OTES observations reveal thermal infrared spectra with a spectral contrast of approximately 2% that do not vary in shape with rotational phase above the level of the noise (Fig. 3).

The average thermal infrared spectrum of Bennu exhibits a Christiansen feature (a peak on the high wavenumber/short wavelength side of the first major, usually silicate, absorption) position that is most similar to that of the CM1/2 and CM2 petrologic types. The spectrum also exhibits an absorption at the lowest wavenumbers (longest wavelengths) that is very similar to that observed in CI and CM carbonaceous chondrites (Fig. 4). Meteorites in the CI and CM groups are volumetrically dominated (>55 vol% (refs. 34,35 )) by hydrated silicate minerals of the phyllosilicate group and are widely accepted to have been aqueously altered during their history within a parent body 36-38 . Therefore, we can infer that Bennu's surface is volumetrically dominated by phyllosilicates and represents aqueous alteration of the parent body.

It is notable that we have not yet observed a distinct Mg-OH feature near 625 cm -1 (16 µm), as this feature is common to many meteorites of the CI and CM groups. The absence of this feature may be indicative of a non-Mg endmember (Fe-bearing) phyllosilicate composition, modest heating, disorder and/or a particle size effect. Although there is no 'smoking gun' match to Bennu among the aqueously altered meteorites, spectra of Bennu are distinctly dissimilar to carbonaceous meteorite groups that have either not undergone hydrothermal aqueous alteration or have experienced alteration but are now 'dry' (for example, CO, CB, CV, CK 39 ) (Fig. 4 and Methods). Bennu's spectral signature also is dissimilar to meteorites of the CR group, which may be aqueously altered but typically contain lesser amounts of phyllosilicates with abundant olivine and pyroxene 34 and have features that would be evident in the Bennu spectrum (Fig. 4) 39-41 .

OTES spectra of Bennu also exhibit two features at 555 and 340 cm -1 that are probably attributable, at least in part, to magnetite (Fig. 5) and may support the proposed detection of a magnetite feature at ~0.55 µm in the darkest regions of the asteroid 12 . Magnetite is believed to be a product of aqueous alteration and is present at abundances up to approximately 10% in CI chondrites. Magnetite abundance varies widely in CM chondrites, from approximately 0.3 to 8.4% depending on petrologic subtype 34,35 . The abundance of magnetite on Bennu has not yet been tightly constrained, but it is present at abundances of at least a few percent and its detection is consistent with our other observations that support an affinity with these meteorite groups.

The spectral slope of Bennu from 1,500 to 1,110 cm -1 (~6.6 to 9 µm) is relatively shallow and featureless-it does not clearly exhibit the spectral shapes and emissivity reductions in this region that are common to fine-particulate sample spectra and result from volume scattering (Fig. 4b). The region of silicate stretching bands (~1,100 to 700 cm -1 ; ~9 to 14.3 µm) exhibits a broad, bowl-like shape that is not well reproduced by spectra equivalent to solid and coarseparticulate (for example, >125 µm) meteorites or fine-particulate (<125 µm) meteorites measured in vacuum with an induced thermal gradient (Fig. 4). Although there are similarities in the shape and breadth of the fine-particulate Orgueil (CI) chondrite spectrum and Bennu in this region, there are distinct differences between these spectra at higher wavenumbers, so this feature shape might alternatively indicate an amorphous/disordered component rather than production of transparency features resulting from volume scattering.

Despite the lack of strong evidence for abundant, volume-scattering (fine) particulates at the approximately 80 m spatial scale of these observations, it is possible that these spectra represent a mixture of a small amount of fine (<125 µm) and greater amount of coarse (>125 µm) particulate materials, as well as the boulders that are present across the surface 5,42 . The lack of variation in the spectra indicates that at these spatial scales, the distribution of particle sizes on the surface does not vary substantially. The thermal inertia of Bennu is 350 ± 20 J m -2 K -1 s -1/2 , does not vary with rotational phase and indicates a mean particle size on the order of 0.5 to 5 cm (ref. 5 ). However, thermal inertia is not uniquely interpretable in terms of particle size, and the presence of numerous boulders for this relatively low value of thermal inertia could be interpreted as indicating that there also may be smaller particles present than the mean particle size estimate would suggest. Alternatively, it may be that the assumption about the thermal inertia of boulders on Bennu is inaccurate and that their thermal inertia is lower than what is assumed for typical planetary materials 5 . The lack of rotational variability in thermal inertia is consistent with the lack of variability in the apparent particle size distribution from spectroscopy, despite their differing depth sensitivities.

OSIRIS-REx spectroscopic observations from visible to thermal infrared wavelengths are highly complementary and show that the pristine sample that will be returned from Bennu has the potential to inform our understanding of water in the early Solar System and its origins on Earth. Bennu's spectra indicate that the surface is consistent with and dominated volumetrically by some of the most aqueously altered CM chondrites. We cannot rule out the presence of a lesser component of CI material based on both the presence of magnetite and the visual variability among materials on the surface 5 .

The spectral datasets presented here are consistent with a surface having a range of particle sizes that does not vary spatially at The Bennu spectrum (black) represents slightly more than one full rotation of the asteroid as measured on DOY 347 (13 December 2018). The grey spectrum shows the standard deviation (offset +0.98).

NATuRE ASTRONOMY | www.nature.com/natureastronomy scales down to 80 m as evidenced by the lack of variation in the spectral reflectance and emissivity. Other observed properties may help explain the apparent spatial uniformity of the spectral signatures at relatively large scales if there are compositional variations present among the mobile materials, but material movement leads to homogenization of their distribution. The lack of rotational and spatial variation in particle size distribution may reflect surficial redistribution processes rather than compositional uniformity, given the observed variations in albedo 5 . Redistribution processes are supported by the geopotential at Bennu's surface, which reveals that disturbed material moves towards the equator and/or escapes 43 .

In addition, analysis of the geological characteristics of Bennu's surface indicates that it is an old rubble pile but has experienced recent dynamical and geological processes 42 . With these and future, higher-spatial-resolution spectral observations, we will be able to:

(1) provide vital context for analysis of the returned sample; (2) address the history and degree of aqueous alteration experienced by Bennu's parent body based on details of mineral distribution, abundance and composition (for example, Mg/Fe proportions in phyllosilicates and abundance of magnetite); and (3) constrain the presence or absence of organics.

Methods

OVIRS instrument, calibration and data processing. The OVIRS design is derived from the New Horizons Lisa Hardaway Infrared Mapping Spectrometer (LEISA) portion of the Ralph instrument 44 with an extended wavelength and simplified optics. The spectrometer uses five linear variable filters to collect the spectrum. Details of the various operating modes (for example, super pixel summing) are described elsewhere 2 . To measure compositional spectral features with >5% absorption depth at spatial resolutions of 5 to 50 m, OVIRS meets a performance requirement of a signal-to-noise ratio of >50 across the entire spectral range assuming an asteroid surface albedo of approximately 3-4% at a solar range of 1.2 au and 300 K thermal radiation. To characterize and map variations in space weathering on surfaces with an albedo of >1%, OVIRS meets an accuracy requirement of 2.5% with a precision of 2%. OVIRS calibrations and performance assessments were performed on the ground and in-flight during the OSIRIS-REx Earth encounter in September 2017 (ref. 45 ).

The observing sequence on day of year (DOY) 306 consisted of pointing OVIRS at Bennu for 4.5 h while scanning in a slight 'up and down' pattern but keeping Bennu within the FOV at all times to obtain whole-disk measurements. The phase angle during these observations was approximately 5.2°. The spectrum shown in Figs. 1 and2 is the average of 17,061 radiance factor (observed radiance over solar irradiance or flux, I/F) spectra where Bennu filled approximately 40% of the FOV; the excursions in the spectra are representative of the point-topoint scatter in the data. The OVIRS calibrated radiance spectra were obtained according to methods described by refs. 2,45 . In brief, OVIRS raw data were converted from counts per second to absolute radiance units using an automated calibration pipeline. First, the closest space view was identified to create an average background file. The background subtracted counts were converted to physical units using radiometric and out-of-band coefficients derived from ground testing and in-flight calibration activities. The full calibration approach is described in more detail elsewhere 45 . Slight adjustments were made to the previously derived radiometric and out-of-band coefficients to adjust the response in a few spectral regions based on the Bennu Approach data to ensure filter overlap regions aligned. Calibrated radiances were then resampled onto a common wavelength axis by removing outlying noise spikes more than 1.8 standard deviations from the mean and a performing a weighted average on the remaining spectral points in each wavelength bin. The common wavelength axis had a spectral sampling of 2 nm from 0.4 to 2.4 µm and 5 nm from 2.4 to 4.3 µm. Data were then converted to radiance factor (I/F) by dividing by the solar spectrum scaled for Bennu's distance.

The OVIRS disk-integrated data shown in this work are not photometrically corrected. The geometric albedo of Bennu (0.044 ± 0.002) as determined from imaging results is given by ref. 46 . The geometric albedo of asteroids (extrapolated to 0° phase) is known to be higher than the values measured in laboratory settings at 30° phase, where for Bennu's phase function, this scale factor is approximately 2. If we apply this scaling factor to meteorite albedo values presented in Fig. 4 of ref. 1 , CI and CM chondrite values are most comparable to the geometric albedo of the hemispherically integrated observation of Bennu and meteorites of the CK, CO, CV, CR and CH groups are not consistent. However, because there is evidence in higher-resolution imaging of materials on Bennu's surface having considerably higher albedos 5 , we are not prepared to assert that any compositions are ruled out by the global geometric albedo value.

Analysis of OVIRS spectra beyond approximately 2 µm requires removal of the contribution to the signal from thermal emission. We tested two methods for removing this 'thermal tail' , with both giving similar results; we show the spectrum obtained by the first method. The first approach to computing the thermal contribution to the total radiance uses a smooth-surface thermophysical model assuming a spherical asteroid. The thermal portion of the measured flux was estimated assuming that the spectrum of Bennu is flat from 2.2 to 4.0 μm. The thermal model was run while varying thermal inertia and asteroid size to fit the thermal portion of the measured flux for each OVIRS spectrum. The reflected radiance was computed as a straightforward subtraction of the model thermal radiance from the total measured radiance. In this approach, all the uncertainty and any remaining calibration artefacts are assumed to reside in the reflected radiance. Because the absolute uncertainties remain unchanged but the radiance itself is decreased substantially at wavelengths with significant thermal contribution, the relative uncertainties at these longer wavelengths increase, leading to an apparent increase in noise at longer wavelengths in the subtracted spectrum. For purposes of searching for potential spectral features, we also computed total model radiance by adding the thermal model radiance to a model reflected radiance (computed by scaling the solar spectrum to OVIRS radiance at 2.2 μm), then divided the measured OVIRS spectra by the model total spectra (Figs. 1 and2).

In the second method, the thermal contribution to the total radiance was computed using the OSIRIS-REx thermal model described in ref. 5 . The computation was performed independently for each OVIRS spectrum for the instantaneous spacecraft distance and rotation phase of Bennu, using the shape of Bennu derived from OSIRIS-REx images 47 . We used the v13 shape model at the lowest (12 m) resolution. The disk-integrated thermal models are not affected by the small changes in the newer version (v20) of the shape model. For some rotation phases, the model thermal radiance does not perfectly match the OVIRS measurements due to remaining imperfections in the shape model. We therefore scaled the model thermal radiance to the average measured radiance (averaged from 3.5 to 4.0 μm) of each spectrum before subtracting from the total radiance. For scaling purposes, the measured thermal radiance was estimated assuming that the reflectance of Bennu is flat from 2.2 to 4.0 μm. The reflected radiance was computed as a straightforward subtraction of the model thermal radiance from the total measured radiance. In this approach, all the uncertainty and any remaining calibration artefacts are assumed to reside in the reflected radiance as described above.

Determination of the 2.7 µm band centre was calculated (after the correction for thermal emission) using two methods that give virtually the same result to within the uncertainty of the measured spectrum. The first method is to fit a sixth-order polynomial to the measured spectrum between 2.65 and 2.85 µm and find the minimum of that fit; this is the same method used by ref. 19 , although those authors did not report the wavelength range over which they did their fitting. This fit was calculated for both versions of the average thermal-radianceremoved Bennu spectrum. The derived minima vary by a single channel between the two spectra, being fit at 2.74 and 2.745 µm. Because the thermal emission correction can influence the position of this band, and these spectra represent a whole-disk measurement with variable temperatures and phase angles, this result suggests our uncertainty is relatively small (on the order of the channel-tochannel uncertainty).

The second method for determining the 2.7 µm band position fits a smoothing spline function to the spectrum between 2.69 and 2.85 µm for the DOY 306 (2 November 2018) average spectrum; the best fit is obtained using a smoothing value of 0.999999. The first derivative is then calculated, and the inflection point is used to determine the position of the band, which is 2.74 ± 0.007. Applying the same analytical approach to all of the spectra acquired on DOY 306, we obtain the same answer, to within the uncertainty of the data. Based on the consistency of the results obtained by these two methods and their estimated uncertainties, we conservatively identify the feature as being located at 2.74 ± 0.01 µm.

OTES calibration and data processing. The OTES instrument 3 is a Michelson interferometer with heritage from the Mars Exploration Rovers Mini-Thermal Emission Spectrometer and Mars Global Surveyor Thermal Emission Spectrometer 48,49 . Spectral sampling is 8.66 cm -1 across the entire spectrum. To confidently identify spectral features with a >5% band depth and achieve a 1.5% total emitted radiance accuracy requirement, OTES meets a signal-to-noise ratio of 320 at a reference temperature of 325 K and has a single-spectrum radiometric precision of ≤2.2 × 10 -8 W cm -2 sr -1 / cm -1 between 1,350 and 300 cm -1 . The absolute integrated radiance error is <1% for scene temperatures ranging from 150 to 380 K.

Observing sequences designed to obtain whole-disk OTES spectra consisted of pointing OTES at Bennu for 4.5 h (a little longer than one full rotation of the asteroid) without scanning. However, the standard calibration of OTES data depends on the scene and the calibration targets all filling the FOV; when the scene (Bennu) fills only a portion of the FOV, wavelength-dependent, off-axis modulation of energy through the interferometer results in an apparent low signal at short wavelengths. Correcting this effect requires a substantially more complex calibration approach, which is under consideration. As such, we show here spectra acquired on DOY 347 (13 December 2018) when the FOV was fully filled and the standard calibration approach is appropriate for the observations. The average phase angle during these observations was approximately 45.5°. The DOY 347 observations cover the equator and southern (relative to the plane of the ecliptic) hemisphere and are equally representative of observations in the northern hemisphere collected during Preliminary Survey sequences on other days.

The calibration of OTES data generally consists of an automated processing pipeline that transforms OTES raw interferograms into voltage spectra and then into absolute radiance units 3 . More specifically, the measured voltage spectrum is the difference between the radiance of the scene, foreoptics and the detector times the instrument response function; the radiance of the detector and the instrument response function are unknowns, but can be determined by periodically observing space and an internal calibration target, at which point it becomes possible to solve for the scene radiance and account for temperature fluctuations of the instrument (detector) that result from the instrument heater cycling during the observations. After the acquisition of Earth observations in September 2017, an adjustment was made to the calibration pipeline to account for slopes in the interferograms that occur during the transition between cold space and a hot target (for example, Earth or Bennu). This slope results from the time constant associated with the DC-correction electronics (which is longer than the 2 s integration) and, if uncorrected, results in high-frequency 'ringing' in the spectra. In addition, many of the 'ride-along' observation sequences in the Approach and Preliminary Survey 4 that were designed for imaging did not include periodic views of space, instead measuring space only at the start and end of sequences that lasted on the order of 4.5 h. As a result, an alternative calibration approach was developed to account for instrument (detector) temperature fluctuations during these sequences; this involves using a look-up table that correlates in-flight measurements of the temperature measured by a thermistor adjacent to the detector to the detector radiance.

The afternoon local time of the DOY 347 observations (approximately 15:00-15:30) results in viewing surfaces having different temperatures (for example, sunlit and shadowed) thus requiring an emissivity-temperature separation that allows for the fitting of multiple temperatures. We fit the OTES calibrated radiances using a non-negative linear least squares algorithm 50 that takes as input a suite of Planck functions with temperatures between 150 and 380 K. The mixture of Planck functions that provides the best fit to the measured radiance is divided into the measured Bennu radiances to obtain emissivity, where the maximum emissivity is assumed to be 0.97 based on reflectance measurements of relevant carbonaceous chondrite meteorites 39 . The Bennu spectrum shown in Figs. 3 and4 is the average of 974 spectra with spatial resolutions of approximately 80-90 m per spot collected on DOY 347.

Introduction

The OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS) (Reuter et al., 2018) collected visible-near-infrared (VNIR) spectra in the range of 0.4 to 4.3 μm during the spacecraft's approach to and global mapping of Bennu (Lauretta et al., 2017). Early observations showed that Bennu's strongest spectral feature is the absorption band in the 3-μm region (at 2.74 ± 0.01 μm for Bennu) associated with the presence of OH -or H 2 O bound in hydrated phyllosilicates (Hamilton et al., 2019). The band position and ubiquity of this feature on Bennu indicates the global presence of Mg-phyllosilicate minerals that are the result of an advanced stage of hydrothermal alteration (Hamilton et al., 2019).

In addition, Simon et al. (2020b) found minor absorption bands (characterized by a depth less than 5%) centered near 1.4, 1.8, and 2.3 μm, among others. The 1.4-μm absorption band is due to the first overtone of the OH stretch band (Clark, 1999), and the band near 1.8 could be associated with the combination the H 2 O bending and the OH stretch that occurs near 1.9 μm (Clark, 1999). As for the minor absorption band detected near 2.3 μm, it is insufficiently clear whether it is due to phyllosilicates (cation-OH bound), carbonates, or other species (Simon et al., 2020b).

Bennu is a rubble-pile asteroid, believed to be part of the Eulalia/ New Polana families that reaccumulated from the fragments of a ~ 100km-diameter parent asteroid that was broken apart by impacts (Bottke et al., 2015;DellaGiustina et al., 2019;Jutzi and Michel, 2020;[START_REF] Michel | Collisional formation of top-shaped asteroids and implications for the origins of Ryugu and Bennu[END_REF]Walsh et al., 2013). Through simulations, [START_REF] Michel | Collisional formation of top-shaped asteroids and implications for the origins of Ryugu and Bennu[END_REF] predicted that Bennu could originate from the catastrophic disruption of an already hydrated parent body sourced from a localized region, and that similarly heated unbound material during collision could result into a homogenous asteroid surface. This is consistent with [START_REF] Amsellem | Timing of thermal metamorphism in CM chondrites: implications for Ryugu and Bennu future sample return[END_REF] who, using radiometric dating of five heated CM carbonaceous chondrites, found that the CM heating event (at least 3 Ga after the Solar System formation) could have correlated with the parentbody disruption (i.e., the asteroid family-forming event) of New Polana and Eulalia families, for example, with age estimations of 1.4 ± 0.15 Ga and 0.8 ± 0.1 Ga, respectively (Walsh et al., 2013;Bottke et al., 2015).

Image data acquired by OSIRIS-REx showed that Bennu has a rough and rocky surface covered with boulders up to ~100 m in longest dimension (Daly et al., 2020;DellaGiustina et al., 2019;Jawin et al., 2020;Walsh et al., 2019). There are two distinct populations of boulders distinguishable by their albedo, texture and thermal inertia (Della-Giustina et al., 2020). The low-reflectance population (≤4.9% normal albedo) has a rough, hummocky texture and encompasses a range of sizes. The high-reflectance population (>4.9% normal albedo) has smoother and more angular features and includes only boulders <~20 m. In the global map of the 2.7-μm hydration band depth (spectrum spot spatial resolution of ~20 m × 30 m per spectrum, map spatial resolution of ~600 m 2 ), the shallowest band depths are associated with the darkest boulders, which are also the hottest, as well as with the equatorial band (-20 • to 20 • latitude) (Simon et al., 2020a, see also Fig. 4), which may be due to the differences in the mineralogy resulting from aqueous alteration (Kaplan et al., 2020).

The closest spectral analogs to Bennu (Clark et al., 2011) and other low albedo asteroids (e.g. [START_REF] Clark | Spectroscopy of B-type asteroids: Subgroups and meteorite analogs[END_REF][START_REF] Fornasier | Spectroscopic comparison of aqueous altered asteroids with CM2 carbonaceous chondrite meteorites[END_REF] are carbonaceous chondrite (CC) meteorites, which have a continuum of mineralogical, petrological, and textural properties resulting from mild to strong aqueous alteration on their parent bodies. These properties can be used to constrain scenarios of geological evolution of small planetary bodies within the early solar system material [START_REF] Mcsween | Carbonaceous chondrites as analogs for the composition and alteration of Ceres[END_REF]. VNIR reflectance spectra of these meteorites measured in the laboratory have been analyzed to understand the spectral properties of hydrated minerals associated with varying degrees of alteration (Garenne et al., 2016;[START_REF] Potin | Style and intensity of hydration among C-complex asteroids: a comparison to desiccated carbonaceous chondrites[END_REF]Takir et al., 2015). The first spectral behaviour analysis of the data from the OSIRIS-REx spacecraft, even if different from all available meteorites, showed that Bennu is most consistent with CM or CI chondrites (Hamilton et al., 2019), which are the most aqueously altered of the CC meteorites.

Previous studies of CM and CI chondrite hydration indicate that these meteorites have a range of hydration (defined as hydrogen wt% in H 2 O and OH -) that is correlated with the degree of alteration [START_REF] Robert | The concentration and isotopic composition of hydrogen, carbon and nitrogen in carbonaceous meteorites[END_REF]Alexander et al., 2007;Alexander et al., 2012Alexander et al., , 2013)). These bulk-composition studies made assumptions about where hydrogen is hosted-for example, in minerals as opposed to organics-because direct detections of H 2 O and OH -in situ were not possible. However, subsequent studies found that most hydrated species are hosted in phyllosilicates, in particular Mg-and Fe-serpentines and saponite (Takir et al., 2013). Howard et al. (2015) showed that the majority of hydrogen is contained in phyllosilicates for the CM, ungrouped type 2, and CR chondrites. Phyllosilicate composition changes from Fe-rich to Mg-rich with increasing alteration [START_REF] Mcsween | Alteration in CM carbonaceous chondrites inferred from modal and chemical variations in matrix[END_REF].

Laboratory studies of C chondrites have shown how hydration may be quantified from VNIR spectra (Pommerol andSchmitt, 2008a, 2008b andreferences therein). Milliken and Mustard (2007) developed an approach where the effective single-particle absorption thickness (ESPAT) and the normalized optical path length (NOPL) of a spectrum can be linked directly to water content (see also Milliken and Mustard, 2005;Garenne et al., 2016). This approach has since been applied to global spectral datasets from Mars (e.g. Mustard et al., 2008) and the Moon (e.g. Li and Milliken, 2017). A similar study using H wt% and spectra of C chondrites found that ESPAT and band depth can be used to estimate hydration for these meteorites (Garenne et al., 2016). Other analyses of C chondrites showed that Gaussian modeling of the 2.7-μm absorption feature could be directly related to H wt% of the samples (Kaplan et al., 2019;[START_REF] Potin | Style and intensity of hydration among C-complex asteroids: a comparison to desiccated carbonaceous chondrites[END_REF].

Correlation between meteorite spectral parameters and their hydration, defined as H content of the water and hydroxyl groups (H 2 O and OH -) in the hydrated phyllosilicates (hereafter, H content) allowed us to estimate Bennu's surface H content, using Bennu spectral parameters. We discuss how Bennu H content estimation compares to the ones of CC meteorites. We, then, explore in detail how the hydration of Bennu's surface spatially varies. The implications of the H content estimation as well as its spatial variations are fundamental for the understanding of the cosmochemical history and aqueous alteration of Bennu's parent body, as well as for the sample of Bennu that the OSIRIS-REx spacecraft will return to Earth in 2023 (Lauretta et al., 2017).

Data and methods

Bennu data

In April 2019, OVIRS, onboard the OSIRIS-REx spacecraft, acquired visible-infrared spectra, from 0.4 to 4.3 μm, of asteroid (101955) Bennu from a range of 5 km. Global coverage was obtained at a solar phase angle of 8-10 degrees, with approximately 30% overlap from one spectrometer spot to the next (Simon et al., 2020a). The Bennu spectral data we used were acquired during the third Equatorial Station (EQ3) of the Detailed Survey phase, on May 9th 2019, at 12:30 pm local solar time (Lauretta et al., 2017). This data set allows both careful spectral analysis at a spectral resolution of 2 nm from 0.4 to 2.4 μm and 5 nm from 2.4 to 4.3 μm, and global mapping at a spatial resolution of 20 × 30 meters per spectrum.

Spectra acquired were then calibrated and resampled. Finally, the thermal tail of each spectrum is removed and all spectra are divided by solar flux (Simon et al., 2020a) and then photometrically corrected (Zou et al., 2021). The spectra were filtered according to their viewing geometry with incidence and emergence angles both inferior to 70 • , to eliminate viewing geometry artefacts. Spectra were also filtered for spikes and saturation. Our data set after filtering is 7089 spectra for EQ3 station.

The OVIRS spectral reflectance of Bennu's surface depends on the light scattering geometry. In order to make comparisons between different areas and quantitatively interpret the spectra based on laboratory measurements, the observations need to be photometrically corrected to the same geometry. We choose a common geometry often used in laboratory settings, where Reflectance Factor (REFF) is measured at (i 0 , e 0 , α 0 ) = (0 • , 30 • , 30 • ). OVIRS data are obtained in units of Radiance Factor (RADF). A McEwen model is used to correct the measured RADF values of each spectral wavelength to the reference geometry. Then, RADF data are converted to units of REFF for comparison with laboratory measurements. The details of the photometric correction are explained in (Zou et al., 2021).

The OVIRS spectra are calibrated on a spot-by-spot basis using an automated pipeline that subtracts a nearby deep space background level, subtracts out-of-band signal (IR leakage in all filters <2.95 μm), converts to absolute physical radiance units and screens for outlier pixels (Simon et al., 2018). Each spectrum is then resampled onto a common wavelength axis with 2-nm sampling below 2.4 μm and 5-nm sampling above 2.4 μm. As part of the signal above 2.2 μm is from thermal radiance, a thermal tail is calculated and removed from each spectrum before dividing by a range-corrected solar spectrum to convert to reflectance (Simon et al., 2020a). There are two sources of uncertainty in the final spectra: channel-to-channel noise, which is calculated based on read noise and photon noise, and absolute radiance calibration. The absolute radiometric uncertainty affects the overall radiance across the full spectrum with no particular wavelength dependence. However, two terms do have a spectral dependence that may affect the hydration band. First, the out-of-band signal is calculated by summing the long wavelength radiance and multiplying by coefficients for each wavelength derived from perfect blackbody source data. Any spot that covers a mixed temperature scene may potentially have an error in this correction that increases with decreasing wavelength in each filter segment (i.

e., it is larger at 1.7 μm than at 2.9 μm). The second uncertainty comes from the thermal tail correction that may remove too much, or not enough, radiance, if the thermal tail fit is not well determined. Both of these contribute a few percent of uncertainty to the absolute radiance.

The uncertainty plotted in Fig. 1a represents the standard error of the mean normalized spectrum.

Meteorite data

The meteorite dataset that we assembled for this study is composed of 39 hydrated CC meteorites (Appendix A Table A1) for which bulk hydrogen values have been independently measured (Alexander et al., 2012;Alexander et al., 2013;Garenne et al., 2016).

All the selected meteorites used in this work, were powdered and spectra were measured under asteroid-like conditions (vacuum-and thermally-desiccated conditions) (Appendix A Table A1).

Meteorite chips from Takir et al. (2013Takir et al. ( , 2019) ) were grounded into ~100-μm powder and no grain size distributions were measured due to the small amount of meteorite sample. The meteorites from [START_REF] Potin | Style and intensity of hydration among C-complex asteroids: a comparison to desiccated carbonaceous chondrites[END_REF] and Garenne et al. (2016) were powdered manually but not sieved to keep a large grain size distribution.

An additional spectrum was collected for Mighei (with grain size <500 μm) at INAF-Astrophysical Observatory of Arcetri in Firenze, Italy (Poggiali personal communication). Milliken and Mustard (2007) studied the effect of increasing spectrum particle size class (from <25 μm to 125-250 μm) on spectral parameters such as NOPL and ESPAT calculated on the spectrum 2.7-μm hydration band. They showed that these spectral parameters increase with increasing particle size for the same water content (H 2 O wt%) of the sample. The meteorite spectra chosen in this study all present large grain size distribution with different maximum grain size. This difference is not believed to impact spectral measurements, as small-sized material dominates the spectral signature of planetary surfaces or meteorite powders characterized by a large particle size distribution.

The meteorite H contents used in this study are calculated in Alexander et al. (2012Alexander et al. ( , 2013)). The authors have measured the bulk carbon content as well as bulk hydrogen content. Assuming all carbon is in the organic matter, they then deduced the organic hydrogen content using the typical Insoluble Organic Matter (IOM) hydrogen to carbon ratio of CR meteorites and CM meteorites. The organic hydrogen content is subtracted from the bulk hydrogen content to derive the bulk hydrogen content in water and hydroxyl groups of hydrated phyllosilicates, i.e.: H content which is reported in Appendix A. In the case of meteorites for which the H contents were not calculated by Alexander et al. (2012Alexander et al. ( , 2013)), we did the same calculations as explained above, using the meteorite bulk composition measurements (bulk, H, bulk C and H/C values) from the literature. In the case of the Orgueil and Tagish Lake meteorites, several samples were analyzed and several different hydrogen content values were ultimately derived (Alexander et al., 2012;Gilmour et al., 2019), and our results reflect the variability in the reported values.

I/F spectrum conversion into single-scattering albedo (SSA) spectrum

In order to calculate the effective single-particle absorption thickness Bennu spectrum with standard error of the mean (~5.10 -4 ), as well as the spectra showing the deepest and shallowest hydration band in red and blue respectively. b) Gaussian model result obtained for the average EQ3 spectrum (normalized to 1.0 @ 2.5 μm), showing five separate Gaussian curves (dotted green lines), for which the composite spectrum (solid green curve), agrees well with the measured spectrum (blue dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (ESPAT) parameter, we converted Bennu photometrically corrected I/F spectra into single-scattering albedo spectra using the five-parameter form of a Hapke model (Li et al., 2007a(Li et al., , 2007b(Li et al., , 2009) ) that includes a single-scattering albedo term (ω), a single-term Henyey-Greenstein (HG) function (p) with an asymmetry factor (g), a roughness parameter (θ) and finally a shadow hiding opposition effect term (SHOE) characterized by its width (h) and its height (B 0 ). The two latter parameters are fixed to 0.11 and 2.06, respectively, as derived from the disk-integrated phase function based on the OCAMS images obtained during the approach to the asteroid in December 2018.

The Hapke model is then run on the global-surface spectral data set in order to obtained the following global Hapke modeling parameters for the model best fit: ω, g, θ, geometric albedo and bond albedo and goodness-of-fit indicators root-mean-square (RMS), relative root-meansquare (RRMS). The best fit is deduced from the smallest chi-square test (χ 2 ) value when searching in parameter space (from [START_REF] Li | Spectrophotometric Modeling and Mapping of (101955) Bennu[END_REF]. The same Hapke Isotropic Multiple Scattering Approximation (IMSA) model (Hapke, 1993[START_REF] Hapke | Bidirectional reflectance spectroscopy: 5. The coherent backscatter opposition effect and anisotropic scattering[END_REF] was then re-run on global-surface I/ F spectral data set (EQ3) using the previously obtained global Hapke modeling parameters (i.e. the global average Hapke model parameters from [START_REF] Li | Spectrophotometric Modeling and Mapping of (101955) Bennu[END_REF], with the porosity term calculated using Helfenstein and Shepard (2011), leaving SSA as a free parameter at every channel.

In the case of meteorite spectra measured in the laboratory: we apply several simplifications to the Hapke model (Beck et al., 2010). The simplifications (Garenne et al., 2016;Milliken and Mustard, 2007) are the absence of opposition effects (no SHOE, no CBOE), therefore the backscattering term is negligible (B(g) = 0), and the phase function is assumed to be isotropic (the scattering term is set to p(g) = 1). These are reasonable assumptions for particulate samples in which particles are in intimate contact (powder) and larger in size than the wavelength (from 2.6 to 3.3 μm) (Milliken and Mustard, 2007).

ESPAT parameter calculation

The Effective Single Particle Absorption Thickness parameter (W(λ), ESPAT) function is a quantity defined by Hapke (1993) related to the absorption coefficient, volume of particles and the single-scattering albedo (Eq. 1).

Dealing with such quantities has proved to have some advantages: Hapke (1993) has shown that the ESPAT function is quasi-linear, proportional for a wide range of effective particle size determined by the value of internal scattered coefficient; subsequently, Milliken and Mustard (2005) found that this function is also linearly proportional for a wide range of absolute water content (0-15%wt H 2 O). ESPAT function is, therefore, most useful when the medium consists of particles that are sufficiently small (Hapke, 1993) or surface roughness equivalent to small particle size. It also indicates that the water content is quasi-linear in respect with the effective particle size.

When the extinction coefficient (Q E (λ)) is assumed to be 1, then the scattering coefficient (Q S (λ)) is equivalent to the volume-average singlescattering albedo (ω(λ)). Thus, the ESPAT parameter can be calculated using volume-average single-scattering albedo (ω) (Eq. 1), Milliken and Mustard (2007).

W(λ) = 1 -ω(λ) ω(λ) (1)
Eq.1 shows that when there is no absorption (ω(λ) = 1), the ESPAT parameter is null (W(λ) = 0). However, for dark material: ω(λ) values are less than 1 in the OVIRS wavelength range (0.4 to 4.3 μm), even when no absorption occurs. Therefore, following Milliken and Mustard (2007), we divide ω(λ) values by their continuum fits (using the maximum single scattering albedo value: ω max (λ)) to isolate the absorption band studied, with the following equation (Eq. 2):

W(λ) = 1 -ω(λ) ωmax(λ) ω(λ) ωmax(λ) (2)
A linear continuum is fitted using the reflectance average of three OVIRS wavelength channels as left and right anchor points (at 2.6 and 3.3 μm). The mean wavelength of the hydration band minimum position for the EQ3 data set corrected with McEwen model is 2.73 ± 0.01 μm; therefore, the ESPAT parameter was calculated at 2.73 μm, using also three-wavelength channel average.

NOPL parameter calculation

The normalized optical path length (NOPL) is calculated on absolute reflectance spectra of Bennu's surface and meteorites following the calculation of Milliken and Mustard (2007), see also Garenne et al., 2016;Milliken and Mustard, 2005;Milliken et al., 2007). The NOPL parameter at a defined wavelength (λ, here 2.73 μm) is calculated using the reflectance (R(λ)) as well as the reflectance of the linear continuum (R c (λ)) fitted between 2.6 μm and 3.3 μm (Eq. 3). We computed threewavelength channel average for each linear continuum anchor point as well as for the centre point.

NOPL(λ) = -ln(R(λ) + 1 -R c (λ) ) -ln(1 -R c (λ) ) (3) 
2.6. Band gaussian modeling

3-μm region absorption band

The absorption band in the 2.7-μm region is caused by the combination of vibration fundamental mode and overtones of H 2 O, OH, and cation-OH bonds.

H 2 O and OH groups are present in the mineral structure of phyllosilicates or can be adsorbed onto the surface of mineral grains in the case of H 2 O. In the scope of this work, we focus our analysis on the absorption contribution of OH and H 2 O in the region between 2.6 and 3.3 μm.

The hydroxyl O -H bond has one stretching vibration fundamental mode, which depends on the cation to which the OH is bonded [START_REF] Bishop | The influence of octahedral and tetrahedral cation substitution on the structure of smectites and serpentines as observed through infrared spectroscopy[END_REF]. It can occur between 2.67 (Farmer, 1974) and 3.45 μm (Ryskin, 1974), and more typically between 2.7 and 2.8 μm (Clark et al., 1990). Absorptions near 2.72 and 2.75-2.76 μm are characteristic to magnesium-rich (Mg-OH) and aluminium-rich (Al-OH) phyllosilicates, respectively (De Sanctis et al., 2016). The OH stretch vibration of ironrich (Fe-OH) phyllosilicates occurs near 2.8 μm [START_REF] Manceau | Oxidation-reduction mechanism of iron in dioctahedral smectites: II. Crystal chemistry of reduced Garfield nontronite[END_REF].

Water (H 2 O) in minerals is characterized by three vibration fundamental modes (v). A symmetric OH stretch in the water molecule (v 1 ) occurs near 3.106 μm and the asymmetric OH stretch (v 3 ) occurs near 2.903 μm, whereas the H-O-H bend (v 2 ) occurs near 6.079 μm (Clark et al., 1990). Adsorbed water was also found to cause an absorption band near 2.85 μm.

Gaussian modeling

Gaussian modeling allows us to distinguish and define the different contributions of radical-OH and H 2 O stretching modes in the 2.7-μm region absorption band.

The absorption band due to hydrated phyllosilicates in Bennu's spectra as well as in meteorite spectra were modelled using several Gaussians. The 2.7-μm region absorption band was modelled using Gaussians from 2.6 to 3.3 μm for Bennu's EQ3 average spectrum and using continuum anchor points adapted for each meteorite, using up to five Gaussian curve fits and a linear continuum.

Each Gaussian is diagnostic of one or several different stretching modes of OH -and/or H 2 O groups, depending on their center wavelength (2.72, 2.75, 2.8, 2.9 and 3.1 μm).

While these five Gaussian curves combine to create the composite absorption feature from ~2.6 to ~3.3 μm, each individual Gaussian curve is associated with energy required by a slightly different hydrogen-rich functional group linked to hydroxyl (OH -) and water (H 2 O) (Clark, 1999;De Sanctis et al., 2017;[START_REF] Rivkin | Astronomical observations of volatiles on asteroids[END_REF].

In our analysis, we use the area of the second Gaussian curve centered (on average) at 2.75 μm (hereafter the G2 area) that is associated with OH - (Kaplan et al., 2019). Of the three methods we have employed to assess H content of Bennu, Gaussian modeling of the absorption band has the highest number of free parameters and, as a result, the greatest uncertainty due to the large number of local model solutions, which leads to noisier results. We therefore have decided not to include Gaussian modeling results in our final map of Bennu mean H content, as we cannot distinguish spatial features within the noise. However, the gaussian modeling of the hydrated phyllosilicates is an independent test to confirm the global average H content values obtained from ESPAT and NOPL.

Mapping

In this study, we use the 200,000-facet Palmer shape model version 20 (Barnouin et al., 2019). For each facet, a weighted average value of the spectral parameter of all overlapping OVIRS spots is calculated using the percentage of overlap between OVIRS spot and the facet as weight [START_REF] Ferrone | Analysis of Projection Effects in OSIRIS-REx Spectral Mapping Methods: Recommended Protocols for Facet-Based Mapping[END_REF]. As described before, each spectrum thermal tail is removed and all spectra are photometrically corrected. Finally, all spectral parameter maps are overlaid on the global basemap [START_REF] Bennett | A high-resolution global basemap of (101955)[END_REF].

Results

We calculated the NOPL and the ESPAT parameters and performed Gaussian modeling of the 2.7-μm absorption band for the absolute reflectance spectra of a set of 39 meteorites (Appendix A). We find a linear correlation between our calculated spectral parameters and the H content of the meteorites. Using this correlation, we estimated the H content of Bennu's surface as well as its spatial variation, using the same spectral parameters calculated from Bennu's reflectance spectra.

Hydration estimation

The spatially resolved spectral dataset of Bennu's global surface includes 7089 spectra, with incidence and emergence angles less than 70 • , and covers Bennu's surface from -80 • S and + 80 • N latitude. The average EQ3 Bennu spectrum is shown in Fig. 1a. Our Gaussian model of Bennu's EQ3 average spectrum can be found in Fig. 1b.

We find a linear correlation between each of the spectral parameters (ESPAT, NOPL and Gaussian), we calculated from the meteorite spectra and the H content of the meteorites (Fig. 2, a to c). The Spearman rank correlation was computed for each linear regression: the rank correlation coefficient (R) and the two-sided significance of its deviation from 0 (p-value) (Fig. 2). In all three cases, the correlation is strong (p-value <0.01 and |R| > 0.6).

We can therefore use the linear correlations between each spectral parameter and H content in the meteorites to estimate the H content of Bennu. Fig. 2 shows the average, maximum, and minimum values of each spectral parameter obtained from the EQ3 spectra of Bennu. The H content error is estimated using the propagation error associated with the linear correlation from the meteorites. We estimate the average H content of Bennu's surface to be 0.72 ± 0.15 wt% using ESPAT, 0.70 ± 0.16 wt% using NOPL, and 0.69 ± 0.26 wt% using the G2 area. All average H content values that we derived for Bennu's surface are summarized in Table 1. The three different spectral parameters indicate consistent H content within the error bars. However, the Gaussian modeling method for G2 area presents a large number of free parameters, and the non-uniqueness of the Gaussian models enhance its noise levels; therefore, we do not use the H content range derived from G2 area to compute or map the mean H content value of Bennu's surface. On the basis of the ESPAT and NOPL methods, Bennu's surface mean H content is 0.71 ± 0.16 wt%. This range of values is consistent with the C2 Tagish Lake and heated CM meteorites and not consistent with the most heavily aqueously altered meteorites, the CIs (higher H content 1.330-1.366 wt%, Fig. 2). H content values obtained by measuring the NOPL parameter are consistent with values from ESPAT and G2 area fits to Bennu's 2.7-μm absorption band, which adds confidence to the result. 1) were determined by using the meteorite correlations. The vertical error bars on Bennu mean ESPAT, NOPL and G2 area are their averaged uncertainty (Table 1) and are inside their symbol. The H content horizontal bar is computed for each method by propagating the error in the determination of the linear regression coefficients (which represents the uncertainty linked to the linear regression equation) as well as the mean uncertainty.

Hydration variations

Maps showing the spatial variation of the NOPL and ESPAT parameters are shown in Fig. 3a andb, overlain on the global basemap of Bennu constructed from PolyCam images [START_REF] Bennett | A high-resolution global basemap of (101955)[END_REF]. Both maps show a global pattern that is very similar to the hydration band depth map (Simon et al., 2020a) that we independently computed (Fig. 4).

Variations in the calculated spectral parameters are associated with albedo (DellaGiustina et al., 2019;Simon et al., 2020a) and morphological features on Bennu's surface. We find that Bennu's boulder-rich areas (Walsh et al., 2019) are characterized by lower NOPL and lower ESPAT. The equatorial band (-20 • to 20 • latitude) also shows lower NOPL and lower ESPAT. On the other hand, higher latitudes (low to intermediate boulder abundances) show higher values of NOPL and ESPAT (Fig. 3a andb). The ESPAT and NOPL maps show similar behaviour to the band depth (Fig. 4), surface temperature, and albedo (Simon et al., 2020a). Simon et al. (2020a) report that the causes of the correlation between band depth and surface temperature are not clear, as they could be due to thermal tail removal method or they could be a function of surface properties (e.g., grain size effect, boulder thermal inertial, albedo, weathering, and composition) varying together.

The spatial variations of the average H content (phyllosilicate H 2 O and OH group hydrogen content) are overlain on the global basemap [START_REF] Bennett | A high-resolution global basemap of (101955)[END_REF] in Fig. 5. The relative variation of the average H content is in agreement with the band depth variation (Fig. 4). Lower H content is evident in boulder-rich areas (such as from 225 to 275 degrees longitude and 0 to -60 • latitude). We observe several areas-including the boulders Benben Saxum (~56 m in diameter) and Roc Saxum (~95 m), and the Tlanuwa Regio, a region with a high density of large boulders (~50 m)-that are characterized by relatively low NOPL, low ESPAT, low H content (~0.66 wt%), and shallow 2.7-μm band depths (Simon et al., 2020a).

In the equatorial band (-20 • to 20 • latitude), the H content is lower than average. This equatorial region is characterized by rubble-filled craters and a few boulders. Other workers have shown that the equatorial band has a higher thermal inertia than global average (Rozitis et al., 2020a), a stronger red spectral slope than global average (Barucci et al., 2020;Fornasier et al., 2020;Simon et al., 2020a), and a shallower hydration band depth (Simon et al., 2020a). The causes of these differences in the equatorial region may include space weathering, surface roughness variations due to mass movement (Barucci et al., 2020;Jawin et al., 2020), and/or preferential fall-back of particles ejected from Bennu's surface [START_REF] Mcmahon | Dynamical evolution of simulated particles ejected from asteroid Bennu[END_REF].

We also find areas at intermediate to high latitudes (beyond 20 • and -30 • ) that display deeper than average 2.7-μm band depths and higher than average ESPAT and NOPL values. These areas show the most hydration, with a higher than average H content of ~0.74 wt% (see Fig. 5, particularly at longitudes 0-100 • and 275-360 • ). There are intermediate-size boulders in these regions, and the surface has a higher than average albedo at 0.55 μm and lower abundances of the organic carbon surface components (Simon et al., 2020a). The site from which the OSIRIS-REx spacecraft collected a sample, Nightingale (56.0 • N and 42.1 • E), lies within this region, suggesting that the spacecraft is very likely to return a sample with relatively high H content in comparison to average Bennu, yet not as high as CIs.

Discussion

Spatial distribution of hydrogen

The patterns of high and low hydration on Bennu's surface likely reflect early processes on Bennu's parent body, as well as on-going modification of Bennu by space weathering, heating, and the drivers (meteoroid impacts, thermal fracturing, and/or dehydration of phyllosilicates) of the particle ejection events observed by the OSIRIS-REx mission [START_REF] Hergenrother | Introduction to the Special Issue: Exploration of the Activity of Asteroid (101955) Bennu[END_REF][START_REF] Lauretta | Episodes of particle ejection from the surface of the active asteroid (101955) Bennu[END_REF]. Some of these processes reduce hydration (e.g., impact-induced heating can cause dehydration, Nakamura, 2006), and others may increase the H+ ions on the surface (e.g., solar wind implantation, Li and Milliken, 2017;Tucker et al., 2019). Solar wind implantation of hydrogen has been shown to increase the 2.7-μm signature diurnally on the Moon, with higher hydrogen content at higher latitudes (Li and Milliken, 2017;Clark, 2009;[START_REF] Pieters | Character and Spatial Distribution of OH/H 2 O on the Surface of the Moon Seen by M 3 on Chandrayaan-1[END_REF]Sunshine et al., 2009). A similar spatial pattern of higher hydration at the poles is seen on Bennu, though it has not been noted on Ryugu (Kitazato et al., 2019). There is a strong relationship between observed hydration and temperature (Simon et al., 2020a), which is also the case for the implanted hydrogen on the Moon (Li and Milliken, 2017). Solar wind implantation is a surface process, meaning that our findings may not be representative of unexposed material on Bennu. The lunar surface spectral data, acquired in 2017 by OVIRS, showed the 2.8 μm absorption band [START_REF] Simon | OSIRIS-REx visible and near-infrared observations of the Moon[END_REF], which is consistent with the previous full-disk observations. Further, meteoroid bombardment would preferentially affect the equatorial region (Bottke et al., 2020) and could trigger a dehydration reaction; larger impacts in the equatorial region (as evidenced by the presence of large craters) could also have dehydrated material in the past. Boulders exposed for longer periods of time may also be more likely to experience similar dehydration processes. Moreover, Jawin et al. (2020), analysing Bennu's surface morphology, concluded that mass movement appears to dominantly move from the mid-latitudes toward the equator, consequently altering the surface.

Dehydration from impacts and implantation of H + by solar wind may together explain the small spatial variation in estimated H content at the spatial resolution of the studied spectra of Bennu (20 × 30 m). According to the modeling of Starukhina (2001), solar wind proton implantation may result in the creation of bands, but this is not confirmed in the spectroscopic survey of asteroids [START_REF] Rivkin | Hydrogen concentrations on C-class asteroids derived from remote sensing[END_REF][START_REF] Rivkin | Astronomical observations of volatiles on asteroids[END_REF]. [START_REF] Brunetto | Characterizing irradiated surfaces using IR spectroscopy[END_REF] showed that there is likely a solar wind contribution in the OTES data of Bennu's surface when they compared them with laboratory-irradiated meteorite spectra in the far infrared. Thus, we can expect a contribution from the solar wind proton implantation in the 2.7-μm region. However, spectral effects of space weathering are highly dependent on the initial physical and compositional properties of the material as shown by Lantz et al. (2018). Lantz et al. (2017) studied spectral effects associated with solar wind space weathering on. carbonaceous chondrites and showed the 2.7-μm absorption band minimum position shifts to longer wavelength. Moreover, from spectral analysis of higher spatial resolution OVIRS data of 45 craters on Bennu (Deshapriya et al., 2021), the 2.7-μm absorption band minimum position was found to have shifted to shorter wavelength for 20 craters with respect to the global average band minimum position, which has been attributed to the presence of less space-weathered (fresher) material in those craters. At the spatial resolution of the OVIRS spectral data set used in this study, the 2.7-μm band minimum position does not vary. Thus, with this analyzed spectral data set and because of the lack of supporting laboratory data, we cannot yet isolate the likely contribution of solar wind hydrogen implantation on Bennu's surface.

Another consideration is differences in hydration originally inherited from the parent body of Bennu. The two main boulder types on Bennu, which are well-mixed at all observed spatial scales, may have had different initial compositions (e.g., resulting from spatially varying Fig. 4. Band depth calculated at 2.73 μm, using a linear continuum from 2.6 to 3.3 μm, on EQ3 spectra (Simon et al., 2020a). The uncertainties on the band depth are of the order of 1% (Simon et al., 2020a). [START_REF] Bennett | A high-resolution global basemap of (101955)[END_REF]. The zero value on the scale corresponds to the global average H content and the scale represent the H content variation with respect that zero value. The error of variation in H content is estimated with the error of the band depth measurement, which is of the order of 1%. The H content variation is in good agreement with the band depth variation (Fig. 4). The OSIRIS-REx mission's final selected site for sampling (Nightingale) is indicated. alteration) (Kaplan et al., 2020) and subsequent different reactions to space weathering (DellaGiustina et al., 2020). We find that regions with higher 0.55-μm reflectance on Bennu (Fig. 3D in Simon et al., 2020a) generally have more hydrogen, though variations are small (Fig. 5). In addition, the largest boulders on Bennu are dark (≤4.9% albedo; Del-laGiustina et al., 2020) and are associated with lower hydration, as well as shallower band depth (Simon et al., 2020a), which suggests that some of the hydration signature is inherent to the discrete boulder population and likely reflects a dichotomy on Bennu's parent asteroid. From our dataset, we cannot separate the effects of space weathering, impact dehydration, or original composition.

Hydrogen abundance and comparison to meteorites

Bennu has similar H content (0.71 ± 0.16 wt%) to the ranges found in CM meteorites (0.46-1.36 wt%), the ungrouped C2 meteorite Tagish Lake (0.50-0.69 wt%), and CR meteorites (0.30-1.20 wt%, Alexander et al., 2012). However, previous spectral analyses ruled out the CRs as analogs for Bennu and suggested that Bennu is most similar to the most aqueously altered CM and CI chondrites (Hamilton et al., 2019). However the H content of Bennu is not similar to those of the CIs (1.330-1.366 wt%, Alexander et al., 2012, Fig. 2).

Our results therefore indicate that Bennu is most similar to the CM and Tagish Lake meteorites. Most heated CMs have experienced temperatures of > ~ 400 • C (e.g. Lee et al., 2016). The estimation of H content, as shown here, and the fact that olivine has not been detected on the surface by OVIRS or OTES, both suggest that Bennu's phyllosilicates have not been significantly dehydrated or decomposed, which occurs at ~700 • C (Hamilton et al., 2019;Hamilton et al., 2021). The areas of lower H content on Bennu's surface correspond to higher surface temperature (~350 K) as shown in Fig. 3C in Simon et al., 2020a. Moreover, Rozitis et al. (2020b), modeling Bennu's surface temperature, found modest seasonal temperature variations but relatively high diurnal temperature with a maximum of 390 K at the equator during perihelion.

The presence of organics in some locations on Bennu's surface could imply that these regions have not experienced significant heating [START_REF] Kaplan | Composition of organics on asteroid (101955) Bennu[END_REF]Kebukawa et al., 2010;Simon et al., 2020a), which could potentially rule out the heated CMs as analogs of Bennu, without excluding the lower end of heated CMs as evidence consistent with low to moderate heating are present on Bennu. Although Tagish Lake has a strongly red spectral slope (unlike the moderately blue slope of Bennu), it has previously been suggested to be analogous to Bennu in terms of its carbonate-rich lithology, strong hydration feature, and low albedo (Kaplan et al., 2020;Merlin et al., 2021) as well as by OTES comparison to laboratory spectral data [START_REF] Brunetto | Characterizing irradiated surfaces using IR spectroscopy[END_REF].

Hydrogen abundance and comparison with C-complex asteroids

The relative abundance of phyllosilicates on asteroid surfaces has been the subject of studies of ground-based [START_REF] Rivkin | Hydrogen concentrations on C-class asteroids derived from remote sensing[END_REF]Takir et al., 2019) and space-based observations (Ammannito et al., 2016;De Sanctis et al., 2016).

Ground-based observation campaigns of asteroids revealed the presence of 2.7-μm region absorption band in a number of asteroids [START_REF] Rivkin | Hydrogen concentrations on C-class asteroids derived from remote sensing[END_REF][START_REF] Rivkin | Astronomical observations of volatiles on asteroids[END_REF]Takir and Emery, 2012).

However, the 2.5-2.85 μm range remains difficult to analyse due to atmospheric absorption. The band minimum is generally situated in this wavelength range, limiting detailed mineralogical studies and comparison with carbonaceous chondrite.

The Dawn mission collected spatially resolved spectral data with near-global coverage of Ceres' and Vesta's surfaces using the visible and infrared mapping spectrometer (VIR) [START_REF] De Sanctis | The VIR spectrometer[END_REF] from 0.25 to 5 μm. Ammannito et al. (2016) studied the repartition of phyllosilicates on the surface of Ceres using spectral data collected by VIR. The relative abundance of the Mg-bearing phyllosilicates was mapped using the intensity of its 2.72-to-2.73-μm centered absorption band and showed the variability of the Mg-bearing phyllosilicate abundance as well as a fairly uniform phyllosilicate composition across Ceres surface (with no significant variation of the band minimum position). Furthermore, using the VIR spectrometer in combination with the GRaND instrument (gamma ray and neutron detector) of the Dawn mission, Prettyman et al. (2019) analyzed the hydrogen elemental abundance at the surface of Ceres and Vesta. Prettyman et al., found that the majority of hydrogen is present in hydroxyl-bearing minerals at the surface of Vesta, while for Ceres, higher concentration of hydrogen in the poles is consistent with the presence of subsurface ice. However, the evolution histories and physical properties of these two objects are completely dissimilar from those of Bennu.

Spectroscopic surveys of C-complex and S-complex asteroids were performed using the Infrared Camera (from 2.5 to 5 μm) on board the satellite AKARI and the resulting asteroid spectral library was analyzed by Usui et al. (2019). They showed that the majority of observed Ccomplex asteroids present a significant 2.7-μm region absorption band, generally centered near 2.75 μm. They analyzed the relative abundance of hydrated phyllosilicates with a band depth calculation. Beck et al. (2021) discussed an approach to quantify the equivalent water abundance of main-belt asteroid surfaces using AKARI asteroid spectral data set in coordination with a set of laboratory measurements on carbonaceous chondrites under dry vacuum conditions (Beck et al., 2010). Using this newly available near-infrared spectral library of C-complex mainbelt asteroids, Beck et al. ( 2021) computed a spectral metric and compared the results of those from laboratory-measured carbonaceous chondrite spectra as well as carbonaceous chondrite H 2 O abundances (wt%) estimated by TGA (thermogravimetric analyses). The spectral metric they found, which can be applied to all meteorite types used in this study (CM, CI, CV, CR, CO, and Tagish Lake), uses the sum of the band depths at 2.75 and 2.8 μm. Through a linear correlation between the previously mentioned spectral metric, they were able to estimate the water content at the surface of C-complex main-belt asteroids and determined a water content average of 4.5 wt% H 2 O with high uncertainties of ± 4 wt% H 2 O linked to the quality of the correlation. Beck et al. observed that the water content estimated for the most hydrated asteroids is lower than those of carbonaceous chondrites. This may be due to space weathering of asteroids or to an underestimation of the terrestrial water contribution in carbonaceous chondrites. While Bennu's spectra are of higher resolution and quality than AKARI's asteroid observations, the global H content estimation for Bennu gives only an indication of the surface hydration without disentangling the space weathering effects on Bennu's surface.

Conclusions

These results represent the first spatially resolved estimation of hydrogen content in water and hydroxyl groups of hydrated phyllosilicates of an asteroid surface, revealing the presence of small latitudinal differences in H content as well as differences associated with geomorphology. Our results suggest that Bennu is moderately hydrated compared to CC meteorites, with an average H content of ~0.71 ± 0.16 wt% derived from the NOPL and ESPAT methods. Long-term, on-going surface modification processes, including solar wind implantation and impact dehydration, may be responsible for the lower H content in the equatorial region. In addition, different initial compositions inherited from Bennu's parent body (DellaGiustina et al., 2020) may play a role in the distribution of H content, as exemplified by large, dark individual boulders with lower than average H content.

Quantifying the H content at the surface of Bennu can constrain its thermal history and help us to understand the composition of the primitive asteroid populations. The H content variations on Bennu, the full range of which is 0.64 ± 0.15 to 0.76 ± 0.15 wt%, are small compared to the overall range of the CC meteorites used in this study (0.410 ± 0.001 to 1.366 ± 0.015 wt%), which could validate the use of non-spatially resolved investigations of the 2.7-μm feature on asteroids to understand hydration and/or relation to the CC meteorites (e.g., with ground-or space-based telescopes). The study of H 2 O and OH -abundance on many primitive bodies can help constrain models of the formation and evolution of our Solar System, as well as some of the key processes in the development of life on Earth (Brack, 1993).

The origin of water on Earth is one of the most important topics still debated (Alexander et al., 2012;Altwegg et al., 2015;Piani et al., 2020), i.e. how the Earth acquired so much water, having originated from a hot, dry part of the disk of gas and dust from which the Solar System formed. Many primitive asteroids once contained abundant water, now stored as OH in hydrated minerals (Alexander et al., 2012). Therefore, the H content (phyllosilicate H 2 O and OH group hydrogen content) as well as its distribution found for Bennu's surface could help to constrain and model the compositional evolution of the pristine asteroid population.

Two of the key ingredients for life, water and complex organic molecules, may have been delivered to Earth after formation by impacts with small bodies (Altwegg et al., 2019). OSIRIS-REx sampled Bennu's surface at site Nightingale in October 2020 and will return the collected sample to Earth in 2023; the sample is predicted to contain water and organics. As Beck et al. (2021) estimated the water content for the most hydrated asteroids to be lower than those of carbonaceous chondrites, we suggest that the hydrogen content contained in the phyllosilicate H 2 O and OH group of the returned sample will be at least 0.71 wt%. This hydrogen abundance is similar to those of the CM and Tagish Lake meteorites, which share similarities in phyllosilicate mineralogy with Bennu. Our analysis does not allow to unravel the space weathering effects on Bennu's surface.

Both the sample and the VNIR spectral data reflect the surface composition of Bennu, which may be more heated and/or spaceweathered than material sourced from the interior. Given that the OSIRIS-REx sample acquisition mechanism penetrated several centimetres into the subsurface [START_REF] Lauretta | OSIRIS-REx at Bennu: Overcoming challenges to collect a sample of the early Solar System[END_REF], weathered as well as potentially unweathered material will be returned. 

Introduction

In late June 2018, Hayabusa2, the Japanese Aerospace Exploration Agency (JAXA) spacecraft for the asteroid sample return mission, arrived at home position (HP), located at an altitude of about 20 km from Ryugu's surface, in a hovering position orbit. It acquired a large quantity of data of the near-Earth asteroid (162173) Ryugu using several instruments: the Optical Navigation Camera Telescope (ONC-T), a thermal infrared imager (TIR), a near-infrared spectrometer (NIRS3), and a laser light detection and ranging (LIDAR) system (Watanabe et al. 2019).

The onboard instruments revealed a very dark surface object with a geometric albedo of 0.045 ± 0.02 (Sugita et al. 2019), a mean equatorial diameter of 1.004 ± 0.004 km, and a rotational period of 7.63262 ± 0.00002 h (Watanabe et al. 2019). Ryugu showed a top-shape form with a polar-to-equatorial-axis ratio of 0.872 ± 0.007 and a very low density, which could imply a rubble-pile nature (Watanabe et al. 2019). The camera images revealed many geomorphological features, such as craters, ridges, depressions, and numerous boulders of different sizes, the largest of which (Otohime Saxum) was about 160 m in diameter (Sugita et al. 2019).

The NIRS3 instrument, operating in scanner mode, acquired reflectance spectra from 1.8 to 3.2 µm (Iwata et al. 2017). The NIRS3 is a point spectrometer with a 0.1 • field-of-view, which obtained continuous point-target spectra over Ryugu's surface. The obtained spectra show a weak narrow absorption band at 2.72 µm, which was detected across all of the observed surface. The absorption band indicates the presence of OH-bearing minerals, associated with Mg-rich phyllosilicates (Kitazato et al. 2019) that are ubiquitously present on the surface of Ryugu. No meteoritic samples with spectra available at NIRS3 wavelengths seem to fully match those of Ryugu, but there are similarities and b, respectively. Lower H content meteorites are characterized by low NOPL as well as low ESPAT, and vice versa. We find that an exponential-type regression curve best fits the data obtained with the two methods. The exponential equation is:

y = a • (e b•x -1), (3) 
where a and b are coefficients determined using the least-squares method, which minimizes the summed squares of the residuals.

The regression is also forced to pass through point (0, 0), as in the case of an ESPAT or NOPL null (i.e., no 3 µm region absorption band and therefore no hydrated phyllosilicates), and as such the H content in the hydrated phyllosilicates is also null. To assess the quality of the regression fit on each of the correlations, we computed the Spearman correlation, which consists of a pair of coefficients: rho and p-value, reported in Figs. 3a andb. Both rho values are higher than 0.5, and their associated p-value are less than 0.05, which indicates a strong correlation in both cases. The R 2 coefficient was also computed for both fit exponential regressions and is higher than 0.5 in both cases (0.76 and 0.64 for the ESPAT and NOPL regression fits, respectively), which proves that they are both good quality regressions and that the ESPAT regression is of slightly higher quality. The mean values of Ryugu's H content were determined by using the meteorite exponential correlations (Figs. 3a andb). The two dashed black lines visible in Figs. 3a andb define the prediction bounds, which indicate the area in which a new data point would fall with a 95% probability. The vertical bar on Ryugu's mean value is the minimum and maximum values of the ESPAT and NOPL spectral parameters. Ryugu mean H content variation (horizontal bars in Figs. 3a andb) were computed for each method using Ryugu minimum and maximum ESPAT and NOPL parameter values.

The mean H content and its variation, computed for Ryugu with the two methods, are reported in Table 1. The two different methods give similar results, confirming their quality, and allow for a global mean H content of Ryugu's surface and its average relative variations of 0.52 +0.16 -0.21 wt.%. The surface H content variation was computed using the minimum and maximum values of the ESPAT and NOPL spectral parameters and averaging their results.

Model

On the basis of our analysis, we propose two simple models to be used for an approximation of the asteroid H content estimation (H in Eqs. ( 4) and ( 5)). Two equations were derived using the ESPAT mean parameter (E p) and the NOPL mean parameter (N p), reported in Eqs. ( 4) and ( 5), respectively, with the coefficients a and b derived from their respective best exponential regression fit:

H = 0.540 • ln E p 0.050 + 1 , (4) 
H = 1.196 • ln N p 0.192 + 1 . (5) 
These models can be applied to other primitive hydrated phyllosilicate-bearing asteroids with a fully observed 3 µm region absorption band to obtain a mean estimation of the H content of phyllosilicate H 2 O and OH -groups.

The obtained models obviously only represent approximations as it is well known that the 3 µm region absorption band strength varies depending on a number of parameters, such as morphological properties (grain size and porosity), surface temperature, and geometric illumination (Potin et al. 2019;Pommerol & Schmitt 2008a,b). In our case, we obtained similar results from both methods. We suggest that it is generally preferable to use the NOPL method (derived directly from reflectance spectra), particularly for telescopic ground observations, as it has the advantage of not requiring conversion to single-scattering These estimations of the H content on spectrally observed asteroids may be underestimated regardless of the method used. In fact, Beck et al. (2021), comparing the spectral parameters (sum of band depths at 2.75 and 2.8 µm) calculated on Main Belt asteroids observed by AKARI with those of carbonaceous chondrites, found that the water content estimated for the hydrated asteroids is lower than that measured for carbonaceous chondrites.

Conclusions

The understanding of the origin of water on Earth is one of the most important topics still debated (Alexander et al. 2012;Altwegg et al. 2015;Piani et al. 2020). Many primitive asteroids once contained abundant water, which is now stored as OH in hydrated minerals (Alexander et al. 2012). For this reason, we investigated the band at 2.72 µm in depth with the aim to estimate the hydrogen content of the H 2 O and HO -groups in the hydrated phyllosilicates on the surface of Ryugu.

Our prime result gives the estimation of the global mean H content value on Ryugu' surface of 0.52 +0.16 -0.21 wt.%. The estimated H content variation is not connected with Ryugu's surface morphology, nor are the Ryugu ESPAT and NOPL parameters. The derived H content is in agreement with those of several aqueously altered carbonaceous chondrites measured in the laboratory and is most similar to the H content of heated CM. We expect to confirm these results with the analysis of return regolith samples from Ryugu. On December 5, 2020 (Japan time), Hayabusa2 successfully brought to Earth a sample from the surface of Ryugu. The detailed analysis of this sample will shed light on water and organic contents, which are important elements for our understanding of the origin of the Solar System.

The described NOPL and ESPAT methods were applied to asteroids for the first time using the spectral data of the primitive near-Earth asteroid Bennu, which was visited by NASA's OSIRIS-REx space mission (Praet et al. 2021). In the present work, we derived an exponential correlation of the H content measured on meteorites that can be used as a method to derive H content estimations for other primitive objects. The user may choose one of the two functions depending on the method most suitable for the available data set. In our case, both methods give very similar results, with a slightly better approximation with the ESPAT correlation, in agreement with Milliken & Mustard (2007b) and Pommerol & Schmitt (2008a).

The estimation of the phyllosilicate H 2 O and HO -hydrogen content on Ryugu, if confirmed via laboratory analysis on the returned sample, will allow the application of the derived models to other asteroids that exhibit a 3 µm absorption band to estimate their mean H content. The study of H 2 O and HO - abundances on primitive asteroids is important for understanding the origin of water and can allow us to constrain models and dynamical processes to better understand the origin and evolution of our Solar System. It will help toward settling the controversy that surrounds the origin, abundance, and history of water on Earth as well as better understanding the key processes in the development of life on Earth (Brack 1993).

Introduction

The study of impact craters has furthered the understanding of the solar system in many aspects [START_REF] Melosh | Impact Cratering : A Geologic Process (AA(Arizona[END_REF]). Craters form on planetary surfaces due to an almost instantaneous release of energy during an impact event. They are present on many solar system bodies at different scales and are often a proxy for understanding the geo-physical nature of the body in question (Strom et al. (2005[START_REF] Fassett | [END_REF], Robbins et al. (2018)). Whether primary, secondary (Bierhaus et al. (2018)), or sesquinary, craters can represent extensive geological modifications on planetary bodies. The preservation of craters depends on the relative rates of geological processes that erase them and the flux of impactors that create them. For example, while Earth and the Moon are exposed to approximately the same impactor flux (other than differences due to gravitational focusing and Earth's atmosphere), their crater abundances are different because of the different rates of geological activity.

Distributions of craters are used to estimate surface ages and understand the history of planetary surfaces. In addition, because craterforming impacts lead to excavation and spreading of ejecta, craters offer natural laboratories to investigate sub-surface material. The compositional and physical characterization of sub-surface material, which should be fresher (less space-weathered) than the constantly exposed surface, is important for quantitative analysis of weathering processes and evolutionary paths of planetary bodies. Comprehensive spectral studies are becoming widely possible for asteroids and dwarf planets, expanding our knowledge about cratering and their evolutionary processes in varying gravity regimes (Hirata et al. (2020), Galiano et al. (2019), Longobardo et al. (2019), [START_REF] Cho | EGU General Assembly)[END_REF], Arakawa et al. (2017)). In this work, we focus on the spectral properties of some of the craters present on the near-Earth asteroid (NEA) (101955) Bennu, as explored by NASA's Origins, Spectral Interpretation, Resource Identification, and Security-Regolith Explorer (OSIRIS-REx) space mission (Lauretta et al. (2017)).

The prime objective of the OSIRIS-REx mission is to globally characterize Bennu and return a sample of pristine carbonaceous material from it. Bennu is spectrally classified as a B-type (DeMeo et al. ( 2009)), a sub-group of the C-complex asteroids, characterized by a blue spectrum (Clark et al. (2011)). It is spectrally associated with organic-rich hydrated carbonaceous chondrites, in particular, the aqueously altered CMs and CIs (Hamilton et al. (2019)), tracing back to primitive material from the formation of the solar system (Lauretta et al. (2015)). Data collected by the OSIRIS-REx spacecraft in proximity to Bennu reach scales of 3.8 mm/px for the OSIRIS-REx Camera Suite (OCAMS; Rizk et al. (2018)) and about 1 m/footprint for the OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS; Reuter et al. (2018)). Further, lidar scans by the OSIRIS-REx Laser Altimeter (OLA; Daly et al. (2017)) form the basis of digital terrain models (DTMs) and high-resolution shape models (Barnouin et al. (2019), Barnouin et al. (2020), Daly et al. (2020)). As such, the topography of Bennu has been characterized sufficiently to identify impact craters on its surface (Walsh et al. (2019), Bierhaus et al., in preparation).

The distribution of impact craters on Bennu has implications for its dynamic lifetime as an NEA and on the evolutionary path that it took since its departure from the main asteroid belt (Walsh et al. (2019), Bottke et al. (2020)). Preliminary analysis by Walsh et al. (2019) showed that a large crater located on the equatorial ridge of Bennu predates (0.1 to 1 billion years) Bennu's expected lifetime (10 million years) in near-Earth space by more than an order of magnitude, meaning that it traces back to Bennu's time in the main asteroid belt. A layer of infilling material about 6 m thick on the southern side of this crater is attributed to mass movement (Walsh et al. (2019) 2020)). Given this spectral background of Bennu, this study uses OVIRS data to probe four spectral parameters that offer insight into the spectral properties of craters on Bennu. On the basis of these four parameters, we determine if and how the spectral behavior of craters on Bennu is distinct from the global average.

Data & methods

Selection criteria for identifying craters

After analysis of the spatial coverage of OVIRS spectral data against the catalogue of craters on Bennu (Bierhaus et al. ( 2019)), we selected 45 craters for study. The availability of spectral data influenced the selection of craters. Bierhaus et al. (2019) report 598 craters whose dimensions correspond down to the smallest crater included in this study. Therefore, our analysis of 45 craters is comparable to about 7.5% of identified craters on Bennu that are equal or larger than the smallest crater we studied.

Fig. 1 depicts the locations of the craters included in this study, overlain on an equirectangularly projected global mosaic of Bennu (Bennett et al. (2020)). Characteristics of these craters are recorded in Table 1 in Appendix A. The locations and diameters of the craters are sourced from Bierhaus et al., (in preparation). The frequency of analyzed craters as a function of diameter is visualized in Fig. 2. As specified in Table 1, the OVIRS data used in this work span several different observational phases of the OSIRIS-REx mission. When more than one data set was available for a selected crater, we selected the data set with the best spatial coverage of the crater.

We used high-resolution shape models and DTMs (Barnouin et al. (2019), Barnouin et al. (2020), Daly et al. (2020)) produced from OLA data to visualize craters in three dimensions and compute parameters of interest such as dynamic height and local computed using rotation state and mass distribution of Bennu (Thomas (1993), [START_REF] Scheeres | Orbital Motion in Strongly Perturbed Environments[END_REF], Scheeres et al. (2019), Scheeres et al. (2020)). These shape models also facilitated the photometric correction of the data by enabling the derivation of facet-based incidence (i), emission (e), and phase angles (α). We used the Small Body Mapping Tool [START_REF] Ernst | Lunar and Planetary Science Conference 49[END_REF]) for visualizations of these data along with python library vtkplotter [START_REF] Musy | Vtkplotter, a python module for scientific visualization and analysis of 3D objects and point clouds based on VTK (visualization toolkit[END_REF]). We used the spiceypy python package (Annex et al. (2020)), which is a python wrapper for the SPICE Toolkit [START_REF] Acton | [END_REF], Acton et al. (2018)), for facet-based calculations.

Spectral data

The OVIRS point spectrometer has a circular aperture with a field-ofview of 4 mrad and operates in the spectral range of 0.4 to 4.3 μm.

OVIRS data are acquired using five filter segments, and a spectrum is reconstructed according to the steps detailed in Reuter et al. (2018). The data are calibrated according to the procedure described in Simon et al. (2018), which is based on the data acquired during the OSIRIS-REx Earth flyby and was updated after arrival at Bennu (Simon et al. (2020)). The ground calibration pipeline converts the raw data (counts per second) to spectral radiance units (Wcm -2 μm -1 sr -1 ) and then to the unitless quantity radiance factor (RADF), upon the removal of the thermal emission. Finally, RADF is divided by the solar incident flux at the given heliocentric distance of the observation (Simon et al. (2020)). The data are then converted to photometrically corrected reflectance factor (REFF) at the geometry of i = 30 ∘ ,e = 0 ∘ ,α=30 ∘ , according to Zou et al., 2020. This geometry was chosen for this study because it facilitates comparison with spectral data from meteorites and clay minerals.

Most of the spectral data used in this study come from the Equatorial Other spectral data were sourced from the Reconnaissance (Recon) flybys over four candidate sampling sites at lower altitudes and thus smaller spot sizes. These smaller-spot-size data made it possible to analyze the spectral parameters of the small craters (< 20 m) in our data set. We chose data for 8 craters from Recon A, which were collected at an altitude of ~ 1 km, corresponding to a spot size of ~ 6 m.

The Recon A data sets were photometrically corrected using the Bennu shape model v42 produced by Barnouin et al. (2019) that has a smaller ground sampling (~ 0.8 m triangular facet size) than the downgraded one used for EQ3, because the footprint sizes were smaller in Recon A. Such a better resolution was required in Recon A to better capture the topographical details needed in accurately calculating geometric parameters (i, e, α angles) for the photometric correction. Finally, the spectra that result from the aforementioned calibration and correction process, were further monitored to avoid any undesired spectral artifacts due to high detector temperatures or filter segment jumps (Simon et al. (2020)).

Spectral parameters studied

We defined four spectral parameters for study to gain insight into the physical and compositional properties of Bennu's craters.

Minimum position of the band at 2.7 μm

An absorption band near 2.7 μm is attributable to structural OH in phyllosilicates and hence is an indicator of aqueous alteration. Its position and depth can be used to determine OH-bearing phyllosilicate abundance and composition. This minimum band position is thought to be related to the Mg/Fe ratio of the phyllosilicates (Farmer (1974), Beck et al. (2010), Takir et al. (2013)), which depends on the alteration undergone. For average Bennu, Hamilton et al., 2019 determined 2.74±0.01 μm to be the minimum position of this band using diskintegrated spectra. They found analogies between Bennu's spectrum and those of meteorites with petrologic types of CM2.1-2.2, associated with strong aqueous alteration. We determined the minimum reflectance factor (REFF) value of the spectrum from 2.6 to 3.3 μm. To minimize the effect of channel-tochannel noise, we used a running-box average over three channels, applied before finding the minimum. Because of this method, the uncertainty of the minimum position becomes the sampling separation between two consecutive spectral channels in this spectral range, which is ±5 nm.

Depth of the absorption band at 2.7 μm

We chose this spectral parameter to compare the degree of aqueous alteration inside Bennu's craters with global Bennu, where the presence of this band is ubiquitous. OVIRS data at the arrival at Bennu indicated that this band on Bennu occurs at 2.74±0.01 μm (Hamilton et al. (2019)). If we were to assume identical physical properties of the studied phyllosilicate material (e.g., grain size and porosity), a deeper band would imply more aqueous alteration, while a shallow band would imply either a less aqueous alteration or a dehydration of the phyllosilicate material. Therefore, an analysis of the band depth of this band makes it possible to infer useful information with regards to aqueous alteration of the material present inside craters. 2020)). Characteristics of these craters can be found in Table 1 in Appendix A.

depth (BD) was calculated as per Eq. 1.

BD = 1 - R min R i (1)
2.3.3. Normalized spectral slope evaluated from 0.55 to 2.0 μm Spectral slope being a function of both grain size and composition of carbonaceous chondrites, normalized spectral slope is considered in this context, in order to be compatible with literature. We determined the normalized spectral slope from 0.55 to 2.0 μm, respecting the fivechannel averaging criteria described above. We computed REFF values at 0.55 μm (R 0.55 ) and 2.0 μm (R 2.0 ). We calculated the normalized spectral slope (S) according to Eq. 2 and it is expressed in the units of %/0.1 μm. μm In carbonaceous chondrites, the REFF at 0.55 μm (REFF0.55μm) is a function of grain size as well as composition and could depend on surface roughness and observation geometry (without a photometric correction, which is not the case here). We averaged the REFF of the five consecutive channels centered at 0.55 μm. We use this as an estimation of the visible brightness of a given observation.

As shown in Fig. 3, we verified that the original spectral features are preserved in the smoothing process, despite applying a smoothing over three or five channels.

Preparation of an average spectrum for a crater and an average global spectrum of Bennu for comparison

Individual spectra available for a given crater were averaged to obtain a single average spectrum, and the aforementioned spectral parameters were computed from that average spectrum. This process was repeated for all 45 craters that we studied. Accordingly, the values in Table 1 in Appendix A represent average values for each crater. The uncertainties of each average crater spectrum were computed from the uncertainties of each individual spectrum from that crater. These uncertainties include instrumental, calibration and photometric correction errors.

The average global spectral parameters of Bennu, with which we compared the average spectra of craters, come from the EQ3 data set (acquired at ~ 8 ∘ of phase angle α), which provides an almost complete spatial coverage of Bennu. To calculate an average global spectrum of Bennu, we used spectra spread in an equatorial band from -25 ∘ to 25 ∘ latitudes, excluding spectra with i and e > 40 ∘ . The original viewing geometry of spectra was thus restricted to avoid cases where the photometric correction may not be optimal. This selection resulted in 2775 individual spectra, which we averaged to obtain the average global spectrum of Bennu used in this work.

In Fig. 4, we show an example of an average crater spectrum of crater ID 36, obtained by averaging 26 individual spectra as shown. The average global spectrum of Bennu, calculated as explained above, is also given for comparison. The 2.7-μm band minimum, 2.7-μm band depth, normalized spectral slope and REFF0.55μm of the average global spectrum are 2.735±0.005 μm, 0.1616±0.0001, -0.363±0.003%/0.1 μm, and 0.02517±0.00001 respectively. Those of the average crater spectrum of crater ID 36 are 2.725±0.005 μm, 0.167±0.001, -0.50±0.03%/ 0.1 μm, and 0.0262±0.0001 respectively. Except for the 2.7-μm band minimum, all other parameters have been calculated without a smoothed spectrum, as the channel-to-channel noise is accounted for as described in the section 2.3.

Although we use average spectra of craters to interpret overall spectral trends in the entire data set, we do use individual spectra to highlight some results, depending on their nature.

Results

Shortward shift of the 2.7-μm absorption band

We computed the 2.7-μm absorption band minimum of average crater spectra of the 45 craters, relative to the global Bennu spectrum, that we computed in section 2.4, where the minimum position is at 2.735±0.005 μm (Table 1). We find varying shifts of the 2.7-μm absorption band minimum among the studied craters. We find shortward shifts (δ) of band minima for 20 out of 45 craters. For 20 craters, we find zero shift of the minimum and for the remaining 5 craters, we find longward shifts of the band minima. Fig. 5 shows the variation of the shift in nanometers as a function of crater diameter.

In examining individual spectra from within craters, we found shortward shifts up to 25 nm in the minimum position of the 2.7-μm absorption band, with respect to a local average spectrum sampled from an area next to the Osprey crater, which is typical of altered material on Bennu. Fig. 6 shows selected spectra from within Osprey (ID 3) and Nightingale (ID 2) craters, where the shortward shift is evident.

Anti-correlation between spectral slopes and REFF0.55μm

We explored the relation between spectral slopes and REFF0.55μm, two parameters that are widely used to spectroscopically characterize The inset shows a zoomed-in view of the minimum position of the 2.7-μm band. Both spectra have been smoothed by a running-box average over three channels and the error-bars represent the uncertainties resulting from the averaging. The error bars on the black spectrum are too small to be visible. The vertical gray columns represent the wavelengths of the OVIRS filter segment boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) surfaces. We find that their relation varies among craters, and even across different scans of the same crater. We calculated Pearson's correlation coefficient (r) which is a measure of the linear association of two variables [START_REF] Kirch | Encyclopedia of Public Health[END_REF]). r is restricted to the values in the range [-1,1]. If the sign of r is positive, it indicates that the two variables increase or decrease together and the two variables are said to be correlated. If r is negative, they are anti-correlated, which indicates that the increase of one variable is associated with the decrease of values of the other variable and vice versa. The absolute value of r reveals to which extent the two variables are correlated or anti-correlated. The greater the absolute value of r is, the stronger the correlation or the anti-correlation is.

We considered a series of spectra acquired as the spectrometer scanned from the rim of a crater, across its center, and towards the rim again. The REFF0.55μm and spectral slope of each spectrum of this scan were then compared using Pearson's correlation coefficient (r). This process was implemented for all 45 craters in this work. In three cases, an anti-correlation between REFF0.55μm and spectral slope was observed. Fig. 7 shows an anti-correlation between REFF0.55μm and spectral slope (increasing spectral slopes versus decreasing REFF0.55μm) for two of these three craters. This anti-correlation indicates that the spectra become redder and darker closer to the center of the crater.

Spectral heterogeneity in the largest equatorial crater on Bennu

The equatorial crater (ID 6) centered at -8 ∘ , 269 ∘ measures 187 m in diameter and is one of the most prominent geological features of Bennu, with a distinguishable raised rim (Walsh et al. (2019)). To investigate possible compositional variation across this large crater, we mapped the spectral parameters 2.7-μm band depth, spectral slope, and REFF0.55μm, as well as elevation, onto a global shape model of Bennu (Fig. 8).

The 2.7-μm band depth varies locally across the crater. When compared to high-latitude band depths, the band depths inside the crater appear to be shallower. The lowest 2.7-μm band depths in the crater are associated with three boulders. The band is shallower in the southern part of the crater than in the north.

The variation of REFF0.55μm across the crater has a similar trend to the 2.7-μm band depth. These two parameters inside this crater are strongly correlated (r = 0.83). The lowest REFF0.55μm values (darkest features) inside the crater are associated with the three boulders noted above. Furthermore, the REFF0.55μm results indicate that the crater is darker in the south than in the north.

The trend of spectral slopes inside the crater does not correlate necessarily with the variation in 2.7-μm band depth and REFF0.55μm. Nevertheless, they contribute to the crater's spectral heterogeneity. The reddest spectral slopes are located towards the center of the crater and towards the southwestern rim of the crater.

Smaller craters appear brighter, with deeper hydration and redder spectral slopes

To explore the relations among spectral slopes, REFF0.55μm, and 2.7-μm band depths of Bennu's craters, we visualized their variations as a function of crater diameter (Fig. 9). The distribution of data points show that the smaller a crater is, the deeper its 2.7-μm band depth is and the brighter it is (Fig. 9, panels b and c). The distribution of spectral slopes in panel (a) of Fig. 9 hints at a similar variation, indicating that smaller craters are spectrally redder, although there seems to be a population of craters with sizes in the range of 20 to 30 m with both spectrally red and blue characteristics. However, the crater frequency distribution with respect to spectral slope, as seen in Fig. 10, implies that 30 craters are spectrally bluer than the mean of the spectral slope of distribution of the 45 craters. Panel (d) of Fig. 9 shows a positive correlation between REFF0.55μm and 2.7-μm band depth, with a few outliers. With the exception of the most distant outlier, which is the Nightingale crater (ID 2), this correlation has a Pearson coefficient (r) of 0.76. This observation implies that, in general, craters with deeper hydration band depths tend to be brighter, and vice versa.

Weak correlation between 2.7-μm band depth and absolute latitude

When 2.7-μm band depths of craters are plotted as a function of latitude, there appears to be a certain symmetry around the equator as seen in the Fig. 11. However, it can be seen that the data points are insufficient in the southern hemisphere to analyze this trend, as our data do not capture the smaller craters in the southern hemisphere. Nevertheless, it is possible to discern a weak correlation between 2.7-μm band depths and absolute latitude of the craters, whose Pearson's r is 0.49. 

Discussion

The observed shift of the hydrated phyllosilicate absorption band at 2.7 μm towards shorter wavelengths in craters (Fig. 6), relative to the global Bennu spectrum, can be interpreted in several ways. The minimum position of this band in phyllosilicates is an intrinsic function of mineral structure and composition (Takir et al. (2013)). Experimental work has shown that this minimum position can be offset by space weathering (Lantz et al. (2017)), which is the alteration of surfaces of atmosphere-less bodies by physical processes (Hapke (2001)) that include, but are not limited to, sputtering, solar wind irradiation, and meteoroid impacts. Therefore, the observed shortward shifts may be attributed to compositional differences in Mg/Fe ratios in the phyllosilicates or space weathering. We have measured the shifts relative to the minimum at 2.735±0.005 μm that we derived for global Bennu from the EQ3 data set, which is comparable to the value of 2.74±0.01 μm that Hamilton et al. (2019) determined for Bennu using disk-integrated spectra. The fact that we observe shortward shifts up to 20 nm in individual spectra implies reliable values above the uncertainties due to spectral sampling, instrumental noise and smoothing of spectra.

Thanks to laboratory experiments simulating solar wind irradiation on carbonaceous chondritic meteorites by Lantz et al., 2017, shifts in the 2.7-μm band can be used to characterize space weathering on C-complex asteroids. The more a surface undergoes space weathering (exposure to space), the more this band shifts towards longer wavelengths. Hence, the shortward shift we report in craters indicates more recently exposed surfaces, as expected. Given that we find these shifts within relatively smaller craters, which are presumably younger, we propose that the observed shortward shifts indicate comparatively short exposure to space weathering. Since craters, and sometimes ejecta surrounding them, are linked to the excavation of subsurface material by the impact event, they should contain more freshly exposed material than the rest of the surface. The crater Nightingale (ID 2), which is the primary sampling site of the mission, exhibits the maximum shift observed (20 nm) for individual spectra, indicating that it contains some of the least exposed, and thus least altered, material (Fig. 6). The samples returned from this crater in 2023 will help establish the ground truth about this.

We reported the shifts of the 2.7-μm band for all the studied craters in Table 1, using their average spectra. As seen in Fig. 5, smaller craters appear to have both shortward and longward shifts of this band. However, since largest shortward shifts are found among smaller craters, presumed to be younger, they could contain less altered material. The longward shifts are attributed to compositional differences inside the craters in question.

The other spectral parameters that we examined in this study are not as reliable for characterizing space weathering because their 2020)). The shortward shift (δ) of the minimum of the 2.7-μm band, with respect to the latter, for each spectrum is given in the legend. Below the plots are local maps, where the corresponding OVIRS footprints are projected inside the craters, delimited in white. (b) Same as (a), but for the crater Nightingale (ID 2). These spectra from craters illustrate the shortward shift of the minimum position of the 2.7-μm absorption band and the legends report the corresponding shifts. Nightingale (panel b, ID 2) is the primary sample collection site of the OSIRIS-REx mission, and Osprey (panel a, ID 3) is the back-up site.

interpretations can be ambiguous in the context of C-complex asteroids. For example, spectroscopic data show both reddening and bluing of spectral slope as consequences of space weathering [START_REF] Nesvorný | [END_REF], Lantz et al. (2013)). Furthermore, spectral slope also depends on the distribution of particle sizes and porosity of the surface (Cloutis et al. (2018)). The visual brightness is known to decrease or increase, according to laboratory simulations of space weathering on carbonaceous chondrites (Lantz et al. (2017)). Since 2.7-μm band depth is directly linked to the extent of aqueous alteration originally undergone by the material, it cannot be used as a measure of space weathering. Therefore, spectral slope, REFF0.55μm and 2.7-μm band depth are non-unique identifiers of space weathering.

No global trend is apparent between spectral slopes and REFF0.55μm for the craters analyzed. However, within three craters (IDs 1, 3 and 6), the identified anti-correlation between these two parameters among spectrometer scans implies the presence of fine particulates. This interpretation is based on visual inspection (down to cm scale for crater IDs 1 and 6 and to sub-cm scale for crater ID 3; Osprey) of the asteroid's surface under the spectrometer footprints and laboratory experiments on carbonaceous chondrite meteorites that yielded redder spectra for finer grains (Cloutis et al. (2018)). We also observed that the presence of coarser material inside craters modifies the relation between these two parameters. Hence we propose that the relation of REFF0.55μm and spectral slopes of a series of spectra spanning across a crater could be used as a proxy for the presence of fine particulates. Complementarily to this spectral result, morphological analysis of crater interiors (Bierhaus et al. (2019), Bierhaus et al., in preparation) provides supporting evidence for the presence of finer particulates inside craters. The fact that this anti-correlation is observed only for three craters is probably due to mass movement, which introduces coarser material, having affected most of the craters. It is also noteworthy that Hayabusa2 mission has found similar spectral evidence on the near-Earth asteroid (162173) Ryugu for fine particulates to be present in most of its crater floors Riu et al. (2021).

Our spectral investigation of the most prominent, equatorial crater (ID 6, Fig. 8) on Bennu showed that this crater is spectrally heterogeneous, with a pronounced north-to-south dichotomy in 2.7-μm band depth and REFF0.55μm, which are strongly correlated. This dichotomy can be associated to the partial infill of material described by Walsh et al., 2019 andJawin et al., 2020. This crater may be one of the most primordial surface geological units on Bennu, older than 10 million years, (Walsh et al. (2019)), dating back to the asteroid's time in the main belt. Mass movement has deposited material into it, producing the 6-m-thick infill from its southern side. The reddest spectral slopes, which we interpret to indicate the finest particulate sizes, on the basis of meteorite spectra and OCAMS images, are found towards the center and southwestern rim of this crater. As such, we propose that spectral heterogeneity inside craters can be used as a tracer for mass movement across an asteroid.

The cause of the observed spectral differences on the surface of this crater can be manifold. The physical parameters such as porosity and particulate dimensions of the material present therein could, on their own or, combined with other physical parameters, mimic a surface that is spectrally heterogeneous. The composition also could play a contributing role in this. For example, the presence of Fe-rich and Mgrich phyllosilicated could result in shallower and deeper 2.7-μm band depths respectively (Takir et al. (2013)).

The relations among spectral slopes, REFF0.55μm and 2.7-μm band depth as a function of crater diameter show that smaller craters are brighter and have deeper 2.7-μm hydration bands. If we assume that smaller craters on Bennu are younger, this would suggest that the more freshly exposed material in young craters is more hydrated and brighter than the average Bennu terrain. Hence, over time, it would assume darker and less hydrated surface properties, more akin to those of average Bennu. Fig. 10 shows that 28 craters are indeed less hydrated than the mean of the band depth distribution of the 45 craters (Fig. 10). This finding can be interpreted in the context of the recent Small Carryon Impactor (SCI) experiment conducted by the Hayabusa2 mission (Arakawa et al. (2017), [START_REF] Kitazato | [END_REF]), which led to creation of an artificial crater with a diameter ~ 15 m on asteroid (162173) Ryugu, another C-complex NEA. Kitazato et al. (2019) reported that 2.7-μm absorption bands in the material inside the SCI crater and its ejecta were deeper than the mean 2.7-μm band on Ryugu. They further found that the spectra of this material showed a shortward shift of the 2.7-μm band minimum, as predicted by laboratory experiments (Lantz et al. (2017)). New near-infrared spectra acquired under vacuum on phyllosilicates confirm the band shift as a result of the ion irradiation (Rubino et al., 2020, submitted). These results from a freshly created crater corroborate our finding that younger craters (comparable in size to the SCI crater) on Bennu have deeper 2.7-μm band depths. Furthermore, the shortward shift of this band discussed earlier fits together with the space weathering scenario, well constrained by the SCI experiment. In light of this, we propose that smaller craters on Bennu contain excavated sub-surface material that is less affected by space weathering and mass movement.

We also found that younger (smaller) craters are spectrally redder. This finding is consistent with the results of DellaGiustina et al. ( 2020), which were obtained using data from the OCAMS MapCam imager and covered a wider population of craters than those included in our work owing to the better spatial resolution of a MapCam pixel (about 60 times better than an OVIRS footprint). They propose a scenario of space weathering in which craters are red at their creation, and over time, they evolve to be bluer and converge towards the average colors of Bennu. This model is supported by our observation of a unimodal and skewed distribution of spectral slopes, where we notice the crater frequency peaks at the spectral slope value of average Bennu (Fig. 10). This implies that the redder craters end up becoming bluer and converge towards the value of average Bennu having had the time necessary for space weathering to act on them. Different exposure ages and different weathering rates could be invoked to explain the population of craters in the size range of 20 to 30 m that have both redder and bluer spectra relative to the average (Fig. 9, panel a).

REFF0.55μm and the 2.7-μm band depth are positively correlated, meaning that brighter craters are more hydrated, with a few outliers. It appears that the most distant outlier from this trend, the primary sampling site Nightingale (crater ID 2), appears also at extremes in terms of both spectral slopes and REFF0.55μm among the population of craters studied in our work. As evident from Fig. 9, this crater appears to be the reddest and the darkest of all the studied craters, which makes it spectrally distinct. According to a multivariate statistical analysis of OVIRS data by Barucci et al. (2020), this crater is one of the spectrally reddest localized areas on Bennu. We will learn more about the material of this crater from the samples that the mission will return in 2023.

The analysis of the 2.7-μm band minimum position of the crater population (Fig. 5) suggests that crater IDs 2,5,[START_REF] Thompson | Spectral and chemical effects of simulated space weathering of the Murchison CM2 carbonaceous chondrite[END_REF]21 and 30 contain relatively fresh material given that they have the largest shortward shift (Lantz et al. (2017)) of this band in their average spectra. We checked where these craters plot in the spectral parameter spaces investigated (Fig. 9). The crater IDs 2,5,21 and 30 plot higher than average Bennu in the 2.7-μm band depth space, which means they are more hydrated than average Bennu. In terms of spectral slope, crater IDs 2,5 and 21 plot redder than average Bennu. The REFF0.55μm plot reveals that only crater IDs 5 and 30 are brighter than average Bennu. As for crater ID 11, it has spectral slope, REFF0.55μm and 2.7-μm band depth values similar to those of average Bennu. This comparison, according to the interpretation of global spectral trends of the studied Bennu's craters, allows us to verify, in an independent manner, that the material inside craters IDs 5 and 30 is younger than average Bennu surface. The fact that crater IDs 2,11 and 21 do not perfectly follow the general spectral trend (that younger craters are brighter, more hydrated and spectrally redder) does not necessarily imply a contradiction. As we have seen, there can be outlier craters, that still have shortward shift of the 2.7-μm band minimum position in their average spectra. This is probably due to the limited number of variables in this study, which do not encompass all the physical processes at work on the surface of Bennu.

We also find a weak correlation between 2.7-μm band depths and absolute latitude of the analyzed craters. This relation indicates that the craters located near the equator are less hydrated than those at higher latitudes. It is possible that this trend is related to mass movement across the asteroid (Jawin et al. (2020)) and its different rates of action depending on latitude. A crater at high latitudes might stay 'fresh' for a longer period of time than one close to the equator or in mid-latitudes, according to the findings of Jawin et al. (2020). However, when looking at REFF0.55μm and spectral slope values of craters, we do not find a strong correlation with the latitude.

Conclusions

Our spectral analysis of 45 craters on B-type asteroid Bennu was structured around four spectral parameters from OVIRS data. Based on our findings, we summarize the key take-away messages:

• The shortward shift of the 2.7-μm band inside craters indicates the presence of freshly excavated sub-surface material, which accordingly has undergone less alteration due to space weathering than the average Bennu surface.

• A scan-dependent anti-correlation between REFF0.55μm and spectral slopes is observed for spectra within three craters, with spectra becoming redder and darker towards the center of the given crater.

We propose that this anti-correlation is a proxy for the presence of fine particulates inside a crater.

• Spectral heterogeneity inside the most prominent equatorial crater on Bennu (ID 6) implies within-crater physical or compositional differences of the material present. This crater exhibits a partial infilling on its southern side. Accordingly, we propose that spectral heterogeneity of a crater can be used as a tracer of mass movement.

• Younger craters are brighter and have deeper 2.7-μm hydration bands and redder spectral slopes. As they age, they become darker with shallower bands and bluer spectral slopes as a consequence of space weathering processes. The craters presumed to be younger based on the shortward shift of their 2.7-μm band (less space weathered) generally corroborate this spectral trend.

• REFF0.55μm values and the 2.7-μm band depths of craters are positively correlated, meaning that brighter craters are more hydrated.

• Nightingale (Crater ID 2), the primary sample site of the OSIRIS-REx mission, is the reddest and the darkest crater. In the REFF0.55μm and 2.7-μm band depth space, it is the most distant outlier. Nightingale is thus spectrally distinct from the other studied craters.

Although our sample of 45 craters does not capture the entire crater population on Bennu, and its selection was highly subject to the availability of spectral data at favorable spatial scales, the sample spans a large range of crater sizes observed on Bennu. As such, our findings can be considered representative of spectral relations among and within 68. 
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 11 Figure 1.1: Distribution of the populations of asteroids according to their heliocentric distance and orbital inclination, from DeMeo and Carry (2014). The color scale represents the population density with the highest densities in yellow and the lowest in blue.
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 13 Figure 1.3: NEOs sub-categories with their names, orbital criteria and an illustration of their orbits with regard to the Earth's (Image from the Center for Near-Earth Object Studies (CNEOS) website https://cneos.jpl.nasa.gov/about/neo_groups.html.
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 14 Figure 1.4: Comet cold reservoirs' illustration: the Kuiper Belt and the Oort Cloud, © ESA, (http://www.esa.int/ESA_Multimedia/Images/2014/12/Kuiper_Belt_and_Oort_Cloud_in_co ntext)
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 22 Figure 2.2: Illustration of the effects on small Solar System bodies (radial mixing, mass depletion…) of planetary migration throughout the Solar System formation, based on dynamical models (Grand Tack Model, Nice model), figure from DeMeo and Carry (2014).
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 43 Figure 4.3: Chondrites classification as a function of the estimated temperature required for producing the petrographic types. Arrows on the right indicate the degree of aqueous alteration or thermal metamorphism, from Takir et al. (personal communication).
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 44 Figure 4.4 : CM and CI classification based on degree of aqueous alteration and petrological type using Browning et al. (1996) in parentheses and Rubin et al. (2007), respectively. Figure from Takir et al. (2013). All meteorite spectra were measured under vacuum and dry environment, byTakir et al. (2013). The Mineralogical Alteration Index (MAI) is derived fromBrowning et al. (1996).
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 61 Figure 6.1: Illustration of the selection process of Bennu as the OSIRIS-REx mission target (© University of Arizona). Ryugu is among the 5 carbon-rich (knowledge available at the time of selection), easily reachable asteroids as well.
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 63 Figure 6.3: Photograph of the OSIRIS-REx spacecraft in the NASA Kennedy Space Center cleanroom (Top) © NASA, schematic illustration of the spacecraft with its main components labeled (Bottom), from Lauretta et al. (2017).
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 64 Figure 6.4: Photograph of the instrument desk of the OSIRIS-REx spacecraft with each instrument labeled, from Lauretta et al. (2017).

Figure 6 . 5 :

 65 Figure 6.5: Photograph of the OSIRIS-REx camera suite (OCAMS) three cameras with MapCam on the left, PolyCam in the center and SamCam on the right, from Lauretta et al. (2017), © University of Arizona. Their goal is to provide images in the visible wavelength range of asteroid Bennu.
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 66 Figure 6.6: The OSIRIS-REx Laser Altimeter (OLA) purpose is the acquisition of highresolution topographic data of asteroid Bennu's surface, used for Bennu highresolution shape model, from Lauretta et al. (2017), © NASA.

  the sample collection during its first attempt on October 20 th 2020, the OSIRIS-REx spacecraft performed a last set of scientific observations of Bennu's surface and departed the asteroid on May 10 th 2021 and is currently in its outbound cruise en route to deliver Bennu's sample to the Utah Test and Training Range (UTTR) on Earth on September 24 th 2023. A summary of the mission timeline is shown in figure 6.14.
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 72 Figure 7.2: Trapezoidal integration illustration on a sine function, from https://fr.mathworks.com/help/matlab/ref/trapz.html.
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Fig. 3 .

 3 Fig.3. Positive, negative, and false positive results for meteorites. A, C) Positive, negative, and false positive results are tabulated for two spectral parameters (#7: OH @ 2.7 lm, a; #50: Fe2-Fe3 @ 0.7 lm in serpentine, (C) broken down by meteorite classification group. B, D) Band depth for each parameter compared with petrologic type of the meteorites. Count refers to the number of spectra, where each bar sums to the total number of spectra for that meteorite group. (Color figure can be viewed at wileyonlinelibrary.com.)

Fig. 4 .

 4 Fig.4. OSIRIS-REx spectral library composition. A) The OSIRIS-REx spectral library meteorite and meteorite analog spectra, offset to distinguish the meteorites (gray) and analog mixtures (black). B, C) Relationship between band depth and mineral abundance (vol.%) for phyllosilicates (B) and pyroxene (C). The threshold is shown as a dashed line.

Fig. 6 .

 6 Fig. 6. Bennu Spectrum: An average radiance factor spectrum of asteroid Bennu collected by the OVIRS instrument, normalized at 0.55 lm. The center position of the four 2.7-3 lm spectral indices are indicated with a labeled vertical line. The OVIRS data were acquired on November 2, 2018 when the OVIRS field of view was approximately 40% filled.
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 1 Fig. 1 | Average whole-disk, full-rotation OVIRS spectrum of Bennu compared with the ground-based spectrum. The OVIRS radiance factor spectrum (black) and ground-based spectrum 1 (red) are normalized to a reflectance of 1.0 at 0.55 µm. The OVIRS data were acquired on DOY 306 (2 November 2018), and the FOV was approximately 40% filled during these observations.
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 3 Fig. 3 | Average OTES spectrum of Bennu between 1,500 and 200 cm -1 .The Bennu spectrum (black) represents slightly more than one full rotation of the asteroid as measured on DOY 347(13 December 2018). The grey spectrum shows the standard deviation (offset +0.98).

Fig. 5 |

 5 Fig. 5 | Average OTES Bennu spectrum compared with a spectrum of pure, fine-particulate (<90 µm) magnetite. Spectra have been scaled and offset for comparison. Dotted vertical lines at 555 and 340 cm -1 indicate the positions of diagnostic absorptions in both spectra.

Fig. 4 |

 4 Fig. 4 | Average OTES spectrum of Bennu compared with spectra of whole-rock and fine-particulate carbonaceous chondrite meteorites. a, Comparison with whole-rock samples, where the asterisk in the y-axis label indicates that laboratory spectra were measured in reflectance and converted to emissivity (see Methods). b, Comparison with fine-particulate (<125 µm) samples. All spectra have been scaled and offset for comparison (see Methods). Dotted vertical lines at 1,110 and 530 cm -1 indicate the positions of diagnostic peaks in the Bennu spectrum, and the dotted vertical line at 440 cm -1 denotes a diagnostic absorption.

Fig. 1 .

 1 Fig. 1. a) Average normalized (at 2.5 μm) EQ3

Fig. 2 .

 2 Fig. 2. Linear correlation between the H content of meteorites (AppendixA) and a) theirESPAT parameter, b) the NOPL parameter, and c) G2 area, for different types of hydrated CC meteorites and Bennu. The thick black line is the linear regression of the meteorite data; the two dashed black lines define the prediction bounds, which indicate the area in which a new data point would fall with 95% probability. Spearman rank correlation coefficient (R) and p-value are reported. Parameter errors for the meteorites are smaller than the symbols. The values for Bennu (Table1) were determined by using the meteorite correlations. The vertical error bars on Bennu mean ESPAT, NOPL and G2 area are their averaged uncertainty (Table1) and are inside their symbol. The H content horizontal bar is computed for each method by propagating the error in the determination of the linear regression coefficients (which represents the uncertainty linked to the linear regression equation) as well as the mean uncertainty.

Fig. 3 .

 3 Fig. 3. The ESPAT (top) and NOPL (bottom) parameters calculated for EQ3 spectra are respectively mapped on the global basemap of Bennu[START_REF] Bennett | A high-resolution global basemap of (101955)[END_REF]. The OSIRIS-REx mission's final selected site for sampling (Nightingale) is indicated.

Fig. 5 .

 5 Fig. 5. The relative variation of the average H content (phyllosilicate H 2 O and OH group hydrogen content) map of Bennu is derived from the average of the NOPL and ESPAT methods and overlain on the global basemap of Bennu[START_REF] Bennett | A high-resolution global basemap of (101955)[END_REF]. The zero value on the scale corresponds to the global average H content and the scale represent the H content variation with respect that zero value. The error of variation in H content is estimated with the error of the band depth measurement, which is of the order of 1%. The H content variation is in good agreement with the band depth variation (Fig.4). The OSIRIS-REx mission's final selected site for sampling (Nightingale) is indicated.

Fig. 3 .

 3 Fig. 3. Exponential correlation between the meteorite H content (Appendix A) and its ESPAT parameter (left) and NOPL parameter (right), including different types of hydrated CC meteorites as well as Ryugu. Parameter errors for the meteorites are smaller than the symbols. The thick black line is the exponential regression of the meteorite data; the two dashed black lines define the prediction bounds, which indicate the area in which a new data point would fall with a 95% probability. The mean H content values for Ryugu, determined using the meteorite exponential correlations, are 0.52 wt.% in both cases. Ryugu H content relative variation (horizontal bars; 0.313 wt.%-0.675 wt.% using ESPAT and 0.415 wt.%-0.643 wt.% using NOPL) is computed using the minimum and maximum values of the ESPAT and NOPL spectral parameters (vertical bars), respectively.

  , Jawin et al. (2020)). Spectral data from the spacecraft encounter with Bennu have shown a ubiquitous 2.7μm absorption band centred at 2.74±0.01 μm, indicative of Mg/Fe-rich phyllosilicates on Bennu (Hamilton et al. (2019), Simon et al. (2020)). The spacecraft data verified Bennu's global visible-to-near-infrared blue spectrum and low albedo (DellaGiustina et al. (2019), Hamilton et al. (2019)). However, Bennu has local variations in albedo and colour (DellaGiustina et al. (

Station 3 (

 3 EQ3) data set (acquired at ~ 8 ∘ of phase angle α from an altitude of ~ 4.8 km on 09 May 2019), which has an almost complete spatial coverage of Bennu (between -80 ∘ south to 80 ∘ north of latitudes, across all the longitudes), with footprint sizes of ~ 20 m (Lauretta et al.

(

  2017)). We also used the data set of Baseball Diamond Flyby 2, with footprint sizes of ~ 14 m (acquired on 26 September 2019) for analyzing two craters (crater IDs 1 and 5). The photometric correction of these data was performed with a global best-fit McEwen model(Zou et al. (2020)) using the Bennu shape model v20 produced byBarnouin et al. (2019). This shape model has a triangular facet size of ~ 0.8 m; however, the shape model was downgraded to 3 m facet size to better correspond to the typical OVIRS footprint size of 20 m(Zou et al. (2020)).

  First, we computed the minimum REFF value (R min ) over the wavelength range of 2.6 to 3.3 μm, which corresponds to the minimum of the absorption band located at 2.7 μm. To account for any channel-tochannel noise, the mean REFF value of the consecutive three channels centered on the minimum position was computed. Similarly, we obtained the REFF of the left (R left at 2.6 μm) and right (R right at 3.3 μm) shoulders of the band by taking the mean REFF of five channels centered at each shoulder wavelength. Then we computed a linear continuum between the two shoulders of the band, which led to an interpolation of the REFF (R i ) value at the minimum position of the band. Then the band

Fig. 1 .

 1 Fig. 1. The craters included in this study are presented here on a global mosaic of Bennu with a pixel scale of 5 cm/pixel (Bennett et al. (2020)). Characteristics of these craters can be found in Table1in Appendix A.

4 .

 4 Photometrically and thermally corrected reflectance factor at 0.55

Fig. 2 .

 2 Fig. 2. Frequencies of analyzed craters are displayed as a function of diameter (m), with a binning of 10 m.

Fig. 3 .

 3 Fig. 3. Average discrete spectrum of crater ID 36 is shown in black, whereas blue and pink spectra correspond to smoothed spectra achieved by a running-box average over three and five spectral channels, respectively. Blue and pink spectra are vertically offset from the black spectrum respectively by 0.001 and 0.002 for clarity. The vertical gray columns represent the wavelengths of the OVIRS filter segment boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4 .

 4 Fig. 4. Panel (a): A view of the crater ID 36. Panel (b): crater ID 36, with 26 footprints of OVIRS spectra from the EQ3 data set overlain. A gradient of colors is used to distinctively show individual footprints. Panel (c): Average spectrum of this crater (photometrically corrected REFF (i = 30 ∘ ,e = 0 ∘ ,α=30 ∘ )) obtained by averaging the 26 spectra, whose footprints are shown in the panel (b) and the global average spectrum of Bennu extracted from the EQ3 data set are shown in blue and black, respectively.The inset shows a zoomed-in view of the minimum position of the 2.7-μm band. Both spectra have been smoothed by a running-box average over three channels and the error-bars represent the uncertainties resulting from the averaging. The error bars on the black spectrum are too small to be visible. The vertical gray columns represent the wavelengths of the OVIRS filter segment boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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 5 Fig. 5. Shortward shift (δ) of the 2.7-μm absorption band minimum as a function of crater diameter. For the 45 average crater spectra, the shift of their 2.7-μm absorption band is measured with respect to 2.735 μm, which is the 2.7-μm band minimum of the global Bennu spectrum, derived from the EQ3 data set. Crater IDs appear in black next to their respective data points.
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 6 Fig. 6. (a) REFF0.55μm of selected spectra from inside the crater Osprey (ID 3), showing the 2.7-μm absorption band. Spectra are vertically offset for clarity. The dashed vertical lines indicate the minimum position of this band for each spectrum. A local average spectrum from an area next to the crater is plotted in black, where the 2.7-μm band minimum occurs at 2.74 μm (same as the value detected by Hamilton et al. (2019), Simon et al. (2020)). The shortward shift (δ) of the minimum of the 2.7-μm band, with respect to the latter, for each spectrum is given in the legend. Below the plots are local maps, where the corresponding OVIRS footprints are projected inside the craters, delimited in white.(b) Same as (a), but for the crater Nightingale (ID 2). These spectra from craters illustrate the shortward shift of the minimum position of the 2.7-μm absorption band and the legends report the corresponding shifts. Nightingale (panel b, ID 2) is the primary sample collection site of the OSIRIS-REx mission, and Osprey (panel a, ID 3) is the back-up site.
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 7 Fig. 7. (a) Osprey (Crater ID 3) without (left) and with (middle) footprints of an OVIRS scan. The rightmost graph shows the spectral slopes and REFF variation as the spectrometer scans across the crater. The x-axis gives the distance (m) to the boresight intercept of a spectrometer footprint, with respect to the footprint that is closest to the centre of the crater during the scan. The distances corresponding to the footprints of spectra acquired prior to the one closest to the centre of the crater are negated. The Pearson coefficient (r) is -0.84 for the relation between REFF0.55μm and spectral slope in this scan, indicating a strong anti-correlation. Corresponding values derived from the global average spectrum are also given for comparison (black horizontal lines with gray uncertainties, which are barely visible). (b) Same as (a), but for crater ID 1. The Pearson coefficient (r) is -0.79 in this case. Error bars are given for the uncertainty of each parameter of an individual spectrum.

Fig. 8 .

 8 Fig. 8. Representation of 2.7-μm band depth (top left), normalized spectral slope (top right), elevation (bottom left), and REFF0.55μm (bottom right) on a global shape model of Bennu. This shape model contains 196,608 facets, each of which has an edge length of ~ 3 m. The spectral data are mapped to the facets, taking into consideration the facets that were under an OVIRS footprint and computing boresight intercepts at the mid-observation times. The facets that have multiples values were averaged without any weighting. The data are from EQ3, 9 May 2019. The rim of the most prominent crater on Bennu (ID 6) is circled in black.

Fig. 9 .

 9 Fig. 9. Variations in (a) normalized spectral slope, (b) REFF0.55μm, and (c) 2.7-μm band depth with crater diameter. The global average values for Bennu, derived from the EQ3 data set, are given as horizontal lines. (d) Variation in REFF0.55μm with 2.7-μm band depth. The global average for Bennu is shown as a gray circle. The sizes of the data points are scaled to corresponding crater diameters, and crater IDs appear in black next to their respective data points. The error bars correspond to propagated uncertainties inherent from calculations.

Fig. 10 .

 10 Fig. 10. Crater frequency distribution with respect to spectral slope, REFF0.55μm, and 2.7-μm band depth. The black vertical lines correspond to the global average values for Bennu derived from EQ3 data and their uncertainties, which are too small to be visible.

Fig. 11 .

 11 Fig. 11. 2.7-μm band depth of craters as a function of absolute latitude. Data point sizes are scaled to represent the sizes of the craters. The error bars correspond to uncertainties inherent to calculations.
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 32 Comparison of 3-μm absorption band based spectral groups between Takir and Emery (2012) (Takir class), Rivkin et al. (2012) (Rivkin class) and Usui et al. (2019) (Usui class), table from Usui et al. (2019).

	Usui class	Takir class	Rivkin class	Prototypes
	Sharp	Sharp	Pallas	2(B), 51(Cgh), 511(C)
	W-shape	Ceres	Ceres	1(C), 10(C)
	3-μm dent	Rounded Europa	Themis	52(C), 65(Xk)

Table 4 . 1 :

 41 Hydroxyl group fundamentals, overtones and combinations with their associated wavelength.

	Nature of the absorption	Wavelength (μm)	References
		Overtones	
	2 nd overtone (3ν OH )	~0.95	(Clark et al. 1990) *
	1 st overtone (2ν OH )	~1.4	*
		Combinations	
	Combination of		
	Fundamental (O-H stretch)	From 2 to 2.5	*
	& Metal-O-H bend		
	Metal-O-H bend	From 2.2 to 2.3	*
	Al-OH	~2.2	*
	Fe-OH	~2.29	*
	Mg-OH	~2.3	Hunt (1977), (1979)
		Fundamental	
		~2.78	(Hunt and Salisbury 1970)
		(2.7-μm region)	
	Fundamental (O-H stretch)	From 2.67 to 2.94	(Farmer 1974)
		in the case of layer silicates.	
		3.45 (maximum)	(Ryskin 1974)
	OH librations	~8 to 25	*
	OH transitional vibrations	~14 to 33	*
	The water molecule has three active fundamentals in the infrared, which are the symmetric
	OH stretch (ν 1 ), the asymmetric OH stretch (ν 3 ) and the H-O-H bend (ν 2 ), whose
	wavelength locations are given in table 4.2 and is illustrated in figure 4.1.
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 44 Elemental composition and H content (H) of all the meteorites I selected in my study, the references of the meteorite elemental contents are1 Alexander et al. (2012), (2013),2 Gilmour et al. (2019),3 Garenne et al. (2016).

	Meteorite Name	Bulk H (wt%)	Bulk H error (wt%)	Bulk C (wt%)	H in (wt%) water -OH	H in (wt%) water-OH error	Meteorite Types (Comment)	Rubin et scale al. (2007)	Ref.
	ALH83100	1.458	0.009	1.90	1.350	0.009	CM1/2	2.1	
	ALH84029	1.357	0.009	1.71	1.260	0.009	CM1/2	2.1	
	ALH84033	0.700	0.018	1.70	0.610	0.018	CM2 (Heated CM)		
	ALH84044	1.334	0.008	1.71	1.240	0.008	CM2 (CM1/2)	2.1	
	Allende	0.100	/	0.18	0.090	0.000	CV3 (Falls)		
	Banten	1.018	0.010	2.02	0.910	0.010	CM2	2.5	
	Cold Bokkeveld	1.352	0.004	2.45	1.220	0.004	CM2	2.2	
	DOM03183	1.036	0.001	1.60	0.950	0.001	CM2 (Heated CM)	2.3	
	DOM08003	1.461	0.006	1.85	1.360	0.006	CM2	2.2	
	EET83355	0.460	0.001	0.92	0.410	0.001	CM2 (Heated CM)		
	EET96029	0.811	0.012	1.51	0.730	0.012	CM2 (Heated CM)		
	Essebi	0.938	0.005	3.10	0.770	0.005	CM2?		
	GRA06100	0.142	0.003	0.20	0.130	0.003	CR2 (Heated CR)		
	Ivuna	1.524	0.094	3.50	1.330	0.094	CI1		
	LAP02277	1.185	0.009	1.32	1.110	0.009	CM1 (Heated CM)	2.0	
	LAP02333	1.133	0.005	2.10	1.020	0.005	CM2	2.6	
	LAP02336	1.058	0.005	2.02	0.950	0.005	CM2	2.6	
	LEW87022	1.198	0.014	1.88	1.090	0.014	CM2	2.3	
	LEW90500	1.090	0.005	1.84	0.990	0.005	CM2	2.3	
	MAC88100	0.980	0.010	1.56	0.890	0.010	Heated CM	2.3	
	MET01070	1.361	0.000	1.58	1.270	0.000	CM1	2.0	
	Mighei	1.130	0.003	2.48	0.990	0.003	CM2	2.3	
	MIL07700	0.632	0.016	1.12	0.570	0.016	CM2 (Heated CM)		
	Murchison	1.070	0.002	2.08	0.960	0.002	CM2 (Falls)	2.4	
	Orgueil (BM)	1.561	0.015	3.52	1.370	0.015	CI1 (Falls)		
	(Smithsonian) 1.564	0.019	3.92	1.350	0.019	CI1 (Falls)		
	QUE97990	1.043	0.014	1.53	0.960	0.000	CM2	2.5	
	QUE99038	0.069	0.001	0.08	0.060	0.001	CV		
	RBT04133	0.286	0.001	0.45	0.260	0.001	CR (CR2/CV?)		
	Tagish Lake Lithology 4	0.945	/	4.10	0.720	0.000	C2 (Falls)		
	Tagish Lake Lithology 5b	0.945	0.003	4.11	0.720	0.003	C2 (Falls)		
	Tagish Lake Lithology 11	0.872	0.004	4.13	0.640	0.004	C2 (Falls)		
	WIS91600	/	/	/	0.880	0.000	Heated CM		

Table 6 .

 6 Close-up study of Bennu's surface to select a primary and back-up sample site

	Phase	Spacecraft Orbit	Science Objectives
			-Locate Bennu
	Approach August 17 th 2018 to December 2 nd 2018	Approach starting from two million km away from Bennu and ending with asteroid arrival	-Potential hazards assessment for the spacecraft (natural satellites) -Study Bennu's shape and spin rate -Detailed image-based shape model
			-Bennu's own coordinate system
	Preliminary Survey December 3 rd 2018 to December 27 th 2018	Five passes at 7 km above asteroid surface, over the North-South Poles and Equator	-Estimate Bennu's mass -Improve its spin rate model -Produce its 75-cm resolution shape model
	Orbital A December 27 th 2018 to February 22 nd 2019	Gravitationally-bound orbit between 1.6 and 2.1 km from the asteroid	
			-Collect near-global coverage scientific
	DS Baseball Diamond (BBD) February 22 nd 2019 to April 23 rd 2019	Several passes over Bennu	data with a wide phase angle range -High-resolution DTMs -High-resolution global mosaics -Bennu chemical composition global mapping using OTES data
			-Produce Bennu hazard maps
	DS Equatorial Stations (EQ) April 23 rd 2019 to June 8 th 2019	Seven EQ Slew over Bennu from South to North poles.	

1: Summary of the OSIRIS-REx mission asteroid proximity operations with their respective orbits and science objectives.

-Technical objectives: close navigation

Detailed Survey Phase (DS)

-Select sample sites candidates (identifying fine regolith areas) -Detailed study of Bennu's geology -Searching for dust and gas plumes

  10 -8 au and 1.356 au ± 2.5.10 -8 au, respectively. Its orbit is characterized by with semi-major axis (a) of1.126 ± 4.111.10 -11 au, an eccentricity of 0.204 ± 2.123.10 -8 and a (6.035 ± 4.721.10 -8 ) degree inclination (Figure6.21). Its orbital period (P) is 1.20 years (436.649 ± 2.391.10 -8 days) with relatively close-to-Earth passage every 6 years[START_REF] Chesley | Orbit and bulk density of the OSIRIS-REx target Asteroid (101955)[END_REF]).

Bennu is believed to originate most likely from the Eulalia and New Polana (low-albedo Btype asteroid) families in the inner Main Belt (

(Walsh et al. 2013)

;

(Bottke et al. 2015)

). Based on ground-based observations in the visible to near-infrared (Figure

6

.21), Bennu is classified as a B-type (featureless and a blue-sloped continuum) (

(Clark et al. 2011)

, and confirmed by

Hergenrother et al. (

7.4.3. Case of the asteroid surface spectra

  

	I converted Bennu reflectance spectra into single-scattering albedo (SSA) spectra using
	Hapke modeling (Hapke 2012). For that, I used the equation 12.55 from Hapke (2012)
	(reported below as equation 7.6),				
	𝑟 𝑖, 𝑒, 𝛼 = 𝐾	𝜔 4𝜋	𝜇 𝜇 + 𝜇	𝑝 𝑔 (1 + 𝐵 𝐵 𝑔 + (𝐻	𝜇 𝐾	* 𝐻	𝜇 𝐾	-1) 𝑆(𝑖, 𝑒, 𝛼)

(Eq. 7.6) 

  , (2007b), (2009)), only the Shadow Hiding Opposition Effect (SHOE) are considered. First of all, the Hapke five-parameter form model was run, by J.Y Li and X.-D. Zou (see[START_REF] Li | Spectrophotometric Modeling and Mapping of (101955) Bennu[END_REF]) on global-surface spectral data set in order to obtained the global Hapke modeling parameters, i.e. ω, g, θ, the Geometric albedo and the Bond albedo. The model best fit is obtained by using a chi-square test (χ 2 ) in parameter space and searching for the smallest χ 2 value[START_REF] Li | Spectrophotometric Modeling and Mapping of (101955) Bennu[END_REF]. The indicator of goodness of fit is the RMS (Root Mean Square or percentage square root of χ The third step is calculated the product of the terms A0 by Sh and finally the ratio of the input reflectance 𝑟 𝑖, 𝑒, 𝛼 (I/F values here) divided by the late, for each wavelength of each spectrum, in order to obtain the single-scattering albedo (𝜔), (Equation 7.8).Bennu global average Hapke parameters were computed by Photometry Modelling Working Group (PMWG) and published by[START_REF] Li | Spectrophotometric Modeling and Mapping of (101955) Bennu[END_REF]. The wavelength-dependent Hapke parameter values are shown in annex C, while the Hapke parameters found constant are b and h, equal to 2.06 and 0.11, respectively.

	Ryugu global average Hapke parameters computed by Domingue et al., (2021) are displayed
	in annex D. The asymmetry factor (b) is equal to 0.318 ± 0.008 and the roughness parameter
	(θ) is 29 ± 3, both are not wavelength-dependent. The errors on ω, B 0 and h are 0.002, 0.01
	and 0.002, respectively.					
	𝜔 4	𝜇 𝜇 + 𝜇	𝑝 𝑔 (1 + 𝐵 𝐵 𝑔 + (𝐻	𝜇 𝐾	* 𝐻	𝜇 𝐾	-1) 𝑆(𝑖, 𝑒, 𝛼)
			(Eq. 7.7)				
			𝜔 =				

2 

). The associated Hapke parameters modeled are then retrieved. Thus, following the Hapke modeling results from

[START_REF] Li | Spectrophotometric Modeling and Mapping of (101955) Bennu[END_REF]

, I used B 0 = 1.0 & h = 0.01.

Secondly, I used those obtained global Hapke model parameters to re-run the same Hapke model (five-parameter form) on my selected OVIRS spectral data set (input spectra). The input spectra were in I/F units, not photometrically corrected (Level 3C in the OSIRIS-REx OVIRS spectral product nomenclature). I selected the OVIRS spectra of EQ3 with incidence angle less than 70° and emergence angle less than 70°, in order to limit the spectral artifacts (saturation, noise spikes…) in my data set which comprised 7093 spectra in total for EQ3. The same Hapke model (as seen above) was re-ran for each wavelength of each spectrum, using the Hapke global parameters and the reflectance (𝑟 𝑖, 𝑒, 𝛼 ) as input, and the porosity coefficient (K) was obtained following

Helfenstein and Shepard (2011)

. Thus, I calculated the terms A0 and Sh (𝑆(𝑖, 𝑒, 𝛼)) (see equation 7.7 below). The factor π is included in the term 𝑟 𝑖, 𝑒, 𝛼 as it is here I/F values.

𝑟 𝑖, 𝑒, 𝛼 = 𝐾 ( , , ) * (Eq. 7.8)

  The gaussians center wavelength(2.72, 2.75, 2.80, 2.90 and 3.10 μm) was chosen to be diagnostic of the different stretching modes of OH -and/or H 2 O groups as each gaussian function is linked to the energy required by a slightly different hydrogen-rich functional group associated to hydroxyl and water[START_REF] Clark | Spectroscopy of rocks and minerals, and principles of spectroscopy[END_REF] (De Sanctis et al. 2017);

2.73-μm phyllosilicate absorption band. Gaussian modeling is an additional method I applied to analyze the 2.73-μm absorption band (and is already described in section 7.6), which enables the distinction between the several contributions between the hydroxyl and the water group absorptions in the 3-μm region (see chapter 4-Meteorites).

Table 8 . 1 :

 81 NOPL and ESPAT spectral parameters characteristics for each meteorite spectrum used, i.e. the linear continuum left and right anchor point positions (μm), as well as the meteorite spectral parameter computed values at 2.73 μm. Additionally, the viewing geometry of each meteorite spectrum is provided with incidence (i), emergence (e) and phase (α) angles. The area of the gaussian centered on average at 2.75 μm (G2 area) alongside is uncertainty is given for the meteorites, which had this gaussian modeled.The obtained values are R = 0.81 and p-value = 4.8 × 10 -10 for ESPAT, R = 0.82 and p-value = 2.3 × 10 -10 for NOPL, and R = 0.76 and p-value = 9.3 × 10 -6 for G2 area. As the p-value less than 0.01 and |R| is more than 0.6 in all three cases, the correlations found are considered strong. Additionally, the predictions bounds are shown in dashed black lines and define the area in which a new data point would fall into with 95% probability. The Spearman rank correlation pair of coefficient (R and p-value) are reported as well as for each correlation. The parameter errors in the case of the meteorites are smaller than the meteorite data point symbols. Bennu average spectral parameter errors represented by the vertical errors bars (inside Bennu data point symbol) are the spectral parameters averaged uncertainty, reported in table 8.2 as well. The horizontal error bars associated with Bennu data point are the global H content error computed though the propagation of the determination error of the linear correlation coefficients, thus representing the uncertainty associated with the linear correlation equation, and the spectral parameter mean uncertainty.

	Meteorite	Viewing Geometry (i°, e°, α°)	Continuum (left-right) anchor wavelengths (μm)	NOPL at 2.73 μm	ESPAT at 2.73 μm	G2 area (normalized reflectance.μm)	Spectrum Reference
	ALH83100 (0, 30, 30)	(2.64-3.34)	0.477	0.644	\	Garenne et al., 2016
	ALH83100 (0, 30, 30)	(2.64-3.33)	0.510	0.817	0.0612 ± 0.0032 Potin et al., 2020
	ALH84029 (0, 30, 30)	(2.64-3.32)	0.488	0.694	\	Garenne et al., 2016
	ALH84033 (0, 30, 30)	(2.66-3.34)	0.205	0.160	\	Garenne et al., 2016
	ALH84044 (0, 30, 30)	(2.66-3.32)	0.394	0.427	\	Garenne et al., 2016
	Banten	(15, 45, 60)	(2.68-3.34)	0.077	0.054	0.0047 ± 0.0002 Takir et al., 2019
	Cold Bokkeveld	(15, 45, 60)	(2.63-3.30)	0.287	0.340	0.0181 ± 0.0002 Takir et al., 2013
	DOM03183 (0, 30, 30)	(2.62-3.32)	0.212	0.196	\	Garenne et al., 2016
	DOM08003 (0, 30, 30)	(2.62-3.32)	0.474	0.716	0.0519 ± 0.0028 Potin et al., 2020
	EET83355 (0, 30, 30)	(2.64-3.32)	0.144	0.110	\	Garenne et al., 2016
	EET96029 (0, 30, 30)	(2.66-3.34)	0.239	0.197	\	Garenne et al., 2016
	EET96029 (0, 30, 30)	(2.63-3.34)	0.125	0.118	0.0144 ± 0.0012 Potin et al., 2020
	Essebi	(15, 45, 60)	(2.66-3.31)	0.235	0.243	0.0124 ± 0.0005 Takir et al., 2019
	Ivuna	(15, 45, 60)	(2.60-3.25)	0.340	0.437	0.0189 ± 0.0009 Takir et al., 2013
	LAP02277	(15, 45, 60)	(2.66-3.10)	0.301	0.365	0.0072 ± 0.0002 Takir et al., 2013

respectively. In order to assess the quality of the fit, I computed the Spearman rank correlation for each of the three correlations. It consists of a couple of parameters: (i) the rank correlation coefficient (R) and (ii) the two-sided significance of its deviation from 0 (pvalue) (Figure

8

.11). Figure

8

.11: Linear correlations (in thick black line) found between the selected CC meteorite H content (Chapter 4) and (a) their ESPAT,

(b) 

the NOPL, and (c) G2 area parameters, using different CC subtypes, reported using different symbols. The average parameter (ESPAT, NOPL and G2 area) values computed from the EQ3 station spectral dataset of Bennu reported as well on each linear correlation and the estimated global average H content of Bennu's surface derived from each correlation are reported in table 8.2.

.2. Application to Bennu's global surface average H content

  In order to quantify Bennu's surface global average H content alongside its spatial variations, the same spectral parameters (NOPL, ESPAT and G2 area obtained through the gaussian model of the 2.73-μm phyllosilicate absorption band) computed and averaged on Bennu EQ3 spectral dataset, are reported onto their respective meteorite linear correlation, as shown in figure8.11. The average, minimum and maximum values of each of the three spectral parameters calculated in Bennu EQ3 spectra dataset are visible in this figure 8.11 as well, with the minimum and maximum values represented as vertical bar, not visible as contained within Bennu data point. The propagation of the linear correlation two coefficients errors was used to estimate Bennu average H content error. Thus, Bennu's surface global average H content I estimated using the three methods (summarized in table 8.2), are: 0.72 ± 0.15 wt.% using ESPAT, 0.70 ± 0.16 wt.% using NOPL, and 0.69 ± 0.26 wt.% using the G2 area from the gaussian modeling. These three obtained average H content values are consistent within the error bars.
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 82 Thus, based on the ESPAT-and NOPL-derived H content, Bennu's surface global average H content is 0.71 ± 0.16 wt.%. This value is most consistent of the H content range of CM meteorites (0.46-1.36 wt%), as well as of Tagish Lake (C2 ungrouped, 0.50-0.69 wt.%), and CR meteorites (0.30-1.20 wt.%,Alexander et al. (2012)), while in disagreement with the H content range of CI meteorites(1.330-1.366 wt.%, Alexander et al. (2012), figure 8.11), the most aqueously altered meteorites in our collection on Earth. Based on the data of the Preliminary Survey phase of the mission,Hamilton et al. (2019) ruled out the CRs as meteorite analogs, while suggesting that Bennu's surface is more similar to the most aqueously altered CM and CI chondrites.

	Parameter	Estimated Bennu global average H
	(Mean value ± uncertainty unit)	content (wt.%)
	ESPAT (0.155 ± 0.010)	0.72 ± 0.15
	NOPL (0.162 ± 0.010)	0.70 ± 0.16
	G2 Area (0.006 ± 0.0007 normalized REFF.μm)	0.69 ± 0.26
	NOPL & ESPAT average	0.71 ± 0.16
	However, as explained in the above section 8.2.3, the large number of free parameters
	present in the gaussian modeling and the non-singular modeling solutions increase the noise
	levels. Thus, I do not use the H content derived from the gaussian modeling method (G2
	area) in the computation and mapping of Bennu's surface mean H content. Yet, both H

: Global average H content (phyllosilicate H 2 O and OH -group hydrogen content) of Bennu' surface quantified using three methods or spectral parameters: ESPAT, NOPL and G2 area (area of the second gaussian-centered near 2.75 μm-obtained through gaussian modelling of the 2.73-μm phyllosilicate absorption band). The H content errors are derived from each set of linear correlation coefficient uncertainties and the mean spectral parameter uncertainty. Additionally reported is the average of the NOPL-and ESPAT-derived H content. Finally, Bennu average spectral parameter values are reported alongside their mean uncertainty in the first column. content mean values derived from the NOPL parameter and from the ESPAT parameter, are consistent with each other as well as with the H content mean value derived from the G2 area of the gaussian modeling, which as an independent test, adds confidence in the results.

  and intermediate-size boulders. Notably, Nightingale (56.0° N and 42.1° E) lies in this type of regions, meaning that the spacecraft could return a sample with relatively high H content in comparison to average Bennu and not as high as CIs.

  Deshapriya et al. (2021). No band minimum position shift was detected in the OVIRS spectral dataset analyzed in my study, which have a 20 × 30-m spatial resolution. Finally, the spectral dataset analyzed here and the lack of supporting laboratory data, I am not yet able to isolate the solar wind hydrogen implantation contribution in Bennu's surface spectra.The hydration state and variation of Bennu's surface may also have been inherited from the asteroid parent body. Indeed, the two boulder types, found to be not spatially segregated regardless of the data spatial resolution, could have had originally different compositions possibly due to varying degrees of alteration on the parent body(Kaplan et al. 2020b) and thus ultimately different reactions to space weathering (DellaGiustina et al. 2020). I find that higher 0.55-μm-reflectance areas ((Simon et al. 2020)-figure3D) exhibit usually a higher than surface average H content, although variations are small (Figure8.12). Moreover, Bennu largest boulders are also some of the darkest surface features(≤ 4.9% albedo;(DellaGiustina et al. 2020)) and are characterized by a low H content and weaker 2.7μm absorption band strength(Simon et al. 2020), which may suggest that part of the hydration is an innate characteristic to this boulder population and may hint at a dichotomy present on Bennu's parent body.

. Notably, simulating solar wind space weathering on CC meteorites,

Lantz et al. (2017) 

found a shift longward of the 2.7-μm absorption feature minimum position, similarly detected in some of Bennu's craters' high resolution OVIRS spectral data with shift shortward in crater floors, containing less space-weathered material, In conclusion, from solely the spectral dataset studied here, I am not able to disentangle the different contributions (space weathering, impact dehydration, original composition) that result in the present day observed H content pattern.

6. Bennu at a local scale 8.6.1. Regions Of Interest spectral study

  alongside meteorite water abundances (wt.%) obtained by thermogravimetric analyses (TAG). The spectral metric used for comparison between asteroid and CC meteorite (CM, CI, CV, CR, CO, and Tagish Lake) datasets is the 2.75-μm and 2.8-μm band depth sum, and finding a linear correlation, the authors could estimate a C-complex MB asteroids surface water content average of 4.5 wt.% H 2 O with high uncertainties of 4 wt.% H 2 O connected to the correlation quality. Interestingly,Beck et al. (2021) also noted that the most hydrated asteroids water content estimation is less than those of CC meteorites, which may be explained by on-going space weathering effects on asteroidal surfaces and/or a terrestrial water contamination underestimated in CC meteorites.

Given that Bennu's spectral data were of higher quality and spatial resolution than the asteroid observations by AKARI, the estimation global average H content of Bennu' surface is an indication of its hydration state, in which I am not able for now to untangle the different contributions of space weathering.

8.

  Clark including many experts in this field and in which I am also co-author.Additionally, DellaGiustina et al. (2020) suggested that different initial compositions inherited from Bennu's parent body, impact the obtained distribution of H content, as exemplified by The Roc Saxum and other large dark boulders characterized by lower than average H content.The estimation of Bennu's surface global average H content may help to constrain its thermal evolution as well as better understanding the primitive asteroid populations' composition. Bennu's H content full range is 0.64 ± 0.15 to 0.76 ± 0.15 wt.%, with small variations in comparison to the CC meteorites H content range used in my study (0.410 ± 0.001 to 1.366 ± 0.015 wt.%). This may infer that using non-spatially resolved spectral data of asteroid 2.7-µm absorption feature (ground-based or space based telescopes) is valid to investigate their hydration state and/or relationship to CC meteorites. OSIRIS-REx sampled Bennu's surface at site Nightingale in October 2020 and will return the collected sample to Earth in 2023; the sample is predicted to contain water and organics. AsBeck et al. (

Table 1 .

 1 Continued. Parameter descriptions: A list of the 95 spectral indices analyzed in this paper (of the 107 total calculated by Spindex), their source, the equation type, the defining wavelengths and constants, and threshold value. Type corresponds to equation numbers in Fig.S1in supporting information, and those equations, along with the wavelength positions and constants, allow for the spectral index to be calculated on any spectrum.

	#	Parameter	Source	Type Wavelength positions and constants		Thresh.
	1H 2 O @ 1.50 µm	Lebofsky (1980),	4	1.4	1.5	1.7	0	0	0	0.05
			Hudgins et al. (1993),								
			Mastrapa et al. (2009)								
	2H 2 O, OH @ 1.95 µm	Lebofsky (1980),	2	1.9	1.95	2	0	0	0	0.05
			Hudgins et al. (1993),								
			Mastrapa et al. (2009)								
	3H 2 O, OH @ 3 µm	Pelkey et al. (2007)	6	2.21	2.53	3	0	0	0	0.05
	4H 2 O, OH @ 2.95 µm	Moroz et al. (1998)	5	2.7	2.95	3.33	0	0.6	0.4	0.05
	5H 2 O @ 1.51 µm	Pelkey et al. (2007),	1	1.3	1.51	1.695 0	0	0	0.05
			Mastrapa et al. (2009),								
			Grundy and Schmitt								
			(1998)								
	6H 2 O, OH @ 1.93 µm	Pelkey et al. (2007),	8	1.857 1.93	1.935 2.067 0	0	0.05
			Mastrapa et al. (2009),								
			Grundy and Schmitt								
			(1998)								
	7O H @ 2.7 µm	Feaga et al. (2007)	5	2.55	2.7	2.76	0	0.25	0.75 0.05
	8H 2 O @ 3.12 µm (ice)	Pelkey et al. (2007),	1	3	3.12	3.25	0	0	0	0.05
			Merlin et al. (2012)								
	9	Aromatic CC, CH @ 2.16 µm	Moroz et al. (1998)	2	2.06	2.16	2.26	0	0	0	0.05
	10	CO 2 @ 1.43 µm	Pelkey et al. (2007)	1	1.37	1.43	1.47	0	0	0	0.05
	11	CO 2 @ 3.32 µm	Pelkey et al. (2007)	1	3.25	3.32	3.39	0	0	0	0.05
	12	DNU-NH @ 2.99 µm	Bossa et al. (2009)	2	2.85	3	3.15	0	0	0	0.05
	13	DNU-NH @ 3.43 µm	Gerakines et al. (2012)	2	3.28	3.43	3.58	0	0	0	0.05
	14	CO 2 @ 4.25 µm	Feaga et al. (2007)	5	4.18	4.25	4.32	0	0.5	0.5	0.05
	15	Spinel group @ 2.1 µm	Cloutis et al. (2004)	2	1.5	2.1	2.7	0	0	0	0.05
	16	Fe3 @ 0.5 µm (ilmenite,	Cloutis et al. (2011a,	2	0.45	0.5	0.55	0	0	0	0.05
		magnetite)	2011b)								
	17	Chromite @ 0.58 µm	Cloutis et al. (2004)	2	0.55	0.58	0.61	0	0	0	0.05
	18	Chromite @ 0.67 µm	Cloutis et al. (2004)	2	0.64	0.67	0.7	0	0	0	0.05
	19	Chromite @ 0.9 µm	Cloutis et al. (2004)	2	0.8	0.9	1	0	0	0	0.05
	20	Chromite @ 1.2 µm	Cloutis et al. (2004)	2	1.1	1.2	1.3	0	0	0	0.05
	21	Hematite @ 0.9 µm	Cloutis et al. (2004)	9	0.7	0.9	1.2	0	0.6	0.4	0.05
	22	Hercynite @ 0.46 µm	Cloutis et al. (2004)	2	0.43	0.46	0.49	0	0	0	0.05
	23	Hercynite @ 0.55 µm	Cloutis et al. (2004)	2	0.52	0.55	0.58	0	0	0	0.05
	24	Hercynite @ 0.66 µm	Cloutis et al. (2004)	2	0.62	0.66	0.72	0	0	0	0.05
	25	Hercynite @ 0.93 µm	Cloutis et al. (2004)	2	0.83	0.93	1.03	0	0	0	0.05
	26	Spinel @ 0.54 µm	Cloutis et al. (2004)	2	0.49	0.54	0.59	0	0	0	0.05
	27	Gypsum @ 1.45 µm	Cloutis et al. (2006)	4	1.3	1.45	1.7	0	0	0	0.05
	28	Gypsum @ 1.49 µm	Cloutis et al. (2006)	2	1.47	1.49	1.51	0	0	0	0.05
	29	Gypsum @ 1.53 µm	Cloutis et al. (2006)	2	1.51	1.53	1.55	0	0	0	0.05
	30	Epsomite @ 1.45 µm	Cloutis et al. (2006,	4	1.3	1.45	1.75	0	0	0	0.05
			2011a, 2011b)								
	31	Epsomite @ 1.95 µm	Cloutis et al. (2006,	4	1.8	1.95	2.25	0	0	0	0.05
			2011a, 2011b)								
	32	Gypsum @ 1.94 µm	Cloutis et al. (2006)	2	1.84	1.94	2.04	0	0	0	0.05
	33	Gypsum @ 1.97 µm	Cloutis et al. (2006)	2	1.95	1.97	1.99	0	0	0	0.05
	34	Gypsum @ 2.2 µm	Cloutis et al. (2006)	2	2.1	2.2	2.3	0	0	0	0.05
	35	Gypsum @ 1.75 µm	Cloutis et al. (2006)	2	1.7	1.75	1.8	0	0	0	0.05
	36	Gypsum @ 1.78 µm	Cloutis et al. (2006)	2	1.75	1.78	1.81	0	0	0	0.05
	37	Gypsum @ 2.48 µm	Cloutis et al. (2006)	2	2.4	2.48	2.56	0	0	0	0.05

Table 2 .

 2 Mineral, organic, and meteorite spectra: Spectra collected from public databases were from eight mineral/ chemical groups representing 23 minerals and five organics. There are 11 groups of meteorite spectra, though most spectra are from C chondrites.

	Mineral/chemical group	Mineral/Chemical	# Spectra	Spectral source
	Organics	Alkanes/alkenes	27	27 (U)
		Benzenes	180	180 (U)
		Graphitic carbon	17	8 (R), 9 (J)
		IOM (insoluble organic matter)	15	15 (R)
		Kerogen	24	24 (Kaplan et al. 2018)
	Carbonates	Calcite	102	65 (R), 8 (U), 29 (J)
		Dolomite	60	32 (R), 6 (U), 22 (J)
		Magnesite	55	46 (R), 9 (J)
	Olivines	Fayalite (Fo < 50)	33	19 (R), 8 (U) 6 (J)
		Forsterite (Fo > 50)	30	29 (R), 1 (U)
	Pyroxenes	Augite	36	34 (R), 2 (U)
		Enstatite	70	38 (R), 26 (U), 6 (J)
		Ferrosilite	3	3 (R)
		Hedenbergite	5	5 (R)
		Pigeonite	21	16 (R), 5 (U)
	Oxides	Chromite	23	13 (R), 2 (U), 8 (J)
		Hercynite	5	5 (R)
		Ilmenite	36	32 (R), 4 (U)
		Magnetite	47	32 (R), 10 (U), 6 (J)
	Serpentines	Antigorite	20	5 (R), 14 (U), 1 (J)
		Chrysotile	10	7 (R), 2 (U), 1 (J)
		Cronstedtite	4	3 (R), 1 (U)
		Lizardite	10	2 (R), 7 (U), 1 (J)
	Smectites	Montmorillonite	110	78 (R), 23 (U), 9 (J)
		Nontronite	94	72 (R), 9 (U), 13 (J)
		Saponite	20	14 (R), 3 (U), 3 (J)
	Other	Chlorite	92	6 (R), 50 (U), 6 (J)
	Total: 1149			
	Meteorite class	Meteorite group	# Spectra	Spectral source
	C chondrites	CI	7	4 (R), 3 (Takir et al. 2013, 2019)
		CM	124	108 (R), 16 (Takir et al. 2013, 2019)
		C-ungrouped	40	37 (R), 4 (Takir et al. 2013, 2019)
		CR	10	7 (R), 3 (Takir et al. 2013, 2019)
		CH	4	3 (R), 1 (Takir et al. 2013, 2019)
		CV	15	11 (R), 4 (Takir et al. 2013, 2019)
		CO	14	14 (R)
		CK	4	4 (R)
	Ordinary chondrites	L	5	5 (R)
	Ureilites	Ureilites	60	60 (R)
	Other	Analog mixture	10	10 (OSIRIS-REx Spectral Library)
	Total: 293			

48: Olivine @ 1.05-1.47 µm

  

	10	20	30	40	50 Count 60	70	80	90	100
	AlkaneAlkene								
	Benzene								
	GraphiticC								
	IOM								
	Kerogen								
	Calcite								
	Dolomite								
	Magnesite								
	Fayalite								
	Forsterite								
	Augite								
	Enstatite								
	Ferrosilite								
	Hedenbergite								
	Pigeonite								
	Chromite								
	Hercynite Ilmenite Magnetite Chlorite Antigorite Chrysotile Cronstedtite						False Positive	Negative	Positive
	Lizardite								
	Montmorillonite								
	Nontronite								
	Saponite								

66: Mg-OH @ 2.32 µm (serpentine)

  

	0								
	89: CH @ 3								
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	Chromite								
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	Ilmenite								
	Magnetite								
	Chlorite								
	Antigorite Chrysotile Cronstedtite Lizardite Montmorillonite Nontronite						False Positive	Negative	Positive
	Saponite								

.42 µm (organic-aliphatic)
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	Magnetite										
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	Antigorite										
	Chrysotile										
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											107:

CO @ 3.95 µm (carbonate-all)
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	Magnesite Fayalite Forsterite Augite Enstatite Ferrosilite Hedenbergite Pigeonite Chromite Hercynite Ilmenite Magnetite Chlorite											13: DNU -NH @ 3.43 µm								
	Antigorite Chrysotile Cronstedtite Lizardite Montmorillonite Nontronite Saponite								False Positive	Negative	Positive										False Positive	Negative	Positive
	0	20	40	60	80 Count 100	120	140	160		180	0	10	20	30	40	50 Count	60	70	80	90	100
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	Fayalite Forsterite Augite Enstatite Ferrosilite Hedenbergite Pigeonite Chromite Hercynite Ilmenite Magnetite Chlorite											42: Olivine @ 1.25 µm	Fayalite Forsterite Augite Enstatite Ferrosilite Hedenbergite Pigeonite Chromite Hercynite Ilmenite Magnetite Chlorite							
	Antigorite Chrysotile Cronstedtite Lizardite Montmorillonite Nontronite								False Positive	Negative	Positive	Antigorite Chrysotile Cronstedtite Lizardite Montmorillonite Nontronite								False Positive	Negative	Positive
	Saponite												Saponite							

  -S1.[START_REF] Izawa | Spectral reflectance properties of magnetites: implications for remote sensing[END_REF]. Notes describe where parameters performed similar to others or were included for a specific reason.

					% False		%False
				% Pos	pos	% Pos	pos
	#	Parameter name	Target	mineral	mineral	meteorite	meteorite Notes
	46 Pyroxene @ 1.05 lm	Pyroxene-general	89.92	13.68	13.00	5.67	Performs similarly to #91
		(wide)					
	47 Pyroxene @ 1.9 lm	Pyroxene-general	83.75	18.43	4.67	0.00
	71 Fe3 @ 0.92 lm	Pyroxene-LCP versus	83.77	0.49	4.67	0.00
		(oxide,LCP)	HCP				
	43 Olivine @ 1.01-1.36 lm	Olivine-general	98.28	18.27	4.67	13.33	High false positive due to
		(Lo-Fe)						overlap with pyroxene/other
	48 Olivine @ 1.05-1.47 lm Olivine-general	100.00 23.52	6.00	21.00	High false positive due to
								overlap with pyroxene/other
	107 CO @ 3.95 lm	Carbonate-general	98.45	10.50	2.33	0.33
		(carbonate-all)					
	38 CO @ 3.95 lm	Carbonate-Ca	69.76	8.31	1.67	0.00	Detects calcite (100%
		(carbonate-calcite)	versus Mg					positive) over dolomite
								(34% positive) and
								magnesite (23% positive)
	7O H @ 2.7 lm	Phyllosilicates-general 86.11	2.22	62.33	0.33
	52 OH,H 2 O @ 2.85 lm	Phyllosilicates-general 99.96	6.22	76.67	2.33
	3H 2 O,OH @ 3 lm	Phyllosilicates-general 99.51	1.19	80.67	0.67	Performs similarly to #4
	6H 2 O,OH @ 1.93 lm	Phyllosilicates-general 72.39	5.37	0.67	0.00
	66 Mg-OH @ 2.32 lm	Phyllosilicates-specific 100.00 31.01	1.00	0.33
		(serpentine)					
	50 Fe2-Fe3 @ 0.7 lm	Ferrous minerals	19.97	5.20	15.33	0.00
		(serpentine)					
	70 Fe3 @ 0.86 lm (oxide) Ferric minerals	5.57	2.97	2.33	3.00	Detects band near 0.9 lm
								in meteorites; high false
								positive due to overlap with
								olivine/pyroxene
	89 CH @ 3.42 lm	Organics-aliphatic	79.59	12.31	3.67	0.67	Thoroughly tested on
		(organic-aliphatic)						insoluble organics (Kaplan
								et al. 2018)
	105 Aromatic CH @	Organics-aromatic	59.86	11.24	0.00	0.00	Detected with Rosetta
		3.28 lm						(Capaccioni et al. 2015);
								~1% feature in some
								meteorite spectra

Average DOY 306 OVIRS spectrum between 2.3 and 3.5 µm compared with spectra of example carbonaceous chondrites.

  The carbonaceous chondrites were measured in vacuum after heating19 (see Methods for full meteorite names). The spectra are normalized to a reflectance of 1.0 at 2.4 µm and offset vertically for clarity. The dotted vertical line at 2.74 µm denotes the Bennu band minimum position (see Methods).

			Bennu				
		1.0					
		0.8	Ivuna (CI1)				
	Normalized reflectance	0 0.2 0.4 0.6	LAP 02277 (CM1) MET 00639 (CM2) Cold Bokkeveld (CM2)			
		-0.2					
		-0.4	2.4	2.6	2.8	3.0	3.2	3.4
				Wavelength (µm)	
	Fig. 2 |						

Table 1

 1 Estimation of the global average H content (phyllosilicate H 2 O and OH group hydrogen content) of Bennu's surface derived from ESPAT, NOPL, and G2 area, with the error derived from the uncertainties of each set of linear correlation coefficients. The average H content computed with NOPL and ESPAT methods is also reported. The mean value of each parameter as well as their associated mean uncertainty is reported in the first column.

	Parameter (Mean value ± uncertainty unit)	Estimated Bennu global average H content (wt%)
	ESPAT (0.155 ± 0.010) NOPL (0.162 ± 0.010) G2 Area (0.006 ± 0.0007 normalized REFF.μm) NOPL & ESPAT avg	0.72 ± 0.15 0.70 ± 0.16 0.69 ± 0.26 0.71 ± 0.16

  Our results, if validated by analysis of the returned sample, could be used to estimate H content on other hydrated asteroids.

	A. Praet et al.						
	Name	H content	H error	Types	Subtypes	Spectrum reference	H content reference
	ALH83100 ALH83100 1 ALH84029 ALH84033 ALH84044 Banten 1 Cold Bokkeveld 1 DOM03183 DOM08003 1 EET83355 EET96029 EET96029 1 Essebi 1 Ivuna 1 LAP02277 1 LAP02333 LAP02336 LEW87022 LEW90500 MAC88100 1 MET01070 MET01070 1 Mighei 1 MIL07700 MIL07700 1 MIL07700 1	1353 1353 1260 0,610 1240 0,910 1220 0,950 1359 0,410 0,728 0,728 0,770 1330 1112 1020 0,950 1090 0,990 0,894 1274 1274 0,994 0,570 0,570 0,570	0,009 0,009 0,009 0,018 0,008 0,010 0,004 0,001 0,006 0,001 0,012 0,012 0,005 0,094 0,009 0,005 0,005 0,014 0,005 0,010 0,000 0,000 0,003 0,016 0,016 0,016	CM1/2 CM1/2 CM1/2 CM2 Heated CM2 CM2 CM2 CM2 Heated CM2 CM2 Heated CM2 Heated CM2 Heated CM2? CI1 CM1 Heated CM2 CM2 CM2 CM2 CM2 Heated CM1 CM1 CM2 CM2 Heated CM2 Heated CM2 Heated	2.1 2.1 2.1 / 2.1 2.5 2.2 2.3 2.2 / / / / / 2.0 2.6 2.6 2.3 2.3 2.3 2.0 2.0 2.3 / / /	Garenne et al., 2016 Potin et al., 2020 Garenne et al., 2016 Garenne et al., 2016 Garenne et al., 2016 Takir et al., 2019 Takir et al., 2013 Garenne et al., 2016 Potin et al., 2020 Garenne et al., 2016 Garenne et al., 2016 Potin et al., 2020 Takir et al., 2019 Takir et al., 2013 Takir et al., 2013 Garenne et al., 2016 Garenne et al., 2016 Garenne et al., 2016 Garenne et al., 2016 Potin et al., 2020 Garenne et al., 2016 Potin et al., 2020 Poggiali personal communication Garenne et al., 2016 Potin et al., 2020 Takir et al., 2013	* * * * * * * * * * * * * * * * * * * * * * * * * * (continued on next page)

Table A1

 A1 

	(continued )						
	Name	H content	H error	Types	Subtypes	Spectrum reference	H content reference
	Murchison 1 Murchison 1 Orgueil BM 1 Orgueil BM 1 Orgueil Smith. 1 Orgueil Smith. 1 QUE97990 1 QUE97990 1 Tagish Lake lithology 4 1 Tagish Lake 1 Tagish Lake 1 WIS91600 WIS91600 1	0,956 0,956 1366 1366 1346 1346 0,959 0,959 0,642 0,720 0,717 0,878 0,878	0,002 0,002 0,015 0,015 0,019 0,019 0,000 0,000 0,000 0,003 0,004 0,000 0,000	CM2 CM2 CI1 CI1 CI1 CI1 CM2 CM2 C2 C2 C2 CM2 Heated CM2 Heated	2.4 2.4 / / / / 2.5 2.5 / / / / /	Potin et al., 2020 Takir et al., 2019 Potin et al., 2020 Takir et al., 2019 Potin et al., 2020 Takir et al., 2019 Potin et al., 2020 Takir et al., 2013 Potin et al., 2020 Takir et al., 2019 Takir et al., 2019 Garenne et al., 2016 Potin et al., 2020	* * * * * * * * *** * * ** **

Table 1 .

 1 Summary of ESPAT and NOPL spectral parameter values and the derived H content.
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Table 1 (

 1 continued )

	J.D.P. Deshapriya et al.								
	14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34	9.0 22.3 25.7 19.8 -7.7 26.8 32.0 35.1 -24.8 -9.0 31.3 21.6 11.2 -1.7 36.0 44.1 49.9 -40.0 -10.2 -6.2 -35.1	1 61.3 48.9 50.8 252.6 324.7 333.3 229.8 248.0 136.9 46.5 161.2 189.2 41.8 84.4 303.6 298.6 287 238.1 234.1 333.0 352.0	21.5 16.4 8.3 4.7 53.7 55.8 37.0 50.2 18.5 158.4 147.6 141.0 128.4 115.1 81.3 44.5 25.5 32.0 186.7 138.2 133.5 101.0	RAN RAK RAK RAK EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3 EQ3	-5 -10 0 -5 0 10 10 10 15 0 0 0 0 0 0 10 0 15 10 10 10 10	116 16 10 16 14 13 8 17 4 109 113 123 91 56 34 10 3 3 176 99 83 68	0.1819±0.0005 0.1749±0.0017 0.1817±0.0022 0.1900±0.0016 0.1608±0.0014 0.1604±0.0015 0.1702±0.0018 0.1659±0.0013 0.1701±0.0026 0.1636±0.0005 0.1560±0.0006 0.1627±0.0005 0.1623±0.0006 0.1635±0.0007 0.1590±0.0010 0.1744±0.0016 0.1730±0.0032 0.1744±0.0030 0.1640±0.0004 0.1580±0.0006 0.1607±0.0006 0.1620±0.0007	-0.223±0.016 -0.245±0.042 -0.036±0.056 0.011±0.044 -0.403±0.044 -0.373±0.046 -0.157±0.061 -0.180±0.041 0.154±0.090 -0.431±0.016 -0.339±0.016 -0.353±0.015 -0.366±0.017 -0.399±0.022 -0.410±0.028 -0.451±0.052 -0.455±0.095 -0.451±0.095 -0.353±0.013 -0.376±0.017 -0.417±0.018 -0.351±0.020	0.02634±0.00006 0.02809±0.00018 0.02944±0.00024 0.02805±0.00017 0.02537±0.00017 0.02549±0.00018 0.02546±0.00023 0.02499±0.00015 0.02393±0.00030 0.02548±0.00006 0.02475±0.00006 0.02528±0.00006 0.02512±0.00007 0.02566±0.00009 0.02527±0.00011 0.02655±0.00021 0.02648±0.00038 0.02640±0.00038 0.02536±0.00005 0.02421±0.00006 0.02519±0.00007 0.02470±0.00008 (continued on next page)

The astronomical unit (au) is the average Earth -Sun distance (~150.10 9 m) and is defined by the IAU as exactly 149,597,870,700 m.

A body albedo is defined as the ratio of the incident light to the reflected light by the body.

The absolute magnitude (H) of a celestial object is the magnitude the object would have if located at 1 au from the Sun and the Earth (the observer) at zero phase angles.

R = RELAB Spectral Library, U = USGS Spectral Library, J = JPL ECOsystem Spectral Library.

Spectral indices for OSIRIS-REx
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Data availability

The OVIRS EQ3 spectral data used in this work are available via the Planetary Data System at https://sbn.psi.edu/pds/resource/orex/ovirs. html. Data are delivered to the PDS according to the OSIRIS-REx Data Management Plan available in the OSIRIS-REx PDS archive. The maps are available upon request. The meteorite data were obtained from the references shown in Appendix A.

Data availability

OVIRS data from Equatorial Station 3 and Recon A are available via the Planetary Data System at https://sbn.psi.edu/pds/resource/orex/o virs.html. Data are delivered to the PDS according to the OSIRIS-REx Data Management Plan available at https://sbn.psi.edu/pds/resour ce/orex/orexmission.html. Shape models will be available in the PDS 1 year after departure from the asteroid. SBMT and select shape models of Bennu are available via https://sbmt.jhuapl.edu

Annex B: Schematic illustration of the sample collection Natural Feature Tracking (NFT) navigation system, which uses real-time optical navigation, i.e. image acquisition of the surface and compare them to an onboard catalog of images and hazard maps (containing information such as boulder heights…) in order to guide the position of the spacecraft as well as make the autonomous decision to go for the sampling or wave off and move away from the surface before any harm comes to the spacecraft, credit: NASA/Goddard/University of Arizona.

Annex E: Gaussian modelling of the selected CC meteorites which exhibit a gaussian centered on average at 2.75 μm (i.e. G2). The meteorite spectral data were acquired by Takir et al. (2013Takir et al. ( ), (2019)), Potin et al. (2019), and G. Poggiali (personal communication). Fig. S2. The band depth at 3 µm for the 293 meteorite spectra. Symbols designate different kinds of samples (i.e. chips, particulates) and spectral measurement conditions (i.e. ambient, vacuum). As expected, the vacuum spectra have weaker band depths and a larger portion of the samples have a 3 µm absorption below the detection limit (0.05, blue line). Fig. S3. Meteorite spectra used in this study, normalized at 0.55 µm and offset in order to display spectral shape. One additional set of C chondrite spectra taken under vacuum are plotted and discussed in Takir et al. (2013Takir et al. ( , 2015)).

Meteorites from

Table S1. 1.1-1.13. Positive and false positive results for all mineral and meteorite spectra. The first 12 tables represent compositional groupings of parameters (those targeting carbonates, hydrated minerals, etc.). The final table has meteorite positives and false positives for all parameters. The positive detection rate is broken down by mineral or meteorite group. The false detection rate is for all mineral or all meteorite spectra.

Meteorite samples. The meteorites shown in Fig. 2 are Ivuna (CI1), LaPaz Icefield (LAP) 02277 (CM1), Meteorite Hills (MET) 00639 (CM2) and Cold Bokkeveld (CM2) 19 . Cold Bokkeveld may have been very mildly and briefly heated based on Raman spectroscopy of the insoluble organic material, but the evidence is ambiguous 51,52 and there is no mineralogical evidence of heating that would change our interpretation of the observed 2.71 µm feature (where mineralogy is the property to which the laboratory and remote-sensing measurements shown here are sensitive). Because meteorites have interacted with the Earth's environment, even if briefly, they are prone to mineralogical and chemical alteration, including the adsorption and absorption of terrestrial water (which can be recognized through oxygen isotope analysis). The spectra shown in Fig. 2 were measured under vacuum after the samples were heated to between 400 and 475 K, which drives out adsorbed and absorbed terrestrial water. The laboratory spectra have been resampled to the OVIRS spectral sampling. See ref. 19 for details of sample preparation, characterization and measurement.

The meteorites shown in Fig. 4 are Orgueil (CI1), Allan Hills (ALH) 83100 (CM1/2), Murchison (CM2), Miller Range (MIL) 090001 (CR2), Allende (CV3 ox ), and Vigarano (CV3 red ). All of these spectra were acquired as part of the development of the OSIRIS-REx spectral library for the analysis of OTES data and have been resampled to the OTES spectral sampling. The spectral acquisition methods are described below. The text indicates that thermal infrared spectra of meteorite groups CO, CB and CK do not resemble the OTES spectrum of Bennu; spectra of these groups are contained in the research collection of V.E.H. and are not shown here but have been shown elsewhere 39 .

Laboratory spectroscopy. The meteorite spectra shown in Fig. 4a were measured by V.E.H. in reflectance on uncoated thin sections using a Thermo Scientific Nicolet iN10 microscope at Southwest Research Institute in Boulder, CO. The microscope is equipped with a KBr beamsplitter and a nitrogen-cooled, extendedrange mercury-cadmium-telluride detector and measures spectra from 4,000 to 400 cm -1 ; the optical geometry of this microscope is such that the spectra are equivalent to emission spectra according to Kirchhoff 's law 53 . The spectra have been scaled by differing amounts to minimize spectral contrast variations and simplify the comparison of spectral shapes. These spectra are appropriate for comparison with OTES emissivity spectra of coarse particulates and solids that do not exhibit volume scattering and are not susceptible to thermal gradients 54,55 .

Figure 4b shows fine-particulate (<125 µm) versions of the same meteorite samples measured by K.L.D.H. in a simulated asteroid environment at Oxford University; the sample preparation, characterization and spectral measurements are described in detail in ref. 56 . The <90 µm magnetite spectrum in Fig. 5 was measured under the same conditions and its spectrum is virtually identical to magnetite spectra measured as coarse materials and under ambient conditions. All of these spectra are appropriate for comparison with OTES emissivity spectra of dominantly fine particulates that exhibit volume scattering and are potentially susceptible to the development of thermal gradients.

Data availability

The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request. Raw and calibrated spectral data will be available via the Planetary Data System (PDS) (https://sbn.psi.edu/pds/resource/orex). Data are delivered to the PDS according to the OSIRIS-REx Data Management Plan available in the OSIRIS-REx PDS archive. Higher-level products will be available in the PDS one year after departure from the asteroid. Laboratory spectral data are deposited in the spectral library hosted by Arizona State University (http://speclib.mars.asu.edu/).
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Table A1

The selected meteorites are reported with their spectral reference and their H content calculated by Alexander et al., 2012Alexander et al., 2013 (*); Garenne et al., 2016 (**); Gilmore et al., 2019 (***). For each meteorite, the type and the subtype using the Rubin et al. (2007) scale are reported, as well as the ones for which a Gaussian centered originally at 2.75 μm was modelled ( 1 ) We examine 45 craters using spectral data obtained under various observing conditions. For 20 craters, we find a shortward shift of the 2.7-μm band minimum relative to the global 2.7-μm band minimum, which we attribute to the presence of relatively fresh (less space-weathered) material excavated from the sub-surface by crater-forming impacts. For three craters, we find an anti-correlation between spectral slopes and reflectance factor for a series of spectra acquired during a specific scan, where we observe that spectra become redder and darker towards the center of the crater. We attribute this to the presence of fine-particulate regolith. Localized spectral heterogeneities are apparent inside a prominent equatorial crater on Bennu, which is one of the asteroid's oldest geological features. We propose that such local spectral heterogeneities could be used as a tracer of mass movement on Bennu. We show that younger craters are redder, brighter, and have deeper 2.7-μm bands. Comparing global average spectral values of Bennu and crater frequency distributions as a function of the chosen spectral parameters, we find that craters evolve to assume the global average spectral properties of Bennu. A positive correlation identified between the reflectance factor and 2.7-μm band depth suggests that brighter craters tend to be more hydrated. Finally, we put into context, the results from the Small Carry-on Impactor experiment by the Hayabusa2 spacecraft, which created an artificial crater on the near-Earth asteroid (162173) Ryugu.

Appendix A: Meteorites used for the analysis
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Appendix A Table 1

Characteristics of the analyzed craters. The spectral parameters are derived from the average spectrum of a crater, obtained by averaging multiple spectra, as described in the text.'Lat.', 'Long.', and 'D' refer to latitude, longitude, and diameter, respectively, from Bierhaus et al., 2020 (in preparation).'Data' refers to the OSIRIS-REx observation during which the data were acquired (Lauretta et al. (2017)