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    FOREWORD




    


    


    


    


    


  




  

    Meteorites recovered in Africa represent more than 1/6 of all extraterrestrial rocks collected in the entire world. This means that Africa hosts the second-largest population of meteorites after Antarctica. The present book offers complete information on the origin and characteristics of meteorite falls and finds in Africa.




    The book opens with an exhaustive synthesis of the formation and origin of meteorites, their categorization into “falls” and “finds” according to the circumstances of their discovery, the criteria for their identification, and the guidelines adopted for the nomenclature of meteorites and their classification. The second chapter deals with a statistical study of falls recorded in different African countries. It analyzes their evolution in time and space, provides information on the distribution of their masses, and characterizes their typological classification, focusing on the different factors likely to contribute to their detection on the ground and recovery. The following chapter is devoted to meteorite finds in Africa, pointing to the advantageous natural and human factors that enhance the discovery of new meteorites on this continent. Again, the distribution of meteorite masses collected and their typological classification are presented, drawing the reader’s attention to the influence of climate, terrestrial age, as well as sample porosity and mass, and the variation of the degree of weathering.




    The subsequent chapters are devoted to other important aspects involving the study of African meteorites, such as the complex problematics connected to the nomenclature of North West African meteorites (NWA), therefore enhancing the scientific importance of the meteoritic heritage of northwest African countries and, consequently by providing detailed documentation on the circumstances of their recovery. A specific chapter is dedicated to Moroccan meteorites, as this region has proved to be one of the most prolific areas in the world for meteorite recovery. The following chapter deals with the Saharan meteorites, stressing the hypothesis that many new meteorites might be extracted from the Sahara Desert in the coming decades, as supported by the estimate that more than 90% of the desert surface has not yet been explored. The last chapter reports on the North East African meteorites and contains an up-to-date review of the confirmed and proposed meteorite falls and finds and of the possible related impact structures in Egypt, Sudan and Libya. The book ends with a summary of the most significant scientific results obtained from the various studies carried out on African meteorites.




    I am honored to present this book that aims to become a reference text for university students, researchers, collectors, meteorite enthusiasts, museum curators, astronomers, and for all those readers interested in African meteorites and, more generally, in celestial rocks.




    Finally, I would like to congratulate the editors, the authors and their collaborators, all with long-standing professional activity, for their contribution to the publishing of this comprehensive and well-balanced book on the extraordinary scientific heritage represented by African meteorites.




    

      Vanni Moggi Cecchi


      Università Degli Studi Di Firenze


      Museo di Storia Naturale – Sistema Museale di Ateneo


      Via La Pira, 4 50132 Firenze


      Italy


    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    According to Alain Carion, “At the beginning of the 20th century, in a book by the Marquis de Mauroy, he wrote that to discover meteorites, one had to read books, see, and possibly touch real meteorites. The authors, with their books on meteorites and the University Museum of Meteorites of Agadir created by some of them, are in line with the discoverers of knowledge”. This is the sense that this book aims to deal with meteorites in Africa. The book that the reader has in his hands is a collection of works performed on meteorites in Africa, where arid and hot zones represent 60% of the continent's surface.




    This book is a single item of reference for all researchers who require complete information on the origin and characteristics of meteorite falls and finds in Africa, which includes the second-largest population of meteorites on the Earth. This book also provides unique information related to meteorite classification, and can be an important reference on the favorable factors to collect meteorites in Africa, which still hides a huge number of undiscovered meteorites.




    The book will be useful for researchers, meteorite hunters, meteorite enthusiasts, museums, astronomers, students, and any person interested in geology and astronomy.




    As it is a voluminous subject, we might have missed some references. Readers are requested to bring such omissions to our notice to be included in future editions.




    We thank Dr. Vanni Moggi Cecchi for writing the foreword of this book.
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    INTRODUCTION




    


    


    


    


    


  




  

    Meteorites are rocky or metalliferous fragments that have been ejected from a body of the solar system following impacts with other bodies and have arrived on Earth after traveling more or less long in space. The majority of meteorites come from the asteroid belt (rocky bodies orbiting between Mars and Jupiter) and some other meteorites, of lower frequency, can arrive from the Moon or the planet Mars. Meteorites provide information about the early stages of evolution of our solar system in general and Earth in particular, as they contain information about protosolar and even presolar material (DeMeo et al., 2015; Gounelle, 2017).




    After the great meteorite discoveries in Antarctica starting in 1976 (Corti et al. 2003), several arid regions of the world were found to be “deposits” of ancient meteorite falls (Bevan et al., 1998). The hot deserts of the different continents are favorable places for their conservation, accumulation, and possible recovery. A large number of meteorites have been collected and studied in these places, namely: in Australia, the desert plain of Nullarbor (Bevan & Bindon, 1996; Bevan, 1998; Jull et al., 2010), in North America, the desert region of Roosevelt County in the southwestern United States (Hutson et al., 2013), in South America, the Atacama Desert in Chile (Hützler et al., 2016; Valenzuela & Benado, 2018) and in Asia, the desert of Oman (Al-Kathiri et al., 2005; Hofmann et al., 2018), the Lut desert in Iran (Pourkhorsandi et al., 2019) and the province of Xinjiang in China (Li et al., 2017; Zeng et al., 2018).




    In Africa, where arid and hot zones represent 60% of the continent’s surface, the first systematic studies were launched in the north of the continent (Sahara) at the end of the 20th century (Bischoff & Geiger, 1995; Schlüter et al. al., 2002; Ibhi, 2014, 2016; Khiri et al., 2017; Ouknine et al., 2019; Aboulahris et al., 2019). In total, the number of meteorites recovered in Africa represents more than 1/6 of all extraterrestrial rocks around the world (Khiri et al., 2017; Ouknine et al., 2019), which makes this continent a region that shelters the second largest population of meteorites after that of Antarctica. This prompted us to consider the conditions/factors favorable to the collection of extraterrestrial rocks in Africa, both of meteorites collected after the observation of their fall (falls) and those found after a more or less long time of residence on earth (finds).




    To do this we have subdivided our book into seven main chapters, briefly presented below.




    The first chapter is devoted to a bibliographical synthesis of meteorites features that includes an exhaustive and concise description of the formation and origin of meteorites, their categorization into “falls” and “finds” according to the circumstances of their discovery, the criteria for their identification, the guidelines adopted for the nomenclature of meteorites falls and finds, and their classification.




    The second chapter deals with the statistical study of falls recorded in various African countries by analyzing their spatiotemporal evolution and masses distribution, and by characterizing their typological classification in order to evaluate the different factors likely contributing to their observation and recovery.




    The third chapter is devoted to the study of meteorite finds in Africa, their spatiotemporal distribution, and the human and natural factors that favor their discovery. Then, the distribution of meteorite masses collected and their typological classification are described. Subsequently, the variation of the degree of weathering (W) of African meteorites finds is analyzed, and the degree of influence of certain weathering factors, including climate, sample mass, earthly age and porosity, is evaluated.




    The fourth chapter deals with North West Africa (NWA) meteorites in an attempt to contextualize and document these meteorites, define the circumstances of finding each sample, and assign the country of collection to each of them.




    The fifth chapter is devoted specifically to Moroccan meteorites. The Moroccan territory is a privileged place for the collection of meteorites and is one of the richest countries in the world in terms of meteorites finds. The rate of recovery of meteorites (falls + finds) in Morocco exceeds that of most other countries of similar size and climatic conditions. More than 95% of documented meteorites from Morocco, including many rare types, have been recovered from Eastern Morocco Sahara, which has proved to be one of the most prolific areas in the world for meteorite finds.




    The sixth chapter deals with Sahara meteorites. It is estimated that more than 90% of the surface of this desert has not yet been explored and that it still contains important meteorite falls. The most optimistic forecasts suggest that many new meteorites will continue to be recovered from the great Sahara Desert in the coming decades. Preserving the desert properly is essential to assure science such important research materials as meteorites.




    The seventh chapter provides an up-to-date review of the confirmed and/or proposed meteorite falls and finds and their impact structures in Egypt, Sudan, and Libya. Among the ~190 confirmed impact structures/sites on Earth crust, only less than 8 have been identified in NE Africa, in particular in Oasis (Libya) and Kamil (Egypt) areas.




    The book ends with some general conclusions highlighting the results obtained from the various studies performed on meteorites in Africa.
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      Abstract




      Meteorites are rocky or metalliferous fragments that have been ejected from a body of the solar system following impacts with other bodies, and arriving on Earth after traveling more or less long in space. The majority of meteorites come from the asteroid belt (rocky bodies orbiting between Mars and Jupiter), and some other meteorites of lower frequency, can arrive from the Moon or the planet Mars. Meteorites provide information about the early stages of the evolution of our solar system in general and Earth in particular, as they contain information about protosolar and even presolar material. In this article, we will present an exhaustive synthesis of the formation and origin of meteorites, their categorization into “falls” and “finds” according to the circumstances of their discovery, the criteria for their identification, and the guidelines adopted for the nomenclature of meteorites falls and finds, and their classification.
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      INTRODUCTION




      Meteorites are fragments that were ejected from a body in the solar system following impacts with other bodies and arrive on Earth after a more or less long journey in space (Hughes, 1996). Rubin and Grossman (2010) offer a complete definition: a meteorite is a natural, solid object, larger than 10 µm, derived from a celestial body, which has been transported by natural means from the body on which it formed towards a region outside the dominant gravitational influence of this body, and which subsequently collided with a body larger than itself. Most of the known meteorites come from the asteroid belt (rocky bodies orbiting between Mars and Jupiter), and some other meteorites, of lower frequency, can arrive from the Moon or the planet Mars (Weisberg, 2018).




      Meteorites provide information about the early phases of evolution of our solar system in general and Earth in particular, as they contain information about protosolar, and even presolar, materials (DeMeo et al., 2015; Gounelle, 2017).


    




    

      ORIGIN OF METEORITES: VESTIGES OF THE EVOLUTION OF THE SOLAR SYSTEM




      

        The Composition of the Solar System




        The solar system formed 4.56 billion years ago from a cloud of gas and dust, the Protosolar Nebula. In a molecular cloud, the gravitational collapse of a dense, cold-core gives rise to a dense, hot protostar at its center (Aikawa et al., 2008; Bardin, 2015) (Fig. 1).




        
[image: ]


Fig. (1))


        Process of star formation, the Sun, for example (Aikawa et al., 2008).



        Some objects that did not accrete enough matter remained as small bodies, smaller than a few hundred km, such as asteroids and comets. Indeed, the solar system is composed of a star, 8 planets, 167 satellites, and a multitude of small objects such as dwarf planets (Pluto, Sedna, etc.), asteroids (Ceres, Vesta, Hebe, etc.), trans-Neptunian objects, and comets (Kuiper belt, Oort cloud). The solar system can be divided into four different regions:




        The sun: a star that concentrates about 99.9% of the mass of the solar system and is composed mainly of hydrogen and helium and a few percent of the heavier elements. With a radius of 700,000 km, the sun is a member of the yellow dwarf star family and derives all of its energy through nuclear fusion (Chapman, 2007). Temperatures in the center reach around 10-15×106 °C and 6500 °C at the surface.




        The inner solar system represents about 10% of the mass of the remaining solar system. It groups the 4 telluric planets, Mercury, Venus, Earth and Mars and their satellites, as well as the objects in the asteroid belt. Telluric planets are rocky and metallic bodies (rich in heavy elements), a few thousand km in diameter, with a thermal history, allowing mantle-core segregation (Bardin, 2015). In addition, the asteroid belt contains asteroids of small sizes (only about fifteen with a radius greater than 100 km), but of a very wide variety. However, we can find more or less evolved or differentiated bodies, rich in silicates, metal and even organic compounds or ice (Trigo-Rodríguez and Blum, 2008).




        Outer solar system groups the 4 gas giant planets, Jupiter, Saturn, Uranus, and Neptune. These planets make up 90% of the remaining mass and are mostly made up of hydrogen and helium. These planets are made up of a gigantic gas envelope, and at their center, there could be a rocky and/or icy core. In addition, they present many ice and rocky satellites.




        Distant solar system groups objects from the Kuiper belt, such as Pluton or Sedna, and the Oort cloud. Most of the bodies in this region are mainly composed of ice and dust. The comets would come from this zone, in particular from the Kuiper belt.


      




      

        Formation and Ages of Meteorites




        During the formation of the solar system, the first solids agglomerated to form planetesimals (Remusat, 2005). Like all bodies in the solar system, meteorites began to form in the early nebula together with the sun and the planets within the Milky Way, our galaxy. As already mentioned above, a nebula of gas and dust collapsed, contracted, and gave birth to the sun. The dust grains agglomerated to give larger and larger grains, resulting in the embryos of planets. This was the phenomenon of accretion (Aikawa et al., 2008), which was accompanied by a very sharp increase in temperature. During this period, thermonuclear fusion appeared in the sun. In the rest of the cloud that divided into rings around the sun, the temperature started to drop, allowing the gas to condense into solid, future constituents of planetesimals and planets (Feigelson and Montmerle, 1999). After accretion, the original material of the Earth, planets and some asteroids (the largest) melted under a high temperature, and the mixture of homogeneous initial composition separated into several phases of different chemical compositions (DeMeo & Carry, 2014). In the case of planets, the starting material of solar composition was fractionated and separated into distinct layers: core (metallic), mantle (rich in olivine) and crust (silicate rocks).




        Some objects that did not accrete enough matter remained as bodies smaller than a few hundred km, such as asteroids and comets. These are mostly undifferentiated objects that preserve the memory of the first million of years of the formation of the solar system (Bardin, 2015).




        

          Origin of Meteorites




          Meteorites are rocks detached from a parent body after impact with another celestial object (Weisberg et al., 2006). The parent bodies of meteorites are either asteroids (Vesta, Ceres, etc.) or planets (Mars, Mercury, etc.) or our satellite, the Moon (Fig. 2). As already noted, most meteorites originate from asteroids that orbit between Mars and Jupiter, in an area called the asteroid belt (Fig. 2), which consists of billions of asteroids of different dimensions, ranging from a few cm to hundreds of km in diameter (Miguel, 2006; Trigo-Rodriguez and Blum, 2008). Asteroids are likely fragments of larger bodies that were disrupted by a collision with other bodies in the asteroid belt (Michel et al., 2020).
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Fig. (2))


          Diagram of the inner solar system, showing the main asteroid belt. (Taken from: NASA website, https://www.nasa.gov/).



          Historically, the British astronomer Greg, in 1854, was the first to propose that asteroids are the parent bodies of meteorites. Afterwards, research began, and appropriate evidence was provided to validate the hypothesis that asteroids would be shattered by collisions between them and their fragments be ejected out of their orbit. In addition, other asteroids that are not included in the asteroid belt can strike Mars or the Moon, and tear off pieces that can roam for a long time in space and finally fall on Earth as Martian or lunar meteorites, if their passage through space intersects with the Earth’s orbit. In particular, they are slowed down by the Earth's atmosphere and the rapid compression of the air in front of the supersonic meteoroid results in heat transfer from the high-temperature gas to the surface of the meteoroid leading to a fusion of the outermost part of the meteorite (Weisberg et al., 2006; DeMeo & Carry, 2014). Indeed, this crossing of the atmosphere changes the exterior appearance of the meteorite, which loses part of its material due to evaporation, melting and fragmentation and becomes covered with a black film (thickness <1 mm) called “fusion crust”. The passage through the atmosphere also causes characteristic hollows, analogous to fingerprints, called regmaglyptes produced by the ablation of material (Taylor et al., 2012).


        




        

          Ages of Meteorites




          Isotopic dating is the measurement of time using the decay of radioactive isotopes and accumulation of decay products at a known rate; isotopic chronometers can determine the time of the processes that fractionate parent and daughter elements. Modern isotopic dating can resolve time intervals of ~1 million years over the entire lifespan of the Earth and the Solar System. Using isotopic dating, a unified scale of time for the evolution of Earth, the Moon, Mars, and asteroids, and other planets can be built. Modern geochronology and cosmochronology rely on isotopic dating methods that are based on the decay of very long-lived radionuclides, e.g., 238U, 235U, 40K, etc., to stable radionuclides, e.g., 206Pb, 40K, 40Ca, 87Sr, 143Rd, and moderately long-lived radionuclides, e.g., 26Al, 53Mn, 146Sm, 182Hf, and stable nuclides, e.g., 26Mg, 53Cr, 142Nd, 182W. The diversity of physical and chemical properties of parent (radioactive) and daughter (radiogenic) nuclides, their geochemical and cosmochemical affinities, and the resulting diversity of processes that fractionate parent and daughter elements allow the direct isotopic dating of a vast range of terrestrial and planetary processes (Amelin, 2020).




          In particular, radiochronological studies show that meteorites date between 4.3 to 4.6 billion years ago (Podosek, 1972; Connelly et al., 2012). At least three different ages can be measured for a meteorite (Fig. 3).
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Fig. (3))


          Schematic representation of the different ages of a meteorite (Lipschutz & Schultz, 2014).



          The absolute age measures the age of formation of the original rock by solidification of the initial liquid, the last chemical differentiation, and the cooling of meteoritic materials (Wasson, 2012). This age is about 4.56 billion years for most meteorites with the exception of some much younger Martian and lunar meteorites that feature more recent geological activity. The dating of meteorites is indeed measured by isotopic analyses of very long-lived chemical elements (for example, dating by 87Rb-87Sr).




          The age of exposure to cosmic radiation measures the time interval between the moment the meteorite is detached from its parent body, probably following a shock and its capture and fall on Earth. During this trip, the rock fragments are exposed for the first time to cosmic radiation. When a particle of cosmic radiation strikes a fragment, it causes nuclear reactions leading to the formation of new atoms. The crystals that make up the future meteorite record these reactions in the form of traces that can be detected quite easily. In particular, trace density provides a measure of the time the fragment spent in space after being detached, as it was previously protected by the layers that covered it (Gispert, 2010). Then, the time elapsed from its ejection from the parent asteroid until its arrival on Earth, i.e., “the exposure time”, can be determined often by measuring 3He, 21Ne, and 38Ar. For example, the age of exposure of the Tissint meteorite was measured to be 0.7 ± 0.3 Myears (Chennaoui et al., 2012; Ibhi et al., 2013).




          The age of residence or Earth age defines the residence time of a meteorite on the Earth surface, when its fall cannot be observed. Unfortunately, meteorites are quite vulnerable during this time as they are subject to erosion and oxidation as soon as they reach the ground. In general, the dating of the terrestrial age of meteorites is performed by short-lived radioactive isotopes such as 14C (T1 / 2 = 5730 years), 36Cl (T1 / 2 = 0.3 × 106 years), 26Al (T1 / 2 = 0.72 × 106 years). For recently fallen (a few years) meteorites, the age of residence is measured directly by gamma radiation of cosmogenic isotopes, such as 22Na (2.6 years) and 54Mn (312 days).


        


      


    




    

      CATEGORIZATION AND NOMENCLATURE OF METEORITES




      

        Categorization of Meteorites: Falls and Finds




        Only meteoroids (often resulting from the partial disintegration of an asteroid) of a size generally greater than several tens of cm will survive passage through the atmosphere, whereas smaller objects disintegrate completely and do not reach the ground (Koschny et al., 2019). Indeed, each year from 2000 to 5000 meteorites that weigh more than a kg fall on our planet, but 75% of them disappear into the oceans, whereas only a few of the 25% remaining ones can be occasionally recovered on the dependence on meteorology and nature of the ground (Halliday et al., 1989). The Meteorite Nomenclature Committee (NomCom) of the Meteoritical Society, the only body authorized to receive official meteorite declarations in the world, has divided meteorites into two categories according to the circumstances of their discovery (Agee, 2015a).




        Falls or observed falls, if at least part of the event leading to the fall of a meteorite on Earth, has been observed either by humans (by the naked eye) or by devices (cameras, radar, etc.). For a meteorite to be declared a fall, two conditions must be assessed, i.e., the fall event must be well documented, and the recovered meteorite must be related to the fall event. Generally, the pieces of the meteoroid fragmented in the atmosphere distribute within an “ellipse of fall” (Trigo-Rodríguez, 2006), which allows one to roughly define the geographical extent of the fall resulting from the trajectory followed by the meteoroid entering the Earth’s atmosphere and producing an intense luminous phenomenon together with its fragmentation. As the smallest fragments generally travel less far than the large ones, the distribution of the fragments according to their mass allows us to estimate the direction of the bolide and can help to determine its orbit, which will provide sufficient indications on the place of fall. Statistical studies and direct observations made by automatic cameras indicate a rate of around 500 bright bolides entering the Earth’s atmosphere each year, of which only ten are recovered in the form of meteorites (Zolensky et al., 2006).




        Finds, if the meteorite fall is not observed, and it is recovered after spending time on Earth (Agee, 2015a). The finds represent most meteorites collected on Earth (98%), especially in Antarctica. Since 1969, more than 47000 meteorites have been recovered from the blue ice in Antarctica by scientific expeditions (https://www.lpi.usra.edu/meteor/metbull.php, January 2023). The large number of meteorites in this region is favored by an accumulation mechanism, i.e., the meteorites which fall on the Antarctic ground are then buried more and more deeply due to the accumulation of snow, then they are transported with the ice as it flows to the edge of the continent. If a relief obstructs this flow, the ice tends to rise on the relief, so meteorites accumulate on the surface of the ice. One region in Antarctica is famous for its accumulations of meteorites, i.e., the Allan Hills region, from which the name ALH (followed by a number) was given to meteorites collected in this area. Furthermore, over the past twenty years, meteorite collection has increased exponentially to finds in the hot deserts of Morocco, Algeria, Libya and Oman, the North American and Australian deserts, and Atacama in Chile.




        In December 2014, the Meteorite Nomenclature Committee (NomCom) of the Meteoritical Society adopted a new categorization system for falls and finds (Agee, 2015b). Instead of the binary system Fall-Find, the new system consists of five categories, i.e., Confirmed fall, Probable fall, Find-possible fall, Find-doubtful fall, and Find. Currently, 78479 meteorites are listed in the Meteoritical Society database (Meteoritical Bulletin), of which only 1370 are falls, and all remaining ones are finds (https://www.lpi.usra.edu/meteor/metbull.php, January 2023). Once officially classified, a meteorite is given a unique name that generally refers to the place of collection.


      




      

        Nomenclature of Meteorites




        According to the new meteorite nomenclature guide adopted by the nomenclature committee, unique names are given to all individual meteorites, whether they are falls or finds (Agee et al., 2015b). Furthermore, the name of a meteorite must be clearly distinct from any other meteorite name and abbreviation, and must indicate the geographic location of the fall or find. However, in areas where meteorite finds occur in large numbers, the numbering and listing systems are different. In particular, in dense collection areas (DCA) of meteorites, which are located mainly in deserts, numbered find sequences can amount to thousands of samples, as in the case of Dhofar 001 to Dhofar 1982 in Oman and that of Dar al Gani 001 to Dar al Gani 1069 in the Libyan desert. Differently, falling meteorites are given unique place names, even when occurring within the confines of a DCA. For example, a fall observed in 1998 in the Roosevelt County DCA in New Mexico, USA, was called Portales Valley. Similar names, such as Wethersfield (1971) and Wethersfield (1982), are attributed to two rare meteorite falls in the same location (Gattacceca et al., 2018). Finally, if the provenance of a new meteorite is unknown or disputed, it gets the name “Nova” and a digital index, i.e., a sequential number, as in the case of several samples found in Northwest Africa, i.e., NWA 001 to NWA 10969.




        In general, the classification and nomenclature of new meteorites (falls and finds) by the Nomenclature Committee requires a wealth of information such as: a) the location of the fall or find (geographic coordinates); b) the circumstances of the fall or discovery; c) the total known mass and the number of parts recovered; d) the notified typology of the meteorite; e) the location of the main mass, etc. (Agee et al., 2015b).


      


    




    

      CRITERIA FOR THE IDENTIFICATION OF METEORITES




      

        Macroscopic Recognition




        In the field, observation with the naked eye makes it possible to identify samples likely to be meteorites and to rule out any rocks which are likely to be of terrestrial origin. The most important macroscopic criteria are:




        Fusion crust which consists of a glassy film, usually black in color, of molten rock covering the exterior of a freshly fallen meteorite (Fig. 4a). Usually, the fusion crust is black due to the presence of oxidized iron on the meteorite surface formed during its crossing through the atmosphere.




        Widmanstätten figures which generally appear on the surface of metallic meteorites after polishing and etching with a mixture of nitric acid and alcohol (Nital), and consisting of intergrowths of kamacite and taenite (Fig. 5b). The Widmanstätten texture can be attributed to the solid-state transition of low-Ni taenite to aggregate of high Ni taenite and kamacite crystals.




        Regmaglyptes, or “thumb marks” which are frequent but sometimes not easily identifiable indentations present on the surface of the meteorite (Fig. 4b), and consist of molten material torn from the surface of the meteorite during its passage through the atmosphere.




        Chondrules and metals which consist of mm-sized rounded objects and white or yellow metallic particles (iron-nickel metal or sulfides, respectively) (Fig. 5a) that appear on a fresh break or a polished surface of a meteorite. The chondrules are sometimes visible in the fusion crust.
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Fig. (4))


        Fusion crust (Benguerir, LL6) (a) and regmaglypts (NWA 2932, L6) (b) (Credit: University Museum of Meteorites, © Ibhi A.).
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Fig. (5))


        A mega-chondrule on an ordinary chondrite (NWA 869, L3-6) (a) and Widmanstätten structures on a polished section of an iron meteorite (Taza Meteorite, NWA 859) (b) (Credit: University Museum of Meteorites, © Ibhi A.).



        Density which is generally higher for meteorites than terrestrial rocks. Carbonaceous chondrites have a density between 2.2 and 2.9, while metallic meteorites have a density between 7.5 and 7.9 (Heide and Wlotzka, 1995).




        Vanishing lines which consist of lines located at the level of the fusion crust testifying to the orientation of the meteorite upon arrival on Earth (oriented meteorite) (Fig. 6a). They appear like drops of fluid being pushed very energetically backward by high velocity.




        Magnet attraction which is featured by chondrites and other metal-bearing meteorites and is due to the high presence of Fe-Ni metal phase, whereas achondrite meteorites show a very weak magnetization (Fig. 6b).
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Fig. (6))


        An oriented meteorite (ordinary chondrite) (a) (© wiki.meteoritica.pl.) and the magnet reaction of an ordinary chondrite (H5) (b) (Credit: University Museum of Meteorites, © Ibhi A.).



        Magnetic susceptibility which is the rate of magnetization induced in a material subjected to a weak magnetic field (<1mT) (Rochette et al. 2009, Ostrowski & Bryson, 2019). This parameter can be measured by a fast, non-destructive technique that allows to determine the amount of metals or other magnetic minerals in a sample (Smith et al., 2006) and the rapid classification of new meteorites according to the diagram in Fig. (7). However, this method cannot be used alone because the domains of some meteorites overlap.
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Fig. (7))


        Magnetic susceptibility diagram (logχ). Average logχ (in 10−9 m3/kg) of meteorites, including chondrite falls (Ostrowski & Bryson, 2019).

      




      

        Microscopic Recognition




        Recognizing a meteorite with the naked eye is often difficult due to the similarity of certain types (achondrites, for example) to magmatic rocks. Indeed, most minerals present in meteorites are also found in magmatic, basic and ultrabasic terrestrial rocks (Bland et al., 2006). It is, therefore, necessary to consider several criteria and carry out mineralogical and geochemical analyses to accurately classify meteorites (Ibhi, 2016). Thus, the recognition of minerals often begins with the observation of the phases with a binocular magnifying glass, then with an optical microscope in transmitted light mode and by a more detailed observation using scanning electron microscopy (SEM) (Fig. 8). In particular, SEM combined with energy dispersive X-ray spectroscopy (EDS) analysis can also provide the chemical composition of meteorites. Actually, together with optic microscopy, it covers >90% of tasks concerning the identification and classification of meteorites.
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Fig. (8))


        Photomicrographs obtained by a transmission microscope of two thin sections of two meteorites: pallasite Milton (a) and acapulcoite ALH 81315 (b) (Mt: FeNi-metal, Opx: orthopyroxene, Ol: olivine, Pl: plagioclase and Tr: Troilite) (Krot et al., 2014).



        The measurement of oxygen isotopes is another advanced technique used to prove the extraterrestrial origin of meteorites, and is also used to confirm the classification based on chemical composition (Clayton et al., 1976; Clayton, 1993). The graphical representation of δ17O versus δ18O shows that the split lines of different types of meteorites are distinct from those of terrestrial rocks, except for lunar meteorites that share a common reservoir of oxygen isotopes with Earth (Javoy, 1995, Clayton & Mayeda, 1999) (Fig. 9).
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Fig. (9))


        Oxygen isotope diagram of split lines of different classes of meteorites (Clayton & Mayeda, 1999).



        Furthermore, meteorites recovered from space missions have helped to decide on the typology and origin of certain meteorites (e.g., lunar meteorites). In particular, four missions allowed the return of extraterrestrial samples: i) the Apollo (1969-1972) and Luna (1970-1976) missions allowed the return of lunar samples (in total 380 kg and 320 g, respectively); ii) the Stardust mission (launched in 1999) brought back to Earth 100 µg of dust from the comet Wild 2; iii) the Genesis probe (2001-2004) captured solar wind particles with the aim of better understanding the formation and functioning of Sun; iv) the Hayabusa probe (2005) returned to Earth in June 2010 with 1534 tiny samples of mineral dust from the asteroid Itokawa. Furthermore, other missions are in course in recent years, i.e., Chang-e (2020) on the Moon, Hayabusa 2 (2014) on the Riugu, and Osiris-Rex (2016) on the near-Earth asteroid Bennu.


      


    




    

      CLASSIFICATION OF METEORITES




      Meteorites are classified to sort into very similar types and allow a better understanding of their origin and relationships. According to their composition, meteorites are divided into three large families (Tschermak, 1885; Rubin, 1997): stony meteorites (chondrites and achondrites), mixed meteorites (mesosiderites and pallasites), and iron meteorites (hexahedrites, octahedrites, and ataxites). Furthermore, considering their origin and formation process, meteorites are subdivided into undifferentiated chondrites, primitive achondrites, and differentiated achondrites (Weisberg et al., 2006). In 2014, Krot et al. proposed a more detailed classification that prioritizes the different types of meteorites into classes, groups, and subgroups (Fig. 10) based on primary criteria, such as petrography, mineralogy, geochemistry, relationships between chemical elements (e.g., Fe and Mn), isotopic composition of oxygen etc., and secondary criteria, such as degree of impairment and level of shock. As a result, meteorites sharing similar characteristics are thus grouped within the same group. For example, chondrites are divided into three broad classes - carbonaceous (C), ordinary (O) and enstatite (E). However, there are a few meteorites that are not affiliated with any group or subgroup, known as “ungrouped”.
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Fig. (10))


      Classification of meteorites (Krot et al., 2014).



      

        Undifferentiated Meteorites: Chondrites




        Chondrites represent 85% of meteorite falls, are considered “fossils” of the early solar system, and originate from parent bodies with a diameter of less than a few tens of km that have not yet initiated the processes of differentiation. The constituent material of chondrites has agglomerated in the protoplanetary disc, and they are over 4.5 billion years old, formed in the solar nebula at a time when no planet yet existed around the sun (Beatty et al., 1999). Chondrites take their name from the small spherules they contain, i.e., chondrules, mainly made up of silicate minerals, mainly olivine and pyroxenes, and resulting from the crystallization of small droplets brought to a liquid state by fusion processes occurred in the solar nebula (Wood, 1990). They were probably formed during the first 1 to 3 million years of solar accretion by shock waves caused by gravitational instabilities (Desch et al., 2012). Shortly after accretion, some chondrites experienced a heating up to temperature ranging from 200 to 1000°C that was insufficient to cause their fusion, thus this rise in temperature transformed the structure of chondrites and the composition of their minerals, but only slightly modified their overall chemical composition (Desch & Connolly, 2002). This metamorphism was more or less marked depending on whether the meteorite originated from the surface of the asteroid, where the temperature was low, or from its center. Thus, chondrites are classified according to a metamorphism scale of petrologic types ranging from 1 to 6. In particular, type 3 chondrites are the best preserved, and the most representative of the primitive nebula state; chondrites from types 3 to 1 result increasingly transformed by water (H2O), and chondrites of types 3 to 6 are gradually metamorphosed by undergoing an increasingly strong temperature rise (Koschny et al., 2019). The most visible effect of metamorphism is the recrystallization of the matrix and the progressive erasure of the chondrules. In general, chondrites are constituted (Fig. 11) by: (i) the metal (metallic iron associated with nickel in variable amounts depending on the type of chondrite); (ii) the matrix (silicate dust containing olivine, pyroxene, amorphous silicates and a certain amount of metal); and (iii) refractory Ca-Al-rich inclusions (CAIs), which consist of diffuse zones containing refractory minerals, such as aluminous and titaniferous pyroxene, anorthite and spinel that are accessory components in some types of carbonaceous chondrites and are rarely found in other chondrite groups (Greshake & Fritz, 2018).




        According to their chemical composition, the family of chondrites is divided into several classes: carbonaceous chondrites (CC), ordinary chondrites (CO), enstatite chondrites (EC), type R chondrites (rumurutites), and type K (Kakangari) chondrites.
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Fig. (11))


        Chondrules in a slice of a piece of the Allende carbonaceous chondrite (Greshake & Fritz, 2018).



        

          Carbonaceous Chondrites




          Carbonaceous chondrites (CC) are primitive and undifferentiated stony meteorites composed of chondrules bathed in a fine-grained silicate matrix in which CAIs are representative of the first material condensed from the hot nebula (Abreu & Brearley, 2010). The CC are also characterized by the presence of organic compounds, including long-chain hydrocarbons and amino acids similar to those occurring in protein synthesis. Carbonaceous meteorites have undergone significant aqueous alteration, and many of them have escaped thermal metamorphism (Trigo-Rodríguez, 2015). Depending on the degree of thermal metamorphism and aqueous alteration they have undergone on the parent bodies (C asteroids), carbonaceous chondrites are subdivided into various chemical groups, i.e., CI, CM, CV, CO, CK, CR, CH, and CB. In particular, the CI and CM groups exhibit a significant abundance of water, mainly in the form of hydrated minerals, whereas the CO, CV and CR chondrites underwent much less severe water alteration.




          CI group was named after the Ivuna meteorite that fell in Tanzania in 1938 (Kallemeyn & Wasson, 1981). They contain almost 26% water and a certain amount of organic matter (amino acids) and are devoid of chondrules (Krot, 2006).




          CM group was named after the Mighei meteorite that fell in Ukraine in 1889 (Kallemeyn & Wasson, 1981). They contain 3 to 11% water and a few chondrules. Kallemeyn and Wasson (1981) found that these meteorites contain over 230 different amino acids, while only 20 are present on the Earth.




          CV group was named by analogy to the Vigarano meteorite that fell in Italy in 1910 (Kallemeyn & Wasson, 1981). These meteorites are characterized by their richness in refractory CAIs and large chondrules (5 to 25 mm) (Krot et al., 1995).




          CO group, named after the Ornans meteorite that fell in France in 1868 (Kallemeyn & Wasson, 1981). These meteorites show a lower presence of chondrules compared to those of the CV group and contain less than 1% water and smaller CAIs sparsely distributed in the matrix (Kallemeyn & Wasson, 1981).




          CK group, named after the Karoonda meteorite that fell in Australia in 1930 (Kallemeyn & Wasson, 1981). This group shows a degree of metamorphism greater than that of other groups and features a large quantity of magnetite dispersed in a matrix rich in olivine and pyroxene.




          CR group, named after the Renazzo meteorite that fell in Italy in 1981 (Kallemeyn & Wasson, 1981). These meteorites are characterized by the abundance of iron-nickel in both metallic (5 to 8%) and sulphide (1 to 4%) forms, with respect to the other groups (Kallemeyn & Wasson, 1981).




          CH group, named for their richness in iron (H: high Iron) and their no relation to a specific locality. They contain Fe, Ni and very little C, and present very small chondrules.




          CB group, named after the Benccubin meteorite that fell in Australia in 1930. These meteorites are mainly characterized by the richness in metal in the form of spheres (0.1 to 10 mm) welded with chondritic silicates (Krot et al., 2004).


        




        

          Ordinary Chondrites




          Ordinary chondrites (OC) constitute more than 85% of meteorite falls worldwide. They are characterized by a variable ratio of silicates and metal and a great abundance of large spheroidal chondrules (of mm sizes) of different textures and mineral compositions (Weisberg et al., 2006). This class is divided into three groups: H, L and LL, which can be recognized on a chemical basis, in particular by their amount of iron compared to silicon (Norton, 2002). Group H features a high iron content by weight (27%), group L contains 23% iron, and group LL 20% iron. Actually, ordinary chondrites are assigned to distinct groups on the basis of fayalite (Fa) content of olivine and ferrosilite (Fs) content of pyroxenes (Kallemeyn et al., 1989) (Fig. 12).




          
[image: ]


Fig. (12))


          Classification of ordinary chondrites according to the fayalite contents of olivine and ferrosilite contents of pyroxenes (Kallemeyn et al., 1989).



          Ordinary chondrites are formed in separate parent asteroids that exhibit different petrographic types (3 to 6), reflecting the depth and rate of cooling. The study of nearly 50 000 classified OC-type meteorites has shown that they have undergone different degrees of thermal metamorphism (Moyano-Cambero et al., 2017). Thus, the more the recrystallization of the matrix and the chondrules, the higher the petrographic type. The degree of brecciation increases as the petrographic type decreases (closer to the surface). For ordinary chondrites, the process of thermal metamorphism requires a parent body diameter between 160 and 180 km (Sears et al., 1991).


        




        

          Enstatite Chondrites




          Enstatite chondrites (EC) are characterized by iron in metal or sulphide forms, such as troilite (FeS), and silicates, such as low iron pyroxene of the enstatite type. Enstatite chondrites are subdivided into two groups, EH (high enstatite) and EL (low enstatite), which are differentiated by their iron and sulfur content. In particular, the EH group contains small chondrules (0.2 mm) and 30% total iron, while the EL group contains larger chondrules (> 0.5 mm) and 25% total iron (Keil, 1989). Each group includes thermally metamorphosed chondrite types from 3 to 6.


        




        

          R-type Chondrites




          The designation of this group is based on only one fall recorded, i.e., Rumuruti, that fell in Kenya in 1934. These chondrites are highly oxidized, rich in olivine but poor in iron. They differ from other chondritic groups by their oxidation state, oxygen isotope composition and mineralogy (Weisberg et al., 2006).


        




        

          K-type Chondrites




          The chondrites in this group are named after their type specimen Kakangari, a meteorite that fell in Tamil Nadu, India, in 1890. They represent one of the rarest meteorite groups in the world. All K chondrites known to date belong to the petrographic type 3. They are rich in ferrous sulfide and troilite and feature many chondrules. The K chondrites are unique in their chemical composition and exhibit an isotopic oxygen signature that distinguishes them from all other chondritic groups. These features suggest that K chondrites must have originated in a small, primitive parent body that has not yet been identified (Weisberg et al., 2006).


        


      




      

        Achondrites




        Achondrites are differentiated meteorites that represent only 7.8% of meteorites collected globally. They originate from large parent bodies with diameters of ten to several hundred km that made it possible to initiate differentiation that resulted in the reorganization of matter within the initial chondritic bodies. Thanks to the partial fusion, gravitational segregation occurred between a dense core mainly composed of the heaviest liquids (iron-nickel) and a less dense mantle and rocky crust consisting of the lightest liquids (silicates). Achondrites are divided into three classes, each representing one of the various parts of the parent body, i.e., differentiated achondrites, silicate achondrites (originating from the crust and/or the mantle of the parent body), ferrous (originating from the core of the parent body) and “mixed meteorites” (pallasites and mesosiderites) that originate in part from the interface between the metallic core and the stony mantle, although other hypotheses have been proposed (Tarduno et al., 2012). Another group of achondrites, i.e., “primitive achondrites”, which feature remains of chondrules but have undergone a partial fusion, are considered either as a separate class at the same rank as chondrites and achondrites (Weisberg et al., 2006; Krot et al., 2014), or as a subclass belonging to achondrites (Bischoff et al., 2001). This subclass of meteorites confirms the continuity between differentiated and undifferentiated meteorites.




        

          Primitive Undifferentiated Achondrites




          Primitive undifferentiated achondrites are similar to chondrites and have almost the same age (Krot et al., 2003). Some samples show distinct chondrules that prove that this group represents the transition between chondrites and achondrites (Greenwood et al., 2007). This class of meteorites is subdivided into three main groups.




          Lodranites, named after the Lodran type specimen, a meteorite that fell in Pakistan in 1868. Lodranites are a good example of early achondrites with chondritic chemistry and achondritic texture (McCoy et al., 1997). They present a matrix with coarse crystals without any residual chondrule, which is the result of advanced metamorphism (T between 1050 and 1200ºC) (McCoy et al., 1997).




          Acapulcoites, named after the Acapulco meteorite that fell in Mexico in 1976. They are mainly composed of olivine, orthopyroxene, plagioclase, metallic iron-nickel, and iron sulphide (troilite). Acapulcoites resemble lodranites but exhibit a certain difference related to the degree of thermal metamorphism (T between 950 and 1000ºC), which reveals chondrules different from lodranites (McCoy et al., 1997).




          Winonaites, named after the Winona meteorite that was found in a prehistoric site (Elden) in Arizona, USA, in 1928. Winonaites are mainly composed of large crystals of pyroxene, olivine, troilite and metallic iron-nickel (the total iron content varies between 18% and 30%) (Benedix et al., 1998).
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