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Small bodies of the Solar System

The study of the origin and early evolution of our Solar System still has many points which need to be better understood. In particular, many open questions exist about the formation of the extra-terrestrial organic matter, its potential interstellar heritage and its modification before and after the formation of the planetesimals.

The solar nebula is the result of the collapse of a molecular cloud under the effect of external perturbations, such as shock waves (Boss, 1995;Jones, 2004). When a portion of a molecular cloud reaches a critical size, mass, or density, it begins to collapse under its own gravity. During the collapse, as the cloud becomes denser, random gas motions initially present in the cloud average out in favor of the direction of the nebula's net angular momentum [START_REF] Basri | [END_REF]. This rotation causes the cloud to flatten out and take the form of a disk. The initial collapse takes about 100,000 years. Fig. 1.1 presents the different stages of the formation of our Solar System. This first step corresponds to the panel (a).

Inside the disk, we can find the first elements of a Solar System. Near the star, where the temperature is very high (> 1400K), no complex molecules can be formed. In the region where the temperature reaches 1400 K, the refractory elements can condense and Calcium-Aluminum-rich Inclusions (CAIs) can form (Ebel and Grossman, 2000f;Lodders, 2003).

These are the first solids formed in the disk. They are used as a reference to isotopically date other objects present in the Solar System (Rusell andal., 2006, Connelly et al., 2012).

Further from the star, where the temperature is between 800 and 1400 K, magnesium-rich crystalline silicates as olivine and pyroxene, are formed (Lodders, 2003). Finally, beyond the ice line at about 5 Astronomical Units (AU), volatile elements can condensate, and we find water ice, methanol ice, methane ice, carbon dioxide ice, etc. This part of the disk is where bodies rich in gas and ice like comets or giant planet can form.

After the formation of the protoplanetary disk and the apparition of the star inside this disk (see Fig. 1.1(c)), our newly born Solar System is still filled with gas and dust (some of the dust may have retained an interstellar and/or and extrasolar heritage). The dust composing this disk can begin to aggregate (Weidenschilling, 1980 and1995) and participate in the planetary formation. As a result of accretion, the smaller sized dust grains start to clump together because of the collisions due to the internal movement inside the disk, forming larger bodies. These larger bodies are called planetesimals, and we reach the stage (d) (Youdin, 2008). At some point the planetesimals become big enough so that they can attract other small bodies because of their gravity. Some of these planetesimals form protoplanets and eventually the planets (see Fig. 1.1(d)). However, other planetesimals do not aggregate into planets or dwarf planets and remain in the form of small bodies. Some small bodies observed today in the Solar System are thus the relics of those early planetesimals. Unlike the planets, they did not undergo internal differentiation. Indeed, when a body has a diameter smaller than 20 km, differentiation is not efficient (Sramek et al., 2012). This means that the solid components of these bodies did not separate according to their density and they remained intimately mixed as they were during their formation. Thus, it is possible to study the composition and the processes that took place in the early Solar System by looking at these undifferentiated bodies. However other secondary processes, such as collisions and thermal/aqueous alteration (see below), modified to some extent this primordial information.

All along the history of our young Solar System, before and after the planets were formed, many collisions between the planetesimals resulted in breaking up of some of these objects into smaller bodies. In the last decades, many progresses have been made in the understanding of the collisional evolution of small bodies, especially in the context of the orbital migration of the giant planets. It is currently accepted that at least two episodes of planetary migrations have significantly contributed to shaping the early Solar System, and in particular they have sculpted the distribution of small bodies (Bottke and al., 2002). These processes are modeled in the frame of the so-called Nice model (Morbidelli et al., 2005(Morbidelli et al., , 2007;;Tsiganis et al., 2005) and Grand Tack model (Walsh et al., 2008). Even if the majority of asteroids observed today are fragments of older bodies (Bottke and al., 2002), their components can still be considered 'primitive' (as they did not undergo differentiation).

Finally, some of these undifferentiated bodies have reached (and still reach) the Earth all along its history in the form of meteorites and dust. The meteorites are rocks, coming from the interplanetary medium, which survived atmospheric entry and fell down on Earth. These rocks could come from asteroids, comets or even from others planets. It is fascinating to study these fragments of small bodies as some of them are the more primitive witnesses of the beginning of the time of accretion. Also, being available on Earth, they can be studied with the state-of-the-art laboratory techniques (see Chapter 2). There is a great diversity inside meteorites and here we will focus on the ones coming from undifferentiated bodies: the chondrites.

Undifferentiated meteorites: chondrites

This class of meteorites includes bodies which did not undergo differentiation. Their composition is very close to the one of the solar nebula [START_REF] Sears | Meteorites and the Early Solar System[END_REF]. Inside meteorites, we can find small (few micrometers to centimeters) spherical mineral structures called chondrules. This characteristic is used to name this class of meteorites: chondrites. We can find three major types of meteorites inside the chondrites. The most common one is the ordinary chondrites (about 80 % of the falls). They come from asteroids rich in silicates. The second type are the chondrites rich in enstatite, formed in very reductive conditions. And finally, we can also find carbonaceous chondrites, which contain carbon and are the more interesting for this study. We will now focus on this last class of meteorites.

Focus on carbonaceous chondrites

The carbonaceous chondrites are assembled by the intimate mix of three main components: the chondrules, the CAIs and the matrix. The chondrules are mainly composed of silicates such as olivine and pyroxene. Many scenarios have been conjectured to explain their formation [START_REF] Hewins | Chondrites and the Protoplanetary Disk[END_REF]. One of these proposes that they were formed in the protoplanetary disk by crystallization of a liquid silicate [START_REF] Lauretta | Petrology and Origin of Ferromagnesian Silicate Chondrules[END_REF]. The CAIs are components made of refractory elements such as melilite, feldspaths, and oxides [START_REF] Aleon | [END_REF]. They formed at temperatures higher than 1400K in the protoplanetary disk, and they are the oldest witnesses of the beginnings of the Solar System. Finally, the matrix is the glue between all these components. It is a fine-grained (µm and sub-µm) assembly mainly composed of minerals, such as phyllosilicates, amorphous silicates, anhydrous silicates, carbonates, etc. (Rubin, 1996;Leroux et al., 2015), with inclusions of organic matter (Le Guillou et al., 2014;Vinogradoff et al., 2017;Remusat et al. 2005). Iron and nickel oxides, sulfides, and metals are also observed within the matrix. Sephton et al., 2002).

Inside this class of meteorites, we can distinguish several families. The second letter is given according to the most known sample inside the family: CI for Ivuna, CM for Murchison, CR for Renazzo, CO for Omans, CV for Vigarano and CK for Karoonda. The scope of the processes (metamorphism, aqueous alteration, see below) underwent on the parent bodies is a criterion to classify the meteorites inside the chondrite class (see Fig. 1.3). This classification is somewhat questioned within the community. For instance [START_REF] Sears | [END_REF] have shown that meteorites from the type 3 have undergone different degrees of both thermal metamorphism and aqueous alteration. In the matrix of primitive meteorites, these different phases are observed close to each other (e.g. amorphous and crystalline phases, minerals and carbonaceous materials, Leroux et al., 2015, andLe Guillou et al., 2014), with very different formation and evolution histories. The carbon inside the carbonaceous matrix represents only a few percents of the matrix (about 5 %s in mass) (Sephton et al., 2002;Gilmour, 2003;[START_REF] Pizzarello | Meteorites and the Early Solar System II[END_REF]. As carbonaceous chondrites are considered as part of the most primitive extraterrestrial matter, their content in carbonaceous matter is particularly retaining attention and led to, these last decades, different and extended analytical studies that showed a large chemical diversity and a great potential for prebiotic chemistry. To sum up, the carbonaceous content of these chondrites is generally divided into two families, the insoluble organic matter (IOM), and the soluble organic matter (SOM). This classification is related to the way the carbonaceous matter is extracted from the meteorites samples before analysis. The carbonaceous matter that is soluble into the acidic solution or in the solvent used forms the SOM, and the remaining insoluble one forms the IOM. Due to that physical-chemical separation, the IOM is composed of a cross-linked macromolecular organic matter, whereas, the SOM is composed of smaller entities completely soluble in the solvent used for extraction (generally water, but organic solvents were also used in some studies). Remusat et al. (2005) have proposed a schematic structure of the meteoritic organic matter made of aromatic rings connected by aliphatic chains (see Fig. 1.4).

Figure 1.4: A model for the composition and structure of the organic matter inside carbonaceous meteorites according to Remusat et al. (2005).

Study of post-accretional processes

Heterogeneity inside extra-terrestrial materials: key of complex processes

As mentioned above, primitive extraterrestrial materials are characterized by large mineralogical and compositional heterogeneity at different scales: from nm to mm (Rietmeijer, 1998). This heterogeneity is the result of a complex set of pre-and post-accretional processes (Alexander et al., 2007). For instance, aqueous alteration [START_REF] Brearley | [END_REF] and thermal metamorphism (Huss et al., 2006) can modify the matter inside the parent body. Carbonaceous chondrites and more specifically CM chondrites have accreted the primordial components of our Solar System. They have undergone different degrees of aqueous alteration (and low metamorphism) and the study of such primitive objects gives keys to understand the composition of primitive solid matter. Let's now briefly describe the two main post-accretional processes and their effect on the different components of the carbonaceous matrix.

Aqueous alteration

Aqueous alteration is a process undergone inside the parent bodies due to the circulation of water (e.g., [START_REF] Kerridge | Asteroids, chapter Aqueous activity on asteroids : evidence from carbonaceous chondrites[END_REF][START_REF] Zolensky | le contexte minéralogique servira notamment à poser des contraintes sur l'évolution de la matière organique au sein des corps parents. Grâce au progrès de l'imagerie infrarouge à transormée de Fourier, et notamment grâce au développement technique des détecteurs matriciels, il est maintenant possible d'accéder à une large quantité de données pour étudier l'hétérogénéité à grande échelle. Analyse bi-dimensionnelle de la météorite de Paris 202 Dans un premier temps[END_REF]. In his review, [START_REF] Brearley | [END_REF] showed that for CI and CM chondrites, this process has mainly taken place on the parent bodies. Even if some chondrites may have undergone pre-accretional aqueous alteration, the result of it is not visible anymore as the much stronger post-accretional process has erased it [START_REF] Brearley | [END_REF]). The most severe manifestation of aqueous alteration on an extra-terrestrial material is the apparition of hydrated phyllosilicates (often serpentine or smectite, Leroux et al. 2015) which could be associated to sulfates, carbonates and oxides (e.g., [START_REF] Zolensky | le contexte minéralogique servira notamment à poser des contraintes sur l'évolution de la matière organique au sein des corps parents. Grâce au progrès de l'imagerie infrarouge à transormée de Fourier, et notamment grâce au développement technique des détecteurs matriciels, il est maintenant possible d'accéder à une large quantité de données pour étudier l'hétérogénéité à grande échelle. Analyse bi-dimensionnelle de la météorite de Paris 202 Dans un premier temps[END_REF][START_REF] Brearley | Planetary Materials, chapter 3 : Chondritic meteorites[END_REF]. The mineralogical variations inside the different objects could be due to varying conditions of alteration (P, T, fO2, water/rock ratio, e.g. [START_REF] Zolensky | le contexte minéralogique servira notamment à poser des contraintes sur l'évolution de la matière organique au sein des corps parents. Grâce au progrès de l'imagerie infrarouge à transormée de Fourier, et notamment grâce au développement technique des détecteurs matriciels, il est maintenant possible d'accéder à une large quantité de données pour étudier l'hétérogénéité à grande échelle. Analyse bi-dimensionnelle de la météorite de Paris 202 Dans un premier temps[END_REF]. Leroux et al. (2015) proposed the following scenario for describing the effects of aqueous alteration on silicates of the Paris CM primitive meteorite (Fig. 1.5; see Chapter 3 for a description of the Paris meteorite). The unaltered material consisted of amorphous units, containing nano-inclusions of Fe-sulfides, separated from one another by porosity. The second step was the formation of fine grained silicates within the open spaces and at the edges of the amorphous units. Later, the amorphous phases were progressively replaced by fibrous texture which at the end became coarser and lead to the formation of phyllosilicates. Beck and al. (2014) showed that aqueous alteration also affects olivine which is progressively replaced by OH-bearing phases.

Figure 1.5: A possible scenario for the aqueous alteration on the Paris meteorite (from Leroux et al., 2015): from amorphous units separated from one another by porosity (a), to the formation of fine grains silicates (b) which progressively fill the porosity (c) to become coarser and less amorphous (d).

The effects of hydrothermal alteration on the organic matter are less clear: the evolution of carbon moieties with water is still a matter of debate (Le Guillou et al., 2014;[START_REF] Brearley | [END_REF]. Infrared analyses bring information about hydration of the organic component: by studying the FTIR spectra of IOM, Kebukawa et al. (2011) observed that the majority of the primitive IOM type 1 and 2 chondrites are characterized by low CH 2 /CH 3 and high H/C ratios. At the opposite type 3.0 chondrites were characterized by a slightly higher CH 2 /CH 3 ratio and a lower aliphatic C-H intensity. Moreover, they noticed lower abundance of aliphatic moieties and lower abundance of OH-bearing phase in more altered meteorites, suggesting this could be a signature of partial oxidation of aliphatic moieties during a mild parent body alteration. [START_REF] Orthous-Daunay | [END_REF] studied the variations of the IOM composition in meteorites showing different degrees of hydrothermal alteration. They concluded that the more altered is the meteorite, the higher is the CH 2 /CH 3 ratio, and the more the IOM has an aromatization.

In this Ph.D. thesis, I contribute to the study of how composition and heterogeneity at small scale give information about the effects of aqueous alteration on minerals and organic matter on primitive meteorites.

Thermal metamorphism

Thermal metamorphism is the second post-accretional process which could change the composition and the structure of the matter inside asteroids. The main source of heating is the radioactive decay of heavy elements such as 26 Al or, in a less significant extent, 60 Fe [START_REF] Scott | Meteorites, Comets and Planets[END_REF]. Shocks also bring kinetic energy which can be converted into thermal energy, but for the smaller asteroids (smaller than about 100 km), this source of heating is not efficient for global metamorphism (Keil et al., 1997). The major effect of thermal metamorphism is the progressive disappearance of chondrule's contours and their integration to the matrix [START_REF] Mcsween | Meteorites and the early solar system[END_REF]) from a petrological type 3 to a petrological type 6. Concerning the organic matter, the main effect of the thermal methamorphism is the graphitization of the polyaromatic carbons (Bonal et al., 2005(Bonal et al., , 2006;;[START_REF] Chaumard | Lunar and Planetary Science Conference[END_REF].

In this Ph.D. thesis, I study few particles coming from a CM meteorite (Chapters 3 and 7), which have undergone aqueous alteration but limited thermal metamorphism. Another part of my study deals with asteroidal particles (Chapter 6) which have undergone thermal metamorphism (between type 4 and 6).

Relationship between Organic Moieties and Minerals

Different groups observed the proximity of the organic and the mineral phases in many extraterrestrial samples (see Meourane et al,. 2013 for an example). It is interesting to consider the possible links between these two phases. For instance, did the minerals contribute to the formation of the organic moieties inside carbonaceous meteorites? As explained in [START_REF] Pizzarello | Meteorites and the Early Solar System II[END_REF], the main processes responsible for the formation of organic molecules are Miller-Urey type (Miller et al., 1976) and Fisher-type reactions (Lancet et Anders, 1970).

Both need dust as a catalyst. Furthermore, both mineral assemblages and organic matter underwent modifications during parent body aqueous alteration and thermal metamorphism. Thus, mineral phases may have played a key role in the history of organic matter and studying the relation between them is a crucial point. IR spectroscopy has the ability to detect both minerals and organics and thus it is a very useful tool to help answer some of these questions.

A few recent analyses addressed these questions by using in situ high spatial resolution imaging techniques like Transmission Electron Microscopy (TEM) (Le Guillou and Brearley, 2014) sometimes combined to electron energy loss spectroscopy (EELS) (Garvie and Buseck, 2007) or to XANES (X-ray Absorption Near Edge Structure) spectroscopy (Le Guillou et al., 2014) for a thorough characterization of the detected organic matter. All these studies essentially evidenced a spatial correlation between the organic matter and the phyllosilicates present in the meteorites matrix. More specifically, the organic matter of the Paris meteorite has been recently studied by Vinogradoff et al. (2017). By combining different techniques, they detected spatial and compositional heterogeneity of the organics in the matrix of Paris.

They observed that organic grains are embedded within the silicate matrix and frequently in contact with nanosulfides.

Interest of Infrared measurements

The compositional heterogeneity of extraterrestrial materials has been investigated in the last decades with different techniques, such as scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM), nanoscale secondary ion mass spectrometry (NanoSIMS), synchrotron-based X-ray techniques (XANES, STXM), micro-Raman spectroscopy, and infrared microspectroscopy and imaging (see Fig. 1.6 extracted from a recent review by Westphal et al., 2016). Among these techniques, IR microspectroscopy is a powerful tool as it is non-destructive; able to characterize molecular vibrations and phonons, and in particular to detect both the mineral and the carbonaceous phases. It also allows hyperspectral imaging studies, useful to visualize the spatial distribution of different components, their assembly and thus to deduce constraints about their formation and their evolution in the young Solar System. However, the analysis of different forms of extraterrestrial organic materials is challenging, because of their relatively low abundance with respect to other components (Le Guillou et al., 2014).

So far, IR microspectroscopy has been performed, at diffraction limited spatial resolution (2.5-15 µm in the mid-IR) using synchrotron radiation sources (e.g. [START_REF] Brunetto | [END_REF] or using Focal Plan Array (FPA) imager for rapid acquisition. FPA imaging systems allow high-throughput analysis of large samples with resolutions close to the diffraction limit, while synchrotron radiation microspectroscopy performed in confocal mode is better suited for obtaining information at the diffraction limit at specific locations.

The use of FPA matrix detectors on IR microspectroscopy (see Yesiltas et al., 2014 for an application to meteorites) has triggered the development of FTIR microtomography (Martin et al., 2013;Quaroni et al., 2015). With the possibility to perform IR 3D analysis without destroying the spatial structure of the samples, we will have a deeper comprehension of the spatial correlation between organics and minerals, and we could bring new constraints about the formation and evolution of organic matter in a mineral context. Analysis on 3D structure with X-ray analysis could bring complementary information on porosity or information about shape and fracture at a lower scale (Tsuchiyama et al., 2014;Consolmagno et al., 2008) This is why by coupling IR and X-ray tomography, we could give a first powerful physical and chemical description of precious samples without destroyed their spatial structure.

To study the link between these two phases thanks to spatial correlation, preserving the spatial structure is very important and IR 3D analyzes on intact grains will represent a huge step to answer these questions. During this Ph.D. thesis, I have implemented a new setup to perform IR micro-tomography of precious extraterrestrial grains. This setup opens a new window for the study of the spatial correlations in 3D, getting free of some degeneracy of 2D analyzes.

Comparing laboratory spectroscopy with observational data

Another strength of infrared spectroscopy is that the data obtained in the laboratory are also comparable to the astronomical observations of the interstellar medium (ISM) and the primitive Solar System's small bodies (asteroids, comets, TNOs) (Bradley et al., 1999;[START_REF] Brunetto | [END_REF][START_REF] Merouane | [END_REF]Vernazza et al., 2015). Infrared hyperspectral imaging is also widely used in planetary science. Imaging remote sensing spectrometers have been developed in the last decades, and these instruments have been successfully used on-board different exploration missions across the Solar System (e.g., de Sanctis et al., 2017, for a recent example on dwarf planet Ceres). Developments of miniaturized IR hyperspectral imaging instruments for in situ exploration of planetary surfaces have achieved tens of microns spatial resolution (Pilorget and Bibring, 2013).

The problem of space weathering

However, a direct comparison between laboratory spectroscopic data and remote sensing observations of small Solar System bodies is not so obvious, and the link between asteroids observation and extraterrestrial samples collected on Earth is still a matter of debate. It is quite hard to obtain a precise correlation between the different classes of asteroids observed in space and the typology of meteorites fallen on Earth. Many biases may affect the arrival of meteorites and their sampling. Moreover, some energetic processes can modify the surface of an asteroid and have to be taken into account when we perform surface observations. This set of processes is called space weathering (Fig. 1.7) and it includes cosmic ion bombardment, irradiation by solar wind and bombardment by micrometeorites of the interplanetary medium. The effects of such processes on the spectra of weathered materials and on the composition of the surface of asteroids can be studied in the laboratory thanks to experiments reproducing this process on meteorites [START_REF] Brunetto | Space weathering in the solar system: from laboratory to observations, through spectral models[END_REF]Lantz et al., 2017, for simulation of solar wind, and[START_REF] Hiroi | [END_REF] for simulation of micrometeorites bombardment). In these experiments, the effects of energetic processes are typically studied by measuring the spectra on large areas (above 1 mm) of individual meteorites before and after ion or laser irradiation. With the development of hyperspectral imaging analyses at the micron-scale, new information can be obtained to better understand the effects of energetic processing on individual microscopic grains. These new analyses can also be used to discriminate the spectral effects of the natural compositional heterogeneity of meteorites from those due to the specific response to space weathering of each component. Examples of analysis led during this Ph.D. thesis will be presented in Chapter 4.

To better constrain the link between asteroids and meteorites and understand the remote sensing observations of minor bodies' surfaces, the next step is to directly study asteroidal samples in the laboratory. This chance was offered for the first time by the Japanese Hayabusa mission as explained in the next section.

Study of asteroidal fragments in laboratory

The Hayabusa mission (JAXA) was the first one to collect and bring back an asteroidal sample to the Earth. Hayabusa-returned samples offer an excellent perspective for understanding the link between asteroids and samples available in the laboratory. A review on implications and main results of the mission was done by Tsuchiyama (2014) and I briefly summarize it below.

The mission visited the small (535 x 294 x 209 m) S-type asteroid Itokawa. Material coming from S-type asteroids are thought to be similar to ordinary chondrites. This class of meteorites is divided in three groups: H (high), L (low) and LL which are defined according to the quantity of iron they contain. Itokawa is probably similar to thermally metarmorphised LL5-6 chondrites as shown by ground-based observations (Binzel et al., 2001) and remote sensing images taken by the spacecraft itself [START_REF] Abe | [END_REF]. Moreover, Itokawa samples, examined after the return of the mission, allowed a direct validation of the link between S-type asteroids and ordinary chondrites.

Here I review the main steps of the mission and the sample collection and analysis procedure.

Presentation of the Hayabusa mission

May 9, 2003: The Hayabusa spacecraft was launched from the Earth November 25, 2005: The Hayabusa spacecraft touched down on the surface of asteroid Itokawa. When the spacecraft touched the asteroid, some grains were thrown and sent to the collect room B (see Fig. 1.8). Then the lander bounced due to the low gravity of the asteroid and touched down the asteroid a second time. The rotational cylinder turned to block the entry of the room B and let the entry of the room A free. The second set of samples was then collected in the room A during the second touch down (Nakamura et al. 2011). In total, more than 2000 particles have been collected. Once the capsule was back on Earth, the preliminary analysis for characterization of the collection could start. Two methods were used to collect particles from the capsule (Nakamura et al. 2011): a first one consisted of sweeping the inner wall of room A with a Teflon Spatula and the second one was to collect particles that fell onto a silica glass plate after physically taping the catcher. Particles from 30-80 micrometers in size were collected by this second method and analyzed during the campaign of initial examination.

Sequence of analysis on the collected grains

A part of these particles was used to bring answers about asteroid surface processes and space weathering, and the rest was sequentially analyzed by progressively more and more destructive methods (see Fig. 1.9; Nakamura et al., 2011;and Tsuchiyama et al., 2013a).

Figure 1.9: Protocol of analysis of the Hayabusa grains after the extraction (from Nakamura et al., 2011) First dual energy X-rays micro-tomography with synchrotron was used to obtain threedimensional structures of the samples (Tsuchiyama et al., 2011(Tsuchiyama et al., , 2013a)). Examples of slices obtained by X-CT (X-rays Computed Tomography) tomography at 7 keV (see Chapters 5 and 6) are shown in Fig. 1.10. This image corresponds to the X-ray linear attenuation coefficient of the material, and the difference in contrast allows the identification of mineral phases.

We can observe structural heterogeneity between samples. Grains RA-QD02-0038 (panel C) and RA-QD02-0042 (panel D) are monomineralic grains, grain RA-QD02-0031 (panel A) presents a higher diversity. Finally, grain RA-QD02-0048 (grain B) is made of fine silicate grains with more heterogeneous composition. This last grain is representative of 10 % of the collected samples and the difference in the structure is a sign of lower thermal metamorphism.

Moreover, X-CT tomography brings information about physical properties such as structure and porosity. For Hayabusa grains, the porosity evaluated with X-CT tomography varies between 1 to 11 % with a mean at 1,4 % (Tsuchiyama et al., 2011). This value is lower than the one for LL chondrites: 8.2 +/-5.5 % (Consolmagno et al., 2008). The difference can be explained by a size effect: most porosity in LL chondrites is in cracks between grains and these cracks are not represented in the study of single Hayabusa grains. Then, X-ray diffraction (XRD) with a synchrotron beam (Nakamura et al., 2011) was led to identify mineral phases precisely. The diffraction peaks of X-ray beam are produced by constructive interferences of a monochromatic beam diffused at specific angles by the structure of the crystalline planes of a sample. The presence of peaks at given angles, as shown in Fig. 1.11, allows to characterize the crystalline structure of the matter and to determine its mineralogical composition. This technique is very sensitive to crystalline phases and enables detection of even minor phases (concentration above 1 %). The main drawback of this method for the studies of extraterrestrial samples is that it cannot give any indication on amorphous phases. Moreover, the measurement spot (around 50 µm) is either similar or greater than the majorities of grains analyzed, so it gives a global indication about the mineral composition but no indication on spatial distribution of the different phases. The three-dimensional distribution of the mineral phases coupled with precise identification of the minerals can provide critical information to select where a particle should be sectioned (by FIB for instance), to ensure that the most interesting slices are correctly selected for subsequent destructive analyses. X-CT and X-RD are then very complementary methods.

Main implications

The following table shows a list of the main minerals observed in Hayabusa grains and LL chondrites. The abundance of each mineral was obtained by X-CT tomography (Tsuchiyama et al., 2013a), and the chemical identification comes from Nakamura et al. (2011 and2012).

Overall, the abundance and chemical compositions of minerals are consistent with those measured on LL chondrites. The study of oxygen isotopic composition of pyroxene, olivine, and plagioclase performed by Yurimoto et al., (2011) confirmed the link between the Hayabusa samples and the LL chondrites. The small differences between these two populations could be explained by the few numbers of Itokawa grains analyzed and consequently by insufficient statistics. Moreover, particles show an almost homogeneous chemical composition, which indicates that these samples have been thermally annealed and are similar to LL5-6. The maximum temperature undergone by minerals containing both Ca-poor and Ca-rich pyroxene is about 800 degrees (Nakamura et al., 2011). Some of the grains, the 10 %s similar to the one shown in panel B of the Fig. 1.10, have undergone lower thermal alteration and are more similar to LL4.

Concerning organic matter, even if organic materials have been actively searched for [START_REF] Kitajima | Lunar and Planetary Science Conference[END_REF]Naraoka et al., 2012), they have not been detected so far.

New sample return missions to carbonaceous asteroids

The possibility to perform non-destructive laboratory-based micro-FTIR hyperspectral imaging will be very important in the coming years. Sample return missions Hayabusa2 (JAXA) and OSIRIS-REx (NASA), will collect precious samples on primitive asteroids rich in carbonaceous materials (and probably in water) and will bring them back to Earth (in 2020 for Hayabusa 2 and 2023 for OSIRIS-REx) to be studied in the laboratory, combining various analytical techniques. The mains goals of these missions are to study primitive organic matter and to question the role of water and its effects on primitive materials. Finally, the study of both fine and coarse grains could bring answers about how the planets were created through the collision, destruction and combination of the planetesimals.

With the mission Hayabusa2, the JAXA plans to bring back samples smaller than the centimeter, made of both inorganic and organic matter and coming from both the surface and the sub-surface. They will try to collect between 10 and 1000 mg of extra-terrestrial materials. The grains collected will be very precious and a curation plan has been prepared very carefully by the JAXA. They will collect as much information as possible without contaminating or destroying the samples. As a non destructive technique, IR is interesting and the JAXA team plan to install an IR imager in the clean rooms which are going to serve for the curation of samples.

IR tomography on these grains can provide precious information about the organics and hydration inside the samples. In particular, the mineral context and the organic composition can be characterized simultaneously. In the sequence of analysis, micro-FTIR hyperspectral imaging can provide a first, powerful non-destructive characterization of whole fragments, to identify areas of interest and provide useful information before subsequent destructive analysis. Coupled with X-ray Tomography and XRD, physical and chemical characterization of precious grains can be obtained.

Presentation of this work

In this Ph.D. thesis, I explore the spatial relationships (both in 2D and in 3D) between the mineral and the organic parts on extraterrestrial materials thanks to the development of the FTIR hyperspectral imaging. More specifically, I implement a new micro-imaging setup to measure the FTIR micro-tomography of micrometric extraterrestrial samples. The goal is to contribute to a better knowledge of the relationship between minerals, water and organics, to better constrain the formation and the evolution of the organic matter during post-accretional processes.

After a brief explanation about IR spectroscopy and description of our setup, I will detail in Chapter 3 the results of the analyses in 2D at the micron scale on two different fragments of the Paris meteorite (one of the most primitive carbonaceous chondrites), supported by Raman and SEM-EDS measurements. The first fragment is small (tens of microns) and crushed in a diamond compression cell. For this sample, the micro-FTIR analyses are performed in transmission with two setups, an imaging microscope with a matrix detector using a thermal source and a system using a single point detector coupled with the synchrotron source at the SOLEIL synchrotron facility (SMIS beamline).

We obtain the spatial distribution of chemical/mineralogical components. We confirm at a larger scale (10 µm) the presence of hydrated amorphous silicates observed at a smaller scale (1 µm). Based on the relative abundance of different minerals (hydrated amorphous silicate, olivine, diopside and serpentine) we propose a sequence of aqueous alteration. Considering the spatial correlation of minerals with organic matter, we discuss the effects of aqueous alteration on the organic matter in bulk. In particular, we detect an increase of the CH 2 /CH 3 ratio in the altered zone and present the possible scenarios that lead to the observed chain length shortening/cracking of hydrocarbons.

The second fragment of the Paris meteorite studied here is a larger chip (mm-sized). A multi-analytical study on this fragment is currently coordinated by D. Baklouti (IAS) and S. Della Negra (IPNO). My contribution to this study was micro-FTIR mapping of the surface of the sample in reflexion geometry (comparable to remote sensing observations of asteroids) and the main results will be presented in the second part of Chapter 3.

As mentioned above, laboratory and remote sensing data are not always directly comparable, because asteroid surfaces are continuously modified by energetic processes, impeding us to decipher their composition from their spectra. These effects, widely studied for the Moon and bright asteroids, are still poorly known in the case of the dark, carbon-rich asteroids. In Chapter 4, I will show how micro-FTIR mapping can be used to study the space weathering effect in the heterogeneous matrix of carbonaceous chondrites, and in particular I will show that the new laboratory results obtained at IAS suggest an original spectroscopic method to detect irradiated areas that may be used by missions visiting carbon-rich asteroids.

Finally, I will show my results on the implementation of a new 3D hyperspectral microtomography setup, to access structural information on intact samples thanks to the Focal Plane Array detector. We perform IR 3D hyperspectral micro-tomography at SMIS to reconstruct the sample at different wavelengths and to reconstruct the spatial distribution of the different components. This allows studying the 3D spatial correlation between the meteoritic organic and mineral phases at scales down to ≈ 3 µm. Moreover, X-rays tomography is also performed on the same particles, at the PSICHE beamline of the SOLEIL synchrotron, to obtain complementary information about the physical properties of the grains (shape, fractures, porosity). By combining X-ray and FTIR data, we obtain a physical-chemical description of precious grains in a non-destructive way. All the setup used to perform and combine IR and X-rays analyses will be presented in Chapter 5.

We confirm the feasibility of the new analytical technique on five precious grains brought back by the Hayabusa mission, kindly provided by the JAXA curator and previously analyzed in Japan by A. Tsuchiyama and T. Nakamura by X-CT and XRD. The results of the 3D analysis will be presented in Chapter 6.

Performing FTIR micro-tomography on extraterrestrial samples rich in organic matter is an essential step in view of the sample return of dust particles from carbonaceous asteroids Ryugu by the Hayabusa2 mission and Bennu by the OSIRIS-REx mission. In the sequence of analyses, micro-FTIR 3D spectral imaging coupled with X-rays tomography can provide a first, powerful non-destructive characterization of whole grains, to identify areas of interest and provide useful information before subsequent destructive analysis. To study the feasibility to perform IR tomography on carbonaceous material, we also present the first 3D infrared reconstruction of three fragments of the Paris meteorites combined to X-ray micro-tomography. The 3D study of these particles and the conclusion about the spatial relationship of their components will finally be presented in Chapter 7.

Conclusions and both experimental future improvements and scientific perspectives will be summarized in Chapter 8.

Chapter 2

Infrared and Raman spectroscopy 

FTIR spectroscopy principle

Infrared spectroscopy is a non destructive technique used in this study to identify the chemical components present in a sample. A molecule is a set of atoms connecting through chemical bonds which can be modeled by quantum oscillators. The classical vibrational frequency for a diatomic molecules is given by :

ν = 1 2π K( 1 m 1 + 1 m 2 ), (2.1) 
with K the force constant of the bond and m 1 and m 2 the masses of the two atoms. In the model of the quantum mechanical harmonic oscillator (see Fig 2 .1), the energy of the vibrational level n is given by :

E vib = (n + 1 2 )hν, (2.2)
with ν the classical vibrational frequency.

If we send an electromagnetic wave onto a molecule, it can absorb the energy of the photon and reach an excited state (see Fig. 2.1). The quantity of energy needed to reach an excited level is specific to the nature of the transition, i.e. electronic, vibrational or rotational, where E el > E vib . Vibrational transition energies fall into the infrared energy range. More specifically, the fundamental vibrational transitions of most organic molecules are characteristically in the mid infrared (MIR), between 2-15 µm. In reality, the energy of vibrational transitions is influenced by many factors that provide information of the sample (e.g. chemical composition, bond order, symmetry, chemical environment), while the intensity of the absorption provides information about the concentration or abundance of the respective vibration through the Lambert-Beer formula:

A = • c • l, (2.3)
where A represents absorbance, is the molar extinction coefficient, c is the concentration and l is the optical pathlength.

Most measurements in this work were done in the 2.5 µm < λ < 11.8 µm wavelength range and I will use the wavenumber scale [cm -1 ] given by:

ν = 10000 λ , (2.4) 
corresponding to 4000-850 cm -1 . In this spectral range we can detect stretching and bending modes of the molecular bonds active in IR (i.e. those whose vibration implies a modification of the dipole moment).

FTIR measurements can be done in reflection and in transmission geometries. In case of reflection, only the near surface region of the sample would be analyzed, however, in our case we are interested by the internal composition and 3D structure of the samples the majority of measurements done during my Ph.D. thesis have been performed in transmission geometry.

For each sample, we measure the intensity of the light after passing thought of the sample and then the transmittance T is given by :

T = I I 0 (2.5)
with I 0 as the intensity of the incident light and I as the intensity of the light transmitted through the sample. Then we can calculate the optical depth τ and the absorbance A with :

τ = -ln T and A = -log T (2.6)
For some specifics energy, we can detect absorption features in the spectra. Once we have identify the bonds responsible of the absorption band, thank to the literature, we can calculate the columns density N which represents the number of oscillators per cm 2 , with Ax the band strength (d'Hendecourt and Allamandola, 1986) :

N = Adν Ax (2.7)
In the case of FTIR spectroscopy, we send a polychromatic light into a Michelson interferometer. The interferometer consists of three main elements: a fixed mirror, a moving mirror and a beamsplitter. The beamsplitter divides the incoming beam to two parts and sends it into each interferometer arm. The moving mirror creates a varying path difference between the two beams. Upon their return, the beams interfere and propagate towards a detector through the sample. In our case, the detector is either an MCT (Mercury-Cadmium Telluride) or a FPA (Focal Plane Array, a matrix of MCT detectors) cooled by liquid nitrogen.

The signal is collected as the function of the optical pathlength difference between the fixed and moving mirrors (see Fig. 2.2) and produces the raw data, called interferogram. With a simple Fourier transformation one can obtain the infrared spectrum, hence the name FTIR spectroscopy.

In the case of FTIR microscopy, the light is sent through an infrared microscope focused by reflective objectives on the focal plane, where the sample is usually placed. Compared to a dispersive spectrometers, interferometry has the advantage of being quicker, because all the wavelengths are analyzed at the same time (Fellgett's advantage), higher throughput, since FT instruments don't use slits or pinholes (Jacquinot's advantage), better wavelength accuracy (Connes' advantage). Spectrometers are usually purged with dry nitrogen to remove contamination by water and carbon dioxide present in the atmosphere.

Our instruments are not calibrated radiometrically, which implies that any measurement performed on a meteorite sample must be ratioed to a background (or reference) measurement on a standard or on the sample substrate. This allows to take into account the spectral response of the different elements (source, beamsplitter, mirrors, detector response, etc.) and to obtain the relative transmittance or reflectance of the sample.

When a sample is placed on top of a diamond window (see Chapter 3), the spectra are divided by a reference spectrum acquired on a clean area of the diamond window. In the case of 3D preparations (sample attached to a needle), the reference spectra are acquired simply by removing the sample from the field of view, as no substrate window is used in this case.

In the case of reflection measurements on thick samples (see second part of Chapter 3, and

Chapter 4), a gold foil was used to collect the background.

The detection of small spatial features inside a sample is limited by the Rayleigh criteria and the spatial resolution d is given by the Abbe formula :

d = 0.61 * λ N.A.
(2.8) with N.A. the numerical aperture of the objective. The user can choose others parameters as the spectral resolution and the number of spectra collected for each measurement. A high spectral resolution allows to detect small bands better but also requires more time.

Presentation of the FTIR setup at SMIS in SOLEIL

FTIR measurements in this work were done at the SMIS infrared spectromicroscopy in the SOLEIL synchrotron. SMIS provides a very bright source in the MIR spectral range exploiting synchrotron and edge radiation emission from the SOLEIL bend magnet. Due to its low divergence and small source size, synchrotron infrared radiation can be very efficiently focused and thus very high brightness beams can be realized. As shown in Fig. 2.3, by using the synchrotron radiation, it is possible to detect a much brighter signal than using conventional Globar sources, especially for small apertures. At SMIS, the synchrotron IR radiation can be injected into different microscopes and focused onto micrometer-sized samples. In my thesis, I mainly used two setups available at SMIS, based on FTIR micro-spectroscopy.

Below, I describe the different specifications used for each setup.

A first series of infrared raster maps (in transmission or reflection mode depending on the sample) were collected using a Thermo Scientific Continuum XL microscope equipped with a 32× objective (numerical aperture 0.65) coupled with a Nicolet 5700 FTIR spectrometer and illuminated by the synchrotron IR source. Typically, I used 6×6 µm 2 apertures, a spectral resolution of 4 cm -1 and a single-element MCT detector in the 650-4000 cm -1 spectral range (see Fig. 2.4). In the case of the single element MCT detector, a point to point mapping is performed to cover a chosen area on the sample. Typical mapping measurements over an area of 80×80

µm 2 with 1024 scans per spectrum lasted about 200 minutes. In the case of FPA detector, the whole image of the FPA matrix is projected on the focal plane, providing field of views of 84×84 µm 2 using the above-mentioned optics and settings. All spectra are thus collected simultaneously without moving the X-Y stage of the microscope and we can directly image the sample with much shorter acquisition time (typically about 20 minutes for 1024 scans).

Using these two systems I have studied the localization and spatial correlation of the different components in the extraterrestrial samples.

Data analysis

In this section I describe some general procedures I used for data analysis in my thesis.

Given the high number of measured spectra, a point by point analysis would be extremely time consuming. Therefore, we isolated spectra with meteoritical signature, eliminating all the points of the substrate or empty pixels around the sample for the subsequent analysis.

The chemical and mineral components of the samples were thus detected by three methods:

1. A first inspection of the IR vibrational bands observed in the average spectrum of the whole sample revealed the main components. We then traced spectral maps revealing the distribution of the main components observed in the average spectrum such as amorphous silicate, carbonate, serpentine, aliphatic matter and hydrated phases.

Several regions with different chemical compositions were determined from these maps.

2. Then, for each region found by the previous method, we identified smaller bands that are present in selected spectra of these regions.

3. Finally, for each spectra of the sample, we studied the spatial distribution of the minima of the spectral second derivative of the absorbance. This method allowed to easily remove the spectral continuum and to better detect minor components (for instance, we can better separate the contribution of aliphatic CH 2 and CH 3 stretching modes, and estimate their ratio, as shown in section 3.1).

Knowing the major and minor IR components present in our sample, for each spectrum we have extracted the abundance of each component. To do so, after subtracting the continuum, we calculated the area under the band of each component. Finally, the band strengths provided in the literature (Brunetto et al., 2011 and references therein) were used to deduce their column density (molecules/cm 2 ). We thus obtained spatial distributions of the main components abundances. For OH and CH bands, we normalized their areas to the silicate band area at about 1035 cm -1 (Matrajt et al., 2004), which can be used as a signature of the quantity of matter (Yesiltas et al., 2015).

We also studied the correlations by reporting the abundance of one component with respect to the abundance of another one for each spectrum. The dispersion of such a scatter plot indicated the correlation between the chosen components.

For most of the samples, we applied a PCA (Principal Components Analysis) denoising method to improve the spectral signal to noise ratio. In this method, we decomposed the signal in principal components and then we reconstructed the data keeping only the first 30 components with highest variance contribution to significantly reduce the noise (e.g Pedregosa et al., 2011). We can see the effect of the FPA denoising by comparing a spectrum before (blue) and after (red) the noise correction processing (see Fig. 2.6). This example is from a 2D spectral map of the Paris meteorite. 

Identification of the main IR bands of extraterrestrial samples

Infrared spectroscopy of extraterrestrial materials has been performed by many authors. An example taken from the literature of a typical spectrum of a meteorite sample is shown on Fig. 2.7. In my thesis, we mainly used band assignment from the articles of Matrajt et al., 2005, Dartois et al., 2005Salibusry et al., 1991and Yesiltas et al., 2014and 2015 to identify the different components present in our samples.

Figure 2.7: The spectrum of the Tagish Lake meteorite shows some features commonly observed the IR spectra of hydrated carbonaceous chondrites (from Matrajt et al., 2004).

With FTIR spectroscopy, we can characterize the aliphatic part of the organic matter.

An interesting and significant signature is the one due to the C-H bond stretching region around 2900 cm -1 . We can distinguish two bands due to the CH 2 group, the symmetrical stretching at about 2855 cm -1 and the asymmetrical stretching at about 2930 cm -1 . We can easily observe the CH 2 bands in the spectra of samples which include long aliphatic chains:

the longer the chain, the stronger the CH 2 band. The other two bands usually observed in this range are due to the vibration of the CH 3 functional group, located for instance at the end of the aliphatic chains. Again, we observe the symmetrical vibration at about 2865 cm -1 and the asymmetrical vibration at about 2960 cm -1 . A fifth, smaller band is sometimes observed, and usually attributed to a Fermi resonance around 2900 cm -1 . We are going to use a fit with 5 Gaussian profiles [START_REF] Merouane | [END_REF] We can also observe the CH 2 and CH 3 bending at about 1413 cm -1 and 1326 cm -1 , respectively. Finally, the aromatic C=C bond have a signature around 1256 cm -1 , but these features are harder to see in the spectra of untreated meteorite fragments (i.e. without separation of the organics from the other components) and it is hard to perform a systematic study of them in our samples.

Concerning the mineral part, the main signature is usually the stretching of the Si-O band around 1000 cm -1 . The structure of this band gives indications about the structure of the silicate (see example in Beck et al., 2014). A broad band suggests amorphous silicates and in case we observe a structured band, we can concluded that the mineral part of our sample is at least partially crystalline. The precise positions of the peaks inside the spectral structure give specific identification on the nature and composition of the minerals.

Additionally, localized grains of other minerals are detectable in the IR spectra of meteoritic samples. For instance, carbonates and sulfates with signatures around 1410-1480 cm -1

for carbonates and 1150-1180 cm -1 for sulfates (these are often due to terrestrial alteration).

Among other things, the exact position of the bands depends on the chemical nature of the cation. A vibration is active in Raman analysis only if it implies a change of polarizability. Moreover, if the virtual state corresponds to a real state, then there is a resonance with the initial state, and the signal of the band is very strong. We take advantage of this effect to easily observe the aromatic C=C band in the spectra of meteorites. Spatial resolution in Raman microscopy is usually higher than that of FTIR microscopy, because Raman is usually performed using a visible laser, i.e. shorter wavelength. Thus, we can obtain information below the micron scale, but unfortunately Raman only probes a shallow surface region of a sample and it is difficult to use it as a quantitative technique. FTIR and Raman spectroscopies are therefore highly complementary techniques. In this work, we performed Raman microscopy measurements to confirm the identification of some minerals of the meteorites and their accurate localization. We used a confocal Thermo Fischer DXR Raman microscope at SMIS. The laser excitation was at 532 nm and we used a power of 0.3 mW to avoid radiation damage. We used an Olympus UIS2 100X/0.90 NA LWD objective providing about 0.6 µm spot size.

Raman spectroscopy

Typical spectra of minerals and organics in meteorites

Organic characterization

For extraterrestrial samples, the stronger bands visible with Raman spectroscopy are those associated with different modes of the aromatic C=C bonds (Merouane et al., 2016, Rotundi et al., 2008, Busemann et al.,x 2007). Polyaromatic carbons show 5 bands in their Raman spectrum: the G band around 1580 cm -1 due to the vibration of an ordered graphitic matrix and 4 other bands D1, D2, D3 and D4 around 1350 cm -1 , 1620 cm -1 , 1500 cm -1 and 1200 cm -1 , due to different vibrations of a disordered polyaromatic matrix (Sadezky et al., 2005).

In the case of extraterrestrial samples, the structure of these carbonaceous materials is quite disordered, which induces a broadening of the bands, and we cannot separate all these modes: we usually detect a large G band (which is a mixture of the G, D2 and a part of D3 bands) and a large D band, which is a mixture of the rest of the D3 band and the bands D1 and D4 (Busemann et al., 2007, Rotundi et al., 2008). Fig. 2.11 presents a typical spectrum of the polyaromatic matter in meteorites. These very strong bands can mask the presence in the spectra of mineral signatures. The shape and position of these bands also give an indication about the structure of the matter and how crystalline/amorphous is the carbon skeleton. The peak position and broadening of the Raman G-band are sensitive to ion irradiation, and therefore, are good indicators of irradiation processes (Busemann et al., 2007). They can be used to investigate a potential role of irradiation in determining the compositional and spatial heterogeneity of the aliphatics discussed above. Ion irradiation of carbonaceous materials in pure electronic (inelastic) energy loss regime induces little changes in the Raman spectra (Brunetto et al., 2009, Lantz et al., 2017), but it may strongly reduce the abundance of the aliphatic CHs (see Godard et al., 2011). A nuclear energy loss regime is necessary to produce a significant spectral modification of the G-band (Brunetto et al., 2009).

Inorganic characterization

Raman spectroscopy is also useful to detect silicates. The band position of a silicate mineral depends on the composition and on the abundance of different cations such as Ca, Fe, or Mg. Identifying bands at precise positions helps to identify mineral compositions and during this Ph.D., Raman measurements were done to confirm the identification and the localization of minerals inside our samples. We have for instance confirmed the presence of calcite, chrysotile, serpentine and olivine thanks to Raman analyzes.

Comparison of the three spectroscopy setups

One of the first major issues after the installation of the new imaging setup, was to characterize its response, especially diffraction. To do this we worked on a 2D sample which contained very localized and pure grains of carbonates. We analyzed these two grains with the two micro-FTIR systems described above and with the Raman microscope to characterize the effect of the diffraction.

With the Raman, we obtained the best spatial resolution of the three systems, since we use the shortest excitation wavelength (532 nm) and the highest numerical aperture (0.9).

In an infrared microscope such as those available at SMIS, the spatial resolution is given by the wavelength, the numerical aperture of the Schwarzschild objective and by the size of an adjustable aperture which is used to define the size of the infrared spot projected on Comparing the chemical maps obtained with the three methods (see Fig. 2.12), we note that we can detect the two grains of carbonate with all three setups. The Raman analysis indicates that the lower grain is larger and more concentrated (Fig. 2.12 (b)), while with the synchrotron setup, the two grains appear to be almost the same size (Fig. 2.12 (d)). With the FPA, we can still observe the two grains but the upper one appears larger. It is due to the fact that this grain is located on the edge of our sample and is thus less affected by the diffraction from the surrounding silicate. Moreover, the ratio between the area under the carbonate band and the silicate one is higher in this spot in the case of the FPA setup than with the other setups.

The quality of a spectral image may be assessed by its contrast fidelity, and spatial resolution. As seen above, the infrared maps obtained on the Paris meteorite presented spatial distortions which were stronger with the FPA imaging for the small grains. In addition, the intensity of the absorption peaks were more affected with the apertureless system due to 57 contribution of the surrounding material through diffraction. For the larger C-H rich and C-H poor areas the FPA system gave an accurate evaluation of the C-H peak intensity.

In my Ph.D. thesis, the FPA imaging allowed us to quickly capture chemical maps of large areas of a sample and to detect the various chemical species present. However, for an accurate estimation of the concentration, the use of a synchrotron source coupled to a confocal system was more appropriate. The FPA imaging is a powerful tool for the study of samples presenting a strong chemical contrast such as meteorites which are assembly of grains of radically different chemical compositions.

Chapter 3

Analysis of fragments of Paris in 2D In this section, we focus on the study on a primitive meteorite. Two fragments were analyzed in a 2D configuration. A first study was conducted in transmission on a micrometric fragment and the results presented here are the object of a paper: Dionnet, Z., Aleon-Toppani, A., Baklouti, D., Borondics, F., Brisset F., Djouadi, Z., Sandt, C. and Brunetto, R., 2018, Organic and mineralogic heterogeneity of the Paris meteorite followed by FTIR hyperspectral, MAPS, under press.

The first part of this chapter is entirely based on that publication.

A bigger (millimetre-sized) fragment was analyzed in the framework of a larger study involving several groups and techniques, and I have contributed to the analysis performing MIR spectral imaging of the sample. By studying both micrometric and millimetric fragments, we can investigate the effects of aqueous alteration at different scales.

The Paris meteorite is a CM carbonaceous chondrite exceptionally well preserved from terrestrial alteration [START_REF] Bourot-Denise | Lunar and Planetary Science Conference[END_REF], Zanda et al., 2010, Hewins et al., 2014, Leroux et al., 2015), it contains peculiar inclusions of organic matter having IR signatures similar to those of some interstellar carbons [START_REF] Merouane | [END_REF]. The heterogeneity of the organic matter was also described in Vinogradoff et al., 2017, where they observed two types of organic matter: sub-micrometric individual organic particles and diffuse organic matter finely distributed in the matrix. The Paris meteorite has two lithologies, which have undergone different degrees of aqueous alteration: the less altered regions are rich in amorphous silicate with nano inclusions of iron and sulfide (type GEMS -glass with embedded metal and sulfides-). On the other hand, Leroux et al., (2015) described the matrix in the more altered regions as a mixture of amorphous material and Fe-rich poorly crystalline phyllosilicates containing less metal inclusions. The presence of amorphous silicates and metals inclusions in the two lithologies shows that Paris has remained quite pristine (Marocchi et al., 2014 andHewins et al., 2014).

Study in transmission

We analyzed a small fragment from the matrix of the Paris meteorite. for all the measurements and the spatial resolution, depending on the wavelength is given by the Abbe's equation (Hackett et al., 2015). Table 3.1 gives the band strengths A used to deduce the column density N (molecules.cm -2 ) thanks to the following formula: N = Area/A.

Finally, some analyses were also performed with SEM and we have mapped the 170 repartition of magnesium, silicon, calcium and iron. SEM acquisitions were done at 20 kV under 171 20 Pa nitrogen pressure on a Zeiss Supra 55 VP FEG fitted with an EDAX EDS analytical system.

Band strength (x10 CH3 asymmetric stretching 12.5 Table 3.1: Band strength for major IR bands measured according to Matrajt et al., (2005), Dartois et al., (2004), Jager et al., (1998) and [START_REF] Brunetto | [END_REF].

Results

In this section we first listed the components present in the sample, explored their spatial distribution and finally, we focused on results from few peculiar points useful for the discussion, such as the CH 2 /CH 3 ratio or the spatial correlation between OH and CH stretching vibrations.

Average spectra and fragment composition

In Fig. 3.2, we reported the average spectra for the whole sample and the average of 10 spectra extracted from the three different regions of interest described below and measured with the FPA connected to the globar source. For clarity, all curves are spaced by 0.15 in the absorbance scale. 3.2: Peak positions of the spectral bands in the sample.

Our assignment is presented in Table 2 and is based on previous studies of meteorites or interstellar dust analogs (Matrajt et al., 2004;Dartois et al., 2005;[START_REF] Merouane | [END_REF]Yesiltas and Kebukawa 2016). The description of the corresponding modes is presented in these papers. The assignation of specific silicates is described below.

The main feature was the SiO silicate band around 1035 cm -1 , visible almost everywhere in our sample with variable intensities and structures. For the majority of the spectra and also for the average spectrum (see black spectrum in Fig. 3.2) we observed this feature as a broad peak, which is characteristic of a disordered structure, that is an amorphous structure [START_REF] Tamanai | [END_REF] or at least a poorly crystalline silicate. We assign this almost ubiquitous large band to an amorphous or poorly crystalline silicate dominating the Paris sample. Indeed, the shape of the observed band and the position of the maximum is very similar to the one observed by Demyk et al., 2017 which synthetized Mg and Fe-rich amorphous silicates (especially sample E1O containing 10 percents of iron). In that paper, the degree of amorphisation was confirmed by XRD diffraction and comparison with crystalline silicates was led (see also Copeaud et al., 2011 andBoudet et al., 2005). In Fig. 3.3, we compare the spectrum of synthesized amorphous silicate (pink dashed line) with the spectrum of the amorphous rich region observed in our sample (red solid line). A similar band was also observed in chondritic smooth IDPs with a hydrated amorphous silicate by Bradley (2003).

Figure 3.3: Spectrum from the amorphous region in red compared to amorphous spectrum from Demyk et al., 2017 in dashed pink and spectra from the serpentine region in black compared to the one from a pur serpentine in gray (Beck et al., 2014). Moreover, we observed some differences in the shape and peak position of the SiO band for some specific locations in our sample: the maxima of the band can be shifted by few tens of wavenumbers, the full-width half-maximum varies by +/-10 cm -1 , and in some spots of the sample a peculiar structure of the peak appears. We used the term 'amorphous silicate' loosely to refer to the spectra exhibiting a single broad SiO band (the structure could be poorly crystalline) and on the contrary the detection of small structures inside this band indicates the presence of more organized silicates contributing to the SiO feature (see Fig. 3.3). This structuration is indicative of the local presence of diopside, serpentine and olivine.

We observed three bands at 1086 cm -1 , 1014 cm -1 and 960 cm -1 which can be assigned to serpentine (more specifically to chrysotile according to [START_REF] Salisbury | [END_REF]Beck et al., 2014 (see grey spectrum in Fig. 3.3)). In some spectra of this region, we have also observed a weak shoulder in the large O-H stretching band at 3660 cm -1 which corresponds to a narrow band assigned to structural OH of a phyllosilicate phase. Raman analyses confirmed the detection of chrysotile in the same region as shown in Fig. 3.5(c) (using band positions reported by Rinaudo et al., 2003). In another part of the sample, we observed peaks at 1069 cm -1 , 960 cm -1 and 917 cm -1 characteristics of diopside (Omori 1971) in the infrared spectra. The attribution of the diopside was confirmed by Raman analyses of this peculiar region and the detection of a band at 1010 cm -1 (Huang et al., 2000) in the Raman spectra of the same region (see Fig. 3.5(c)). Finally, we observed the main band of the olivine in FTIR at 883 cm -1 , also detected the typical olivine doublet in the 818-846 cm -1 spectral region in the Raman spectrum (see Fig. 3.5(b)). In both cases the positions of the band(s) indicated a ratio Mg/(Mg+Fe) around 54%, according to Hamilton (2010) for the FTIR and [START_REF] Kuebler | [END_REF] for the Raman measurements. The olivine was hard to detect and we could detect it only in a few Raman spectra.

The aliphatic CH stretching bands around 2900 cm -1 were also observed with slightly varying intensities throughout the sample. The detection of the bending (1500-1750 cm -1 ) and the stretching (3000-3750 cm -1 ) OH modes indicated the presence of water in our sample Carbonate contribution was also visible around 1400 cm -1 . Thanks to the Raman spectra (see Fig. 3.5(a)) exhibiting peaks at 1085 cm -1 and 281 cm -1 , we identified the calcium carbonate seen in IR as calcite [START_REF] Russell | Meteorites and the Early Solar System II[END_REF]. The elementary composition pro-vided by SEM-EDX analyses in the spots identified as calcite indicates that they are indeed enriched in calcium, which supports the calcium carbonate identification. Finally, the IR band at 1165 cm -1 was attributed to sulfates (Yesiltas et al., 2014;[START_REF] Salisbury | [END_REF], more precisely to gypsum, an anhydrous calcium sulfate (Lane 2007). This attribution was confirmed by the Raman analyses through the detection of bands at 1015 cm -1 , 490 cm -1 and 415 cm -1 (Buzgar et al., 2009). We mapped the spatial distribution of the different functional groups using the procedure described in paragraph 2.3 by studying the area under the corresponding bands.

Spatial distribution of the components studied by mid-infrared

First, we studied the silicate distribution. We identified an amorphous or poorly crystalline silicate phase in the majority of the spectra. Using the second derivative, we isolated the corresponding band from the contribution of the other silicates and we obtained the distribution of the amorphous silicate shown in Fig. 3.4(a). In all these spectra, we also observed the broad band of O-H stretching, indicating that the amorphous silicate is hydrated (this fact will be further supported below). Olivine is mainly located at the left of the sample (see Fig. 3.4(b)). We thus observed on the left of the sample a region rich in amorphous silicate and olivine (region A) and on the right of the sample a region (Region C) rich in amorphous silicate but with lower olivine content. SEM analyses (see Fig. 3.4(i)) showed that these two regions are rich in iron compared to the magnesium. Indeed, we measured a Mg/(Mg+Fe) ratio of 0.28 for region A and of 0.25 for region C.

Between these two regions, we observed a region with significantly different spectra (region B). We distinguished a structure inside the silicate band which indicates a crystalline structuration of the mineral phase (see green spectrum in Fig. 3.2). The map of the structural OH was obtained with synchrotron radiation. This suggested the presence of phyllosilicates in this region. Moreover, this region analyzed with the SEM showed enrichment in Si and Mg and depletion in Fe. A ratio Mg/(Mg+Fe) of 0.66 in this region confirms the depletion in iron in this region The detection of a Mg-rich region confirmed the identification of chrysotile (the magnesium pole of the serpentine). Inside region B, we identified a spot containing pyroxene (diopside) at the top of the sample.

Carbonates (see Fig. 3.4(e)) were also very localized with two very small and concentrated spots (2*3 µm) at the top of region B. Simultaneously, we have detected a spot of calcium sulfate, i.e. gypsum, nearby (see Fig. 3.4(f)).

The OH band was observed in almost every spectrum with different abundances across the sample. The distribution did not seem to be exactly the same for the OH stretching and bending modes. This may be due to the fact that the OH bending spectral region contains contributions from the C=C and C=N absorptions, besides the H 2 O signatures. The OH stretching was less present in the crystalline silicate rich region. Indeed, in the serpentine, the OH was present as structural OH. We found that the aromatic C=C was present in the entire sample but more presented at the bottom of the sample (Fig. 3.4(h)) (see Fig. 3.5 (d)). Moreover, we did not detect significant variations in the position or FWHM of the G and D band inside the sample. We also looked for possible spatial correlations between aliphatic CH and polyaromatic carbons, and found that the distribution of polyaromatic carbons was different from the distribution of aliphatic CH observed in FTIR data. For instance, the aliphatic CH rich spot did not correspond to a region rich in aromatic matter. Analysis of the CH 2 /CH 3 ratio It was particularly interesting to focus on the CH 2 /CH 3 ratio in the IR spectra to evaluate aliphatic chain lengths and branching levels (a lower CH 2 /CH 3 ratio corresponds to shorter aliphatic chain lengths and/or higher branching levels, especially if we assume chemically similar initial organic compounds or mixtures which would have evolved separately or differently). We first determined this ratio from the average black spectrum shown in Fig. 3.2. For this, we fitted the aliphatic bands with 5 Gaussian profiles to better estimate the contribution of each vibration. The CH 2 /CH 3 ratio (calculated after the correction by band strength) was derived from the asymmetrical bands (2926 cm -1 for the CH 2 band and 2958 cm -1 for the CH 3 band, see Merouane et al., 2012 and references therein). From Fig. 3.6(b) we found a value of 2.6 +/-0.2 (1.75 +/-0.1 before correction by band strength). Gaussian profiles obtained for the average spectrum, we obtained a ratio of 2.6 +/-0.2.

(c) Fit of 5 gaussian profiles obtained for a spectrum in the north of the sample, we obtained a ratio of 3.5 +/-0.2.

We checked for the variation of this ratio in our sample. For this, we used an analytical procedure to estimate the CH 2 /CH 3 ratio for each of the 5729 selected spectra. A local baseline was used in the asymmetric-stretching region and a band area ratio was derived from each analyzed spectrum. We thus obtained the distribution shown in Fig. 3.6(a). This figure shows varying values of the CH 2 /CH 3 ratio and exhibits some hotspots, located in the top of the region B, close to the carbonates, diopside and serpentine grains. A double-check An interesting correlation diagram can be plotted between the abundance of water and aliphatic CH, as shown in Fig. 3.7(a). We observed a distribution along a line, showing a correlation between water and aliphatic moieties signal with correlation coefficient value r = 0.86. The distribution of aliphatic carbon normalized to the quantity of matter was close to an asymmetric Gaussian profile (see Fig. 3.7(b)). From this distribution, we evaluated the median quantity m = 0.27 of CH/SiO oscillators and the standard deviation, σ, calculated after the correction by band strength. We considered spots as particularly rich in CH, when CH/SiO values were 1 σ higher than the median value, i.e. higher than 0.4 CH/SiO oscillators. Then we plotted the spatial distribution of these singular points (see Fig. 3.7(c)), and we found that almost all these spectra were located in region C, an OH-rich region. This confirmed the existence of a co-localization of water and aliphatic rich organic matter in the sample. We also checked for the spatial distribution of spectra with high CH 2 /CH 3 ratio (red dots in Fig. 3.7 (c)), and we did not observe any significant correlation with water or the total aliphatic carbon abundance. We stress that the points with high CH 2 /CH 3 ratio are relatively poor in aliphatic bonds (see Fig. 3.7) but their spectra still have a signal/noise ratio high enough to evaluate the CH 2 /CH 3 ratio correctly (see Fig. 3.6(c)).

The mean value of CH oscillators normalized to the number of SiO oscillators was around 0.25 (see Fig. 3.7(b)). By using the atomic percent of carbon measured in the matrix of the Paris meteorite by Noun et al., (2013), we estimated the total ratio of carbon with respect to silicon. Considering that our sample was large enough compared to the typical size of organic particles (Vinogradoff et al., 2017) to be representative of the matrix, we deduced that between one third and half of the carbon present in the matrix was contained in CH 2 or CH 3 bonds, the rest being included in environments such as C=C, C=O, C=N, C≡C, C≡.

Discussion

Silicates

In our sample we detected regions mainly composed of amorphous silicates (regions A and C). With TEM analyses, Leroux and al., (2015) have also observed amorphous silicates on the Paris meteorite at a small scale (a few hundreds of nm) in the less altered lithology. Our observations confirm the presence of amorphous silicates at a bigger scale (the region rich in amorphous silicate is as large as 40 µm). This part of our fragment probably came from the less altered lithology. 2016). We observed a linear relationship with a small offset, which means that the water and the silicate abundances were correlated (r = 0.89). This suggests that water and/or hydroxyl groups are most probably contained in the amorphous silicate phase. Hydration of amorphous primitive chondrites have already been observed by Le Guillou et al., (2014).

The offset of the linear correlation was 4.25 which represented only 5% of the average area of the OH band. This small offset corresponded to the contribution of water adsorbed on the sample surface as the linear regression presented here was done removing diopside and serpentine rich areas. Indeed, the presence of a diopside rich area could also increase the offset: a second linear regression with all the points gave an offset of 6.75.

We also noticed that the diospide-rich spectra contained less water and were significantly below the correlation curves. Due to the pixel size, we did not observe a pure diopside spectra; the diopside was always mixed with some amorphous silicates. The small OH stretching contribution, seen in the diopside-rich spectra, came from the amorphous silicate phase. Besides, Fig. 3.8 shows that the average OH/SiO ratio in the amorphous silicates spectra was higher than the same ratio in the serpentine-rich spectra. Compared to the serpentine, the amorphous silicate phase contained on average more water and hydroxyl groups.

Finally, the IR spectra indicated that our sample was dominated by hydrated amorphous silicates. This result confirms the suggestion made by Leroux et al., (2015) about the probable hydration of the amorphous silicates they observed in the matrix of the Paris meteorite.

In addition to amorphous silicates, region A contained olivine (Fo 55 ). IR spectra indicated that the mixture between the amorphous phase and the olivine was intimate at a scale smaller than the size of the pixel (0.7 µm). This is in agreement with the TEM analyses performed by Leroux et al., (2015), where they observed small grains of forsterite at a scale of hundreds of nanometers embedded in amorphous structures. However, the ratio Mg/(Mg+Fe) measured in our sample is not in agreement with the one measured by Leroux et al., (2015).

Moreover, studies of CM and C2 chondrites with MIR analyses have shown that olivine is progressively replaced by OH-bearing phases through aqueous alteration (Beck et al., 2014).

The olivine-poor region had a concentration of OH oscillators twice more significant than the concentration in olivine-rich region (region A). Note, that the iron rich olivines in region A should have easily disappeared under aqueous alteration (Wogelius and Walther 1992).

These observations corroborate the idea that regions B and C with a depletion in olivine underwent aqueous alteration. The olivine-rich amorphous region A showed limited signs of alteration compared to region C that appeared depleted in olivine and enriched in water.

Located between these amorphous-rich regions (regions A and C), region B was rich in crystalline minerals, such as serpentine, diopside, carbonate and sulfate. Leroux et al., (2015) detected some serpentine in the part of the Paris meteorite which underwent aqueous alteration. Vinogradoff et al., (2017) also performed TEM studies of sections extracted from the matrix of Paris and confirmed the observations made by Leroux et al., (2015). In particular, both studies showed evidence that amorphous silicates have been progressively replaced by crystalline nano-phyllosilicates in the matrix. Secondary alteration phases included micronsized carbonates, as those observed in region B (see Fig. 3.4(e)). The detection of crystalline phases in region B shows that this region underwent more hydrothermal alteration comparing to the regions A and C.

In summary, the study of the mineral components in our sample in the context of what was measured by Leroux et al., (2015) and Vinogradoff et al., (2017) indicates that region A was amorphous-rich and olivine-rich with little signs of alteration, region C underwent moderate degrees of aqueous alteration leading to the disparition of olivine and enrichment of OH-bearing phases, and region B included phyllosilicates and carbonates pointing to stronger degrees of aqueous alteration. Such local heterogeneities were probably due to different initial conditions (temperature, porosity, pH, mineralogy and composition) of alteration at a micro-size scale [START_REF] Brearley | [END_REF].

Organic matter

Paris, as a very primitive meteorite (Zanda et al., 2010;Hewins et al., 2014), has undergone limited thermal metamorphism, thus providing an interesting opportunity to study the link between very early aqueous alteration and meteoritic organic matter. Many studies have already been conducted on the SOM (Soluble Organic Matter, see Martins et al., 2015;Schmitt-Kopplin et al., 2010, and references therein) and the IOM (Insoluble Organic Matter) of carbonaceous chondrites (e.g. Quirico et al., 2014;Kebukawa et al., 2011). However, they often involved the destruction of the sample and aggressive processes to separate the two components (hydrolysis, harsh acid hydrolysis, solvent extraction). In our case, we worked on the bulk organic matter without extracting or separating the SOM or IOM, and our non destructive analysis provided information on the diversity of the organic matter preserving the mineral context. Here, we discuss detection of spatial and compositional heterogeneities of the organic matter.

The aromatic component

The organic matter of the Paris meteorite has been recently studied by Vinogradoff et al., (2017). By combining different techniques, they detected spatial and compositional heterogeneities of the organics in the matrix of Paris. They observed that organic particles are embedded within the silicate matrix and frequently are in contact with nanosulfides.

More specifically, through XANES and STXM studies they were able to detect a spatial and compositional heterogeneity defining two populations: sub-micrometric discrete organic-rich particles and diffuse organics closely embedded within silicates. The discrete particles were richer in C=C and poorer in carboxylic groups than the diffuse organics. Similar evidences of the existence of two populations of organic materials have been reported by Le Guillou et al., (2014) in the matrix of Renazzo (CR2), Murchison (CM2), and Orgueil (CI). The size of the discrete particles observed by Vinogradoff et al., (2017) was a few hundreds of nm, which is unfortunately smaller than the resolution of our microspectroscopic analysis. Thus, it was not possible to clearly separate the two populations in our hyperspectral maps.

However, Vinogradoff et al., (2017) noted that the XANES signatures of the discrete particles within the matrix were closer to the XANES signatures of the extracted IOM of Paris, than the diffuse organics. In addition, Raman spectra of the Paris matrix reported here and by [START_REF] Merouane | [END_REF] are essentially indistinguishable from the Raman spectra of the Paris IOM reported by Vinogradoff et al., (2017). In all these studies, typical Raman G-band parameters were 1585-1590 cm -1 for peak position and 90-100 cm -1 for the FWHM, both in the IOM and in the bulk fragments of Paris. All measurements agreed within typical error bars of the chosen fitting functions. The Raman G and D band are known to be particularly sensitive to the structure and degree of order of the polyaromatic component in complex carbons of meteorites (see e.g. Quirico et al., 2014). Based on these evidences, we suggest that the kind of discrete particles identified by Vinogradoff et al., (2017) were probably the main carriers of the Raman D and G-bands we observed in the matrix of Paris (see Fig.

3.4(h)).

Spatial heterogeneity of the aliphatics

In Figs. 3.4 and 3.6 we reported evidence of the detection of organic materials rich in aliphatic CH 2 and CH 3 bonds. This component was observed everywhere in the sample but its spatial distribution was not uniform. In particular, in region C we detected a hotspot of aliphatic carbon with a concentration between 3 and 4 times the average concentration in the whole sample. By using the band strength [START_REF] Brunetto | [END_REF], we estimated that the ratio between aliphatics and silicates was 5% in mass on the average spectra (whole sample) and reached 12% in mass in region C, shown in Fig. 3.4 (panel l). The average value was consistent with the ones measured in other CMs (Anders and Zinner 1993), and with the one measured with macro-PIXE by Noun et al. (2013). The hotspot of aliphatic organic matter observed in region C was also rich in amorphous silicates, in water (about 2 times richer than the average of region A), and in iron (see Fig. 3.4(i)).

Compositional heterogeneities of the aliphatics

In addition to a non-uniform spatial distribution of the aliphatics, one can also study their compositional heterogeneity by evaluating the CH 2 /CH 3 ratio. A study of the heterogeneity of the CH 2 /CH 3 ratio was presented by Kebukawa et al., (2010) in the meteorite Bell (CM2) using near-field IR spectroscopy. They mapped the distribution of the CH 2 and the CH 3 vibrations at micron scale for a region of about 8 µm in size, then they extracted the ratio CH 2 /CH 3 , but they did not observe local heterogeneities.

First, we evaluated the average ratio CH 2 /CH 3 in our sample, which was found to be 2.6 +/-0.2, a value in agreement with the one measured by [START_REF] Merouane | [END_REF] on the Paris meteorite. A ratio of 2.5 +/-0.4 was measured on bulk matrix fragments of Murchison (CM2) by Matrajt et al., (2005). This value is similar to the one measured in grains in the interstellar medium (Sandford et al., 1991). However, it is higher than the one of CM Murchison bulk (R=1.0) and Bell bulk (R=1.4) powders reported by Kebukawa et al., (2010). The estimated value of the CH 2 /CH 3 ratio may slightly depend on the chosen fitting functions: our calculation on data provided by Kebukawa et al., (2010) with our method provided a value of about 1.4 +/-0.2. Subsequently, we studied the local variations of the CH 2 /CH 3 ratio. In region A of our sample (the least aqueously altered), the ratio CH 2 /CH 3 ratio decreased to about 1.75 +/-0.25 (see Fig. 3.6(a)), while in region B (the most aqueously altered) it increased up to about 3.5 +/-0.2. Note, that our study presents for the first time a heterogeneous CH 2 /CH 3 ratio detected spectroscopically in the matrix of the Paris meteorite.

Some processes, such as the breaking of bonds by energetic particles or the aromatization and/or 'polymerization' of aliphatic molecules by heating can affect the chain length and branching level of aliphatics. For instance, some laboratory experiments on IDPs have shown that ion irradiation can decrease chain lengths and give lower CH 2 /CH 3 ratios (see e.g. Munoz-Caro et al., 2006). The effects of hydrothermal alteration on CH 2 /CH 3 ratios are less clear. Kebukawa et al., (2011) proposed a classification of meteorites as a function of the ratio CH 2 /CH 3 in the extracted IOM. They defined a group, which included the majority of the primitive IOM type 1 and 2 chondrites, characterized by low CH 2 /CH 3 and high H/C ratios. Another spectral group, which included type 3.0 chondrites was characterized by a slightly higher CH 2 /CH 3 ratio and a lower aliphatic C-H intensity. Moreover, they noticed lower abundance of aliphatic moieties and lower abundance of OH-bearing phase in more altered meteorites. They suggested this could be a signature of partial oxidation of aliphatic moieties during a mild parent body alteration. [START_REF] Orthous-Daunay | [END_REF] studied the variations of the IOM composition in meteorites showing different degrees of hydrothermal alteration. They concluded that the more altered is the meteorite, the higher is the CH 2 /CH 3 ratio, and the more the IOM has an aromatization. There does not seem to be a clear similar tendency on bulk (Quirico, personal communication). A low CH 2 /CH 3 ratio could be due to a partial oxidation of aliphatic during the mild parent body alteration (Kebukawa et al., (2011)). We do not have evidences to go further.

In our sample, a peculiarly high CH 2 /CH 3 ratio of the aliphatic carbon was observed in region B close to phyllosilicates and carbonates. As discussed above, based on the evolution of the silicates proposed by Leroux et al., (2015), we have inferred that this region is the most hydrothermally altered in our sample. Region B was also relatively poor in carbons with respect to region C. Higher CH 2 /CH 3 ratios imply higher elongation of the aliphatic chains or lower degrees of branching and/or cross-linking. We conclude that longer aliphatic chains and/or a lower degree of ramification in region B were a result of the hydrothermal alteration.

Conclusions of the study in transmission

We have used the Paris meteorite to show the possibility to investigate the heterogeneity of primitive extraterrestrial materials via the combination of full field IR imaging, IR microspectroscopy with synchrotron source and Raman microscopy. Taking advantage of the high signal to noise ratio of the synchrotron source, the speed of analysis and high definition of the FPA images as well as the high resolution and specificity of Raman microscopy, we have obtained a more comprehensive description of the composition of organic and inorganic matter in our sample

We have detected several micro-environnements corresponding to different degrees of aqueous alteration. Based on the study of the mineral phases, we have proposed a scenario which describes the effect of variable aqueous alteration inside our sample. The more primitive part of our fragment was mainly composed of small grains of olivine embedded in hydrated amorphous silicates. The aqueous alteration led, in the first stage, to the disappearance of olivine and enrichment of OH-bearing amorphous silicate. Finally, a higher degree of hydrothermal alteration led to the formation of phyllosilicates and carbonates.

Based on this information about the evolution inside the sample, we have characterized the effect of aqueous alteration on the organic matter. We have shown that the advantage of FTIR spectroscopy is the possibility to characterize all organic matter at once without chemical modification due to extraction, thus preserving the mineral context. We have observed an accumulation of aliphatic rich organic matter in the amorphous silicate and water-rich region, that was also rich in iron. The most altered region was characterized by a lower abundance of aliphatics and a higher elongation of the aliphatic chains or lower degrees of branching and/or cross-linking.

Study in reflectance

To complement the study of Paris shown above, I participated to a multi-analytical study led by D. Baklouti (IAS) and S. Della Negra (IPNO), on a millimetric chip of the same meteorite. These results will be included in a paper submitted for publication in MAPS. This part of the chapter is entirely based on that paper.

Here, we have studied a millimetric fragment of Paris meteorite, cutted by a diamond saw at MNHN (Museum National d'Histoire Naturelle, Paris, France) and comes coming from the meteorite inner side. A 500x500 µm 2 area was analyzed by a multi-techniques approach: visible and IR reflectance spectroscopies, micro-Raman, TOF-SIMS with imaging, and micro-PIXE were used. We have defined specific area inside this zone with the letters A, B, C and D to help for the discussion (Fig. 3.9). The depths of analysis is about a few µm for the IR and Raman spectroscopies depending on materials absorbencies and only the IR part is presented here. For IR measurements, both set ups described in sections 2.2, were used : the MCT was coupled to the synchrotron for a first set of measurements and some complementary measurements were done with the FPA coupled to the globar source.

Results

Contrary to the previous measurement, done on crushed grain, IR reflectance measurements were here performed on the rough surface of the Paris sample to preserve spatial information and for direct comparison with the other techniques used. Despite this experimental constraint, it was possible to measure IR spectra that are good enough to be interpreted. A first look on Fig. 3.10 and 12 shows that 'reststrahlen' bands (also called 'first surface reflection' or 'surface scattering') dominates the reflectance spectra. This phenomenon is expected and well explained by J. W. Salisbury [START_REF] Salisbury | Mid-infrared spectroscopy laboratory data: Chapter 4 in Remote Geochemical Analysis[END_REF]: we obtain spectra that are similar to reflectance spectra from cleaved surfaces of minerals or from big size powdered particles (> 75 µm of diameter) for which some volume scattering occurs and reduces spectral contrast for reststrahlen peaks, but the backscattered energy remains dominated by surface scattering. Consequently, if we compare our spectra with the one measured on fine grinded powders, we measure spectra with different bands position and shape for the main vibration bands (Si-O, S-O, C-O etc ... stretchings) occurring between 15 and ≈ 6 µm. Indeed, our spectra are much similar to IR transmission spectra . Besides, in the 6 -2 µm range, when some volume scattering occurs, we can detect and identify O-H and C-H stretching vibrations (as troughs instead of peaks, like expected for fine powders reflectance spectra). However, contrary to transmission spectra it remains difficult to detect C-H bands because of their smaller intensity and because of a quite irregular base line.

The first set up (MCT coupled with the synchrotron) gives the spectra presented in Fig. 3.10 and 12. In the matrix area, 6 major components are detected. With this set up, each IR spectrum corresponds to a square area of 20x20 µm 2 , therefore most of the measured spectra in the matrix show a variable combination of these 6 major components. We notice the presence of anhydrous and hydrated amorphous silicates (mapped in Fig. 3.11), and some crystalline silicates spread all over the matrix, sulfate and carbonate (precisely mapped in Fig. 3.11 panels a and b), similarly to what we observe in the study in transmission. An iron hydroxide (found in regions A and C in Fig 3 .9) was also detected. The silicates dominating the analyzed area are either anhydrous or hydrated. Most of the identified hydrated silicates spectra (see spectrum c in Fig. 3.10) have a prominent band ranging from 1000 to 975 cm -1 , with sometimes a lower band on its shoulder at ≈ 880 cm -1 (11.3 µm) (the position of these bands is similar to the one observed in transmission), and systematically, the typical OH absorbance band with a relatively sharp feature at ≈ 3630 cm -1 (≈ 2.75 µm ) that is due to the stretching O-H mode of the hydroxyl groups in the octahedral layer of hydrated silicates (Beck et al., 2010;Bishop et al., 2008). A saponite attribution (Beck et al., 2014) is possible according to the position of the prominent band, but it is more probably a partially or totally amorphous phyllosilicate or to be more accurate, a hydrated amorphous silicate. This latter hypothesis is supported by the amorphous silicates spectra dominating the matrix of the analyzed meteorite area. Indeed, the bands position and shape of part of the amorphous silicates spectra found in the matrix are very similar to the hydrated silicates ones, except that the hydroxyl band absorption is absent or comparatively very weak (spectrum d1 in Fig. 3.10). We also detect amorphous silicates (spectrum d2 in Fig. 3.10) showing a stronger 11.35 µm band, indicating a less advanced stage of amorphization (or a more advanced stage of crystallization). The fact that the anhydrous amorphous silicates and the hydrated ones are related is obvious in their IR signatures and indicates that the matrix presents a mixture of different and gradual stages of silicates amorphization/crystallization and hydration.

Matrix main composition

In the matrix, we also observe sulfates (Fig. 3.10, spectrum a) and carbonates (Fig. 3.10, spectrum b). Very often, their two signatures are spatially correlate (see Fig 3 .12 panel a and b). We also note a correlation between the iron hydroxide and the hydrated amorphous silicates signature (Fig. 3.10, spectrum f). This iron hydroxide presents 3 distinguishable and specific bands at 12.7, 11.3 and 3.1 µm (signaled by arrows on the spectrum) that well fits a goethite attribution (O-H deformation vibrations for the firsts bands and O-H stretching for the last one) (Cambier 1986;Ruan et al., 2002). This attribution is supported by Raman measurements which indicate that it is mixed with a small contribution of hematite.

In region A and C (Fig. 3.9), we observe a small absorption bands around 2850 -3000 cm -1 , generally situated in the shoulder of a more intense OH absorbance band related to a hydrated amorphous silicate contribution (Fig. 3.10). The C-H stretching vibration (attributed to an organic content in the matrix) signs as a small absorption band, not always easy to distinguish from the noisy base line. It is more precisely collocated with part of the hydrated amorphous silicates. The organic content must be quite important to be observed in these reflectance spectra as the spectra are measured in the reflectance mode on the rough meteorite fragment: the C-H stretching vibrations observed are necessarily due to volume scattering. Even though the C-H band intensity is very small compared to the Si-O bands and to what is obtained in transmission measurements [START_REF] Merouane | [END_REF].

The second set of IR measurements with the globar source and the FPA detector allowed to map part of the previously discussed components over the whole area (see Fig. 3.11).

Indeed, as the IR range slightly reduced at high wavelengths, the identified iron hydroxide is not be precisely mapped with this second set of measurements. Moreover, the signal to noise is not good enough to allow an ambiguous mapping of the C-H stretching bands. 

Study of peculiar regions with CAIs and chondrules

In some specific regions, the IR spectra measured are peculiar compared to matrix spectra (g spectra in Fig. 3.12). For instance, in the B region, in the area around the X cross marked on Fig. 3.9, we can observe structures inside the Si-O stretching region that are not found elsewhere in the matrix spectra of the studied area. Even if these features correspond to a mixture of silicates which are difficult to individually identify, we can infer that Mg-rich pyroxene (≈En 75 [START_REF] Bowey | [END_REF]) is probably contributing to spectrum g5 (bands at 9.4, 10.4 and 11.4 µm), for example, and a silica polymorph band is clearly present in spectra g1, g2, g3 and g4 with variable intensities (see arrow on Fig 3 .12). Moreover, a broad but weaker band appears at 13.9 µm in part of the spectra measured in that X region (spectra g1, g3, g4, and g5 in Fig. 3.12). This band is possibly due to a spinel. More generally, the IR signature of the X region shares many similarities with the IR spectra measured by Morlok et al., (2008) on different CAI inclusions in various CV ad CO chondrites. This X cross region is then probably a CAI region. The spinel found covers a region that does not exceed an area of 50 x 50 µm 2 around the X cross. The silica polymorph covers a bit larger region around the X cross and overlaps the spinel region. The other silicates are surrounding the spinel, pyroxene unambiguous signature (spectrum g5 in Fig. 3.12) being on the bottom of the X essentially. Fig. 3.12: (g) FTIR micro-reflectance spectra of a CAI region (marked by an 'X' cross in Figure 3). (h) FTIR micro-reflectance spectra of a chondrule region. (An offset has been applied on spectra g1, g2, g3, g4, h1, h2, h3 and h4 for a better visibility).

With the first set of IR synchrotron measurements, we have only partly analyzed one chondrule located on the top of region D (see Fig. 3.9). No pure crystalline mineral was measured. The spectra obtained rather correspond to amorphous silicates at different amorphization/crystallization stages and variable compositions: spectrum h2 in Fig. 3.12 probably corresponds to a partially amorphized silicate with an enstatite composition, whereas spectra h3, h4, and h5 would be closer to an olivine composition (Demyk et al., 2004;Morlok et al., 2010). Another silica polymorph signature is found at 9 µm (spectrum h1 in Fig. 3.12).

Tracing the aqueous alteration

Our IR measurements made directly on the meteorite chunk without grinding it into powder and homogenizing it, let us directly monitor its diversity in silicates structure and water and/or hydroxyl group content, and obviously show a parental/filiation link between these silicates at different hydration and crystallization or amorphization stages. This millimetric fragment matrix presents a mixture of different and gradual stages of silicates amorphization/crystallization and hydration : the different components go from the hydrated amorphous silicate to the anhydrous crystalline silicate (forsterite is found here in the matrix in the top right of region B). These different stages are also observed in the spectra obtained by Morlok et al., (Morlok et al., 2010) Hydrated amorphous silicates and amorphous silicates (and even some crystalline silicates) are here clearly intermingled in the matrix. Consequently, if either irradiation have transformed crystals into amorphous matter, or shocks have transformed phyllosilicates into amorphous -hydrated or not-silicates, it must have affected the individual grains before they accreted. The only mechanism that could have affected them differently post accretion and could explain the IR observations, would rather be interstitial fluids (water) circulation which could explain the differential 'alteration'. With this conclusion, we confirm the observation done by Leroux et al., (2015) with TEM studies and prove that their hypotheses about the aqueous alteration in Paris matrix and the way its amorphous silicates have been partially turned into hydrated ones and then, eventually into phyllosilicates, is most probably correct. Moreover, the silicates hydration mappings obtained by IR spectroscopy (Fig. 3.11.e and 3.11.g) at a much larger scale (500 x 500 µm 2 ) than TEM studies (< 1 µm 2 ), give the fluid circulation path throughout the matrix following the amorphous silicate component.

We have already observed a variability between the distribution of the O-H bending and stretching in transmission (see Fig. 3.4 panels j and k) due to different kind of hydration.

Our IR results in reflection also indicate that there are two kinds of hydration signatures on the amorphous silicates: water molecules situated in the interlayer regions of the silicate amorphous structure, and hydroxyl groups covalently bonded to octahedral cations. The mappings of both signatures do not exactly coincide (the brightest spots in Fig. 3.11.f do not all correspond to the brightest ones in Fig. 3.11.e and vice versa) and may indicate two different hydration stages: one would correspond to the penetration of water molecules that progressively become part of the amorphous silicate disordered structure, and the other would consist in forming the hydroxyl group bonds which implies a chemical reaction involving water molecules. The first hydration does not involve the formation of chemical bonds with water and could be favored by the porous structure reported by Leroux et al., The second is a chemical reaction that is probably dependent on pH conditions. However, it would be too speculative to state which process should have occurred first without further evidence from experimental simulation and kinetic studies.

Finally, similarly to what we found in transmission, we do not observe a spatial correlation betwen the hydrated amorphous silicates and the carbonates and sulfates (both are generally associated with aqueous alteration). The carbonate found is a calcium carbonate (according to ToF-SIMS, and more precisely, calcite, according to Raman) with the presence of some potassium (according to TOF-SIMS measurements) . According to previous studies (Lee et al., 2014), this kind of carbonate would indicate a primary stage of aqueous alteration. At least, this would be in tune with the very partial hydration of the silicates present in the matrix.

Conclusions

We studied the distribution of different carbonaceous and mineral phases in Paris both in transmittance and reflectance. With the transmittance study, we can well detect the CH bands and study the heterogeneity of the CH 2 /CH 3 , but reflectance study allows study at larger scale on a preserve sample. In the meteorite matrix we observed a mixture of different and gradual stages of silicates amorphization/crystallization and hydration, consistent with We have previously emphasized compositional heterogeneity as a key to give us information about the history of extraterrestrial samples, but when we study samples coming directly from the surface of an asteroid, the space weathering could also modify the surface properties and thus introduce differences between surfaces. During my thesis, I also had the opportunity to work on the effects of space weathering. With the development of micro-FTIR imaging, we can now quickly analyze large surfaces of irradiated samples, but keeping a micrometric analytical spot. This allows us characterizing the heterogeneity of the meteorites and the irradiation effects at the 20 µm spatial scale. In this chapter, we are going to discuss the effects of space weathering on large heterogeneous surfaces and we are trying to establish spectral criteria on how to distinguish irradiation from compositional heterogeneity effects on asteroid surfaces. This chapter is entirely based on the following publication: Brunetto, R., Lantz, C., Dionnet, Z., Borondics, F., Aléon-Toppani, A., Baklouti, D., Barucci, M.A., Binzel, R.P., Djouadi, Z., Kitazato, K., and Pilorget, C., 2018. Hyperspectral FTIR imaging of irradiated carbonaceous meteorites. Planetary and Space Science, Volume 158, Pages 38-45.

Introduction

Surface alteration processes -also known as space weathering (SpWe), i.e. ion irradiation and micrometeorite impacts -on atmosphereless small bodies induce optical properties changes of the surface detected via spectral variations. Thus, surface alterations imply a physicochemical difference between the materials composing the uppermost surface and the ones just underneath. Understanding how these modifications act on asteroids and change their spectra will allow a better compositional interpretation of remote observations. Similarly, they will provide valuable support for the planning forthcoming space missions to collect samples of primitive asteroids and bring them back to Earth: Hayabusa2/JAXA at (162173) Ryugu [START_REF] Takagi | AGU fall meeting[END_REF] and OSIRIS-REx/NASA at (101955) Bennu [START_REF] Lauretta | [END_REF]. Collecting asteroid materials of likely primitive composition, i.e. unaltered by SpWe, will be of particular interest for studying them in details using state-of-the-art laboratory techniques, with the ultimate goal of obtaining information about the composition of materials that formed in the early Solar System.

Research of unaltered areas on an asteroid surface has been focused on well known possible SpWe effects on spectral properties in the visible and near-infrared ranges (VIS-NIR refers to the range 0.4-2.5 µm in the following): changes of albedo and spectral slope (see the examples of Stype asteroids Eros (Clark et al., 2001) and Itokawa [START_REF] Hiroi | [END_REF]).

SpWe of silicate-rich S-type asteroids are well understood, especially the role of nanophase reduced iron particles (npFe 0 ) producing darkening and reddening (increasing slope toward longer wavelengths) of their surfaces [START_REF] Clark | Asteroid space weathering and regolith evolution, Asteroids III[END_REF]. On Itokawa, multicolor SpWe maps have been obtained in the visible spectral range [START_REF] Ishiguro | [END_REF]. Hayabusa spectrometers at Itokawa showed SpWe effects on different regions of the surface [START_REF] Hiroi | [END_REF].

Returned Itokawa grains, analyzed in the laboratory show multi-layer structures related to SpWe effects, including amorphized silicates and npFe 0 , as well as iron sulfide inclusions (Noguchi et al., 2011(Noguchi et al., , 2014)). The VIS-NIR spectral slopes of returned Itokawa grains were found to be redder than unirradiated LL chondrites (Bonal et al., 2015), confirming the general trend of reddening and darkening first observed on the Moon [START_REF] Adams | Proceedings of the Lunar Science Conference[END_REF] and later on among S-type asteroid families (Binzel et al., 1996). Numerous laboratory experiments on analog materials, terrestrial silicates and ordinary chondrites (OCs), have been able to reproduce SpWe effects and spectral trends using ion (solar wind simulation) or laser (micrometeorite impacts simulation) irradiation (see a review in Brunetto et al. (2015)). However, it is still unclear which spectral changes upon SpWe we should expect on the primitive carbon-rich asteroid classes and more specifically on Bennu's and Ryugu's surface. These C-complex asteroids (DeMeo et al., 2009) are expected to contain organic compounds and small amounts of water. Studies based on asteroids spectroscopic observations showed both reddening (Lazzarin et al., 2006;Fornasier et al., 2016;[START_REF] Kaluna | [END_REF] and blueing (Nesvorny et al., 2005;Lantz et al., 2013) effects of spectral slopes.

Some laser and ion irradiation experiments on primitive meteorites have been performed

in the last few years (see Table 1 in Lantz et al. (2017)). Matsuoka et al., (2015) performed laser irradiation of the Murchison CM meteorite and observed spectral darkening and blueing with increasing laser energies. [START_REF] Hiroi | 44th LPSC[END_REF] reported laser irradiation experiments of several carbonaceous chondrites (CCs), showing different VIS-NIR spectral variations on different meteorite samples. Lantz et al., (2017) performed a large experimental campaign on ion irradiation of CCs to better understand the SpWe of dark objects. Brightening/blueing or darkening/reddening spectral effects were observed in the visible range depending on the initial albedo/composition, thus demonstrating that composition plays a major role in determining the visible SpWe trend. Overall, the laser experiments by [START_REF] Hiroi | 44th LPSC[END_REF] and ion irradiation experiments by Lantz et al., (2017) consistently point towards a blueing trend for hydrous carbonaceous chondrites and a reddening trend for the anhydrous ones. The brightest anhydrous carbonaceous materials like the COs and CVs (albedo, a > 8-10%) mainly composed of chondrules and poor in carbon follow the same trend after irradiation as the Stypes and OCs. The dark meteorites like CMs and CIs (a < 4-5%), rich in hydrated minerals and matrix dominated, have the opposite spectral behavior: the carbonaceous phases, to-gether with metals and sulfides, dominate the optical effects in the visible, producing blueing upon irradiation. The blueing is accompanied by brightness changes: shorter wavelengths becoming brighter, and the longer darker.

This has important consequences for missions visiting dark asteroids, and in particular for Hayabusa2 and OSIRIS-REx: as VIS-NIR spectral changes upon irradiation depend on the original composition, one should have additional spectral evidence to determine the original composition and be able to separate young (pristine) from old (irradiated) terrains at Ryugu and Bennu. From the featureless spectra of the 0.4-2.5 µm range, it is impossible to unambiguously determine the composition of C-complex asteroids. Our experiments bring additional information to bear on solving this issue. Here we report new measurements on the previously studied CV Allende (Brunetto et al., 2014) and CM Murchison (Lantz et al., 2015) using infrared micro-reflectance spectroscopy from 2.5 to 12 µm. We choose these samples as a case for a typical thermally metamorphosed surface (Allende) and a typical aqueously altered surface (Murchison). Using the band position of the 2.7 and 10 µm features and acquiring maps of sample surfaces -which will also be done by spacecrafts -, we provide experimental evidences that SpWe and compositional heterogeneity can be separated at the asteroid surfaces. We also discuss the detectability of SpWe effects by instruments onboard Hayabusa2 and OSIRIS-REx.

Experimental setup

Four pellets (13mm diameter) of the Allende and Murchison meteorites were irradiated using 40 keV He + and Ar + ion beams at the SIDONIE implanter of CSNSM-Orsay (France). Four irradiation spots (4mm diameter) were produced on the surface of each pellet, with different ion doses: 5.10 14 , 2.10 15 , 1.10 16 , 3.10 16 for He + ions/cm 2 , and 1.10 14 , 5.10 14 , 2.10 15 , 6.10 15 for Ar + ions/cm 2 . Details of the irradiation conditions are described by Brunetto et al., (2014) and Lantz et al., (2015).

The FTIR hyperspectral imaging measurements reported in this study were performed with an Agilent Cary 670/620 micro-spectrometer equipped with a 128x128 pixels FPA (Focal Plane Array) detector, installed at the SMIS beamline of the SOLEIL synchrotron (France).

Mid-IR (MIR, 4000 to 850 cm -1 or 2.50-11.76 µm) spectra were measured using the internal globar source at 8 cm -1 spectral resolution. The infrared maps were acquired in reflectance geometry, with respect to gold references.

The sample was projected on the FPA through a 15x objective (numerical aperture 0.62), providing a field of view of about 700 x 700 µm 2 and a projected pixel size of about 5.5 µm (spatial sampling of the infrared maps). 16384 spectra were collected simultaneously without moving the X-Y stage of the microscope. In one complete acquisition we accumulated 512 or 1024 scans. Larger spectral mosaics were acquired by moving the X-Y stage and acquiring several 700 x 700 µm 2 tiles, to cover mm to cm sized areas of the irradiated pellets. This enabled mapping the MIR features over a large portion of the sample, both on unirradiated and irradiated areas with different doses. In the case of the large mosaics, a 4-pixels bin was applied producing a pixel size of about 22 µm, and in this case we accumulated 16 or 32 scans per tile of the map. Typical acquisitions lasted 1-2 h and produced 50000 to 500000 spectra.

Thanks to the imaging microscope, we obtained visible and MIR images over large portions of the pellets. The visible images allow to quickly visualize the heterogeneity (≈20 µm scale) of the pellet and spot grains with different compositions, colors, and sizes. However, variations due to irradiation effects are very hard to detect by visual inspection. The MIR images we show in the following section are much more descriptive of the irradiation-induced variations and easily highlight the irradiated zones.

Note that the irradiation experiments and the hyperspectral imaging measurements were performed in two different laboratories, and the spectra were thus measured ex situ. The time-span between the two was about two years. During this time the samples have been exposed to different extents to vacuum, controlled N2-atmospheres and laboratory air. During these cycles, potential air-exposure effects such as oxidation cannot be excluded. However, if present, they do not seem to have any significant effect over time on the spectral modifications shown below, as we have verified by comparing the average spectra and the band shifts after irradiation obtained in the hyperspectral micro-imaging with the bulk spectral measurements reported by Lantz et al., (2015). The bottom panel of Fig. 4.1 shows a typical spectrum of the CV Allende meteorite taken on the unirradiated area. The main peak at ≈ 11 µm (around 910 cm -1 ) is due to the olivines (Hamilton 2010), which are the dominant silicate of the matrix of Allende and have a typical composition of Fo 53 (Peck 1983). The position of this olivine band shifts to longer wavelengths after irradiation (Brunetto et al., 2014). We also present the visible image of the pellet: brighter and dark grains are visible down to a scale of ≈ 20 µm but the irradiated areas are not detected. The corresponding IR image shows the map of the maximum reflectance value within a specific range, between 910 and 880 cm -1 , thus reporting a gray scale distribution of the olivine band peak position. In this way, it is possible to easily evidence 'dark' areas corresponding to the irradiated areas. Because the He + irradiation has more effect than the Ar + irradiation (see deails in Brunetto et al., (2014)), the associated areas do not have the same color. One also has to note that even within the irradiated area several grains are very bright/white. These grains have a composition different than Fo 53 olivine: using the data reported by Hamilton (2010) we determined that they are mainly fragments of chondrules with Mg-rich olivines (Allende chondrules typically have Fo > 90 olivines, e.g. Simon and Haggerty (1980)) and their bands peak far out of the edges of the defined spectral range, i.e. they are out of the gray scale. Similarly, some grains of different composition (such as diopside, nepheline or spinel commonly present in the refractory inclusions, Posch et al., (2007)) in the non-irradiated areas have their peak position below 880 cm -1 thus appearing as black spots in the image. The same procedure has been applied to the CM Murchison meteorite to produce Fig.

Results

4.2.

The visible image of the pellet shows a higher heterogeneity within the matrix compared to Allende which appeared much more homogeneous. On the Murchison sample, the main band at ≈ 10 µm is associated with Si-O stretching of hydrated silicates (Lantz et al., 2015), the dominant matrix mineral of this meteorite and more generally of CM meteorites (see e.g. Beck et al., (2014) for a detailed analysis of the 10-µm feature). Here we present a large area of the pellet with the four irradiation zones. The IR image maps the peak position between 1018 and 998 cm -1 . The highest irradiation areas are easily detected, while the two lower doses are not, indicating that irradiation effects are spectrally non-detectable at these two doses. Like on Allende, the He + irradiation has more effects than the Ar + one. This is probably related to the combination of a deeper penetration depth of He + ions with respect to Ar + (about 300 nm vs. 40 nm), and to the highest fluence used for He + (Brunetto et al., 2014). and the band associated to the -OH stretching within hydrated silicates at ≈ 2.7 µm (left panel). Typical spectra of the unirradiated and irradiated areas are shown in the lower panels. We only show a 700 x 700 µm transition zone between the unirradiated area and the one at the highest irradiation dose with 3.10 16 He + /cm 2 (upper left part on the image) to illustrate that irradiated and unirradiated areas can be separated also at small scales (the pixel size in this image is 5.5 µm). On the visible image, some orange-colored grains are observed, in particular one large 100 µm diameter grain is located in the upper middle, surrounded by matrix material. These grains are spectroscopically identified as anhydrous silicates (mostly olivine) and thus appear black in both IR images because of their different composition compared to the surrounding matrix. The transition between the unirradiated and irradiated zones is easily seen on the image at 10 µm due to the strong spectral peak shift in the matrix. The transition is less noticeable on the 2.7 µm image, essentially because this band is more difficult to map. This is due to the fact that the intensity of the -OH stretching band with respect to the spectral continuum and its signal to noise ratio are both lower than in the case of the 10 µm band. Note that the irradiation-induced spectral shift of the 2.7 µm band is smaller than the 10 µm band when measured in nm (≈ 40 nm vs. ≈ 100 nm) but higher when measured in wavenumbers (≈ 50 cm -1 vs. ≈ 10 cm -1 ).

In Fig. 4.4 we present the histogram of the distribution of the silicates band peak position on the pellet of Allende. In gray we show the distribution without separating unirradiated from irradiated areas. The maximum is centered at 11.1 µm. We overplot the same kind of distribution for data extracted exclusively from an unirradiated zone and from the irradiated area with the highest dose. The 'irradiated' distribution is centered at 11.4 µm, so the irradiation effect is seen thanks to a peak shift of about 300 nm. We do observe the same pattern on Murchison in Figs. 4.5 and 4.6, but with smaller shifts: the Si-O band of hydrated silicates centered around 9.9 µm shifts of about 100 nm in the MIR, and their -OH band around 2.73 µm is shifted of about 40 nm. Fig. 4.5 also shows that at the highest doses used in our experiments it is possible to separate compositional heterogeneity from irradiation effects: the positions of anhydrous silicate main bands are clearly separated from the hydrated silicates distribution even considering the irradiation-induced spectral shifts.

In the spectra before irradiation, the anhydrous silicate band at about 10.5 µm is essentially due to olivine. This band also shifts towards longer wavelengths, and the spectral shift is larger in this case than in the Si-O band of hydrated silicates observed in the same meteorite sample (about 300 nm vs. 100 nm). In Table 4.1 we provide some statistical parameters for the distributions shown in Figs.

4.4-4.6. The distributions are not gaussian nor symmetric, which explains why in most of the cases the mode (most probable value) and the mean are not the same. The skewness provides an estimate of the asymmetry of these distributions. For all the main features (the main Si-O band of olivine for Allende and the hydrated silicates for Murchison, and the -OH band for Murchison) we observe statistically significant shifts after irradiation. However, the shifts are much more significant for the anhydrous Si-O bands (about 4-6 σ) than for the hydrated Si-O bands (only about 2 σ). Due to the asymmetry of the distributions, these shifts are better evidenced when considering the mode rather than the mean values.

Discussion

Both our previous study of several irradiated CCs and the laser experiments performed by [START_REF] Hiroi | 44th LPSC[END_REF] clearly indicate that the initial composition rules the trends on reflectance and slope variations in the VIS-NIR (0.4-2.5 µm) range after irradiation (see Fig. 3, 10, and 13 in Lantz et al. (2017)). The spectral variations for Tagish Lake (initial albedo < 4%) are quite clear and easy to detect. For CM chondrites however, the variations are smaller than for Tagish Lake: e.g. less than 20% visible albedo variations for CMs vs. about 40% for Tagish Lake (Lantz et al., 2017). According to these results, asteroids whose albedo lies in the 4.5-9% range upon irradiation should show VIS-NIR slope and albedo relative variations of the order of 0.1 µm and 10% respectively. This may explain the little color and albedo variations observed on asteroid Mathilde (albedo of 0.041-0.053, Clark et al. (1999)). More specifically, Lantz et al., (2015) reported that the SpWe VIS-NIR slope modifications for Murchison (under the same irradiation conditions reported here) were smaller than effects due to geometry of observations and other surface properties of the grains (roughness, porosity, grain size): with an albedo around 5%, this meteorite is a typical case for those objects whose initial composition/albedo makes SpWe hard to be detected using the VIS-NIR only.

Because Ryugu and Bennu have a geometric visible albedo of 6.3 +/-0.2% and 4.5+/-0.5% respectively, we anticipate changes in the visible range due to SpWe effects that are smaller of those produced by other effects such as grain size, geometry of observations and porosity. Moreover, even if slope and albedo variations are observed locally due to possible compositional heterogeneities, the visible data alone would not be able to remove the ambiguity on which terrain is more pristine: would a given terrain become redder like CO/CV or bluer like CM/CI upon SpWe?

Our experiments indicate that performing spectral imaging of the 3 and 10-11 µm diagnostic features is one key to solve the SpWe ambiguity. In the irradiated areas of the meteorites, we observed spectral modifications of all silicates. In particular, we detected spectral shifts towards longer wavelengths of all diagnostic infrared bands after irradiation. Murchison, a meteorite which underwent aqueous alteration, has the -OH band near 2.7 µm displaced of about 40 nm to longer wavelength after irradiation (see Fig. 4.4 and 4.5). It is interesting to notice how the irradiation-induced spectral shifts are larger and about 3 times (considering the respective standard deviations) more significant for anhydrous than hydrated silicates.

In the case of anhydrous silicates, the IR bands shift towards the wavelengths range that are typical of a magnesium-poor composition (Hamilton 2010). This may be the result of preferential sputtering (a differential sputtering of atoms near the surface; the lighter Mg being more easily sputtered backwards than the heavier Fe) (Hapke et al., 1975) accompanied by silicate amorphization (seen thanks to the broadening of the bands, and confirmed by Raman) (Brucato et al., 2004;Demyk et al., 2004). The formation of npFe 0 after sputtering and vaporization/condensation process (Hapke et al., 2001) is possible but it cannot be confirmed with the spectroscopic data only and requires complementary analyses, such as high resolution transmission electron microscopy of the uppermost irradiated layers (Noguchi et al., 2014;Keller and Berger, 2014). In the case of hydrated silicates, our experiments show that ion irradiation induces smaller band shifts than on olivine. The reason behind this different behavior is not clear at this stage of our investigation. It may be due to the fact that the hydrated silicates initially present in the meteorite are not entirely crystalline (= phyllosilicates), but possibly much more structurally disordered (= partially amorphous) than the anhydrous components (an olivine signature is clear, for instance). In that case, irradiation will induce a drastic structural change for crystalline components, whereas a more subtil effect will be seen for already disordered structures. Further analyses including electron microscopy will be necessary to verify this hypothesis and clarify what physico-chemical mechanisms cause the observed spectral modifications on the hydrates silicates.

Thanks to our new micro-spectral imaging data, we have been able to separate the irradiation effects from the compositional heterogeneity typical of chondritic materials. The most remarkable observation is that the band position can be mapped over the shift range and this shift is so sensitive to ion bombardment that irradiated areas on samples of a CM chondrite are clearly distinguishable from unirradiated areas down to the scale of tens of microns. This would be impossible to achieve based on VIS-NIR colors and albedo alone (see Fig. 4.3).

Different doses corresponding to different exposure ages at the asteroid can also be detected (see Fig. 4.2). There is a range of irradiation doses where SpWe has effects that are smaller than the spectral variations that are due to the heterogeneous composition of the chondrites; above 5.10 15 -1.10 16 ions/cm 2 there is clear evidence of damages on minerals, and SpWe effects can be easily distinguished from compositional heterogeneity.

The ratio between the irradiation fluences used in the laboratory and the solar wind flux at a given distance from the Sun provides an estimate of the timescale for which the spectral alterations occur in space at that distance. In this way, the effects caused by ion bombardment on S-type asteroids at about 1 AU were estimated to saturate between 10 4 and 10 6 years (Hapke et al., 2001;Strazzulla et al., 2005;Loeffler et al., 2009). However, even though the SpWe induced by ions is a relatively efficient process, there are many S-type asteroids that are not fully weathered, even though they are likely older than the above estimated timescale. This indicates that rejuvenating processes such as small (non-destructive) impacts or planetary encounters (Binzel et al., 2010) are able to partially resurface the asteroid, which effectively lowers the SpWe rate. This has been confirmed by laboratory analysis of Itokawa particles that showed short exposure times (Noguchi et al., 2014). In the case of our experiments on carbonaceous meteorites, the highest doses we use (3.10 16 He + /cm 2 ) correspond to timescales of about 10 2 -10 3 years at 1 AU (a detailed calculation can be found in Brunetto et al., (2014)). Thus from Fig. 4.2 we infer that based on IR spectral mapping, SpWe effects would be observable on a region of a C-rich near-Earth asteroid whose surface age is of the order of 10 2 -10 3 years. However, Fig. 4.2 also tells us that exposure times about 10 times smaller (10 1 -10 2 years) would not be detectable. This may have interesting implications for the determination of asteroid surface ages in the Hayabusa2 and OSIRIS-REx missions.

We also determined which spectral features are more sensitive to SpWe: the main Reststrahlen Si-O band of the anhydrous silicates (olivine in particular) is the most affected feature by a factor of about 3 with respect to the Si-O feature of hydrated silicates. The -OH band shift seems more difficult to evidence with respect to its variations due to the compositional variety (e.g., degree of aqueous alteration) typical of CM chondrites. Therefore, the distribution of the composite 2.7 µm band alone may not be enough to discriminate the space weathered regions, and other complementary spectral indicators such as spectral slopes may be necessary. Hayabusa2 also carries a remote sensing Near-Infrared spectrometer (NIRS3; Iwata et al., (2017)) to observe at wavelength of 1.8-3.2 µm, and to perform a global mapping at 20-m spatial sampling and SCI crater observations at 2-m sampling. The hyperspectral near-infrared microscope MicrOmega (Bibring et al., 2017) implemented within the MASCOT lander (Ho et al., 2017) is designed to characterize in situ the surface materials of the target from 0.99 to 3.65 µm (image size of 3.2x3.2 mm 2 with spatial sampling of 25x25 µm 2 ).

We find that the band modifications we observe on irradiated meteorites will all be observable by instruments onboard these missions (see Table 4.2). This is extremely promising in view of building reliable SpWe maps of both asteroids Ryugu and Bennu. Note however that the spectral shifts should be easier to detect for anhydrous than hydrated silicates, and in particular the irradiation effects on the hydrated silicates at 10 µm may result at the limit of the spectral resolution for OTES. 

Conclusions

We performed new analyses of ion irradiated samples of carbonaceous chondrites to provide better constraints on the understanding of space weathering effects of primitive asteroids. We

show that the band shifts after irradiation detected in the infrared (2-12 µm) spectral maps provide useful tools to interpret the spectral variations that will be observed by Hayabusa2

and OSIRIS-REx on their targets. These sample return missions will cast light on the processes that prevailed in the early Solar System and on the delivery of water and complex organics to the primitive Earth.

Our laboratory-based criteria may provide fundamental support on how to distinguish SpWe from compositional heterogeneity effects at the surface of asteroids. The anhydrous silicates showed spectral shifts about 3 times more significant than the hydrated silicates.

Thus in the case of the hydrated surfaces, the MIR data will need to be combined to albedo and slope changes in the VIS-NIR range to clearly detect SpWe. Then, imaging data will be necessary to link SpWe spectral evidence with surface features (cratering, landslope, etc.).

Thus, the spectral data will need to be put in context with the geological structures to constrain relative ages of different terrains, and these will provide the necessary information to remove the ambiguity on the albedo and slope variations discussed above. Ultimately, the infrared spectroscopic data may have important implications in view of surface selection for sample return. Many IR studies were led on extraterrestrial samples in our group (Merouane et al., Brunetto et al., ...) but most of the time, the sample was crushed, cut or at least partially destroyed. As I showed in Chapter 3, crushing between diamond windows has the advantage of reducing scattering effects but has the drawback of destroying the original 3D structure.

Samples cannot then be used for other analysis and study of co-localization of different phases is much more complicated in a crushed sample as grains initially in contact with each other could be separated after the crushing and vice-versa. Finally, physical characterization like estimation of original porosity of the sample is not possible anymore.

During my Ph.D. thesis, I tried to go beyond this limitation and develop a setup which allows a physical-chemical characterization of the structure and detection of organic and mineral phases without destroying the 3D structure of our precious samples. Until recently, 3D characterization of samples has been mainly performed by X-ray Computed Tomography (X-CT). Only one paper has described IR tomography on extraterrestrial sample (see Yesiltas et al., 2016).

X-CT is a very useful technique used to characterize the internal structure and physical properties of samples, including precise shape, internal structure, and porosity, without destroying them and with a high spatial resolution.

This technique has been already used on extra-terrestrial materials, see for instance Ebel et al. (2007), for application on meteorites, or Tsuchiyama et al. (2011), for example on Itokawa particles. It has been used to characterize the mineral phase, and to identify minerals inside samples.

During my Ph.D. thesis, I implemented IR micro-tomography, similar to the setup described in Martin et al., 2013, to obtain chemical information complementary to X-CT. As IR spectroscopy is sensitive to the organics, water and mineral phases, we can map all these components and gather information about their co-localization in three dimensions. Then,

we can analyze X-CT and IR tomography data recorded on the same samples to obtain a complete physical-chemical characterization. As X-CT is a well-known method, we used knowledge and software developed for X-CT as a first step for the development of our experimental method. This will be described in the beginning of this chapter: I will explain the principle of the tomography measurement and reconstruction for a given energy. Then I will describe our setup, the data pre-treatment and software used for IR tomography reconstruction. Finally, I will explain the advantage of IR tomography, compare this technique with X-CT and describe some experimental limits encountered during my Ph.D.

From 2D to 3D: need for new sample preparation

To preserve the 3D structure, we have implemented a new kind of sample preparation. Our samples were welded to a tungsten needle using a FIB (Focused Ion Beam) SEM microscope.

It operates by decomposing a platinum-organic compound to weld the sample to the metallic needle with a 5 keV Ga ion beam. The welding was done by David Troadec from the Institut d'électronique de microélectronique et de nanotechnologie (Lille, France). All the standard and meteoritic samples analyzed in 3D during my Ph.D. were prepared with this technique.

I also participated to a larger experimental effort, led by Alice Aléon-Toppani at IAS, aimed at establishing an optimized multi-analytical sequence ,which goes from the less destructive (e.g. IR tomography) to the more destructive (e.g. TEM, nanoSIMS) techniques, in preparation for upcoming sample return missions. These efforts are not described here, but they will be the subject of a forthcoming publication by A. Aléon et al. We first studied a small deposit of the Pt-C material (from now on, the pure contaminant) on a clean surface of a ZnSe window (see Fig. 5.2(b)). With this deposit we identified the Raman bands that are characteristic of the pure contaminant: the G band is centered at about 1500 cm -1 and has a Full Width at Half Maximum (FWHM) of 210 cm -1 .

We then analyzed the carbon G band in the FIB mounted Paris grain. We acquired maps of 4 regions on different areas: on the welding region, its neighborhoods, and the central part of the sample (see Fig. 5.2(a)). For each region we have determined the position and the FWHM of the G band.

We noticed that the characteristics of the D and G band change according to the nature of organics (either originating from the meteorite itself or from the contamination). The position of the G band is between 1580 cm -1 and 1610 cm -1 in the meteorite [START_REF] Merouane | [END_REF] and the contamination has a G band around 1500 cm -1 . By studying the position of the G band in different point locations of the sample, we have seen that the carbon due to contamination is localized near the needle (closer than 5 µm) and the intensity of the band due to the contamination is very weak. The absence of CH in the contaminated region (see Fig. 5.3 region 4) indicates that we only detect meteoritic aliphatic matter with FTIR. The G band of carbon have been studied in literature (Brunetto et al., (2009), Rotundi et al., (2008)) for several carbonaceous meteorites and the typical meteoritic position is between 1580 cm -1 and 1610 cm -1 with a FWHM around 100 cm -1 . This is represented by the square "Meteorites" in Fig. 5.3. The position also depends, in a less extent measure, on the degree of metamorphism of the sample. In fig. 5.3, the contamination is also represented and we reported the data obtained in the different regions mapped on the sample.

We observe that the region 5 and 7 are very far from the welding area and we found them in the typical meteoritic region concerning the position of the G peak and its width. On the opposite the regions 4 and 6 show several points which extend from the contamination region to the meteoritic region. This leads to the conclusion that the contamination is very localized ( < 5 micrometers to the welding point). Moreover the number of counts per second is also different. Indeed it is very low when we are focused on the contamination (less than 10cps), and much higher when it is a meteoritic carbon. It is a contamination surface, and this contamination is negligible in IR transmission, as it does not appear in our IR spectra. Then, we can conclude that the contamination is localized but also very weak in intensity and this preparation can be used to prepare properly samples for tomography. Unfortunately, this preparation is still delicate and most of our samples were lost after several manipulations.

In particular, X-ray tomography seems to especially weaken the bond. Some improvements need to be done before working on very precious samples. The possibility to increase the quantity of platinum deposited and a preparation based on e-glue are currently under test.

Principles of tomography

Single energy tomography: Linear Attenuation Coefficient measurement

For the clarity of explanation, we are going to consider first a monochromatic beam as the source (as in the case of X-CT tomography). We send the beam through the sample, and we collect the light after passing through the sample. We obtain a 2D image as in the previous section, and for each pixel, we record the percent of light which crosses the sample for the column of matter above this pixel. Outside of the sample, no photon is absorbed: the linear attenuation coefficient (LAC) is minimal. If the sample absorbs all the light, the LAC will be maximal. Finally, we obtain 2D pictures, which we will call the projections of the sample.

To reconstruct the 3D information, we have to rotate the sample and collect a set of projections. The connection between the space of projections and the real space: we have an object in real space (x,y,z), with y the axis of rotation of the sample. As the sample turns along the y axis the mark (x,z) is also going to turn. We define a non-moving coordinate system (u,v,w). The relation between this two coordinate systems is given by the projection of angle θ (see Fig 5.5): u is the horizontal projection of the moving axis x, and w is the vertical projection of the moving axis z and the axes v and y are overlapped. The reconstruction algorithm will work with sinograms as starting point. The principle used by reconstruction algorithm is very well described in the Ph.D. of David Laloum and the end of this section is inspired by his thesis manuscript.

Central slice theorem

The central slice theorem is used in every modern reconstruction method. It gives the relation between the Radon transformation of an object and its Fourier transform [START_REF] Banhart | Advanced tomographic methods in materials research and engineering[END_REF].

If F (m, n) is the 2D Fourier transform of the function f (x, z), then:

F (m, n) = ∞ -∞ ∞ -∞ f (x, z)e -2iπ(mx+nz) dxdz (5.6) R[f ](u, θ) the Radon transform of f is defined by equation (5.1). Then the 1D Fourier transform S(θ, k) of R[f ](u, θ
) is given by :

S(θ, k) = ∞ -∞ R[f ](u, θ)e -2iπuk du (5.7) 
The central slice theorem says that the 1D Fourier transform of a projection along one direction is equal to the cutting along the same angle of the 2D Fourier transformation of the function f (x, z). So we could write :

S(θ, k) = F (kcosθ, ksinθ) (5.8) 
This equation makes a link between the projection space and the real space. With this information we can now do the reconstruction by using the following scheme: calculate a set of 1D Fourier transforms from the set of projections. Then the central slice projection theorem gives F (kcosθ, ksinθ) and finally inverse 2D Fourier transformation provides f (x, z) characteristic of the sample in real space (see Fig 5.7). This method is called direct Fourier reconstruction method. In practice this direct method is not often used as it requires an accurate interpolation of data in the Fourier space to convert the data from polar coordinates to Cartesian coordinates (Stark et al., 1981) and therefore requires very high angle resolution measurements.

Filtered backprojection

We have just seen that it is necessary to inverse the Fourier transform obtained from the set of projections. Therefore, we have:

f (x, z) = ∞ -∞ ∞ -∞ F (m, n)e 2iπ(mx+nz) dmdn (5.9)
The data are defined in the polar coordinates so we have to introduce the polar coordinates in the Fourier space:

(m, n) = (kcosθ, ksinθ) (5.10)

So we obtain: 5.11) and because of the definition of u we have:

123 f (x, z) = 2π 0 ∞ 0 F (kcosθ, ksinθ)ke 2iπk(cosθx+sinθz) dθdk ( 
f (x, z) = 2π 0 ∞ 0 F (kcosθ, ksinθ)ke 2iπku dθdk (5.12) f (x, z) = π 0 ∞ -∞ F (kcosθ, ksinθ)ke 2iπku dθdk + 2π π ∞ -∞ F (kcosθ, ksinθ)ke 2iπku dθdk (5.13)
Moreover, as we notice that:

F (kcosθ, ksinθ) = F (-kcos(θ + π), -ksin(θ + π)) (5.14)
we can do the variable change (w, θ) by (-w, θ + π) and we obtain:

f (x, z) = π 0 ∞ -∞ F (kcosθ, ksinθ)|k|e 2iπku dθdk (5.15) 
Then thanks to the central slice theorem (eq. (7.8)) we have:

f (x, z) = π 0 ∞ -∞ S(θ, k)|k|e 2iπku dθdk (5.16)
This equation is the characteristic equation of the filtered backprojection and we can write it: 5.17) with:

f (x, z) = π 0 Q(θ, u)dθ ( 
Q(θ, u) = ∞ -∞ S(θ, k)|k|e 2iπku dk (5.18)
This last equation represents a filtering operator. And Q(θ, u) is the filtered projection in the Fourier space filtered by a ramp expressed as |k|. With the sampling in the Fourier space, the low frequencies (near the center of the Fourier space) are more represented, so we need to use this filter to ponder all the frequencies. The filter corresponds to the removal of the blurring mentioned in the previous part if we use direct Fourier reconstruction methods.

Indeed we have :

f (x, z) = B[p θ (u)] (5.19)
with p θ (u) the filtered back projection:

p θ (u) = T F -1 [T F (p θ (u).|u|] (5.20)
To conclude we can summarize the principle of the filtered back projection by the following scheme : This method is the faster one and as a consequence the more used in physics, but it requires many projections and also a good quality in the projections (high signal to noise).

It is not the case in our data, so we have to use in addition an iterative method to improve our reconstruction.

Iterative method: ART

The Algebraic Reconstruction method (ART) is an iterative method based on the decomposition of the initial images on different pixels, then we can reformulate the problem in a matrix form (see Fig. 5.9). 

X-ray tomography

As I will show in the following chapters, IR tomography can provide information about the chemical composition but the spatial resolution is limited and physical information as porosity and internal structure at a scale below 1 µm are very hard to get. IR tomography is also limited to samples smaller than 50 µm by saturation and scattering. As a consequence, X-ray tomography is a useful method to provide complementary information, therefore we also performed such measurements on our samples. A part of the data was measured at the PSICHE beamline in SOLEIL and for the Hayabusa grains we have used the measurements kindly provided by A. Tsuchiyama and collaborators, that they performed at beamline BL47XU in SPring-8, Japan.

Moreover, as a robust technique with a very high resolution compared to the IR, we also use the X-ray data to create a shape model for our IR reconstruction and thus validate IR tomography and to mitigate problems arising due to diffraction as described in the last part of this chapter.

Measurements at a higher energies (18 keV and 25 keV) were also performed to study the evolution of the LAC with the energy and to obtain additional information on the composition of our samples. The processing of these measurements is in progress.

Dual energy X-CT

This technique was already used by Tsuchiyama et al., 2011 To precisely determine the composition and to distinguish between different minerals like enstatite and forsterite, they combined information at 7 and 8 keV. In the Fig. 5.14, the LAC at 7 keV is shown as a function of the LAC at 8 keV for different standards measured in the same conditions. The used of two energies helped them to remove degeneracy between different minerals with similar composition. This method is very powerful and can precisely characterize minerals. Some of the samples analyzed in this Ph.D. using IR tomography were analyzed before with this method and we have the opportunity to directly compare our results (see Chapter 6).

Hyperspectral IR tomography

All the methods described above concern the reconstruction at a given energy as it is the case traditionally with X-CT. In the case of FTIR, we measured hyperspectral data, i.e. for each pixel of each projection we collected a whole IR spectrum.

IR micro-tomography was developed on the IRENI beamline (Martin et al., 2013). Mainly biological samples were measured and they succeeded in reconstructing the different com-ponents in 3D. Quaroni et al., (2015) have also demonstrated the possibility to perform IR tomography with a conventional light source. They performed IR tomography on cells. Moreover, a first application on a meteorite of IR tomography with a synchrotron was performed by Yesiltas et al., 2016. They studied the relation between the organic and the mineral parts of the meteorite and they observed a correlation between the phyllosilicates and the presence of the groups C-O and CH 3 which suggested that organics need hydrated silicates to form.

In this section I will first describe the IR setup for tomography. Then I will present the way to pre-treat our IR data to make them comparable to X-CT data. After that, I will described the reconstruction method, and finally, once we have our reconstruction, we will analyze the data to extract scientific information. All the illustrations given in this part comes from the reconstruction of the grain Itokawa RA-QD02-0214.

Experimental set up

First, we had to build a system which gives us the possibility to put the sample under the microscope and to turn it. To do that we have welded the sample at the end of a tungsten needle with a focused ion beam method (see part 1 of this chapter) and we used a mandrel to hold the needle horizontally. This mandrel was connected to a small kinematic adjustable mount which was itself connected to a motor to rotate the assembly. All this set up was fixed to the stage of the microscope (see Fig. 5.15). The kinematic mount is used to correct the angle of the needle/sample assembly in the focal plane. Indeed the needle is never perfectly straight, and the sample is neither perfectly aligned with the needle. So when the sample turns, its position necessarily changes of few microns. This problem is common, and this is not an issue in the case of X-CT as it uses a parallel beam and large field of views. In the case of IR tomography, we have a focused beam, so the sample needs to stay right on the focus plane during all the measurements. Thanks to our adjustment system, we can induce an angle between the needle and the motor axis to correct the misalignment due to the preparation as described here.

To address focusing we have carried out numerical simulation of the electric field focused through the objective using PSFLab developed by M. J. Nasse in 2010. It is important to note that PSFLab was developed with regular objectives and therefore the calculation doesn't account for the central obscuration of the Schwarzschild objective, but in our case, at IR wavelengths the error is negligible. Similarly, the simulations are done for perfect illu-mination, which in case of using a Globar source is far from reality. All these instrumental parameters are in our favor as they increase the depth of focus as well as the illumination homogeneity on the sample plane.

Based on these simulations shown on Fig. 5.21 we can emphasize a few important aspects of IR tomography. The field intensity is concentrated by the focusing objective into an ellipsoid elongated along the z direction of the system (w on Fig. 5.5) with axes about 5.2 µm and 17.3 µm. This is beneficial for both providing insensitivity for the sample alignment and also somewhat mimicing a parallel beam in the vicinity of the geometrical focus. During our measurement, we have tried to put the focal plane at the center of the sample, however, we had to manually correct the z position of the microscope stage between measurements due to slight angle misalignments of the kinematic mount.

Pre-treatment of the data

Once the setup is installed and the sample well aligned, we can proceed to the measurement.

We collect projections of 128x128 pixels with 25× and high magnification configuration, with 32 scans and a spectral resolution of 16 cm -1 using the Globar source. The background is taken with 128 scans. The speed of the mirror movement inside the interferometer is 2.5 kHz, and the sampling interval is 4. We measured 180 projections with a step of 1 degree between each measurement. In this configuration, the measurement of all angles for one sample takes between 8 and 9 hours. Other configurations were tested but are too long or give worse results, the configuration presented above is the best compromise and almost all the samples were measured with these conditions. One bigger sample was measured with a 15× objective to have a larger field of view in order to cover the whole sample.

On Fig. 5.16, I present a spectrum obtained for a given pixel for a given angle. On this spectrum, we can notice some organic bands and some minerals bands characteristic of our sample. Below the spectra, we can see the map of the area under the band for two examples of bands. We can also identify components using second derivatives of our spectra. We used the raw spectra to determine the major and broad band positions like stretching and bending O-H, or broad bands composed of smaller, structured peals as the whole silicate band at 10 micrometers or organic bands including both CH 2 and CH 3 signatures. To identify and to map fine structures like those for different minerals used second derivatives (see distinction between amorphous and crystalline materials presented in Chapters 2 and 3) as the signal to noise ratio is too small to easily distinguish the structures in the spectra.

Once we have the reconstruction, we study the co-localization of the phases. To do this, we can visualize the position of each phase in 3D using the Avizo software. Scientific analysis (calculation of the porosity, etc.) can then be performed with ImageJ or with custom Python scripts.

Calibration of IR tomography with mineral standards

To calibrate our setup, we have first studied terrestrial homogenous grains. We have chosen to study a grain of saponite as representative of phyllosilicates present in the matrix of some meteorites. A grain of pure carbonate was also analyzed. The saponite and the carbonate were prepared with the FIB preparation described above. Fig. 5.18 shows the two grains used as standards. These tests were also an opportunity to test the preparation with FIB, welding samples with different composition and physical properties (porosity, structure, etc.). 

Reconstruction of pure components

In this part, we are going to test our setup with different standards to see its limits. It is also useful to validate the best protocol to take a measurement (32 scans, 16 cm -1 spectral resolution, 180 spectral measurements, steps of 1 degree). Unfortunately, we do not have X-ray data for these two samples, because the grains were lost during the manipulation between IR and X-rays setup, so we cannot compare precisely the shape obtained in IR with the shape obtained by X-ray analysis.

Study of a symmetrical standards to understand optical effects

We also analyzed a spherical silica sample, with a different preparation: by tapping the needle on a tape, we deposited some glue at the tip and then we collected silica samples. This method is less precise and clean, but it has the advantage of an easier and less expensive preparation that is useful for tests. Moreover, the presence of the glue and the mineral matter allows us to test the possibility to separate different phases with our methods. We have glued three spheres for this sample. As these three spheres cannot stay on the same focal plane at the same time for all angles, we have to choose the one we want to analyze with IR tomography and focus only on that one. In this case, we have focused on the biggest one (size of 45 µm) for IR reconstruction.

Saturation: a constraint on sample size

Our setup is well adapted for few tens of micrometer-sized grains. However, if the samples are too big, the light is fully absorbed and we do not have a signal to reconstruct. Indeed, as soon as the grains are bigger than 20 µm, the most intense bands could be saturated.

In the following part, we are going to explain the different solutions used to go beyond this limitation for samples between 20 and 50 µm. In our case, the saturation is easily revealed in the 3D reconstructions as it appears as a difference of density inside the spheres. Thanks to X-ray tomography on this sample, we know that the spheres are homogeneous in density.

In our reconstruction however, the big sphere appears empty as if we were underestimating the quantity of silicate inside the sample.

We have tried different solutions for this problem deescribed below.

Reconstruction on overtones

The first idea was to explore the possibility to work with the overtones at shorter wavelengths and not with the main stretching band for a given bond. For instance, for the large band of silicate around 900 cm -1 we looked for the overtone at 1800 cm -1 . Even if we managed to detect the overtone, the obtained reconstruction was not much better: in fact, even if we avoided the saturation, we had a noisy band hard to detect and this introduced too much degeneracy in our reconstruction. Nonetheless, this solution could be applied in the future for major components with a broad band in the case of not too noisy signal (for instance if the synchrotron IR radiation is used instead of the Globar).

Study of the derivative

Another method could be the study of the spectral derivative. Saturation changes the intensity of the band by creating an edge but there is still a band and the position of the inflection point could be an indication of the abundance of the mineral. We tried to follow the variation of the position of the minimum of the first derivative (corresponding to the inflection point at about 1120 cm -1 for this particular sample) and use it as an indicator of the abundance of the silicates. We performed some reconstructions using this method, and although it seemed to somewhat correct the problem of saturation (the false difference of density inside the spheres was reduced), it still produced artifacts. 

Strengths and limits of IR tomography

With IR tomography, we are able to obtain the spatial distribution of different chemical phases, both the organic and the mineral in three dimensions. Moreover, we can collect all this information without destroying or damaging the sample (the sample can be collected after measurement and used for more destructive analyses, we are developing a whole protocol for precious sample with A. Aléon).

However, our setup has several limitations:

• We have strong constraints about the size of the sample. If the sample is bigger than about 50 µm, the transmitted signal is not enough to do correct measurements. Our set up is well adapted for IDPs, Hayabusa samples and small fragments of meteorites.

• The scattering/diffraction effects are still important and the their treatment needs to be better taken into account.

• The spectral resolution used is not high enough to properly map small bands. We shall improve this point when the FPA will be coupled with the synchrotron as the signal to noise will be much better (see Chapter 8).

Superposition of X-ray and IR tomography reconstructions

Another set of measurement was also performed on some of our samples with X-rays. X-ray tomography could compensate some drawbacks of the IR tomography and it is useful to couple the two techniques to have a powerful physical-chemical characterization. In this section, we are going to describe the procedure to superimpose the two sets of data. Subsequently, we will show how X-ray tomography was used to define the shape of our grains and give some constraint to filter the matter once the reconstruction is done. Measuring precious grains coming from Itokawa is also a useful preparation for samples that will be collected by the next sample return missions. As non-destructive technique bringing complementary information to XCT tomography and XRD, IR tomography could be part of a multi-scale analytical sequence in the preliminary characterization of samples returned by the OSIRIS-REx and Hayabusa2 missions.

6.1 Global composition study

Identification of functional groups

Study of IR spectra

We have first listed the bands present in the different spectra. The attribution was done based on Yesiltas et al., 2014, Beck et al., 2014 for the mineral bands and Dartois et al., 2005 for the organic bands. In the following 6.1: List and attribution of the main spectral signatures in the 5 Hayabusa grains.

We observed several groups of signatures: a first group is due to the organic glue which surrounds the sample. Indeed all these signatures (in blue in the table below) are spatially correlated. To prepare the sample, the JAXA used glycol phthalate glue to fix the sample to the carbon fiber. This organic wax is responsible for the following vibrations: we detect the C-O stretching at 1110 cm -1 , the CH 2 deformation at 1373 cm -1 and the CH 2 stretching (symmetrical at 2864 cm -1 and asymmetrical at 2962 cm -1 ). We can also notice the presence of a small band at 3062 cm -1 due to CH aromatic stretching. Finally, a large OH stretching band between 3000 and 3750 cm -1 is visible. The presence of the ester group COO conjugated to the aromatic cycle of phthalate explains the presence of the band due to the C=O vibration at 1751-1774 cm -1 and the C=C vibration at 1604 cm -1 . All these bands are visible in Fig. 6.2, in the red spectrum coming from an area mainly composed of glue on a projection of the grain RA-QD02-0214. Then we note a broad band around 10 µm due to Si-O stretching. We observe heterogeneity in the structure of this band. Indeed the shape and the position of the maximum varies inside samples. For instance, a maximum around 1050 cm -1 signs the presence of Calcium rich pyroxene while a maximum at 971 cm -1 is characteristic of the presence of the olivine: forsterite 60-65 (Hamilton et al., 2010 for the identification of the olivine, Omori et al., 1971 for pyroxene identification). We have shown in the panel (b) of the previous figure two spectra extracted during the measurement of the grain RA-QD02-0214. Heterogeneity inside Hayabusa grains is visible even if the signal to noise ratio is low in our spectra.

Finally, for the five grains, we detect a strong band at 1180 cm -1 in a very localized spot, the position of the IR band suggest sulfate but this identification need to be confirm as other papers as Noguchi et al., 2014 did not detect any sulfate on Hayabusa samples.

2d projections and spatial coherence

Once the bands were identified, we studied their spatial distribution in the projections. We observed that glue and silicates of the grain are spatially well separated. We also distinguished a third phase which is not co-localized with any other band. This phase has a signature at on Hayabusa grains are presented in Chapter 1 of this thesis. In the next section, we are comparing the results obtained by these three methods for our five grains and discuss the complementarity of these methods.

In the following table, we compare the composition observed by the three methods. We have listed the major phases in black. Minor phases (occupying small volume in samples) are listed in red and blue: the phases detectable by FTIR are in red and the other ones (phosphate, chromite, troilite and taenite) visible only with X-rays are in blue. With the S-XRD analysis, we have a precise global identification about the type of mineral and the dual energy X-CT data confirms identification and brings spatial information and structural information. These two complementary techniques are adapted to study the mineral part of the sample.

Method

For the 5 grains, IR confirms the detection by XCT and S-XRD concerning the major phases, which validates the IR spectral attributions. In the case of the grain RA-DQ02-0214, the two mineral phases are well separated, and each one of them is around 10x10x10 µm 3 which makes the detection easier and the distinction feasible. However, with the current state of our setup, it is hard to extract more information concerning minerals as the signal to noise ratio is quite low in our data (due to the time constraints). Also, the minor phases (in red) are not detected in our data: minor phases sign as small absorption bands which are hard to distinguish from the noise. Moreover, it is harder to distinguish two phases with quite close spectra as Ca-rich pyroxene and Ca-poor pyroxene. The coupling of the tomography setup with a synchrotron beam will help us to go further (see Chapter 8).

In the next section, we are going to study the 3D structure of grains and compare spatial distribution obtained with X-CT and IR tomography.

Three-dimensional Study

Dual X-CT analysis

Comparison between the 5 particles First, we analyzed the results of X-CT data and we noticed differences between grains that allowed us to classify the grains in three categories. A first kind of sample is monomineralic samples (grains RA-QD02-0156 and RB-QD04-0046) or mostly monomineralic particle (grain RA-QD02-0223): we observe mainly one phase on X-CT slices of these grains as shown in panel (a) of Fig. 6.5 and we detect only one component in IR tomography. The grain RA-QD02-0214 is composed of two phases, spatially well separated and each of them occupies about half of the sample. The panel (b) of the next figure shows a slice of this grain (we distinguish the olivine on the left and the Ca-rich pyroxene on the right of the sample). Finally the grain RA-QD02-232 shows a more complex structure with a higher heterogeneity (see Fig. 6.5), we observe some small inclusions of troilite, chromite and taenite inside Ca-rich pyroxene. 

Shape model obtained from X-data

We also used the X-ray data to constrain the shape of the sample, to create a filter for the IR and reduce scattering effects, as explained in Section 5.6.2. To define this spatial filter, we relied on levels of gray. In the following figure, a slice of a sample and the profile along the yellow line is shown. We have defined one filter for the grain (LAC higher than 50, see Fig. fits the X-ray shape of the grain RA-QD02-0232. The X-ray data are represented in a gray scale (the glue and the needle are represented in very light gray and the grain is visible in a brighter gray). We see that the two data-set agree quite well, considering that these are the raw reconstructed data, visualized before applying any filter on IR data. This shows that the IR reconstruction protocol can be used for Hayabusa grains. The video 1, provided as supplementary material, shows the 3D distribution of the different components for this grain. Figure 6.7: separation between glue (in red) and grain in 3D (in green) Moreover, on reconstructed data, we can check that the grain and the glue surrounding it are well separated. Indeed, even if the glue is in contact with samples and a small part of it has maybe slotted in samples, this two phases must be spatially separated and the correlation between them should be small. After doing these verification, we have used the X-ray data to create a shape model and limit the scattering/diffraction on the IR sample. We can then represent the reconstructed data by filtered slices inside the reconstructed samples. In Fig. 6.9, we see average slices (xy) (plan parallel to the needle axis) for a given z. The four phases reconstructed are represented. We confirm the presence of the silicate band inside the points corresponding to the sample. We see some small heterogeneity inside the distribution of silicates, a part of this heterogeneity could be real in the sample, but it is hard to complete spread the possibility of heterogeneity due to reconstruction artifact. The heterogeneity visible in the organic reconstruction seems more real as its distribution is probably heterogeneous in density.

Reconstruction on a bi-mineralic grain: the example of RA-QD02-0214

For polymineralic grains, in addition to the reconstruction mentioned above, we have also performed separated reconstructions for different minerals based on the intensity of the second derivative (see Chapter 2). Fig. 6.10 shows in panel (a) the X-ray data for grain RA-QD02-160 0214. Only the grain (and not the glue) is represented and the two levels of grays, significant of the different linear attenuation coefficient at 8 keV, represent the olivine distribution (in light gray) and the Ca-rich pyroxene distribution (in dark gray). In panel (b), we can see the distribution of the IR reconstruction of the olivine in green and Ca-rich pyroxene in brown.

We see that IR tomography based on the second derivative agrees well with the distribution of different minerals predicted by the X-data. The video 2 in appendix shows the distribution of the different components for this grain. Reconstruction on a polymineralic grain: example of RA-QD02-0232

Finally, we studied the more complex grain RA-QD02-0232 to understand how much we are sensitive to the heterogeneity inside mineral phases when we reconstruct data in the infrared.

In Fig. 6.12 we see slices yz for a given x (three different slices spaced by 3.3 micrometers from each other). This grain is mainly composed of Ca-poor pyroxene with different smaller phases of about 10x5x10 µm 3 embedded in the Ca-poor pyroxene, so we can well see the heterogeneity on this grain in the X-ray data. In addition to X-ray data, the silicate reconstruction is represented. We detect well the differences in composition in the X-ray data with some black points (trolite or chromite) and some bright spots (plagioclase), but unfortunately, we do not clearly see these points in the silicate distribution. This shows the limit of our setup to detect small phases, as we are not yet able to detect empty spaces or space occupied by phases not detectable in the MIR range. With this example, we stress the necessity of coupling X-ray data to IR data.

Strength of the IR tomography for precious astrophysical grains

We have proven in this chapter our ability to perform coupled IR and X-rays analysis on precious grains. In a sequence of analysis, micro-FTIR 3D spectral imaging coupled with X-rays The main band in all samples was the silicates SiO band around 1000 cm -1 . We observed a broad band with several small sub-features, essentially due to pyroxenes, olivines, amorphous and hydrated silicates (see Fig 7 .3). In particular two prominent features were observed at 964 cm -1 and 1041 cm -1 , possibly due to serpentine and Ca-rich pyroxene. A small carbonate contribution was also present around 1400 cm -1 . A band tentatively attributed to sulfates was observed at about 1120-1130 cm -1 . Water bending and stretching modes around 1633 cm -1 and 3000-3700 cm -1 were very strong in all samples. Some spectra also suggested the presence of a very weak band at about 3660-3670 cm -1 due to structural -OH, although the presence of other spectral artifacts (see below) in that spectral region hampered a clear identification. Organic signatures were easily detected in all samples (see Fig. 7.4). Aromatic carbons were responsible for the aromatic C-H stretching at 3045 cm -1 , and aromatic C=C modes at about 1600 cm -1 and 1250 cm -1 . Aliphatic CH 2 and CH 3 groups were identified thanks to the stretching modes between 2854 cm -1 and 2958 cm -1 and to the bending and deformation modes in the region 1300-1400 cm -1 . Unfortunately, we also observed a large band in the spectral region around 2700-3000 cm -1 which complicated the detection of aliphatic CH stretching bands. This band was probably due to volume effects as scattering inside the sample. Additional spectral artifacts possibly due to volume scattering seemed to be present at 1800-2200 cm -1 , with a potential contribution of the overtones of the silicate bands. Some residual atmospheric water and carbon dioxide bands were observed due to variations of their abundances over the day of measurements with respect to the background acquisitions. The residual atmospheric water in particular impeded an unambiguous identification of the structural -OH in the samples. Finally, some interference fringes were recognized in the spectra of Paris 2 and Paris 3. 

Frequency (cm

Spatial distribution of the components

We mapped the spatial distribution of the different functional groups in each IR projections by using the area under the IR band, and then we reconstructed each component following the procedure described in chapter 5. To reconstruct the silicate distribution in 3D, we used the left shoulder of the silicate band to avoid a possible saturation bias. Unfortunately some edge effects remained on the silicate band, evidenced locally by the appearance of a pseudo-Christiansen feature, and implied that the silicate band area is underestimated at the edge of all samples.

Examples of 3D reconstructions and superposition of IR and X data are given in Fig. 7.5.

We well distinguish hot spots inside the distribution of aliphatic moieties and carbonates, but the distribution of the OH stretching seems to present a smaller heterogeneity. The video 3 provided as supporting material shows the distribution of the different components for this grain. To better illustrate the spatial distributions of the components, we present in Fig. 7.6 a 2-µm thick slice of Paris 5, extracted from the 3D FTIR dataset, along with the corresponding X-ray slice extracted from the 3D X-microtomography dataset. The distribution of the chemical component in each slice was normalized to its maximum value to display a 255-levels intensity scale. The distributions were spatially filtered using the superposition with the X-ray slice, but differently from Yesiltas et al., (2016) no additional saturation on the intensity values was included in this representation. Fig. 7.5 shows only the aliphatic CH stretching, the carbonates and the water, but we managed to reconstruct also the OH bending band, the sulfates, the whole silicate bands and some small bands characteristic of the crystalline structure as the bands of the diospside at 964 cm -1 . For the other components

Discussion

Comparison between the three samples

Even if the three fragments presented globally the same signatures, we can notice some significant differences between them: the mineral bands in the 10-µm region are clearly different in the three samples. Paris 3 seems to have an especially broad and structure-less band of silicates, that could be a sign of a significant abundance of amorphous silicates, similarly to the Paris fragment analysed in transmission in the Chapter 3. On the contrary, Paris 2 shows specific signatures in the 10-µm region and the presence of additional sulfate bands. Paris 5 has somewhat intermediate spectral features. Thus, the 10-µm region suggests that Paris 3 is the least hydrothermal altered among the three (see discussion of Chapter 3).

Much smaller variations among samples are observed on the organics: the aliphatic CH bands are slightly stronger in Paris 5 and Paris 3 than Paris 2, and the C=O band is also stronger in Paris 5, while for the aromatic bands the differences seem to be too small to be clearly evidenced. This implies that the heterogeneity of the mineral components among different meteorite fragments is already detectable at the scale of few tens of microns, while the heterogeneity of the carbonaceous materials must reveal at smaller scales, as it has been evidenced for instance by Vinogradoff et al., (2017) on Paris meteorite using XANES. In the following we will focus on the Paris 5 fragment, as it is the one showing an intermediate spectral behavior and also less interference fringes along the spectrum.

Comparison with extracted IOM of carbonaceous chondrites

In the three fragments, we have emphasized many small bands characteristic of the organic moieties. All the bands observed in previous studies of the IOM of carbonaceous chondrites led by Kebukawa et al. (2011) and[START_REF] Orthous-Daunay | [END_REF] were also present in our sample and the structure of the bands is similar to the one described by [START_REF] Orthous-Daunay | [END_REF]. Based on the IR spectrum, the organics of Paris resemble those of others CM2 (bells and Murchison) and CR2 (EET92042) measured by Kebukawa et al., 2011. Kebukawa et al. (2011[START_REF] Orthous-Daunay | [END_REF] reported spectra of IOM once it is extracted from the original meteorites. The sample has undergone an aggressive extraction to isolate the IOM, this process may have modified the structure of the organic matter. It is interesting to observe that, thanks to the big volume of our data, we are able to detect the same signatures on bulk rocks, without any chemical (e.g. extractions) or physical (e.g. crushing) processes. Moreover the possibility to improve our setup by coupling it to the synchrotron radiation seems very promising (see perspectives in Chapter 8), and in the future, we should be able to observe for each projection all the small bands of the organics on preserved samples, and thus to reconstruct them in 3D.

Heterogeneity inside a single fragment

In Paris 5 we observed heterogeneity of the mineral components by looking at the form of the 10-µm band: some spectra show a predominance of the band at 1041 cm -1 , while other regions of the sample have their maximum shifted toward smaller wavenumbers at around 964 cm -1 . This trend resembles what observed in Chapter 3 on the crushed 2D sample, as a sign of different degrees of amorphisation and aqueous alteration inside the fragment.

Unfortunately, due to the current limitations of our setup (low signal to noise essentially due to the use of the globar source, see Chapter 8 for details) it is hard to reconstruct in 3D the two distributions separately.

We managed to reconstruct the distribution of aliphatic CH, water and carbonates in Paris 5. The carbonates distribution is very localized, as shown in Fig. 7.6. This result confirms what discussed in Chapter 3. Water and organics show a less localized distribution. However, some zones of high-abundance are observed both for water and organics, quite close to each other but not exactly co-localized. The spatial heterogeneity of the organics can be also visualized by looking at the histogram of their abundance in all the voxels that is reported in Fig. 7.7. We can notice that the hot spots rich in aliphatic moieties presents an abundance around three time higher than the average concentration. This result is in agreement with our result on the 2D samples. We give particular emphasis to a zone rich in organics that appears in the lower-left area of the fragments shown in Fig. 7.6: this structure is few microns large and it shows an abundance of aliphatics that is about three times higher than the average value of the whole fragment. This zone is also rich in water. This co-localization suggests that aliphatic matter formation could be promoted or related to the presence of hydrated silicates.

It is interesting to note that the distribution of the OH bending and stretching modes is not the same. A part of the water could come from the contribution of the adsorbed terrestrial water. Also, the bending mode at about 6-µm is very close to the C=C and C=O modes, and it is hard to separate the three components with the low spectral resolution used in this study.

Similarly to Yesiltas et al. (2016), we observe localized hot spots of carbonates and aliphatic moieties. But the distribution of silicates in our grains seems more homogeneous than in Yesiltas et al. (2016), and we even detect some silicate structures characteristic of a higher degree of crystallinity. The heterogeneity of the OH bands could give indications about the degree of hydration of the silicates and similarly to what is described by Yesilstas et al., (2016), we can make a distinction between more or less hydrated silicates. 7.2: Auto-correlation for the main component of the Paris 5 fragment.

We observe that the value is smaller for the CH band, and we interpret this as an indication of the heterogeneity of the aliphatic distribution. When comparing these values with the ones obtained for Hayabusa grains, we can see significant differences: calculation on the auto-correlation of the silicate gives values between 0.48 and 0.87 for mineral Hayabusa samples, with the more porous grains giving the lower values. Moreover, Hayabusa particles and Paris particles have very different physical properties such as the porosity (at least five times bigger in the Paris meteorite) and the diversity of the phases inside the sample (Hayabusa samples are mostly made of large minerals). In the future, auto-correlation could be an interesting parameter to quantify the distribution of each functional groups, once a significant number of samples will be studied by tomography.

Chapter 8 Conclusion and perspectives

Main results

The spatial distribution of chemical components in primitive extraterrestrial materials and especially the spatial link between the mineral and the organic phases was the central question of this work. To address this issue in an non-destructive way, we have studied both 2D and 3D samples using FTIR imaging. With the development of imaging, we have access to a large quantity of a data and we can study large heterogeneity inside samples. This heterogeneity is the result of complex processes undergone by small bodies before and after the accretion into planetesimals.

During this thesis, the first set of IR analysis was done in 2D on a primitive sample.

Thanks to the study of the mineral context, I have studied the evolution of the organic matter through aqueous alteration. I presented a selection of results based on FTIR microspectroscopy and hyperspectral imaging of two different samples of the Paris meteorite, the least altered known CM2 chondrite. The first one was a wide area (500x500 µm 2 ) of a millimetric fragment directly measured in reflectance without any preliminary preparation of its surface. The region included matrix and chondrules and was chosen for its mineralogical and chemical diversity. The second one was a micrometric particle pressed between two diamond windows and measured in transmittance using an imaging system with of 0.66 µm pixel resolution.

I studied the distribution of the different phases (amorphous silicates hydrated and nonhydrated, crystalline silicates, phyllosilicates, aliphatic organic moieties, calcium carbonate and calcium sulfate) on both samples. Based on IR analysis, the Paris fragment matrix presents a mixture of different and gradual stages of silicates amorphization/crystallization and hydration, consistent with the hydrothermal alteration scenario proposed by [START_REF] Leroux | Ce résultat nous a permis d'identifier différents micro-environnements au sein de l'échantillon ayant subi un degré plus ou moins marqué d'altération aqueuse : la partie la plus primitive est principalement composée de petits grains d'olivine intégrés dans des silicates amorphes hydratés, puis l'altération aqueuse a dans un premier temps mené à une disparition progressive de l'olivine et à un enrichissement en silicates amorphes porteurs de molécules OH. Finalement, une altération aqueuse plus marquée va conduire à la production de phyllosilicates et de carbonates. A une échelle un peu plus large[END_REF]. Furthermore, the small particle analyzed shows several micro-environments corresponding to different degrees of aqueous alteration and suggests the following scenario: the more primitive part is mainly composed of small grains of olivine particles embedded in hydrated amorphous silicates. The aqueous alteration led, in the first stage, to the disappearance of olivine and enrichment of OH-bearing amorphous silicate. Finally, a higher degree of hydrothermal alteration led to the formation of phyllosilicates and carbonates. Besides, at a larger scale, infrared mapping gives an interesting glimpse on the way the fluid circulated into the matrix and partially altered it.

For the micrometric particle, IR measurements also reveal local heterogeneity in the organic matter. Compared to the other parts of the grain, its most altered region is poorer in organics and characterized by a distinctly higher CH 2 /CH 3 ratio. This implies longer aliphatic chains or a low degree of branching and/or cross-linking. I conclude that longer aliphatic chains and/or a low degree of ramification in this region are the result of the hydrothermal alteration.

Thanks to my spectral imaging analyses, I was also able to study the evolution of this small-scale heterogeneity in meteorites under the effects of energetic processing. I acquired IR micro-reflectance spectra scanning large portions of laboratory-irradiated meteorites. Spectral maps provided a characterization of the heterogeneity of the meteorites at the 20 µm spatial scale. In the irradiated areas, we observed spectral modifications of both anhydrous and hydrated silicates. After irradiation, we detected spectral shifts of the IR bands, larger for anhydrous than hydrated minerals. By comparing the compositional heterogeneity of the pristine materials with the irradiation effects as a function of the dose, we determined which spectral features are more sensitive to ion irradiation.

The new results suggested an original spectroscopic method to detect irradiated areas that may be used by missions visiting carbon-rich asteroids. We showed that a distinction between primitive and altered samples is possible through the study of the 3 and 10 µm bands, and we compared the laboratory results with the IR spectral capabilities of instruments onboard Hayabusa2 and OSIRIS-REx, to provide these missions with spectral criteria on how to distinguish irradiation from compositional heterogeneity effects at the asteroid.

We found that the band modifications of irradiated meteorites should be observable by instruments onboard these missions.

In all these studies, the spatial distribution has a central place and the next step to better understand the assembly of the different phases is to work on samples in 3D to preserve the spatial distribution. To do this, I have implemented a new setup to measure IR tomography. This technique allows studying the spatial distribution in 3D of the chemical components on intact samples. Moreover, with X-ray tomography we can obtain complementary physical information such as porosity, shape and distribution of metallic inclusion. Finally, the combination of IR and X-ray tomography gives a complete physico-chemical characterization of grains. With this method, we can emphasize areas of interest inside the sample and plan subsequent destructive analyses.

First, I tested the combination of IR and X-ray tomography on grains coming from the asteroid Itokawa. I have thus proven the possibility to study precious grains and to extract spatial information as the spatial distribution of the different minerals. Another study was led on three fragments of the Paris meteorite to answer questions about the organic matter and also to prepare the analysis of the samples that will be collected on carbonaceous asteroids by Hayabusa2 and OSIRIS-REx. IR tomography also reveals a spatial heterogeneity inside the organic matter and different degrees of amorphization in the different fragments.

The detection of this heterogeneity seems very promising and with a better signal we should be able to extract more information, as described in the next section.

Perspectives

Experimental improvement

In the short term, some technical improvements can be implemented in our setup. As the measurement is quite long and needs human manipulation at each angle for the moment, the next step is to automatize the measurements.

Another priority is to improve the quality of the data. The first thing to do is to better take into account the diffraction of the light induced by the setup itself. A correction of the response of the instrument with its own PSF (Point Spread Function) will be important to correct diffraction effects. The other crucial point will be the use of the synchrotron beam to increase the signal to noise ratio. By using synchrotron radiation, we can significantly improve the quality of the signal (see Fig. 2.3). Some preliminary tests were conducted to quantify this improvement. In Fig. 8.1, we can see two spectra of meteoritic samples. The black one comes from the Paris meteorite and the red from the Tagish Lake meteorite. Obviously, the two meteorites have different composition. Both spectra were taken at 4 cm -1 , but the black one was measured with a Globar source while the second one was measured by using the synchrotron radiation. Moreover, the number of scans was 4 times higher in the case of the Globar source.

Despite this, we can see that the signal to noise ratio is much higher when we use a synchrotron (by about a factor 5). Therefore, we can estimate that if we performed tomography measurements in the same conditions, we would multiply the signal to noise ratio by about ten thanks to the synchrotron radiation. The detection of small bands and their mapping will be much easier, and their 3D reconstruction will be possible.

Data treatment

Currently, we reconstruct chemical components one after the other, but the next step is to reconstruct the whole IR spectrum in 3D. Then, we will be able to directly study the spectra of a voxel of interest in the reconstructed data. For instance, this may bring some answer about the issues discussed in our 2D analysis of the quantification of amorphization/crystallization of the silicates or the ratio CH 2 /CH 3 . We have already started to implement this, thanks to XANES tomography software and a collaboration with Y. Liu (SSRL, SLAC).

Once the set up is automatized and improved, we can enlarge the study to a wider set of extraterrestrial samples. Our setup is well adapted for samples with a size between 10 and 40 µm, so it is well suited to study IDPs (Interplanetary Dust Planetary). As potential fragments of comets and very primitive objects, they may provide important keys to a better understanding of our early Solar System. At longer term, this setup, hosted by the SOLEIL synchrotron, could also be used by other communities such as biologists or material physicist to characterize the spatial structure of their samples. The study of hydration and the organic matter in details seems very promising for biological samples.

Porosity

During this Ph.D., I have also collected many data with X-ray tomography on both micrometric and millimetric samples. X-ray tomography reveals the presence as expected of chondrules, metal inclusions and matrix. The goal of this study is to characterize the porosity at different scales for samples of different origins. Information about the porosity on primitive materials can be a critical input for the models of grains either in the interstellar medium or in protoplanetary disks or at the surface of small bodies. Moreover, with macroscopic meteorites samples, we wanted to study the effects of aqueous alteration.

Meteoritic samples were chosen to cover a large degree of aqueous alteration from not altered meteorites (Pavlovka) to very altered ones (Orgueil). I have already evaluated the porosity of these samples. Indeed, the literature predicts a decreasing of porosity with aqueous alterations. The following table presents the estimated porosity of few samples.

Sample

Average This preliminary study shows important differences in the structure and the porosity among meteorites with different degrees of alteration. However, the porosity obtained with this study seems very low comparing to other studies conducted using volume measurements (around 35% for CM and 23% for CI). Our set of data gives access to the porosity at a scale above 0.8 µm and thus, nanometric pores inside the sample cannot be detected. Not taking into account such porosity could explain the discrepancy between the literature and our data.

The estimate of the porosity for the micrometric samples could consolidate this explanation.

Porosity at different scales is relevant to different phenomena. In our scale, we are more sensitive to cracks and fractures inside the sample, that could witness the history of agglomeration and shocks undergone by macroscopic fragments. In the future, further analysis of the shape, the layout, and the assembly of these structures could lead to better understanding of the aqueous alteration process. Future measurements are also planned on the ANATOMIX beamline in SOLEIL at lower energy and with better spatial resolution to reach smaller scales. Des analyses précises en laboratoire de ces échantillons sont essentielles pour comprendre les conditions physico-chimiques qui ont mené à la formation des petits corps et des planètes. Le but de cette thèse interdisciplinaire à été d'exploiter l'imagerie infrarouge et de développer un dispositif de microtomographie en spectroscopie infrarouge à transformée de Fourrier. Nous étudierons des fragments de méteorites et de pousières astéroïdales. De plus, la tomographie en rayons X à été utilisée pour contraindre précisement la forme de l'échantillon. Avec ces analyses, nous avons caractérisé la composition de matériaux extraterrestres à très petite échelle sans les détruire. Nous avons étudié l'effet des processus post-accrétionels, comme l'altération spatiale, à l'intérieur du corps parent, ou l'altération spatiale, à la surface de l'astéroïde, à la fois sur les parties minérale et organique. En particulier, nous avons pu grâce à cette expérience, étudier la corrélation spatiale de la matière minérale et organique, ce qui est fondamental pour comprendre l'origine et l'évolution de la matière organique.

Title: Infrared Micro-tomography for the characterization of extra-terrestrial materials

Keywords: Infrared spectroscopy, extra-terrestrial material, micro-tomography, asteroids, ionic irradiation Laboratory based studies of extraterrestrial materials derived from primitive objects is fundamental to improve our knowledge about the formation and the evolution of the Solar System as well as for interpreting observations collected by spacecraft and landers. Precise laboratory analyses of samples obtained from sample return missions are essential to understand the conditions and the physico-chemical processes, which lead to the formation of the small bodies and planets. The aim of this interdisciplinary thesis was to exploit the infrared imaging and to implement threedimensional Fourier transform infrared microtomography to study different extraterrestrial materials (meteorites and aster-oidal dust). Moreover, X-ray tomography was used to determine the precise shape of the samples. With these analytical methods, we have characterized the composition of extraterrestrial materials without destroying them at very high resolution. We have studied the post-accretional effects, such as aqueous alteration inside the parent's bodies or space weathering at the surface of asteroids, on both the mineral and the organic components. In particular, we studied the correlations between the organic materials and the minerals observed in the sample, which is fundamental to understand the origin and the evolution of the organic matter.

Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

  Rotundi et B. Zanda. Je remercie aussi A. Tsuchiyama, T. Nakamura, P. Beck and Y. Kebukawa d'avoir accepté de partager certaines de leurs données. Enfin, je remercie Francois Brisset pour son aide avec le miscroscope électronique ainsi que Donia Baklouti et Serge Della-Negra de m'avoir donné l'opportunité de travailler sur d'autres projets. J'ai aussi eu l'occasion d'encadrer plusieurs stagiaires: Stéphano, Anne-Cécile et Nilly. Votre venue m'a permis de retrouver la magie et de réaliser mieux la chance que nous avons de pouvoir faire ce métier passionnant. Merci pour votre motivation, votre curiosité pour notre travail et pour tous les bons moments que nous avons partagés.

  bodies of the Solar System . . . . . . . . . . . . . . . . . . . 1.2 Study of post-accretional processes . . . . . . . . . . . . . . . . . . 1.2.1 Heterogeneity inside extra-terrestrial materials: key of complex processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2.2 Aqueous alteration . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2.3 Thermal metamorphism . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Relationship between Organic Moieties and Minerals . . . . . . 1.4 Interest of Infrared measurements . . . . . . . . . . . . . . . . . . 1.5 Comparing laboratory spectroscopy with observational data . . 1.6 Study of asteroidal fragments in laboratory . . . . . . . . . . . . . 1.6.1 Presentation of the Hayabusa mission . . . . . . . . . . . . . . . . 1.6.2 New sample return missions to carbonaceous asteroids . . . . . . . 1.7 Presentation of this work . . . . . . . . . . . . . . . . . . . . . . . .

Figure 1 . 1 :

 11 Figure 1.1: Schematic history of the beginning of our Solar System (from Chaisson et McMillan in Astronomy Today (1993)).

Figure 1

 1 Figure 1.2: (a) A chunk of the Murchison meteorite. (Image from Northern Arizona University) (b) a thin section of the Dar al Gani 186 carbonaceous chondrite showing

Figure 1 . 3 :

 13 Figure 1.3: Classification of the meteorites according to a petrologic type (from Sephton et al. 2002).

Figure 1 . 6 :

 16 Figure 1.6: Illustration of the advances in spatial resolution of various microanalytical techniques and in parallel the progression of the sample return space missions (from Westphal et al., 2016).
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 1 Figure 1.7: A schematic view of the space weathering processes (from Brunetto (2007)).

Figure 1

 1 Figure 1.8: A and B: Photo and scheme of the collecting rooms on the spacecraft (from Nakamura et al., 2011). C: representation of the two touched down sites on Itokawa (modified from a JAXA image).

Figure 1 .

 1 Figure 1.10: Examples of slices obtained by X-CT tomography at 7 keV of grain RA-QD02-0031 (panel A), grain RA-QD02-0048 (panel B), grain RA-QD02-0038 (panel C) and grain RA-QD02-0031(panel D) (from Tsuchiyama et al., 2014).

Figure 1 .

 1 Figure 1.11: example of XRD data of grain RA-QD02-0214 with detection of Ca-rich pyroxene, plagioclase and olivine (kindly provided by T. Nakamura)

Figure 1 .

 1 Figure 1.12: Minerals in Itokawa particles and in LL 5-6 chondrites: abundance and composition (from Tsuchiyama, 2014).
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 21 Figure 2.1: Energy level diagram.
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 22 Figure 2.2: Scheme of a FTIR microscope (adapted from Orthous-Daunay, Ph.D. thesis).
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 23 Figure 2.3: Comparison between the signal obtained with a Globar source and by using synchrotron radiation (from Miller et al., 2005).
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 2 Figure 2.4: Photo of the Continuum XL microscope with the MCT detector.
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 25 Figure 2.5: Photo of the Agilent FPA microscope.
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 26 Figure 2.6: Comparison of spectra in transmission the same sample with (red) and without (blue) PCA denoising treatment.

  references therein), to characterize and quantify the relative abundance of the aliphatic component (see Fig. 2.8).

Figure 2

 2 Figure 2.8: Example of aliphatic bands measured by FTIR on the Paris meteorite and of their spectral fit.
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 51 Raman spectroscopy principleWhile IR spectroscopy is an absorption technique, in the Raman effect one observes the inelastic scattering of a monochromatic photon. The energy diagram of the process is shown on Fig.2.9. Briefly, monochromatic light, usually from a laser is sent on the sample and after a virtual excitation the system relaxes. Relaxation can end in the starting electronic and vibrational state ∆ν = 0 or with ∆ν = ±1 vibrational configuration. The majority of the backscattered light is at the same frequency (Rayleigh effect), but a small portion interacts with the sample and an energy loss/gain can be observed. The structure of the resulting spectrum depends on the vibrational energy levels of the studied material, hence Raman spectroscopy is also a vibrational spectroscopy technique, the electronic structure of the sample (resonant vs. non-resonant interactions) and potentially plasmonic or photonic field enhancement due to nanostructured samples or substrates. Comparing the energy of the scattered photon to the excitation frequency, we can talk about a Stokes, energy loss, or anti-Stokes process, energy gain (see Fig.2.9).
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 29 Figure 2.9: Principle of the Raman spectroscopy (from S. Wartewig in IR and Raman spectroscopy: Fundamental Processing) .
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 2 Figure 2.10: Stokes and anti-Stokes bands.

Figure 2 .

 2 Figure 2.11: Typical D and G signatures of the aromatic organic moieties in the Raman spectrum of an Interplanetary Dust Particle (from Merouane et al., 2013).

  the sample. Infrared microscopes are generally operated in a confocal arrangement with two apertures to eliminate diffraction caused by the first aperture and by inhomogeneity in the sample. The spatial resolution becomes further limited by the number of photons capable of passing through apertures hence the use of high brilliance sources such as synchrotron radiation sources or lasers. In theory, such systems may achieve spatial resolutions of the order of lambda.

Figure 2 .

 2 Figure 2.12: Comparison of two grains of carbonates observed with different setups: optical image (a) and maps of the same area obtained with (b) the Raman spectrometer, (c) the FPA, Globar source and (d) the single point MCT, SR source.
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  The sample was provided by B. Zanda of the MNHN (Muséum National d'Histoire Naturelle de Paris). Unfortunately, the information on the lithology it originated from was not recorded at the time of extraction.The sample was crushed (see Fig.3.1) in a diamond compression cell, which is transparent in the IR range (similarly to what is described by[START_REF] Brunetto | [END_REF]. After crushing we obtained a sample of 50x40 µm 2 and 3.0 +/-0.5 µm in thickness. During measurements the cell was opened and the sample was exposed to air.

Figure 3 . 1 :

 31 Figure 3.1: Optical image (obtained by reflectance) of the Paris fragment pressed in a diamond compression cell.

Figure 3

 3 Figure 3.2: Spectra (a) between 2600 and 3720 cm -1 and (b) between 850 and 1250 cm -1for different regions of the samples. We distinguished 3 different regions A, B and C, corresponding to different composition (see Fig.3.3). From bottom to top: the average spectrum of the whole sample (black), an average of 10 spectra extracted from the serpentine-rich region (extracted from region B, green), from the region rich in aliphatic CH (region C, blue), and from the amorphous silicate and olivine rich region (region A, red).

Figure 3

 3 Figure 3.4: Spatial distribution of (a) the amorphous silicates, (b) olivine, (c) pyroxene,(d) 

Figure 3

 3 Figure 3.4(l) shows the heterogeneous distribution of the aliphatic CH bands. Aliphatic CH stretching bands were intense in particular in one area: in a spot at the right of the sample (region C). The concentration in this area was at least three times higher than the average aliphatic C-H concentration in the whole sample. Whereas, we found some spectra around the center of the sample in region A and on top of region B with a much lower content in aliphatic moieties. Olivine (see Fig.3.4(b)) was co-located with the organic matter poor in aliphatic in the region A, and chrysotile (serpentine) is co-located with the one in region B.
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 35 Figure 3.5: Optical image showing in red the spots that have been explored by Raman spectroscopy and micro-Raman spectra showing (a) calcium carbonate and sulfate, (b) olivine, (c) diopside and (d) D and G bands polyaromatics bands.

Figure 3

 3 Figure 3.6: (a) Distribution of the CH 2 /CH 3 ratio. Points outside the meteorite were forced to zero. The distribution was spatially smoothed by a binning of 4 pixels. (b) Fit of 5

Figure 3

 3 Figure 3.7: (a) Correlation diagram OH-CH: number of OH stretching/SiO oscillators versus number of CH/SiO oscillators with the correlation right; (b) histogram-distribution of the number of CH normalized by the abundance of SiO; (c) insert showing the spatial distribution of the pixels (black points) with CH/SiO band area ratio 1 σ higher than the median value. Red points in all panels correspond to pixels with CH 2 /CH 3 values higher than 3.2.

Figure 3

 3 Figure 3.8: Correlation diagrams between the OH stretching and the silicates. The blue distribution represents the amorphous silicate rich pixels, the red one represents the serpentine rich pixels and the dark one represents the diopside rich pixels.

Figure 3 .

 3 Figure 3.4 shows that the OH stretching and HOH bending modes were co-localized with the amorphous silicates. We plotted in Fig. 3.8 the correlation between the OH and SiO stretching bands in the amorphous silicates (following the example of Yesiltas and Kebukawa

Figure 3

 3 Figure 3.9: the analyzed fragment of Paris meteorite. The principal 500 µm x 500 µm area analyzed is indicated in red with the A, B, C et D regions discussed below.

Figure 3 .

 3 Figure 3.10 : FTIR micro-reflectance spectra showing the major components found in the analyzed regions of the matrix of the 500 x 500 µm 2 chosen surface area. (a) Sulfate spectrum (b) Carbonate (mixed to some sulfate) spectrum. (c) Two hydrated amorphous silicates spectra (the arrow points to the hydroxyl absorption at 2.75 µm). (d) Two

  Fig. 3.11 shows the mappings of the carbonate (panel a), the sulfate (panel b), the silica of the matrix (panel c), the Mg-rich pyroxene (> En 80 , panel d) components, the amorphous silicate (hydrated or anhydrous ones, panel e), the H-O-H bending of water molecules (panel f, with maybe some contribution from a C=C stretching band) and the H-O-H stretching of hydroxyl groups (panel g) of the hydrated amorphous silicates.

Figure 3 .

 3 Figure 3.11: Infrared mapping of a) the carbonate component, b) the sulfate component, c) the silica polymorph component at 9.22-9.13 µm, d) the Mg-rich pyroxene (>En 80 ), e) the amorphous silicate Si-O band at 10-10.25 µm, f) the O-H bending band at ≈6.25 µm, and g) the O-H stretching band at 2.75 µm.

  when applying gradual shock experiments on Murchison matrix samples. The samples studied by Morlok et al., are initially dominated by serpentine which progressively turns into an amorphous and anhydrous silicate, and then to olivine under very high shock pressure.
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Figure 4

 4 Figure 4.1: Mid-Infrared spectral imaging of the Allende meteorite, with two irradiation areas at different ion dose. Panel (A): visible image showing the typical heterogeneous composition of the meteorite pellet at the tens of microns spatial scale (zoom Az). Panel (B): infrared map showing the peak position of the 11-µm band in gray scales, with white for short and black for long wavelength peak position. Panel (C): a typical matrix spectrum of Allende with the prominent 11-µm anhydrous silicates band collected on one spot of ≈20 µm.

Figure 4 . 2 :

 42 Figure 4.2: Same as Fig. 4.1, for the Murchison meteorite, with the four irradiation areas at different ion doses. Here the typical spectrum (collected on one pixel of about about 20 µm) is dominated by the hydrated silicate band at 10 µm.

Figure 4 . 3 :

 43 Figure 4.3: Zoom on Murchison meteorite pellet covering an unirradiated area and the irradiated area with 3.10 16 He + /cm 2 . Top: Visible image. Central panels: IR image of the peak position at ≈2.75 µm (left) and at ≈10 µm (right). Lower panels: typical IR spectra (obtained by averaging about 100 spectra of single positions with similar composition) of the irradiated and unirradiated areas around ≈2.75 µm (left) and at ≈10 µm (right) showing the behavior of the hydrated silicate component dominating the matrix. The vertical dash-dot lines are traced to guide the eye on the peak positions.

Fig. 4 .

 4 Fig. 4.3 compares the effects of irradiation on the band peak positions of Murchison hydrated materials in two key spectral ranges: the above discussed 10 µm peak (right panel)

Figure 4 . 4 :Figure 4 . 5 :

 4445 Figure 4.4: Histogram showing the band peak position of all spectra collected on the Allende pellet. The gray data include a large surface of the pellet (with both unirradiated and irradiated areas) while the red data were acquired on the irradiated area with the highest dose of He and the blue data were extracted from a small virgin area.

Figure 4 . 6 :

 46 Figure 4.6: Same as Fig. 4.5 at shorter wavelengths, for the -OH stretching band at 2.7 µm of the hydrated silicates dominating the Murchison sample. The spectral shift is smaller than in the mid-infrared.

  4.6). A clearer effect happens farther in the IR with the longward shift of the Si-O bands near 10 µm: both Murchison (hydrated) and Allende (which underwent thermal metamorphism) show this trend (see Figs.

  This defines new laboratory-based spectral criteria to describe asteroid surface alteration by SpWe. These criteria can be applied to the spectral observations of instruments onboard the Hayabusa2 and OSIRISREx spacecrafts. OSIRIS-REx carries a Visible and Infrared Spectrometer (OVIRS;Reuter et al., (2018)) and a Thermal Emission Spectrometer (OTES;Christensen et al., (2017)) covering the spectral ranges of 0.4-4.3 µm and 5.7-100 µm respectively. These instruments will provide global spectral maps at 20-and 40-m resolution, and local spectral information of the sampling site at 2-and 4-m resolution, respectively.

Figure 5 . 1 :

 51 Figure 5.1: Paris sample welded on a tungsten needle

Figure 5 . 2 :

 52 Figure 5.2: Peak position of the G peak in cm -1 for (a) different regions of the sample (regions 4-7) and (b) a small deposit of the Pt-C material on a clean surface of a ZnSe window.

Figure 5 .

 5 Figure 5.3: G band position according to the FWHM of the G band

Figure 5 .

 5 Figure 5.4: Number of counts as a function of the G band position

Figure 5 . 5 :

 55 Figure 5.5: Creation of the projection

Figure 5 . 6 :

 56 Figure 5.6: Relation between projections and sinograms

Figure 5 . 7 :

 57 Figure 5.7:Use of the central slice theorem to obtain the reconstruction

Figure 5 . 8 :

 58 Figure 5.8: Principe of the Filtered back projection reconstruction (modified from Messaliet al., 2015) 

Figure 5 .

 5 Figure 5.11: Reconstructed slices of the OH bending for one grain of Paris meteorite obtained with 'a) FBP and (b) ART.

  on Hayabusa particles. The five Hayabusa particles studied during my Ph.D. work had also been measured with dual energy X-CT and the reconstructions were kindly provided by A. Tsuchiyama. As explained byTsuchiyama et al., 2011, combining X-CT at two energies can provide information on the chemical composition of samples. They combined tomography at 7 and 8 keV, two energies located below and above the K absorption edge of Fe (7.11 keV). They observed differences in the LAC according to the concentration in iron: minerals with elements heavier than Si but lighter than Fe have relatively large LAC values at 7 keV, while Fe-rich minerals have large LAC values at 8 keV. They have applied this method to several grains of Hayabusa.

Fig. 5 .

 5 Fig. 5.13 is an example of the same reconstructed slice with measurements done at 7 and 8 keV. We clearly see the difference in contrast between these two energies. The gray scale represents the value of the linear absorption for each voxel when sending a beam of 7-8 keV on the sample. Just below the slice, we see the histogram of the voxels distribution of the LAC, and we observe several maxima in the distribution corresponding to the different minerals present in the sample.

Figure 5 .

 5 Figure 5.13: Reconstructed X-CT slices of the grain RA-QD02-0031 (a) at 7 keV, (b) at 8 keV and corresponding distribution of the LAC (from Tsuchiyama et al., 2011). Note that cm -1 represents linear attenuation and not vibrational frequency on this figure. The abbreviation Ol, Pl, Chm, Tr and HPx are used for olivine, plagioclase, chromite, troilite and high-Ca pyroxene.

Figure 5 .

 5 Figure 5.14: LAC at 8 keV according to the one at 7 keV for standard minerals (from Tsuchiyama et al., 2012).

Figure 5 .

 5 Figure 5.15: Photo of the setup used in IR tomography.

Figure 5 .

 5 Figure 5.16: Example of treatment on a spectrum of the grain RA-QD02-0214 of Hayabusa to isolate the different components for a projection.

Figure 5 .

 5 Figure 5.18: Image of the standards prepared with FIB: a) calcite and b) saponite grains.

Figure 5 .

 5 Figure 5.20: (a) SEM analysis and (b) reconstruction after IR tomography of a grain of calcite.

Figure 5 .

 5 Figure 5.21: Simulation of the point spread function using PSFLab in the (uw) plane as defined on Fig. 5.5 corresponding to (xz) on this fig. (a) linear scale (b) logarithmic scale. The field FWHM dimensions at the focus in u (x) and w (z) directions are 5.4 µm and 17.3 µm, respectively. The simulation was carried out for 8 µm wavelength illumination.

Figure 5 .

 5 Figure 5.22: Reconstruction of the spherical samples: (a) the silicates band; (b) the organic aliphatic band representative of the glue.

Figure 5 .

 5 Figure 5.23: 3D distribution of (a) continuum at 2.8 µm of IR, (b) X-ray data and (c) and their superposition for grain 3 of the Paris meteorite.

Figure 5 .

 5 Figure 5.24: Voxel intensity distribution in the X-ray reconstruction.

Figure 5 .

 5 Figure 5.24: Distribution along a slice of different components reconstructed with IR before (first row) and after the application of the X-ray shape filter (second row).

Figure 6

 6 Figure 6.1: Preparation done at JAXA of Hayabusa grains for tomography.

Figure 6

 6 Figure 6.2: (a) Example of spectra typical of the glue (red) and the minerals (green) for one projection of the grain RA-QD02-0214. (b) Zoom in the the mineral region showing two spectra of the grains RA-QD02-0214 with a difference in the mineral composition.

Figure 6 . 5 :

 65 Figure 6.5: X-ray (xy) slices measured at 7 keV for (a) RA-QD02-223, (b) RA-QD02-0214, and (c) RA-QD02-0232 (from measurements made by A. Tsuchiyama).

  6.6.a) and one for the glue surrounding the grain (LAC between 2 and 35, see Fig.6.6.b) based on the LAC profile.

Figure 6

 6 Figure 6.8 : Correlation diagram between the CH aliphatic and the silicate. The scale is given in log scale.

Fig. 6

 6 Fig. 6.8 shows the correlation diagram between the abundance of the CH oscillators and the silicates. We can see that the distribution of the CH aliphatic (glue) and the silicate (grains) give two clouds of dots, which confirms that the two populations are well anticorrelated. The calculation of the correlation between the broad band of the silicates and the band of the aliphatic CH, characteristic of the glue, gives a value of 0.13. Such low value proves the absence of correlation of these two phases and our ability to well-separate glue and grains.

Figure 6

 6 Figure 6.9: Slices (xy) of grain RA-QD02-0223, reconstruction of (b) silicate, (c) C=O and (d) C-H aliphatic bands. The corresponding X-ray slice is reported in the (a) panel.

Figure 6 .

 6 Figure 6.10: separation between minerals in 3D for RA-QD02-0214.

Figure 6 .

 6 Figure 6.11: slices (xy) of grain RA-QD02-0214, reconstruction of (a) X-rays data (b) pyroxene, (c) olivine, (d) C=O band, and (e) C-H aliphatic band.

Figure 6 .

 6 Figure 6.12: grain RA-QD02-0232 reconstruction from X-rays data (left), and from the IR silicate band (right) for (a) slice (yz) 55, (b) slices (yz) 58 and (c) slice (yz) 61.

Figure 7 . 2 :

 72 Figure 7.2: Average spectra of the three fragments of the Paris meteorite : in green Paris 2, in red Paris 3, and in black Paris 5.

Figure 7

 7 Figure 7.3: Zoom on a spectral regions to evidence the positions of the organic and silicate bands for the three fragments of the Paris meteorite.

Figure 7

 7 Figure 7.4: Zoom on the aliphatic region to evidence the positions of the organic and silicate bands for the three fragments of the Paris meteorite.

Figure 7 . 5 :

 75 Figure 7.5: Superimposed X-ray and FTIR 3D reconstructions of (a) OH stretching, (b) CH aliphatic vibrations and (c) carbonates for the Paris 5 fragment.

Figure 7

 7 Figure 7.7: Distribution of the aliphatic CH band intensity in all voxels of the reconstructed Paris 5 fragment. The voxels are filtered based on the calculated X-ray tomography.

Figure 8 . 1 :

 81 Figure 8.1: Meteorite spectra taken with a globar source (black) and with the synchrotron radiation (red).

187•

  'IR Imaging of the Paris Meteorite with an FPA Detector for Micro-tomography' SUM17 (oral) • 'Non-destructive IR micro-imaging of the Paris meteorite' LPSC 2017 (poster) • 'Non-destructive IR micro-imaging of two grains of the Paris meteorite' Metsoc 2016, Berlin (oral) L'infrarouge est aussi une technique très appréciée en astrophysique car elle permet une comparaison directe avec les observations des astéroïdes. Comme pour les météorites, une grande diversité est observée au sein des astéroïdes. En plus d'une hétérogénéité compositionnelle originelle, un ensemble de processus regroupés sous l'appellation altération spatiale peut modifier la surface des astéroïdes et biaiser les observations. Durant cette thèse, j'ai pu contribuer à une étude de météorites irradiées par des faisceaux d'hélium et d'argon pour simuler le vent solaire. Nous avons cherché à mieux discerner l'hétérogénéité liée à une différence compositionnelle primaire et celle introduite par l'altération spatiale. Dans les zones iradiées, nous avons pu oberver une modification spectrale des composés silicatés hydratés ou anhydres, nous avons pu ensuite quantifier le déplacement spectral des différentes bandes du spectre IR. Création d'un nouveau protocole d'étude 3D L'information spatiale est cruciale et étudier la co-localisation des phases est une aide précieuse pour mieux comprendre les processus pré et post accrétionnels. J'ai pu au cours de cette thèse développer une expérience de tomographie 3D IR. Ce dispositif permet d'étudier la localisation des phases chimiques en 3D et de travailler sur un grain préservé. Cette technique d'analyse non destructive donnera de précieuses informations sur les points les plus riches en organique ou présentant une structure particulière sans pour autant altérer l'échantillon. Elle pourra être envisagée comme première étape d'un processus d'analyses plus destructives, en effet une fois les régions d'intérêt détectées, des analyses sur des coupes FIB pourront être effectuées. Tomographie IR Pour réaliser cette expérience, la première étape a été de mettre au point une nouvelle technique de préparation d'échantillons permettant de préserver sa structure et de le maintenir horizontal dans le plan focal du microscope tout en permettant sa rotation. Nous avons ici utilisé une pointe en tungstène pour tenir l'échantillon. L'échantillon est attaché à la pointe grâce ùne soudure au platine faite au FIB. 204 Une série de mesures 2D (180 rotations de 1 degré) en transmission a ensuite été collectée sur plusieurs échantillons sur la ligne SMIS de SOLEIL, en tournant entre chaque mesure l'échantillon. Une fois toutes ces mesures prises, j'ai obtenu une série de projections, matrice 2D de spectres, pour chaque angle. La suite de mon travail a consisté à adaptée des méthodes de reconstruction basées sur les protocoles en tomographie X. Pour les principales bandes d'absorption du spectre IR : l'etirement des liasons CH 2 etCH 3 aliphatiques, l'étirement de la liaison OH et son pliage (cette bande contenant aussi une petite contribution du CC aromatique), la bande large des silicates et enfin les petites structures caractéristiques des régions plus structurées (olivine, pyroxène), j'ai extrait la distribution spatiale de leur abondance pour chacune des 180 mesures. Puis j'ai appliqué une méthode itérative basée sur la rétroprojection pour obtenir la distribution spatiale de tous ces composent en 3D. Tomographie en rayons X Une partie des échantillons étudiés pendant cette thèse a aussi fait l'objet de mesures en tomographie X sur la ligne PSICHE du synchrotron SOLEIL ou ils avait été au préalable mesurés par A. Tsuchiyama. Grâce à cette technique des paramètres physiques tels que la porosité mais surtout une forme plus précise du grain peuvent être extrait. En effet la résolution spatiale des données X étant beaucoup plus faible, nous pouvons produire des contraintes plus fortes sur la forme des échantillons et des sous structures internes. Couplage des deux méthodes pour une caractérisation physico-chimique La dernière étape du développement expérimental a finalement été de coupler ces deux méthodes d'analyse. Une fois les deux jeux de reconstruction superposés (remise à l'echelle, rotation et translation des données X pour minimiser la distance entre les deux distribution), nous pouvons pour un pixel donné calculer l'abondance relative des principales phases chimiques grâce aux données IR et avoir une idée des caractéristiques physiques grâce au données X. De plus, les données X ont permit de créer un modèle de forme sur laquelle filtrer les données IR ce qui nous a permit de diminuer les effets de diffraction/diffusion et de vérifier nos reconstructions IR. Titre: Micro-tomographie infrarouge pour la caractérisation de matériaux extraterrestres Mots clés: Spectroscopie infrarouge, matière extra-terrestre, micro-tomographie, astéroidsprimitifs, est fondamentale aussi bien pour améliorer notre connaisance de la formation et de l'évolution de notre Système Solaire que pour interpréter les observations faites par les missions spatiales.
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	Silicate	200
	Carbonate	100
	OH bending	210
	CH2 symmetric stretching	2.4
	CH3 symmetric stretching	2
	CH2 asymmetric stretching	8.4
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  table, we sum up the bands observed in the different grains embedded in glue and the attribution of each band. Only the three last numbers are used to refer to the sample.

	Frequency	Component			samples		
			214 223 232 156 046
	1140-850	Silicate	x	x	x	x	x
	971	Olivine	x			x	x
	1018-1025	Calcium poor pyroxene		x	x		
	1049	Calcium rich pyroxene	x				
	1110	C-O stretching	x	x	x	x	x
	1180	sulfates	x	x	x	x	x
	1249	CC aromatic skeleton	x	x	x	x	x
	1373	CH 2 deformation	x	x	x	x	
	1450	CH bending	x	x	x	x	
	1604	C=C	x	x	x	x	x
	1751-1774	C=O (COO ester)	x	x	x	x	x
	2864	CH 2 symmetric stretching	x	x	x	x	x
	2962	CH 2 asymmetric stretching	x	x	x	x	x
	3062	CH aromatic stretching	x	x	x	x	x
	3000-3750	OH stretching	x	x	x	x	x
	Table						

Table 8 .

 8 Porosity +/-0.2% Class of the sample 1: Calculation of the Porosity according to the class of different samples.

	Paris	1.6 %	CM
	Murchison	0.6 %	CM
	LMAB	0.3 %	Unclassified
	Orgueil	1.6 %	CI
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Correlation OH/CH

the hydrothermal alteration scenario proposed by Leroux et al. (2015). Our IR maps also revealed local heterogeneities in the composition and abundance of the organic matter, that are most probably the result of the hydrothermal alteration.

Radon transformation and Backprojection

The Radon transformation R, introduced by the mathematician Johann Radon, is the mathematical expression of the projection of an object f (x, z).When we apply the R operator to an object described by f at a specific angle, θ along a direction, u, we obtain the projection p θ (u) as described in the equation 5.1. This operator is a linear transformation, defined by the integral of f (x, z) for all x, and z. The equation of the normal is given by u = xcosθ + zsinθ and finally, we have:

with δ as the Dirac pulse.

The tomography problem consists of finding the real shape of f (x, z) from a set of measured projections p θ (u). A simple solution, called backprojection, could be to take all the contribution p θ (u) present along the direction of projection and sum them. We name h θ (x, z)

the backprojection in real space and define as:

Then we can define the backprojection operator B as the sum of the contributions given by the previous equation for all angles: The obtained image a blurred version of f (x, z). Indeed, the backprojection is not precisely equal to the inverse of the Radon transformation (as we will show in section 5.2.4).

This direct method is not exact, but it is the first one used in the past to obtain the first historical reconstructions. We can describe the problem by the following equation:

R ij f j with i = 1, ..., M (5.21) where N is the number of pixels in the projection and M is the number of measured projections. The coefficient R ij corresponds to the contribution of the j th pixel to the i th projection. Because of the high number of pixels and projections, we obtain a huge system of equations (N = 16384 and M = 180 in our case) so to solve the system, we need to use iterative algorithms for example as described by [START_REF] Kak | Principles of Computerized Tomographic Imaging[END_REF][START_REF] Kak | Principles of Computerized Tomographic Imaging[END_REF]Geyer et al., 2015. The principle is to find a solution by successive iterations. To implement this algorithm, we first make an initial guess f (0) of the description of the sample in the real space (given by direct backprojection) and then, we take successive intermediate projections f (k) . The intermediate projections are compared with the measured projections and the difference δp is used to implement a small correction in the projection space and improve the reconstruction. When the estimated projection and the measured projection are close enough or when the algorithm reaches the number of iterations fixed by the operator, the loop aborts, and the algorithm takes the last estimate projection and applies filtered backprojection. For our reconstructions I noticed that we do not have any significant improvement after the 20 iterations. The scheme in Fig. 5.10 describes the principle of this technique. Both FBP and ART could be used to reconstruct infrared data and both solutions are proposed in available reconstruction software. In our case, the iterative method gives better results, as it is more efficient in the case of noisy signal and it reduces artifacts (Geyer et al., 2015). This technique has the advantage to work with missing angles and is also efficient when we have noisy projections (Beister et al., 2012). 

Monochromatic measurements at PSICHE

We have mainly done measurements with a monochromatic beam at 17.6 keV. These analyses were conducted at the PSICHE beamline in SOLEIL. We have measured the LAC and reconstructed our data as explained above with tomopy (Gürsoy et al., 2014,).

We have measured two kinds of samples. A first set of measurements was done on the same samples used in IR tomography to obtain precise information about the shape and internal structure at the micrometer scale. All these samples were welded at the tip of tungsten needles. The measurements were first done with IR and then with X-rays, as X-rays could have a destructive impact on the organic matter. Then we have also measured a set of bigger samples (about 1-2 mm in size) to characterize the structure and the porosity at a larger scale. In Fig. 5.12, we can see two examples of X-CT slices obtained with the PSICHE setup on macroscopic samples. We can see the difference of absorption of the difference phases and well characterize the shape and the structure. We observe some artifacts: first, there is a pattern of bright and dark contrast at the edge of the sample which is due to the refraction of the X-ray beam. We also observe concentric structures, which is an artifact due to the imperfect choice of the center of rotation.

At this point, we have the map of one component for all measurement angles. As the position of the sample on the focal plane is still adjusted by hand between each measurement, the reference point is moving in each projection. We need to correct this movement and to give a fixed point to the software to readjust the position of each projection: it is necessary to create a file which contains the position of a fixed point (here we took the transition between the needle and the sample), the map can then be re-sized and re-centered around the reference point.

Reconstruction and 3D data analysis

With this newly generated set of projections, we can reconstruct the spatial distribution in 3D of the different components. We used TXM Wizard, a software developed and described by Liu andal., 2011 and[START_REF] Laloum | Tomographie par rayons X haute rÃľsolution : application à lâĂŹintégration 3D pour la microélectronique[END_REF]. The algorithm used is the iterative ART with 20 iterations.

After execution, TXM Wizard provides a new set of images which represent slices inside the sample for the three planes (x,y), (x,z), (y,z).

Figure 5.17: Example of reconstructed (x,z) slice of the organic matter.

For instance, we can see in Fig. 5.17 the distribution of the organic matter through reconstructing the CH stretching vibration region of the spectra for a given slice (x,z). We obtain voxels with a size corresponding to the size of pixels in the measured projections.

The first step was to compare our spectra with the literature and check that we have sufficient signal to noise to identify the bands, and enough bands to reconstruct the samples in 3D. We have examined the spectra of the measured grain of saponite we have found a band around 1000 cm -1 similar to the one described by Beck et al., 2014. Similarly, bands at 1440 cm -1 , 1810 cm -1 and 2510 cm -1 were present in our spectra of calcite as described in Bruckman et al., 2012. After we have checked the presence of the bands, we can reconstruct them to see if we can obtain a shape close to the one of the sample determined from the SEM images. SEM and the reconstruction of the sample with our setup. We notice that we reconstruct the sample well and we recognize the sample shape globally.

Left shoulder of the band

Finally, we can do the reconstruction by integrating only the left shoulder of the band and avoid the saturated range. With this method, we obtained a better reconstruction of the sphere without creating a void inside. We have thus chosen to use this method for all the samples treated in this Ph.D. thesis, when we want to reconstruct the whole band of the silicate between 850 and 1150 cm -1 . For all the other oscillators (CH bands, OH bands, etc.)

we have no problems of saturation.

Focused beam versus parallel beam

Another issue is that as we have adapted methods used for X-rays data, the algorithms have been developed for a parallel beam, and this could be a limitation of our reconstruction. In Some tests with other algorithms as tomopy, a Python library, have been carried out, but we did not get conclusive results for the moment. However, as explained by Martin et al., 2013, we can use a parallel beam model to do our reconstruction and this approximation is reasonable as the wavelengths are between 3 and 10 times bigger than the pixel size.

Superposition procedure

The superposition of the IR and X-ray datasets is not obvious: X-ray tomography does not have the same spatial resolution as IR tomography. Indeed the voxel size of X-rays is 0.127 micrometers, while it is 0.66 micrometers in IR. Moreover, the two measurements were taken on different setups and the orientation of reconstructed samples is not related to one another.

We have to re-sample one of the two distributions and adjust the spatial position and orientation of the samples.

The first step was to downsample the X-ray data. We used an average of 5 voxels in each direction to define a new voxel distribution. Then we have to superimpose the distribution spatially. We worked on the continuum signal at 2.8 µm in IR to adjust the superposition, as the continuum is very sensitive to the whole quantity of matter and the spatial resolution is better for small wavelengths. A first adjustment was made by hand by matching the needle's position in the two datasets. Then we vary six parameters (3 rotations and 3 translations)

and we maximize the correlation between the X-ray data and the continuum at 2.8 µm in the IR. In Fig. 5.23 we can see the reconstruction of the continuum in IR, the one in X-rays and the superposition of the two.

1180 cm -1 and we identify it as sulfate (Yesiltas et al., 2016). 

IR 3D reconstruction

For each of the five grains, we have reconstructed the following bands: the silicate general band (with the left shoulder as explained in the previous chapter), the CH aliphatic band and the OH bending (or C=O) bands. On the polymineralic particle RA-QD-0214, we also reconstructed the different mineral phases. In the following, we will present the 3D structure reconstructed by IR for one grain of each category defined above: with the grain RA-QD-0223, we will try to reconstruct both organic and mineral part and well separate them. The study of the grain RA-QD-0214 will then help us to check our ability to separate mineral phases in 3D and finally, we will study the more complex grain RA-QD-0232.

Reconstruction on a monomineralic grain: the example of RA-QD02-0223

In the following figure, we see the reconstruction of the CH aliphatic band which is characteristic of the glue (panel a) and the silicate large band reconstruction (panel b) which areas of interest, to identify and spatially separate organics and minerals, and thus provide useful information before subsequent destructive analysis. Moreover, laboratory infrared spectroscopy allows comparison with astronomical observations of primitive Solar System small bodies (asteroids, comets, TNOs). In the next chapter I will show the results of IR tomography on a sample rich in extraterrestrial organic matter, the Paris meteorite.

Chapter 7

3D study of the Paris meteorite The returned samples may cast light on the processes that took place in the early Solar System and on the delivery of water and complex organics to the primitive Earth. In the analysis of returned samples, FTIR spectroscopy will be a valuable non-destructive tool to detect and characterize the extraterrestrial organics. In particular, FTIR microtomography can provide spatially resolved chemical composition and spatial correlations between organics, minerals and water.

The first exemple of the use of this technique on a meteorite was provided by Yesiltas et al., (2016), who analysed a fragment (45 µm in size) of the CM Murchison by synchrotron-based FTIR microtomography. They illustrated the highly heterogeneous chemical composition of

Murchison. Looking at the spatial distribution relative to water, they were able to identify hydrous and anhydrous silicates. They also evidenced a proximity of phyllosilicates to CH 3 and CO, suggesting that hydrated silicates possibly played a role in the formation of certain organics.

In this chapter, we will show the preliminary results of the microtomography analysis of three fragments of the matrix of the CM Paris meteorite. On these samples, we have performed both X-rays and FTIR microtomography at the PSICHE and SMIS beamlines of SOLEIL. Differently from the case of Itokawa samples discussed in the previous chapter, the Paris meteorite samples show the presence of an extraterrestrial organic matter component that is intimately mixed with the mineral components at the micron-and sub-micron scale.

We will show the detection of this organic matter in 3D and we will illustrate the limits of detection in our current setup. We will also discuss how the tools developed in this chapter may be used for the future analysis of samples returned from space.

Studied samples and experimental details

We studied three small fragments from the matrix of the Paris meteorite (about 30x35x30 µm 2 for Paris 2, 30x60x30 µm 2 for Paris 3 and 50x40x20 µm 2 for Paris 5). The samples were provided by B. Zanda (MNHN, Museum d'Histoire Naturelle de Paris). These three fragments were extracted from the least altered lithologies of Paris (Hewins et al., 2014 andMarrochi et al., 2014). The samples were mounted at the extremity of tungsten needles (see Fig. 7.1) thanks to the FIB preparation described in chapter 5. We performed FTIR microtomography of these samples at the SMIS beamline with a globar source, using a 128x128 FPA detector, a 25x objective (numerical aperture 0.81), a 25x condenser, and an optical system providing additional 2.5x magnification. The spectral range was 850-4000 cm -1 and the spectral resolution was 16 cm -1 . For the background measurements we averaged 128 scans, while we used only 32 scans for the meteorite projections to limit the whole tomographic acquisition to less than 6 hours. The spatial resolution for every 2D projection was between 3.3 µm (for a wavelength of 2.7 µm) and 12 µm (for a wavelength of 10 µm). The field of view was 84x84 µm 2 and the pixels size projected on the focal place was about 0.66 µm. Such dense spatial sampling produced more than 2 millions voxels (0.66x0.66x0.66 µm 3 in size) in the reconstructed 3D images, and allowed the detection of structures smaller than the wavelength (although the system remained diffraction-limited in terms of spatial resolution, see section 2.6).

The meteorite samples were rotated by steps of 1 degree and we measured the 2D IR projections for 180 angles per sample. All IR projections were ratioed to reference measurements obtained on an empty field of view. All spectra were treated with a PCA-denoise procedure, similarly to what discussed in section 2.3. For each 2D IR projection, we calculated the spatial distribution of specific functional groups by integrating the areas under the corresponding IR bands (aliphatic CH 2 and CH 3 stretching, -OH stretching, SiO bands, etc.). Tridimensional reconstructions of the abundance of these functional groups were then obtained with the TXM Wizard software according to the procedure described in chapter 5.

After FTIR microtomography, we have performed X-rays microtomography on the same samples. Measurements were led at 17.6 and 20 keV at PSICHE, with a 50x objective. We used 400 projections, overall scanning 180 degrees and an exposure time of 10s per projection. We obtained a pixel size of 0.127 µm and a field of view of 130x130 µm 2 . All the X-ray measurements were performed after micro-FTIR measurements to ensure that the organics were well preserved for IR tomography. The 3D reconstruction was calculated using Tomopy on Python coding.

All the post-treatment of the data was done with Python and the 3D visualization was performed with the Avizo software. Superposition of the X-and IR-images was obtained following the procedure described in chapter 5.

Results

In this section we will first describe the components observed by FTIR in the three samples and then we will study the spatial distribution of each component.

Average spectra and global composition of the fragments

The average IR spectrum of each sample was obtained before reconstruction. We averaged all the IR spectra containing a significant amount of meteoritic material., This was obtained by introducing a filter on the silicate band area: for each 2D projection, we only kept spectra with a silicate band area higher than 20% of the maximum value of this band. This filter allowed to reduce the diffraction and scattering effects, especially at the edges of the grains.

We obtained a filtered dataset of 360 365 spectra for sample Paris 5, 455 030 spectra for sample Paris 3, and 156 654 spectra for sample Paris 2. Fig. 7.2 presents the obtained average spectra for the three samples. The assignment of the IR bands in the average spectra is given in table 7.1 (based on Matrajt et al., 2004, Dartois et al., 2005[START_REF] Merouane | [END_REF], Yesiltas et al., 2016).

(sulfates and diospide bands) the relatively low signal to noise and the low spectral resolution used here did not allow to obtain a reliable 3D reconstruction. Several reconstruction are presented in video 3 provided as complementary material. The corresponding high resolution X-ray slice is reported in the (a) panel.

List of videos provided as supporting material:

Video 1: different components of the grain RA-QD02-0223. We successively see the IR List of publications connected to this work

Articles:

• 'Organic and mineralogic heterogeneity of the Paris meteorite followed by FTIR hyperspectral imaging ', Dionnet et al., 2018, Meteorit Planet Sci. . doi:10.1111 

Application à des grains asteroïdaux

Une première étude 3D a été menée sur 5 grains ramenés de l'astéroïde Itokawa. Ces grains avaient été au préalable collés à une fibre de carbone grâce à une résine organique et ils avaient déjá été analysés par T. Nakamura par étude de diffraction des rayons X et par A. Tsuchiyama grâce à la tomographie X. Le résultat des mesures de ces deux études nous a généreusement été fourni et nous avons pu le comparer à la composition chimique détectée par tomographie IR. De plus l'utilisation des données de tomographie X nous a permis de contraindre la forme de l'échantillon reconstruit en IR.

Après avoir reconstruit et séparé les composantes de la colle de la large bande des silicates, nous avons pu grâce à l'étude de la dérivée seconde des spectres, reconstruire séparément les différents minéraux (olivine, pyroxène riche/pauvre en Ca). Cependant, vu le fort bruit présent dans nos données, seules les phases majoritaires ont pu être reconstruites. Nous avons bien retrouvé la composition et la localisation des phases décrites par l'équipe de la JAXA.

Cette étude a aussi été l'occasion de tester la faisabilité d'analyses en tomographie IR sur des grains précieux ramenés par une mission de retour d'échantillon.

Etude 3D de la météorite de Paris

Finalement, nous avons aussi étudié 3 grains de la météorite de Paris d'abord grâce à notre système de tomographie IR puis sur la ligne PSICHE avec de la tomographie X (ce qui nous a permis la aussi de créer un modèle de forme pour nos échantillons mesurés en IR).

Nous avons observé des hétérogénéités entre et à l'intérieur de ces trois fragments.

Concernant la matière organique, la signature moyenne des trois fragments est similaire par contre, une hétérogénéité dans les grains a été observée avec des pôles environ 3 fois plus riche que la moyenne en CH. Nous avons aussi suivi la distribution des phases hydratées : celle-ci est plus homogène. L'hétérogénéité des minéraux a lieu à une échelle plus large et 206 on peut distinguer un fragment plus amorphe et un autre qui présente une structure plus cristalline (le troisième ayant une signature intermédiaire).