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Introduction

Mineral resources have long been the cornerstone of any human society. The prehistoric ages of humanity have been named after some of them, going from the Stone Age through the Bronze Age to the Iron age. From earliest times, they have been used as tools, weapons, construction materials or ornaments. Famous examples are flint tools (Figure I.1a), especially in the areas of southern Great Britain and northern France, where they have been related to quarries, proof of mining activity as early as several hundred thousands of years before present (BP) [START_REF] Sieveking | Characterization of Prehistoric Flint Mine Products[END_REF]. Other examples include jewellery, with numerous variscite (AlPO 4 • 2(H 2 O)) beads and pendants found in Spain, Portugal and France (Figure I.1b) showing the existence of mining and trade through long distances in Western Europe seven thousand years BP [START_REF] Querré | PIXE Analyses over a Long Period: the Case of Neolithic Variscite Jewels from Western Europe (5Th-3Th Millennium BC)[END_REF]. These early uses are found worldwide, in diverse civilisations. For instance, Australian aborigine made hunting weapons from various hard and tough stones such as quartzite, amphibolite or obsidian (Figure I.1c). They also used ochres as pigments in cave painting (Figure I.1d) and as body decoration [START_REF] Horton | The Encyclopaedia of Aboriginal Australia: Aboriginal and Torres Strait Islander History, Society and Culture[END_REF]. Uses evolved through history, particularly with the discovery of metals. Mineral resources and especially metals influenced the rise and fall of civilisations and caused numerous conflicts. Silver mines in Spain are among the issues surrounding the Punic Wars, bringing into conflict the Roman Republic and Carthage, and resulting in Rome controlling most of the western Mediterranean by 200 BC [START_REF] Smith | The Impact of Metals on Society Part III: the Punic Wars[END_REF]. Gold has also been one of the driving forces of European colonialism. Beyond curiosity and evangelical drive, the colonisation of South and Introduction from planes and cars to computers and mobile phones and more generally all the products of the information and communications technology (ICT). Furthermore, solutions to some of the major societal challenges, including climate change and energy supply, will rely upon the availability of these elements to build the large-scale infrastructures required to face these issues. Considering the growth rate of advanced economies, even if full recycling was possible, this availability will rely on the capacity of mining industry to provide manufacturers with sufficient quantities at reasonable prices and by techniques respectful of the environment. 

The Burning Geopolitical and Economical Context Surrounding

Rare Metals

During the past few years, the issues tackled above have led to an increasing concern in developed countries over the risks surrounding the supply of rare metals. The concerns are economic, with the major impact of a supply disruption on the economy considering the numerous cutting-edge applications discussed above. They are also geopolitical, especially regarding China and its importance in the supply of numerous rare metals. For 70 % of the rare metals important for Europe, China is supplying over 50 % of the world 's consumption (European Commission, 2014).

This creates a stress on the rare metals market, because any long term limitation or disruption of China's supply would have serious consequences for the economies of the developed countries.

This stress produces geopolitical tensions, between developed countries, especially the European Union (EU) and the United States (US), and China, which is being accused of shackling free trade when it limits exports.

Several reports have been commissioned in the EU (European Commission, 2014), in the US (U.S. Department of Energy, 2011) and in Australia [START_REF] Skirrow | Critical Commodities for a High-Tech World: Australia's Potential to Supply Global Demand[END_REF]. These reports focus on a specific concept: 'criticality'. They are concerned with rare metals, but more generally most of the raw materials used in high and 'green' technologies, energy and defence. This concept,
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Processes of Scandium Enrichment 2017 related to the importance of the material, is relative according to the entity (company, economic sector, country. . . ) assessing it. For instance, for a battery constructor, lithium (Li) is essential, as Li-ion batteries use Li-bearing compounds as an anode. For a wind turbine constructor, a rare-earth element, neodymium (Nd), is essential to make permanent magnets giving lighter, lower-maintenance, more efficient and less noisy wind turbines. However, neither of the two constructors uses the other element in the conception of its product, and thus does not consider it as critical.

In addition, 'criticality' is a matter of degree. A material is considered as critical if it is above a certain level of criticality, decided more or less arbitrarily on the scale created by the entity assessing it. This leads to the main complexity surrounding the notion, the assessment of criticality. A committee of the US National Research Council in 2008 considered criticality as a two-parameters variable depending on the impact of supply disruption on the one hand, and on the risk of supply restriction on the other hand [START_REF] Graedel | Metal Resources, Use and Criticality[END_REF]. Recent reports, mentioned above, used similar approaches. The European Commission (EC) evaluated criticality according to two similar variables. (1) The economic importance and/or expected impact of a shortage, which is similar to the impact of supply disruption used in 2008 by the US National Research

Council. (2) The measurement of the risk of supply shortage, identical to the second variable of the US National Research council. Parameter (1) has been assessed by adding up the proportion of each end use of the raw material studied weighted by the gross value added by the sector of end use to the EU's gross domestic product (GDP). Parameter (2) is the combination of four factors, the substitutability of the material in its applications, the extent of recycling of the material, the number of producing countries and the quality of the governance in these countries.

The results are presented in a criticality matrix with the economic importance as abscissa and the supply risk as ordinate (Figure I.3). Critical elements are those for which both economic importance and supply risk are above an arbitrary limit fixed by the EC.

The critical elements, for the reasons explained above, vary according to the regions, as can be seen between the EU, the US and Australia (Table 1). Australia, which is essentially an exporter country, focuses on different elements. Criticality is also changing with time, as technological evolution changes the elements used and improves substitution and recycling. Political changes and the involvement of the mining industry in discovery of new deposits and improvement of refining methods are also major factors. For instance, tantalum (Ta) is not considered any longer to be a critical element by the EU whereas it was part of the list of critical elements established in 2010. This shows that the evolution of an element's criticality has to be monitored regularly and rare metals or materials not considered as critical at a given time must not be neglected on this simple fact.

These differences are also due to differences in methodology. A review of the ways of assessing criticality pointed out that the differences in methodology, in sets of metals reviewed and in selection criteria made these analyses unsuitable for a comprehensive overview of which metals to focus on [START_REF] Sievers | Limits to the Critical Raw Materials Approach[END_REF]. Some materials or metals could be neglected and other highlighted because of subtle methodological issues. This could distort the politics and the economy surrounding these elements and counteract the ultimate aim of securing the future supply of rare metals vital for the economy. However, these reports, read with distance and Introduction care, are essential. Over the past few years, they have shed light on the importance of rare metals to the economy and the role that mining industry will have to play on reducing the supply risks surrounding these elements.

Metals

Non-metals Critical materials 
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A Case of Study among Critical Metals: the Rare-Earth Elements

Among the critical metals, one group of chemical elements have recently been in the spotlights:

the rare-earth elements. According to the International Union of Pure and Applied Chemistry (IUPAC), this group of elements is composed of the fifteen lanthanides, the first row of the 'f block' of the periodic table from Lanthanum (La) to Lutetium (Lu), together with yttrium (Y) and scandium (Sc) [START_REF] Damhus | Nomenclature of Inorganic Chemistry: IUPAC Recommendations[END_REF]. The last two elements are included because their chemical behaviour is similar to that of the lanthanides. The abbreviation REE used later is including Y, in addition to lanthanides. Rare-earth elements are divided in two or three categories, light rare-earth elements (LREE), from La to Sm and heavy rare-earth elements (HREE), from Eu to Lu plus Y. The term medium rare-earth elements (MREE) is also used sometimes to qualify REE between Sm and Dy.

Interest in the REE is recent. The first applications arose in the 1950s but were limited to the use of cerium (Ce) oxide as a polishing powder, especially for glass compounds. Europium (Eu) was first used in colour CRT televisions to give the red colour, but was later abandoned for LCD and plasma screens. The headphones of the first Walkman® players used REE in small high-strength permanent magnets. This application is now essential for many technologies such as electric motors and generators, as well as hard disks for computers. Apart from these two categories, polishing compounds and magnets, REE are essential in five other sectors; metal alloys, catalysts, glasses, phosphors and pigments, and ceramics as well as in a few other niche applications.

In addition to the small quantity of REE used in many technological products, such as laptop or smartphones, they are of particular interest because of the numerous applications in 'green'

technologies. Besides the Nd-bearing magnets in large wind turbines mentioned above, dysprosium (Dy) and terbium (Tb) are used as dopant in these magnets to improve their properties at high temperature. Another REE, samarium, is used in Sm-Co magnets for the same kinds of application. They also are used as catalytic converters to limit toxic emissions from vehicles.

The use of REE in phosphors gives energy-efficient fluorescent lighting. Metal hybrid batteries and fuel cells can also be mentioned [START_REF] Chakhmouradian | Rare Earth Mineralization in Igneous Rocks: Sources and Processes[END_REF]. These uses in high and 'green' technologies have given to REE a high level of economic importance, one of the two predominant parameters of criticality. In addition to this parameter, substitutability and recycling are low. Substitutes are absent for many applications, and when they exist, their price is similar or the application does not perform as well [START_REF] Wall | Rare Earth Elements[END_REF]. Recycling is a complex problem. Rare-earth elements are included in a number of small components, mixed with an important number of different elements. The processes required to extract and recycle the REE are energy intensive and complex [START_REF] Wall | Rare Earth Elements[END_REF].

In 2010, the Chinese Ministry of Commerce imposed a significant reduction of the quotas on REE exports from China. With these quotas, the Chinese authorities had two intended targets.

They wanted to encourage downstream users to relocate their production to China. They also had environmental concerns and wanted to close inefficient and polluting mines to allow environmental remediation. This decision, often called the 'rare-earth crisis' by the media, led to Introduction an explosion in REE prices with the concerns surrounding the supply of REE essential for the applications discussed above (Figure I.4). China was indeed, by far, the main exporter of REE with almost 98 % of the global REE supply in 2010 (U.S. Geological [START_REF] Survey | Rare Earths[END_REF]. The prices rise continued until mid 2011, when prices fell due to a reduction of the demand, especially for LREE. End-users of REE made efforts to reduce their consumption and replace the REE, with a trade-off between lower-priced raw materials and poorer performance. For instance, Ndbearing permanent magnets have been replaced by Sm-Co magnets, more expensive and forcing an increased size and mass in the devices containing the magnets. In the case of phosphors, the producers increased prices for consumers as no substitutes were available [START_REF] Hatch | Dynamics in the Global Market for Rare Earths[END_REF].

This decline in prices continued throughout 2012, but prices remained higher than at the beginning of 2008, prior to the economic crisis and China's quotas on exportation. In 2012, the World Trade Organization (WTO) took up the case after complaints against China from the US, the EU and Japan. These complaints were related to restrictions on export of REE (and two other rare metals, molybdenum (Mo) and tungsten (W)). These countries claimed that the restrictions were contrary to several articles of the General Agreement on Tariffs and Trade (GATT) and to China's protocol of accession to the WTO. In substance, they considered that China violated its free trade commitments by limiting exports on REE. In 2014, after a report from a panel chosen by the WTO and two appeals from the US and China, it was concluded that the complaint was justified and China scrapped its export quotas for REE in 2015 (World Trade Organization, 2015). Nevertheless, many end-users remain reluctant to rely on REE for their applications as the prices remain at high levels and are still volatile.

This example demonstrated two essential parameters to take into account to secure the supply of rare metals. First, the number of countries on which the supply depends. Rare-earth elements supply before 2008 and the events related earlier was insured at 97 % by China [START_REF] Cordier | Rare Earths. U.S. Geological Survey Mineral Yearbook[END_REF]. This quasi-monopolistic position was the cause of the supply disruption for many end-users after the introduction of quotas and resulted in a violent stress on the REE market. In 2014, China was still supplying 87 % of the world consumption of LREE. This value reached more than 99 % for the HREE (European Commission, 2014). This problem is thus not over and explains the concerns of end-users in relying on REE for their application. The second aspect concerns the governance of the producing countries. In the case of REE, China's need for a stable supply for domestic use as well as environmental concerns surrounding mining and the desire to develop its own REE industry have been and still are factors of risk for supply, as illustrated in 2010. China's tense political relations with developed countries is an additional problem in insuring that it will agree to export enough REE to supply the global market. As has been seen, complaints before the WTO are not a short term solution, considering the slowness and complexity of the procedures.

The case of the REE illustrates all the parameters involved in the concept of criticality. The economic importance of the material is high, in particular in key sectors of the economy. The second parameter, the risk of supply restriction also reflects all the factors studied to assess this risk. Substitutability as well as recycling are low and there is one main producing country with concerns over its governance, especially for the US, the EU and Japan. It also demonstrates
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Processes of Scandium Enrichment 2017 the consequences of the problems surrounding critical elements. The problem with REE is not over, despite the decision of the WTO, as shown by the 2014 criticality study ordered by the EU, placing both LREE and HREE in the list of critical raw materials. Three solutions to this issue are proposed in different reports from governments (European Commission, 2014), nongovernmental organizations (NGO) [START_REF] Gholz | Rare Earth Elements and National Security[END_REF] and academia and industry [START_REF] Jaffe | Energy Critical Elements: Securing Materials for Emerging Technologies[END_REF]. The most obvious solution is improved recycling, but as explained earlier it is difficult to implement due to the low quantity in which REE are used in most compounds, and the mixing with a great number of other elements. Moreover, most end-of-life products are sent back to China to be recycled, or at least are not recycled in the consuming countries. As mentioned above, work still has to be done to substitute REE in most products, and it could lead to similar problems with the elements of substitution. These two solutions have thus to be complemented by the mining industry. Two different sectors of the mining industry are involved: mineral exploration and refining processes. The former has to be developed in order to find new deposits and the later has to be improved to increase recovery rates. The development of new techniques would indeed allow the exploitation of lower grade deposits, of new types of deposits and of deposits containing REE as co-products or by-products. 

Introduction

-Carbonatites: These are igneous rocks containing more than 50 % of carbonate minerals and they are at present the main economic source of REE [START_REF] Wall | Rare Earth Elements[END_REF]. These rocks are often associated with extensional tectonic contexts, such as rifting or continental breakup. In some cases, they concentrate LREE in the late stage of formation of intrusions enriched in incompatible elements, such as REE. Pegmatoid-type fluid-rich environments could lead to a remobilisation and a concentration of REE (Williams- [START_REF] Williams-Jones | Hydrothermal Mobilisation of the Rare Earth Elements-A Tale of "Ceria" and "Yttria[END_REF]. Mountain Pass (Calif., USA) and Bayan Obo (China) are the two most famous examples, the former having supplied the REE consumption from the mid 1960s to the early 1990s, progressively replaced by the later.

-Alkaline Igneous Rocks: These rocks contain an excess of alkali metals compared to silica and are also typical of intracontinental tectonic settings. Enrichment in REE is produced by direct crystallisation of a magma enriched in incompatible elements or later enriched by hydrothermal alteration. The Khibiny and Lovozero deposits in the Kola peninsula (Russia) and the Weishan deposit (China) are the three deposits in production.

-Placer Deposits: They are sands enriched in monazite (monazite-(Ce), (Ce,La,Nd,Th)PO 4 )

and xenotime (YPO 4 ), two REE phosphates that are resistant to weathering. After erosion and fluvial transport they can be deposited in river, estuarine and shallow marine environment where heavier minerals, such as monazite and xenotime, are concentrated by sedimentation processes.

The most famous deposits are found and processed in Kerala and Orissa (India). The problem with these deposits is that they are enriched in the radioactive elements thorium (Th) and uranium (U), which must be separated and stored safely.

-Ion Adsorption: These deposits are formed by weathering of granites, or more rarely of other rocks, containing significant amounts of easily weathered REE minerals. They are found essentially in the sub-tropical regions of Southeast Asia. They constitute small deposits, between 15 m and 35 m thick [START_REF] Bao | Geochemistry of Mineralization With Exchangeable REY in the Weathering Crusts of Granitic Rocks in South China[END_REF]. Rare-earth elements are often adsorbed on clay and are easily recovered by ion-exchange. They supply most of the HREE and are essentially mined in China, although deposits have also been under study in other countries of the area, such as Thailand [START_REF] Sanematsu | Geochemical and Mineralogical Characteristics of Ion-Adsorption Type REE Mineralization in Phuket, Thailand[END_REF]. 
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The deposits, often classified according to the rock type, can also be distinguished by the processes of formation (Figure I.5). Two contexts can be distinguished: (1) Igneous processes leading to the concentration of REE by crystallisation of a magma enriched in incompatible elements with possible further enrichment by remobilisation and reconcentration of REE through hydrothermal processes, forming carbonatites and alkaline igneous rocks and ( 2) supergene processes forming placers or ion adsorption deposits.

The supergene deposits, i.e. those formed by near-surface processes, are of interest because weathering mechanisms enrich the REE efficiently. They have limited mobility in surface water.

The weathering processes, by dissolving and removing the most mobile elements, will progressively lead to a relative enrichment in REE. The case of placer deposits has been explained

above. The high resistance to weathering of REE-bearing phosphates, as well as their similar density, ensure their concentration. They are of interest because of the common presence of water nearby, considering they are formed by sedimentation in rivers or shallow waters. Processing costs are also reduced thanks to the lower degree of crushing required [START_REF] Chakhmouradian | Rare Earth Mineralization in Igneous Rocks: Sources and Processes[END_REF].

The other example already mentioned, ion adsorption clays, also offers advantages additional to the simple concentration of REE by weathering processes. The process of REE recovery is easy and cost-effective, compared to the separation processes followed by acid leaching and calcination required for conventional ores. A simple neutral or slightly acid solution containing an electrolyte, the ion-exchange agent, with a stronger affinity for the clay than REE will allow desorption [START_REF] Wall | Rare Earth Elements[END_REF]. They are also among the rare deposits containing a high proportion of HREE, more valuable than LREE.

As shown by the ion adsorption deposits, intense weathering in tropical conditions will lead to concentration of REE. When the substrate is favourable, such as with a carbonatite or an alkaline igneous bedrock, already enriched in REE, it can lead to the formation of further enriched deposits, commonly ten times more concentrated than the fresh rock [START_REF] Kravchenko | The Tomtor Alkaline Ultrabasic Massif and Related REE-Nb Deposits, Northern Siberia[END_REF]. This is the case of the Mount Weld deposit (WA, Australia), formed by a specific supergene process of a carbonatite, lateritic alteration. Deep-sea supergene deposits could also be an infinite source of REE in a situation with higher prices or a lack of terrestrial resources [START_REF] Kato | Deep-Sea Mud in the Pacific Ocean As a Potential Resource for Rare-Earth Elements[END_REF]. Nonetheless, it would require major technological advances and could be disastrous for deep-sea ecosystems.

Thus, supergene processes can increase REE concentration, in particular the HREE, which are rarely concentrated elsewhere, and provide cost-effective and easily processed deposits. Nevertheless, even if exploration and mining operations have revealed these resources and their potential, the processes leading to the concentration of the REE are poorly understood, especially at the atomic scale. Numerous studies have used the REE to understand weathering processes but only a few have focused on the processes leading to economic concentrations (e.g.,

Introduction

The

Problem and Outline of the Thesis

This introduction has underlined the importance of natural resources in shaping the evolution of human societies from prehistoric times to present. Today, the technological evolution, leading to an increasing importance of the information and communication technology, and the future challenges, especially climate change, will require an increasing variety and quantity of rare metals, which has to be supplied by the mining industry. This supply issue has to carefully consider the criticality and potential of each rare metal individually, and especially among one group, emblematic of these issues, the REE. The risk of supply disruption, in particular, can be overcome by efforts in mineral exploration and processing. This requires a good understanding of the conditions and processes of formation of the deposits, notably those associated with supergene contexts, as they greatly increase concentrations.

The objective of this thesis is to understand the geochemical and crystal-chemical mechanisms leading to enrichment in Sc, from mantle-related contexts to supergene weathering. Scandium is a rare metal, part of the REE group but often neglected. Scandium criticality is limited, but this concept is time-dependant and technological advances required to face the challenges of the twenty-first century could rely upon underexplored properties of rare metals. In addition, diversification of the sources is a way to overcome issues surrounding criticality. The case of Sc is particular, despite the potential applications of this element, supply is too low to create a demand, as explained in detail below (see chapter 1). In this framework, supergene contexts are of particular interest. Lateritic weathering over mafic-ultramafic rocks in Australia has led to deposits with concentrations among the highest known in the world, which could become leading Sc sources (U.S. Geological Survey, 2017f). One of these profiles, located at Syerston-Flemington (NSW, Australia) is studied here.

In order to explain the genesis of lateritic Sc deposits, from the formation of a favourable parent rock to the enrichment in Sc through weathering, this work is divided in five chapters giving insight into the behaviour of Sc from mantle-related to supergene contexts. The first chapter highlights the properties of Sc, its potential high-technology and environmental applications, and the problems limiting the use of Sc, and it highlights the interest surrounding lateritic deposits.

The second chapter reviews the conditions of formation of laterites to understand the geochemical and mineralogical processes involved, giving bases to study the case of lateritic enrichment of Sc. The third chapter aims at analysing the geochemistry of Sc in mafic and ultramafic rocks to give insight on Sc geochemistry in the mantle and to identify the nature of the parent rocks that could lead to promising deposits. The fourth chapter introduces one of these promising deposits, the Syerston-Flemington deposit, explaining the geological and geographical context and giving details on the logging and sampling of the representative lateritic cores made available and on the experimental methods used to study the deposit. The fifth chapter consists in a detailed geochemical and crystal-chemical study of the profile to understand the processes leading to Sc enrichment in a lateritic profile. An Overview of Scandium Characteristics, Market and Deposits 1.1 Scandium, the Overlooked Rare Earth Element

A History of Scandium

The existence of Sc was predicted ten years before its discovery. In 1869, Dmitri Mendeleev published an attempt at classification of the chemical elements [START_REF] Mendeleev | The Relation Between the Properties and Atomic Weights of the Elements[END_REF]; it is known today, after several corrections and additions, as the periodic table. From the 69 elements known at that time, he ordered the elements according to their atomic weight and their chemical properties. He needed both because he thought, correctly in most of the cases, that some atomic weights were wrong. But there were gaps in his table, from which he predicted the existence and the properties of unknown elements, among which ekaboron. Eka meaning 'one' in Sanskrit, Mendeleev expected the element to be one place down from boron.

In 1879, Lars Fredrik Nilson, a Swedish chemist, unaware of Mendeleev's prediction, reported the discovery of a new element [START_REF] Nilson | On Scandium, a New Element. Öfversigt af Kongliga Swensk Vetenskaps[END_REF]. He named it scandium, after the latin 'scandia', as the minerals from which he isolated the element had only been found in Scandinavia at that time. ). After having identified erbium (Er) and Yb by spectral analysis following purification of a few kilograms of euxinite, he noticed the presence of an element with a low atomic weight during fractionation by thermal decomposition. He obtained only 0.35 g of a compound containing this new element and looking at the atomic spectrum, he found lines which had not been reported previously, confirming the discovery of a new element. He estimated the atomic mass of Sc oxide (Sc 2 O 3 ) to be 105 g • mol -1 . 1 However, another Swedish chemist, Per

Teodor Cleve, suspecting that Yb was not completely separated from Sc, did a better purification and estimated the atomic mass of the Sc to be around 45 g • mol -1 . 2 The study of the chemical properties and the atomic mass of the Sc, close to the 44 g • mol -1 expected by Mendeleev, lead Cleve to conclude that the element discovered by Nilson was one of the missing elements of Mendeleev table, ekaboron (Cleve, 1879).

Chemical and Physical Properties of Scandium

In the periodic table, Sc is located between calcium (Ca) and titanium (Ti) making it the lightest transition element with an atomic number of 21. 3 As explained in the introduction, owing to its chemical properties, Sc is chemically considered as a REE along with Y and the lanthanides.

Scandium metal is silvery white but is unstable in air and oxidises to give a yellowish to pinkish tint. It burns easily and reacts with water to release hydrogen. Scandium metal was not obtained before 1937, when Fisher used electrolysis of a fused mixture of Sc chloride with potassium (K) and Li chlorides [START_REF] Fischer | Über das metallische Scandium[END_REF]. The first high-purity Sc metal was not obtained before the mid 1950s [START_REF] Petru | Preparation of Compact Metallic Scandium[END_REF]. Some key properties of Sc are summarised below (Table 1.1.1). 1 Nilson later corrected the value, estimating it to be around 44 g • mol -1 . 2 The atomic mass of the Sc is actually 44.955912 ± 0.000006 g • mol -1 . 3 The electronic configuration of the ground state of Sc being 1s 2 2s 2 2p 6 3s 2 3p 6 4s 2 3d 1 .
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Processes The unique chemical properties of Sc make it interesting for several applications. Scandium is a light metal with a higher melting point than Al, making Al-Sc alloys important in spacecraft and aircraft. It also has good ionic conductivity. Scandium has only one stable isotope, 45 Sc, but man-made 46 Sc, with its short half-life, is used as a tracer.

Some basic chemical properties are essential to understanding the geochemical and mineralogical behaviours of Sc. Scandium has only one valence in nature, exhibiting only the 3+ oxidation state and mainly substituting for other 3+ ions. Hybrid or inorganic and organic complexes of Sc 2+ or Sc + have been obtained in the laboratory (e.g., [START_REF] Mcguire | Preparation and Properties of Scandium Dihydride[END_REF][START_REF] Smith | Diatomic Hydride and Deuteride Spectra of the Second Row Transition Metals[END_REF][START_REF] Corbett | Extended Metal-Metal Bonding in Halides of the Early Transition Metals[END_REF][START_REF] Arnold | The First Example of a Formal Scandium(I) Complex: Synthesis and Molecular Structure of the 22-Electron Scandium Triple Decker Incorporating the Novel 1,3,5-Triphosphabenzene Ring[END_REF]. Such species need exotic conditions to be produced and in particular extremely reduced environments, often in the presence of excess metallic Sc. This form of Sc is obtained from Sc 3+ for redox potentials below ca -2.08 V (Haynes, 2017). On the Earth's surface and mantle, the oxygen fugacity (f O 2 ) is used as a proxy for the redox condition.

No experiments have measured the f O 2 required to transform Sc 3+ to metallic Sc. However, considering the redox potential needed to form metallic Sc from Sc 3+ , which is lower than that required to form metallic Ti from Ti ranging from -2 to 3 [START_REF] Papike | Comparative Planetary Mineralogy: V/(Cr+Al) Systematics in Chromites As an Indicator of Relative Oxygen Fugacity[END_REF][START_REF] Frost | The Redox State of Earth's Mantle[END_REF].

The outer electronic structure of Sc is similar to that of the lanthanides. The ionic radius of Sc 3+ in six-fold coordination is 0.745 Å (Shannon, 1976), much smaller than the other REE. It can thus be considered as a very heavy rare-earth element (Figure 1.1.1), and can substitute for Y 3+ and Yb 3+ . Nevertheless, it shows some marked differences from the REE in its geochemical behaviour and is not always associated with them. On the other hand, it is larger than all ions of the other transition metals with the same valence in the same coordination. The largest, Ti 3+ , has an ionic radius of 0.67 Å and the most common, Fe 3+ , is also smaller with a radius of 0.645 Å in high-spin configuration. These factors will thus limit the incorporation of Sc into the crystallographic sites of these ions in Fe-Ti minerals. Nevertheless, Sc 3+ substitution for Fe 3+ and Al 3+ is common in nature, as they are abundant in the lithosphere. Moreover, the radius of Sc 3+ is similar to that of Fe 2+ and Mg 2+ , which are 0.78 Å in high-spin configuration and 0.72 Å, respectively, leading to substitution despite the different valence. In eight-fold coordination, Sc 3+ has an ionic radius of 0.870 Å. Scandium mainly substitutes for Y 3+ (1.019 Å) and Zr 4+ An Overview of Scandium Characteristics, Market and Deposits (0.840 Å) in this coordination. Concerning the properties in solution, the ionic potential of Sc 3+ , i.e. the quotient of ionic radius and ionic charge, makes it one of the insoluble elements [START_REF] Goldschmidt | The Principles of Distribution of Chemical Elements in Minerals and Rocks. the Seventh Hugo Müller Lecture[END_REF]. Mobilisation of Sc during weathering will thus be limited. The Sc 3+ ion is a hard Lewis acid [START_REF] Pearson | Hard and Soft Acids and Bases[END_REF]; it forms strong complexes with hydroxides, fluorides, sulfates and phosphates and weak complexes with chlorides and bisulfides [START_REF] Wood | The Aqueous Geochemistry of Gallium, Germanium, Indium and Scandium[END_REF]. This is of prime importance for the transport of Sc 3+ in hydrothermal solution, in which hydroxides and fluoride complexes, in the case of high fluoride activity, will be the main forms of transport of Sc 3+ . Chloride, on the other hand, will not play a significant role, except possibly at high temperature. Moreover, P-rich aqueous solutions might precipitate Sc phosphates, more stable than Sc oxyhydroxides.

Geochemistry and Mineralogy of Scandium

Since the discovery of Sc by Nilson, the attention paid to this element has been limited. The first geochemical studies started at the end of the 19th century, with a first estimation of Sc abundance in the lithosphere of around 10 -4 ppm [START_REF] Vogt | Relative Verbreitung der Elemeote[END_REF]. Shortly after that, several studies showed that the value was underestimated. [START_REF] Bibliography E Eberhard | Ueber die weite Verbreitung des Scandium auf der Erde[END_REF] showed by spectroscopic study that Sc was present in over eight hundred different mineral species. Soon after, [START_REF] Clarke | The Composition of the Earth's Crust[END_REF] estimated Sc abundance in the lithosphere to be around 10 -1 ppm. Today, estimations of Sc concentration in the Earth's continental crust vary between 13 ppm and 30 ppm [START_REF] Taylor | Abundance of Chemical Elements in the Continental Crust: a New Table[END_REF][START_REF] Shaw | Composition of the Canadian Precambrian Shield and the Continental Crust of the Earth[END_REF][START_REF] Rudnick | Nature and Composition of the Continental Crust: a Lower Crustal Perspective[END_REF][START_REF] Taylor | The Geochemical the Continental Evolution Crust[END_REF][START_REF] Wedepohl | The Composition of the Continental Crust[END_REF][START_REF] Gao | Chemical Composition of the Continental Crust As Revealed by Studies in East China[END_REF], the recommended concentration being 21.9 ppm [START_REF]Composition of the Continental Crust[END_REF] with a higher concentration in the lower crust (ca 31 ppm) than in the middle crust (ca 19 ppm) and the upper crust (ca 14 ppm). Estimates for the average oceanic crust concentrations are higher, ca 36.8 ppm [START_REF] White | Composition of the Oceanic Crust[END_REF]. Geochemically, Sc is refractory and lithophile, explaining its lower abundance in the solar system, ca 5.81 ppm [START_REF] Mcdonough | The Composition of the Earth[END_REF] and its relative concentration in the silicate Earth, with an estimated abundance of ca 16.4 ppm, which is also its estimated abundance in the primitive mantle (Palme et al., 2014). Compared to other crustal concentrations, Sc is relatively abundant (Figure 1.1.2). It is found in similar quantities
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to Pb or Cu and is 10 4 times more abundant than most of the precious metals. However, in contrast to Au, which forms nuggets, Sc is dispersed in the Earth's crust and rarely concentrates in minerals. Only a few common minor minerals contain Sc at concentrations greater than tens of ppm, including Sc-rich varieties of columbite ((Fe,Mn)Nb 2 O 6 ), rutile (TiO 2 ), perrierite ((Ce,La,Ca) 4 (Fe 2+ ,Mg) 2 (Ti,Fe 3+ ) 3 Si 4 O 22 ), euxenite-(Y), ixiolite ((Ta,Nb,Fe,Sn,Mn)O 2 ), and pyrochlore ((Ca,Na) 2 Nb 2 O 6 (OH,F), [START_REF] Åmli | Carbonatites, a Possible Source of Scandium As Indicated by Sc Mineralization in Fen Peralkaline Complex, Southern-Norway[END_REF][START_REF] Bergstøl | Scandian Ixiolite, Pyrochlore and Bazzite in Granite Pegmatite in Terdal, Telemark, Norway. a Contribution to the Mineralogy and Geochemistry of Scandium and Tin[END_REF][START_REF] Wise | Substitution in Columbite -Group Minerals and Ixiolite[END_REF].

The 3d outer electronic configuration of Sc, shared with other first-row transition elements, its lithophile behaviour and low electronegativity and its single oxidation state in natural redox conditions leads to its dispersion in solid solutions in rock-forming oxycompounds at low concentrations, limiting the formation of Sc mineral species and hindering preferential partitioning of Sc during most geochemical processes [START_REF] Christy | Causes of Anomalous Mineralogical Diversity in the Periodic Table[END_REF].

Figure 1.1.2: Abundance of chemical elements in the Earth's continental crust as a function of atomic number, data from [START_REF]Composition of the Continental Crust[END_REF].

The first Sc mineral, thortveitite ((Sc,Y) 2 Si 2 O 7 ), was only found in 1903 by Olaus Thortveit and described in 1911 by Jakob Schetelig. 1 It is a silicate of Sc with the formula (Sc,Y) 2 Si 2 O 7 , first found in granitic pegmatites from southern Norway [START_REF] Schetelig | Thortveitite, a Silicate of Scandium, (Sc,Y) 2 Si 2 O 7[END_REF]. Today, seventeen minerals containing Sc as a main component are recognised by the International Mineralogical Association (IMA), among which only twelve are found on Earth (Table 1.1.2). 2 Most of these species have been discovered during the past thirty years and new minerals continue to be discovered, the last one having been described in 2010. However, except for a few rare specimens of centimetre-sized thortveitite, giving a rare purple gem-quality material (Figure 1. 1.3, Chapman et al., 2008), most of the specimens of Sc minerals do not reach more than a few hundred microns. The majority (eight) are silicates, as expected from the lithophile behaviour of the element, three are phosphates, as Sc 3+ is a hard ion (see section 1.1.2), and only one is an oxide, recently discovered. Scandium minerals, especially thortveitite are associated with Y and other HREE, reflecting the similar behaviour of these elements under the conditions of formation of these species. The rare Sc minerals are generally associated with pegmatites and hydrothermal deposits. Numerous minerals in Sc-enriched pegmatites from Norway can reach more than 1000 ppm Sc [START_REF] Neumann | The Scandium Content of Some Norwegian Minerals and the Formation of Thortveitite, a Reconnaissance Survey[END_REF]. Fluoride complexes of Sc have a high stability constant, and the circulation of F-rich fluids probably explains Sc enrichment in late-stage magmatic rocks such as pegmatites [START_REF] Gramaccioli | The Formation of Scandium Minerals As an Example of the Role of Complexes in the Geochemistry of Rare Earths and HFS Elements[END_REF]. Nevertheless, late-stage magmatic rocks are generally depleted in Sc [START_REF] Goldschmidt | Zur geochemie des Skandiums[END_REF]. Contamination with adjacent early-stage magmatic rocks surrounding these pegmatites, with the presence of gabbros and amphibolites, is most probably the source of Sc later concentrated by F-rich fluids [START_REF] Neumann | The Scandium Content of Some Norwegian Minerals and the Formation of Thortveitite, a Reconnaissance Survey[END_REF][START_REF] Bergstøl | Scandian Ixiolite, Pyrochlore and Bazzite in Granite Pegmatite in Terdal, Telemark, Norway. a Contribution to the Mineralogy and Geochemistry of Scandium and Tin[END_REF]. If this particular context, leading to Sc concentration in late-stage rocks is excepted, usually, Sc is concentrated in rocks formed in the early stages of magmatic differentiation [START_REF] Goldschmidt | Zur geochemie des Skandiums[END_REF], and located in the associated minerals such as clinopyroxenes, amphiboles, micas and garnets [START_REF] Das | Scandium in Rocks, Minerals and Sediments and Its Relations to Iron and Aluminium[END_REF]. Therefore, ultramafic and mafic rocks are enriched in Sc compared to other rocks.
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Historic, Current and Emerging Applications of Scandium 1.2.1 Historic Applications

It is only after the Second World War that the first applications using Sc have been developed.

As explained above, interest in the element has been small since its discovery. It remained small during the first half of the twentieth century due to the difficulties in obtaining high purity compounds in sufficient quantities. The isolation of Sc of sufficient purity and in usable quantities, along with other REE, was successfully undertaken by chemists from the Manhattan Project. After the purification of Sc metal at the end of the 1930s and the availability of the first high-purity metal in the 1950s, increasing numbers of studies have been undertaken on Sc applications. In 1958, radioactive 46 Sc was first used as a tracer in technology [START_REF] Mott | Review of Radiotracer Applications in Geophysics in the United States of America[END_REF]. The study of Sc binary alloys lead to the discovery of high density Sc carbide (ScC)-Ti carbide (TiC) alloys in 1962 [START_REF] Samsonov | Scandium Carbides and Compound Scandium-Titanium Carbides[END_REF]. At that time, it was the hardest compound after diamond. This also lead to the use of Sc as an alloying element, especially in Al-Sc alloys.

In the 1980s, systematic research was carried out in this field in the former Union of Soviet Socialist Republics (USSR) leading to the development of other applications. In particular, the USSR used Al-Sc alloys in the nose cones of missiles possibly launched from submarine beneath the Arctic ice cap as the strength was sufficient to pierce the ice cap without damage. They also used it in Soviet military aircraft, the MiG-21 and MiG-29 [START_REF] Ahmad | The Properties and Application of Scandium-Reinforced Aluminum[END_REF].

Several other minor applications have been developed later. The properties of Sc 2 O 3 have been of interest in ceramics, as it has low thermal expansion, elastic modulus and thermal conductivity.

In electronics, ferrites doped with Sc have been used in early computers [START_REF] Bondarev | Transformation of Magnetic Properties of Scandium-Containing Ferrites[END_REF].

Improved properties have been demonstrated for lasers and lamps doped with Sc. Addition of Sc to Y-Fe garnet improves its magnetic properties [START_REF] Cunningham | Initial Permeability and Derived Anisotropy of Scandium-Substituted Yttrium Iron Garnets[END_REF]. The addition of Sc iodide to high-intensity lamps also gives a near-sunlight light source and has been used in night sporting events for a better reproduction of colour on television [START_REF] Bauer | Scandium halide discharge lamp[END_REF]. Cathode-ray tube phosphors have been one of the other applications [START_REF] Segalstad | Resources and Uses of Scandium[END_REF]. The catalytic activity of Sc has also been extensively studied by chemists over the years [START_REF] Cotton | Recent Advances in the Chemistry of Scandium[END_REF].

Commercial Applications

There are two main applications using Sc that are taking up an important part of the market: an historic application, Al-Sc alloys and a recent application, Sc-stabilised zirconia (ScSZ) electrolytes for solid oxide fuel cells (SOFC).

Aluminium-Scandium Alloys

As stated above, interest in Sc as an alloying agent lies in its incorporation in Al alloys leading to improved properties.

Al-Sc alloys are obtained by reducing Sc 2 O 3 in the Al melt, as metallic Sc is too expensive to be used directly. The most common concentration of Sc in the master alloys is around 2 wt% for high performance alloys but improved properties can be obtained from 0.1 wt%, and contents in the range 1 wt% to 20 wt% are sold [START_REF] Røyset | Scandium in Aluminium Alloys[END_REF]. Then, by regulating the cooling An Overview of Scandium Characteristics, Market and Deposits temperature, different grain phases combining Al and Sc can be obtained, the most desirable being Al 3 Sc.

This phase improves the microstructure of the alloy. The grains formed during cooling of the alloy melt are smaller and more evenly shaped compared to typical Al alloys. This increases the strength of the alloy by limiting the porosity due to poor cavity filling during cooling that happens when grains are too large. It also gives the alloy superplasticity; the material can bend under stress that would normally cause fracture, thanks to the fine-grained structure and stabilisation of the grain boundary structure. In this way, the alloy can be formed into complex shapes without weakening of the material leading to early fractures. Finally, the formation of dispersed particles of Al 3 Sc during heat treatments facilitates precipitation hardening, which is otherwise difficult or even impossible, by controlling the microstructure of the alloy during thermomechanical processing [START_REF] Røyset | Scandium in Aluminium Alloys[END_REF].

At the macrometric scale, it improves three main properties of the alloy. Strength is improved directly and indirectly, thanks to increased possibilities of heat treatment, especially precipitation hardening. Weldability is improved by increasing the melting point. Especially, it increases weld strength, as it limits grain regrowth within the alloy during welding avoiding the usual weakening of the welding area. Corrosion resistance is also improved, at least partly because better treatments for reducing corrosion resistance are possible with Sc.

Today, only niche applications exist for Al-Sc alloys. After the Russian applications in military aircraft, the breakthrough of these alloys in Western countries came with its introduction in sport equipments (Figure 1.2.1). Baseball bats containing Al-Sc alloys have been used since 1997 in the US; it is also used in lacrosse sticks and bicycle frames. The use of Sc in cricket bats has also improved hitting power and was quickly banned because it was considered unfair (Emsley, 2014). Finally, the best potential resides in the aerospace industry, but today, Al-Sc alloys are only used for minor components, mainly because of the supply problems surrounding Sc.

(a) (b) 
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Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFC) are electrochemical cells that produce an electrical current by oxidising a fuel. The fuel is generally a mixture of H 2 and CO, O 2 from the air being the oxidant.

In the case of SOFC, the conversion is made through the use of a solid ceramic electrolyte, which is a metallic oxide, conducting oxygen anions between the cathode and the anode (Figure 1.2.2, Ormerod, 2003). The reaction requires elevated temperature, typically between 700 ∘ C and 1000 ∘ C. At this temperature, the ceramic becomes conductive and the reactants separated by the solid oxide barrier become excited. At the cathode, O 2 is reduced to oxygen anions, O 2-.

They are guided through the electrolyte barrier and will combine at the anode with the fuel, H 2 and CO, to form water, CO 2 and heat, sustaining the high temperature necessary for the reaction. Electrons are thrown off during the combination of oxygen with the fuel and return to the cathode generating a flow captured as electrical current. The cell will work continuously, as long as reactants flow into the system.

An Overview of Scandium Characteristics, Market and Deposits stress, leading to a greater lifetime than for YSZ.

Solid oxide fuel cells have been used for a long time by the National Aeronautics and Space Administration (NASA) as an electrical power supply source on spacecraft. Now, they can be used for a wide range of systems, from portable devices to power generation plants [START_REF] Minh | Solid Oxide Fuel Cell Technology -Features and Applications[END_REF].

The main company commercialising SOFC, Bloom Energy, utilises ScSZ in the so-called 'Bloom Box'. The power supply of servers for many companies, especially in Silicon Valley, is ensured using this technology [START_REF] Energy | Clean, Renewable Energy -Bloom Energy Solid Oxide Fuel Cells[END_REF].

Other Minor Applications

Minor applications of Sc include ceramics, electronic, lightning, lasers and radioactive isotopes (U.S. Geological Survey, 2017f). For instance, Sc is still used in high intensity lights in the US to simulate natural light. Scandium is also used in laser crystals for defence applications and for dental applications, in hard dental tissue treatments. The radioactive isotope, 46 Sc, is used in oil refineries as a cracking agent. Finally, the catalytic properties of Sc in organic synthesis are of value, but the volumes used are negligible.

Future Potential

New applications for Sc continue to be discovered, but the short-term growth of the Sc market lies in the potential of two applications described above, Al-Sc alloys and SOFC.

Research and development is conducted at the industrial level, notably by the Airbus Group, to develop new alloys for air transportation requirements and challenges, by pushing the limits of Al-Sc alloys. Two alloys developed by Airbus group, have been subject to patents, Scal-malloy® and Scalmalloy®RP (Airbus Group, 2015). They are Al-Mg-Sc alloys, incorporating high Sc concentrations thanks to rapid solidification methods. The RP alloy is a powder of the Scalmalloy® alloy, used by companies wanting to directly manufacture their alloy. It has promising perspectives for 3D printer applications. These alloys are used for transportation, defence, aerospace and leisure applications where high specific strength and high corrosion resistance are required. Considering the future of air transportation, they represent a promising market for Sc. In order to achieve energy savings, aircraft manufacturers, such as Airbus, need lighter aircraft. The use of Al-Sc alloys in the brackets and skins of its aircraft is expected to lead to weight reductions of up to 20 %. Considering that Airbus forecast a demand for more than 32,000 new aircraft between 2015 and 2034 [START_REF] Leahy | Global Market Forecast 2015-2034[END_REF], the replacement of usual materials by Al-Sc alloys would lead to an explosion of Sc consumption. Taking a standard aircraft gross weight of about 200 t and about 20 % of this being the airframe weight [START_REF] Kaufmann | Cost/Weight Optimization of Aircraft Structures[END_REF], 40 t of alloy would be needed for a standard aircraft. At about 1 wt% Sc, with 30,000 aircraft in 20 years, this implies a consumption increase of 600 t Sc per year. This rough calculation is an overestimate, because it implies a total replacement of the airframe materials by Al-Sc alloys in all the Airbus aircraft. However, when compared to the global Sc consumption of 10 t to 15 t per year (U.S. Geological Survey, 2017f), it gives an idea of the potential of this market. Other perspectives for Al-Sc alloys include light vehicles in the automotive market, where the need for energy efficiency could drive the demand in a similar way as in the aircraft market. High-tension wires are also a possible end-use, as the weakness of the Al alloys used today limits the distance
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On the SOFC market, Bloom Energy is the main driver in the demand for ScSZ electrolytes.

With the 'Bloom Box' mentioned above, businesses that operate data centres can reduce their carbon footprint and the environmental drawbacks of usual power plants and can even be environmentally competitive with renewable power when biogas is used as the fuel. With the development of information and communication technologies, this type of solution could become important in the future and increase Sc consumption dramatically. The annual growth rate of the SOFC market has been around 50 % between 2010 and 2013 [START_REF] Carter | The Fuel Cell Industry Review[END_REF]; at that rate, between 2014 and 2020 the demand for Sc for use in SOFC will be multiplied by more than ten.

However, this potential market and growing applications will require a reliable Sc supply with lower Sc prices.
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Current Scandium Supply and Resources

Historic mining and new projects give a good idea of the Sc resource (Table 1. 3.2 and Figure 1.3.2), even if undiscovered Sc resources could be large, considering the low interest accorded to this element before recent years.

Today, the Sc market still being small,1 only mines where Sc is a by-product are exploited. The situation has not changed much since the 1990s. In 2016, Sc was obtained as a by-product of U mining in Kazakhstan and Ukraine, of apatite mines in Russia and from Ti and REE mines in China (U.S. Geological Survey, 2017f). Considering that Russia is producing Sc from U mining, most of the cold-war stockpile of Al-Sc alloys is probably exhausted.

However, new projects are in progress. Most projects concern anthropogenic residues. The red mud resulting from the production of Al from bauxite, an Al ore, has long been known to concentrate Sc. For instance, Jamaican bauxite wastes analysed in 1987 contained between 200 ppm and 400 ppm Sc [START_REF] Wagh | Occurrence of Scandium and Rare Earth Elements in Jamaican Bauxite Waste[END_REF]. In Russia, a pilot-plant study has been conducted to produce Sc from red mud and should be able to produce 2.5 t of concentrate per year. Another anthropogenic source under study is the production of TiO 2 pigments. In Japan, a pilot-plant study has been launched. Coal ash and coal overburden are other targets, with a recoverable grade of 45 ppm Sc, and feasibility studies are in progress in the United States. Another project, the most recent to date, managed to extract high purity Sc oxide as a by-product from the Elk Creek carbonatite (Nebr., USA), a niobium (Nb) deposit.

Nonetheless, the most promising projects and the most important in terms of potential volume are related to lateritic deposits.

The Chicken-and-Egg Situation in the Scandium Market

As explained in the previous section, the Sc market is small. It represents a value of $10 to $15 million which has to be compared to an estimated $320 billion for iron ore (U.S. Geological Survey, 2017c) and about $120 billion for gold (U.S. Geological Survey, 2017b). However, Sc is one of the most valuable elements of the periodic table (Table 1 .3.1), it is cheaper than precious metals, such as gold, but far more expensive than industrial metals such as iron and several times the price of rare metals such as Ta or Tb, the most expensive REE after Sc. This is prohibiting its use in cost-sensitive applications which therefore use substitutes and lower the demand, whereas the potential is here.

The Sc market faces a chicken-and-egg situation (Figure 1.3.1). Due to the price and lack of reliable supply, and despite the potential applications discussed earlier, end-users are restricting their use of Sc, finding substitutes, often with poorer quality, as in the case of SOFC but with fewer problems of raw-material supply. The demand stays low despite a high potential demand, which does not encourage the mining industry or industrial partners to invest in Sc exploration and processing to find a reliable deposit.

The existence of a consistent and elevated level of supply is required for the Sc market to come onstream. It would have two effects, encouraging the demand of end-users without cost-sensitive applications and progressively leading to lower prices, creating new demand in cost-sensitive applications. 

Limited Global Supply

Unful¡lled Demand Potential Constrained Usage Finding Reliable Supply The uncertainty surrounding Sc supply has three origins. (1) The supply comes from mines where Sc is a by-product. This leads to a dependence on the demand for other elements, which are economically independent of Sc. This effect is increased because the primary products, U and REE, have markets which are themselves surrounded by uncertainties. This was illustrated in the introduction for REE. Demand for U has been affected by concerns surrounding the safety of nuclear power following the Fukushima disaster. (2) The volumes of supply are limited due to low rates of recovery from the ores, as the processes are not designed for Sc recovery. (3) Geopolitical uncertainties surround the relationships with developed countries such as Russia and China, the main Sc exporters.
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Therefore, a consistent Sc supply is required by end-users before starting industrial scale applications using Sc. This is what is expected from the lateritic deposits. Studies on the potential for rare metals of Ni laterites from New Caledonia, Indonesia or the Caribbean have been recently undertaken [START_REF] Audet | Le massif du Koniambo, Nouvelle-Calédonie Formation et obduction d'un complexe ophiolitique du type SSZ. Enrichissement en nickel, cobalt et scandium dans les profils résiduels[END_REF]Aiglsperger et al., 2016;Maulana et al., 2016;[START_REF] Teitler | Petrology and Geochemistry of Scandium in New Caledonian Ni-Co Laterites[END_REF]. In the Koniambo massif, in New Caledonia, [START_REF] Audet | Le massif du Koniambo, Nouvelle-Calédonie Formation et obduction d'un complexe ophiolitique du type SSZ. Enrichissement en nickel, cobalt et scandium dans les profils résiduels[END_REF] showed that Sc is concentrated in the Fe-oxyhydroxides-rich part of the Ni laterite, the limonitic laterite, with concentrations going from 50 ppm to 70 ppm. More recently, [START_REF] Teitler | Petrology and Geochemistry of Scandium in New Caledonian Ni-Co Laterites[END_REF] measured Sc concentrations reaching 100 ppm in the limonitic laterite of several lateritic profiles in New Caledonia. No exact estimation on the resource have been undertaken yet, but considering average concentrations of 50 ppm and the volumes of Ni laterites exploitable in New Caledonia, rough calculations indicate a potential for several thousands tonnes of Sc 2 O 3 [START_REF] Cathelineau | Scandium et Terres Rares[END_REF]. However, these estimates are only theoretical, as most Ni is recovered by pyrometallurgy in New Caledonia while Sc can only be extracted from lateritic materials by hydrometallurgy [START_REF] Kaya | Extraction Behavior of Scandium from a Refractory Nickel Laterite Ore During the Pressure Acid Leaching Process[END_REF].

Interest for Sc recovery as a by-product from Ni laterite is also growing in Southeast Asia. In Indonesia, Ni laterites from Sulawesi also indicate Sc enrichment in the limonitic laterite with similar concentrations, ranging from 60 ppm to 90 ppm (Maulana et al., 2016). In the Philippines, a pilot plant for recovery of Sc as a by product from Ni laterite is already underway with the objective to recover 7. [START_REF] Kaya | Extraction Behavior of Scandium from a Refractory Nickel Laterite Ore During the Pressure Acid Leaching Process[END_REF], which would limit the problems of availability of the element on the market. In addition, the waste management is facilitated by the absence of radioactive materials compared to current sources from U or REE deposits. Nonetheless, in all these prospects, Sc is still a by-product. The slowdown in growth rates of developing countries, especially the BRICS (Brazil, Russia, India, China and South Africa), which use large volumes of Ni for stainless steel (U.S. Geological Survey, 2017e), resulted in a decreasing demand for Ni.
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These recent difficulties in the Ni market show that Sc supply from these resources may remain uncertain.

Even more interestingly in the perspective of developing the Sc market, Sc is a co-product or main product in several lateritic deposits in Australia, in New South Wales (NSW) and Queensland (U.S. Geological Survey, 2017f). Three main Sc-enriched lateritic deposits have been found, all developed over ultramafic intrusions. They are surface mining projects where Sc is expected to be the main co-product with a cut-off grade between 100 ppm and 300 ppm Sc. Ore processing is to be done by high pressure acid leaching (HPAL), an hydrometallurgical process, and preliminary or feasibility studies have demonstrated the possibility of obtaining Sc oxide with purity up to 99 %. [START_REF] Sylvester | Completion of Syerston Scandium Project Feasibility Study[END_REF]. Another project, the Syerston-Flemington project, is led by Jervois Mining Ltd. The resource is estimated to be 3.1 million tonnes Sc ore at 434 ppm Sc [START_REF] Pursell | Jervois Mining Limited Annual Report for the Year Ended 30[END_REF]. The extraction of precious metals as well as other rare metals such as Co, Ga and V is also under evaluation.

The thesis will focus on the Syerston-Flemington deposit, constituting one of the richest in terms of Sc concentration in the world. Based on representative drill cores provided by Jervois Mining Ltd, we study the geological, petrological, mineralogical and geochemical processes leading to its formation. The comparison of this case study to the other deposits mentioned above will give key information on the general conditions and mechanisms leading to Sc enrichment in lateritic contexts and to the formation of lateritic Sc ores. This knowledge, necessary for the exploration, mining and processing of these deposits, may give new perspectives for the Sc market. This common use is explained by the good properties of laterites as a building material, as described by Francis H. Buchanan, during a trip through the western part of India. He first introduced the term in his Indian travel journal [START_REF] Buchanan | A Journey from Madras Through the Countries of Mysore, Canara, and Malabar Performed Under the Orders of the Most Noble the Marquis Wellesley, Governor General of India, for the Express Purpose of Investigating the State of Agriculture, Arts, and Commerce[END_REF]:

"What I have called indurated clay . . . is one of the most valuable materials for building. It is diffused in immense masses, without any appearance of stratification and is placed over the granite that forms the basis of Malayala. It is full of cavities and pores, and contains a very large quantity of iron in the form of yellow and red ochres. In the mass, while excluded from the air, it is so soft, that any iron instrument readily cuts it, and is dug up in square masses with a pick-axe, and immediately cut into the shape wanted with a trowel, or large knife. It very soon after becomes as hard as brick, and resists the air and water much better than any brick that I have seen in India. . . . The most proper English name would be laterite, from lateritis, the appellation that may be given to it in science."

The latin word lateritis means 'brick', and this description well illustrates the first meaning of the term, reserved for a soft massive material containing a mixture of Fe oxides and oxyhydroxides, probably hematite (𝛼-Fe 2 O 3 ) and goethite (𝛼-FeO(OH)), well suited for building. Nevertheless, the use of this word has progressively been extended to describe profiles in which this material occurs. Further description of laterites specified additional properties without adding clarity to
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Processes of Scandium Enrichment 2017 the definition. A good illustration of this evolution is given by [START_REF] Fermor | III.-What Is Laterite?[END_REF] in a tentative of classification of laterites. A few points are summarised here:

-The name describes a rock but also a geological formation.

-Laterite is formed by removal of Si, Na, Mg, Na, K and accumulation Fe, Al, Ti and more rarely Mn. The constituents of laterites are Fe, Al, Ti and Mn oxides and oxyhydroxides. It is a residual rock.

-The name is reserved for rocks containing more than 90 % of this material.

The other points discussed which term should be employed to name rocks or outcrops called laterite, which do not have the properties stated above. A major change from Buchanan's description is that the mechanical properties are not taken into account.

Over the years, the knowledge on laterites has been improved by extensive research. The type area described by Buchanan in the Kerala state (India) has been analysed in depth, giving information on chemistry and later on mineralogy. More generally, in areas all around the world the description and analysis of the petrological, mineralogical and geochemical properties of laterites or laterite-related materials has lead to several attempts at definition and classification. Even if the matter is still under discussion, the most accepted proposition so far has been suggested

by [START_REF] Schellmann | A New Definition of Laterite[END_REF] and selected quotations summarising the main ideas are given below: The effect of laterites on food production in tropical areas was the driving force of this program.

The growth of plants is limited on laterites because of the poor content of essential nutrients for vegetation. It is hard to develop a cultivable soil above it.

However, a second aspect gives laterites its economic importance: the abundance of valuable metals exploitable in laterites (Al, Fe, Au and Ni, often associated with Co and more rarely with Sc). Four main groups of laterites are exploited:

Conditions and Processes of Formation of Lateritic Profiles -Aluminium-laterites (Figure 2.1.3a), called bauxites, are almost the only ore used as a source of aluminium on a commercial scale. Other recovery processes have not proven economically competitive, except in China where aluminium is sometimes extracted from coal ash (U.S.

Geological Survey, 2017a). The rock has been named after the village Les Baux-de-Provence in

France by the geologist Pierre Berthier in 1821 [START_REF] Bárdossy | Berthier, les Baux et l'histoire de la bauxite[END_REF]. In this case, the bauxite is not lateritic but is a karst bauxite, formed by trapping of Fe-and Al-rich erosion products in karst caves. The mineralogical composition is nonetheless the same as in lateritic bauxite, with mainly gibbsite (𝛾-Al(OH) 3 ), between 30 % and 70 % to be economic [START_REF] Aleva | Laterites -Concepts[END_REF], associated with goethite and hematite, and minor boehmite (𝛾-AlO(OH)), anatase (TiO 2 ), kaolinite and quartz. The lateritic bauxite is formed from a usually Al-rich parent rock, generally dominated by feldspar and low in Fe-bearing minerals.

-Despite the high Fe content of laterites, their exploitation as an iron ore is limited to specific deposits. Laterites developed on basalts in Northern Ireland were mined during the late nineteenth and early twentieth century [START_REF] Hill | Geochemical Evolution of a Palaeolaterite: the Interbasaltic Formation, Northern Ireland[END_REF]. Some of the highest-grade iron ores are formed on top of banded iron formations (BIF), originally composed of thin layers of hematite and magnetite alternating with quartz-rich bands. These formations, already exploited when the rock is fresh, are further depleted in silicon, alkaline and alkaline-earth by intense weathering (Figure 2.1.3b), improving the grade of the ore and increasing the goethite content over the hematite and magnetite content (Freyssinet et al., 2005).

-The formation of Au-laterite deposits is related to a residual enrichment from a parent rock containing Au-enriched veins of any type (e.g., quartz vein, massive sulfides, porphyry Cu, Freyssinet et al., 2005).

-Nickel-laterites are specialised laterites (Figure 2.1.3c), defined by economic criteria and not by their geological properties. In addition to Ni, they are often exploited for Co. They represent up to 70 % of the world's Ni resource but have long been neglected in favour of sulfide ores, considering their lower grades, complex processing, low energy efficiency and geographical location, far from the industrial demand. Nickel-laterites represented less than 40 % of the world's global resource before 2000, but increased to reach about 60 % today [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF].

These laterites also contribute to 20 % to 30 % of the Co supply. They are formed by intense weathering of serpentinites or ultramafic rocks. Among these so-called Ni-laterites, only the Conditions and Processes of Formation of Lateritic Profiles

The 'Ideal' Lateritic Profile

Laterites are part of a larger cover of unconsolidated or recemented material overlying the coherent parent rock called regolith. In a typical lateritic profile as described by [START_REF] Aleva | Laterites -Concepts[END_REF] with modifications according to [START_REF] Eggleton | Selected Thoughts on 'Laterite[END_REF] and [START_REF] Eggleton | The Regolith Glossary, Surficial Geology, Soils and Landscapes[END_REF], the regolith is composed, from bottom to top, of the following zones (Figure 2.1.4):

-The saprock: a slightly weathered transitional zone above the fresh parent rock. The weathering of the parent minerals is limited to 20 %. The rock is still compact and weathering is limited to the inter-and intramineral fractures margins or to a few mineral species.

-The saprolite: a weathered parent rock which retains the fabric of the parent rock. The alteration is isovolumetric; most of the minerals are weathered and form hydrated secondary minerals, generally clays, giving a soft rock. -The plasmic zone: it has lost the lithic fabric of the parent rock. Nevertheless, the clays present in the saprock are still the main minerals.

The major primary structures, such as veins or lithologic contacts, can still be preserved and no secondary structures such as nodules or pisoliths are present.

-The mottled zone: as its names indicates, it exhibits colourful, irregularly shaped 'mottles'

surrounded by the secondary clays forming the lower zones. They are due to the accumulation of Al, Fe, Mn and/or Si in the form of oxides or oxyhydroxides. Primary structural features are no longer visible.

-The lateritic duricrust: sometimes referred to as the laterite stricto sensu, it is the level where the main Fe and Al enrichment is encountered. It is a cemented area, composed of iron and aluminium (oxyhydr)oxides and kaolinite. It can be composed of a lower zone, the main zone, sometimes referred as carapace, which is a more or less soft mass of pisoliths and nodules cemented in a matrix of iron oxides, iron oxyhydroxides and kaolinite. The upper zone is a hard zone, called cuirasse, having a massive pisolitic, nodular or vesicular structure.

-The lateritic gravel: composed of gravel-sized fragments and nodules from the lateritic duricrust, generally transported. The fragments can be secondarily cemented. When this secondary cement is mainly made of Fe compounds, it is referred as ferricrete.

-The soil: this is the unconsolidated upper part of the regolith. It is generated and influenced by genetic as well as environmental factors, such as climate, biology and topography, causing it to differ from the lower material from which it derives. In the soil part of a lateritic profile, fragments and nodules from the lateritic duricrust are common. The soil is composed of both autochtonous and allochtonous materials and can be of more or less recent origin.

The zones described above are separated by weathering fronts, forming interfaces which go from sharp and clear to gradual or even indistinct. From bottom to top:

-The lower weathering front delimits the parent rock, usually fresh, from the saprock or the saprolite. More rarely, when the rocks are particularly resistant to weathering, the parent rock is directly overlayed by the lateritic duricrust.

-The pedoplasmation front marks the disappearance of all relict structures of the fabric of the parent rock, separating the saprolite from the plasmic zone.

-The cementation front separates the plasmic zone from the lateritic duricrust, sometimes by a sharp contact or by forming the mottled zone when the contact is gradual.

-The surficial weathering front delimits the top of the lateritic duricrust from the lateritic
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It has to be noted that this ideal profile is rarely found in nature and the extents of the different zones vary widely, between different regions where lateritic profiles occur, but also and more importantly, at the local scale between different areas of the same lateritic body. The depth of each zone is highly variable, ranging from absent to several tens of metres [START_REF] Aleva | Laterites -Concepts[END_REF]. A lateritic profile thus can go from a few metres to hundreds of metres, and is commonly several tens of metres thick. [START_REF] Aleva | Laterites -Concepts[END_REF].

The thickness of each zone is highly variable and any given zone is not necessarily present.

Conditions and Processes of Formation of Lateritic Profiles

Limitations Surrounding the Concept and Definition

Numerous limitations to the Schellmann's definition of 'laterite' [START_REF] Schellmann | A New Definition of Laterite[END_REF] have been expressed over the years [START_REF] Eggleton | Selected Thoughts on 'Laterite[END_REF][START_REF] Eggleton | The Regolith Glossary, Surficial Geology, Soils and Landscapes[END_REF][START_REF] Bourman | A Critique of the Schellmann Definition and Classification of 'Laterite[END_REF] and some authors consider this term should be abandoned [START_REF] Ollier | The Laterite Profile, Ferricrete and Unconformity[END_REF][START_REF] Pain | Ferricrete in Cape York Peninsula, North Queensland[END_REF][START_REF] Bourman | Perennial Problems in the Study of Laterite: a Review[END_REF].

The main criticisms of Schellmann's definition of 'laterite' concerns the way of determining if a material is a laterite. This is made by comparing the SiO Nevertheless, these limitations regarding the most acknowledged definition comes without any better proposal. As the use of the term is widespread and convenient to refer to a group of materials with chemical, physical, morphological or genetic relations for which common research problems are at stake, it makes the use of this term essential in numerous cases.

Thus, the words 'lateritic profile' will be employed to refer to any profile related to the ideal lateritic profile described earlier (section 2.1.2) in which the lateritic duricrust follows Schellmann's criteria. The adjective 'lateritic' will be employed to describe any material or process related to the formation of a 'lateritic profile' as defined earlier. The term 'laterite' will be limited to a general use, describing a material or a group of materials following Schellmann's definition without regard to the genetic processes.
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Illustration of the Characteristics and Diversity of Lateritic

Profiles

The broad definition of 'laterite' given above, as well as that of lateritic profiles, does not illustrate their diversity. In this section, several examples of representative lateritic profiles common in the literature will illustrate this diversity. Those examples are not exhaustive but are meant to provide general information on the context of formation and the geochemical and mineralogical characteristics of the various types of lateritic profiles. As for any residual rock, the mineralogical and chemical composition of the parent rock will greatly influence the characteristics of the lateritic profile developed above. Thus, those examples will be classified according to the parent rock. [START_REF] Braun | Cerium Anomalies in Lateritic Profiles[END_REF] and [START_REF] Braun | Comportement géochimique et minéralogique des terres rares, du thorium et de l'uranium dans le profil latéritique d'Akongo[END_REF]. It is located in a humid tropical forest region with a subequatorial climate. The average temperature is around 24 ∘ C with small fluctuations. The precipitation rates are in the range of 1500 mm • yr -1 to 2000 mm • yr -1 with five months of dry season. The water table is fluctuating but deep, never higher than the mottled zone. Geomorphologically, the region is characterised by a succession of convex hills and complete lateritic profiles can be found at the top of those hills, at elevations around 700 m.

Lateritic Profiles Developed over Felsic Parent Rocks

The parent rock is a syenite. The dominant minerals are perthite (intergrowth of KAlSi The geochemical evolution of the profile has been studied later by [START_REF] Braun | Mobilization and Redistribution of REEs and Thorium in a Syenitic Lateritic Profile: a Mass Balance Study[END_REF] Granitic parent rocks can also lead to the formation of lateritic bauxites. This is the case of one of the largest bauxite deposits in the world, the Darling Range deposit (W.A., Australia), described in detail by [START_REF] Anand | Geochemical and Mineralogical Characteristics of Bauxites, Darling Range, Western Australia[END_REF] and by [START_REF] Kew | Nature and Origins of Granitic Regolith in Bauxite Mine Floors in the Darling Range, Western Australia[END_REF] Minor goethite can also be found, especially in the upper part of the saprolite, resulting from the precipitation of Fe from altered Fe-bearing minerals such as biotite. The mineral composition of the overlying plasmic zone is similar. Gibbsite starts to be dominant in the mottled zone where it is associated with goethite and hematite containing a high amount of Al substitution. Above, the lateritic duricrust is composed of numerous pisoliths and nodules containing Al not only as gibbsite but also as boehmite and corundum (Al 2 O 3 ). Muscovite can still be found in this zone and remains unaltered. In addition to the usual presence of hematite and goethite, another Fe oxide, maghemite (𝛾-Fe 2 O 3 ), is also present. The top of the profile is formed of a lateritic gravel containing pisoliths of similar composition.

Chemically, the profile is characterized by a complete leaching of Na, Ca and Mg due to the alteration of most of the plagioclase. Potassium leaching occurs higher in the profile, due to the higher resistance of alkali feldspar to alteration, and is incomplete. A depletion in Si is also observed with the alteration of most of the silicate minerals and the slow dissolution of quartz.

Aluminium and Fe contents are increasing along the profile with the precipitation of Fe and Al oxyhydroxides.
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Conditions and Processes of Formation of Lateritic Profiles

Common Metamorphic Parent Rocks

Most of the common metamorphic rocks have compositions similar to igneous granitic rocks.

The lateritic alteration processes result in the formation of lateritic profiles close from those developed of granitic rocks described above.

Ferruginous lateritic duricrusts are commonly developed above these rocks. A mineralogical and geochemical study of a lateritic profile developed above chlorite schists in South Cameroon illustrates this case [START_REF] Beyala | Behaviour of REE and Mass Balance Calculations in a Lateritic Profile over Chlorite Schists in South Cameroon[END_REF]. The climate and geomorphology are similar to the Akongo area, located less than 50 km away. The parent rock is composed of layers dominated by chlorite, muscovite and oxides alternating with layers dominated by quartz, plagioclase, calcite and apatite. This composition leads to the formation of a classic ferruginous lateritic profile, similar to the one developed at Akongo (Cameroon), described above.

The development of lateritic bauxites has also been commonly observed, as is the case in the Eastern Ghats region (India). A lateritic bauxite overlying khondalites has been studied by [START_REF] Sen | The Geochemistry of the Weathering Sequences -Present and Past -in and Around the Pottangi and Panchpatmali Bauxite-Bearing Plateaus, Orissa, India[END_REF]; [START_REF] Banerji | East Coast Bauxite Deposits of India Revisited: Some Problems of Bauxite and Laterite Genesis[END_REF]. This region is characterised by a typical tropical climate.

The average summer and winter temperatures are 38 ∘ C and 12 ∘ C, respectively. The annual rainfall averages 1500 mm with a dry season lasting for six months. The profiles are located on a plateau at an average altitude of 1150 m. The parent rock is khondalite, a foliated metamorphic rock, similar to gneiss, but containing garnet and sillimanite in addition to quartz and alkali and plagioclase feldspars. The profile will not be described in detail as its mineralogical and geochemical characteristics are close to the one found in the Darling Range (W.A., Australia), described above.

Common Sedimentary Parent Rocks

Sedimentary rocks, commonly derived from granitic rocks, are often similar in mineralogy and geochemistry with these rocks and lead to the formation of comparable lateritic profiles.

Ferruginous lateritic profiles are commonly developed above sandstones as well as clays and shales. For instance, the mineralogical and geochemical evolution of a lateritic profile developed near Albertinia (South Africa) over a parent shale, mainly composed of illite, chlorite and quartz, reveals a similar evolution to the profile developed over the syenite at Akongo, Cameroon [START_REF] Marker | A Laterite Profile near Albertinia, Southern Cape, South Africa: Its Significance in the Evolution of the African Surface[END_REF]. This profile is the result of the paleoenvironement during the Tertiary and little information on the environmental parameters during its formation are available.

Lateritic bauxite deposits can also be found over sandstone, but especially arkosic sandstones, with high Al 2 O 3 /Fe 2 O 3 contents. The largest bauxite resource is formed over an arkosic sandstone at Weipa (Qld., Australia) [START_REF] Taylor | Landscapes and Regolith of Weipa, Northern Australia[END_REF]. The climate is typical of a tropical monsoonal climate. Temperatures average above 30 ∘ C while precipitation rates are around 1770 mm • yr -1 with a dry season lasting about 6 months. The relative humidity is around 75 % during the wet season and 37 % during the dry season. The landscape is composed of gently rolling hills located on a plateau. The average water table is deeper than 10 m in most of the areas with fluctuations of 5 m between dry and wet seasons. The mineralogical and geochemical evolution of this lateritic profile is similar to the one described above, of the lateritic alteration of a granite in the Darling Range.
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Lateritic Profiles Developed over Mafic and Ultramafic Rocks

Mafic Parent Rocks

Lateritic profiles developed over basaltic rocks commonly lead to the formation of bauxite overlain by a thin ferruginous lateritic duricrust [START_REF] Aleva | Laterites -Concepts[END_REF].

Some of those have been mined for Al and even for Fe, as is the case of the Interbasaltic Formation in Northern Ireland [START_REF] Hill | Geochemical Evolution of a Palaeolaterite: the Interbasaltic Formation, Northern Ireland[END_REF]. This profile (Figure This mineralogical evolution is reflected in the chemical evolution of the profile with a relative enrichment in Fe, associated with the alteration of silicate minerals, leaching most of the alkali and alkali-earth elements and part of the Si, and the precipitation of Fe oxides and oxyhydroxides. The same process explains the enrichment in Al, which reaches a maximum in the Al-rich lateritic duricrust before decreasing in the ferruginous lateritic duricrust.

In the West African Bauxite Province [START_REF] Bárdossy | Lateritic Bauxites[END_REF], an area containing numerous economic bauxite deposits, lateritic profiles developed on basalts show similar regoliths, sometimes without the ferruginous lateritic duricrust. One of these profiles has been described in central Nigeria, over the Jos Plateau basalts, by [START_REF] Horváth | Micromorphological and Chemical Complexities of a Lateritic Profile from Basalt (Jos Plateau, Central Nigeria)[END_REF]. The mineralogical and geochemical characteristics are similar to those of [START_REF] Hill | Geochemical Evolution of a Palaeolaterite: the Interbasaltic Formation, Northern Ireland[END_REF] in Northern Ireland.

Ultramafic Parent Rocks

An extensive literature has been published on lateritic profiles developed over ultramafic parent rocks because of their economic interest with the common presence of high Ni-Co grades [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF].

Most of the lateritic profiles developed on ultramafic bedrocks are found over ophiolitic belts in tropical regions. They are situated in areas with rainforest climates or seasonally humid wet savannas with rainfall exceeding 1000 mm It is developed over serpentinised peridotites, essentially harzburgites with minor dunites and lherzolites [START_REF] Lewis | Ophiolite-Related Ultramafic Rocks (Serpentinites) in the Caribbean Region: a Review of Their Occurrence, Composition, Origin, Emplacement and Ni-Laterite Soil Formation[END_REF]. The bedrock, already altered by serpentinisation processes, is further weathered by early lateritic processes to give the saprolite. The lower saprolite (hard saprolite) is characterised by the weathering of olivine giving serpentine minerals, and precipitation of goethite. In the upper saprolite (soft saprolite), the serpentine content further increases, associated with variable amounts of goethite, resulting from the precipitation of Fe leached from primary minerals, and quartz formed from the weathering of serpentine itself. One particularity of this type of lateritic profile is the presence, in the saprolite, of Ni-rich green pockets and veins called garnierite. This is not a mineral species but a field term used by mine geologists. This type of deposit, where Ni concentrates into hydrous Mg-silicates including serpentine minerals, is called a hydrous Mg-silicate ore. Similar profiles can be found in New Caledonia and Indonesia [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF].

Garnierites

The two other subtypes of Ni lateritic ores are oxide deposits and clay silicate deposits. The former is distinguished from the hydrous Mg-silicate deposit described above by a higher content of goethite, especially in the saprolite, and Ni is essentially associated with these Fe oxyhydroxides.

They are generally developed on harzburgites or dunites, often serpentinised. The low Al content of the dunites often restricts the formation of clays, enhancing the formation of secondary silicon oxides, such as chalcedony or quartz. Unserpentinised bedrocks tend to give oxide-rich deposits. These deposits represent the major part of the global lateritic Ni resource [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF]. One type example is the Moa Bay deposit in Cuba. A detailed description can be found in [START_REF] Marsh | Nickel-Cobalt Laterites -a Deposit Model[END_REF]. by [START_REF] Marsh | Nickel-Cobalt Laterites -a Deposit Model[END_REF].

Clay-silicate
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Lateritic Profiles Developed over Silicate-Poor Parent Rocks

Oxide-Rich Parent Rocks Some lateritic profiles developed on peculiar sedimentary rocks have been studied extensively because of their economic interest. This is the case of the lateritic weathering occurring on BIF leading to the formation of the highest-grade iron ores. One of the main countries presenting this type of deposits is Brazil. It is also the third country in terms of iron production (U.S.

Geological Survey, 2017c). In the region where these formations occur, the climate is subtropical with alternating dry and wet seasons. The landscape is formed of small, rounded hills with large valleys.

Banded iron formations, locally named itabirite, are composed of layers of magnetite and kenomagnetite (a series between magnetite and maghemite) alternating with layers of quartz. A lateritic profile at Capanema mine (Minas Gerais, Brazil) has been recently described (Ramanaidou, 2009, Figure 2.2.5). The equivalent of the saprock, here called weathered itabirite, exhibits the presence of goethite laminae within the hematite/kenomagnetite layers. The socalled soft itabirite, corresponding to the saprolite, shows dissolution of most of the quartz, giving highly porous layers, the Fe oxides preserving the overall fabric. A second generation of hematite replaces magnetite and kenomagnetite, whereas the primary hematite itself is replaced by goethite. In addition, gibbsite and secondary hematite precipitate in the voids resulting from quartz dissolution. This evolution is visible in the so-called hematite A horizon, which would correspond to the upper saprolite. No equivalent of the plasmic zone is visible and the cementation marking the transition between the hematite A horizon and what is called the weathered hematite horizon can be considered as an equivalent of the mottled zone. Some areas preserve the fabric of the parent rock, while others show alternating layers of secondary hematite and goethite. The lateritic duricrust can be considered as an equivalent of this weathered hematite horizon dominated by goethite. On the top, the Conga horizon can be considered as a lateritic gravel. It consists of hematitic pisoliths surrounded by a goethite matrix.

Geochemical results show that the Fe content increases drastically between the parent rock and the saprock. It is a relative enrichment due to the dissolution of most of the quartz. It reaches a maximum in the saprolite and then decreases upward. Silicon is depleted along the profile with the dissolution of quartz, whereas the Al content increases in the lateritic duricrust and lateritic gravel, being essentially incorporated as substitution in the secondary hematite and goethite. 
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Carbonate Parent Rocks

A more common type of sedimentary rock, carbonate rocks, can lead to the formation of lateritic profiles called karst bauxite. A well-documented example is located in the Zagros Mountain Belt (Iran), forming an important resource in the region [START_REF] Zarasvandi | Karst Bauxite Deposits in the Zagros Mountain Belt, Iran[END_REF]. A humid tropical climate prevailed at the time of formation of the profile during the Late Cretaceous epoch.

The parent rock is a limestone rich in clays, containing calcite (CaCO 3 ) with kaolinite and minor goethite. The dissolution of the carbonates in the saprock zone causes a relative increase of the clay content with increasing kaolinite and appearance of illite. The equivalent of the mottled zone is marked by the precipitation of Al oxyhydroxides, boehmite and gibbsite, replacing kaolinite.

The lateritic duricrust above exhibits pisoliths composed of boehmite associated with gibbsite and minor diaspore (𝛼-AlO(OH)). The content of iron oxyhydroxides increases all along the profile with the alteration of most of the residual Fe-bearing minerals from the limestone. A ferruginous duricrust above is further enriched in hematite and goethite.

Geochemical analyses show that the parent rock is rich in Ca with the presence of major calcite;

it also contains minor amounts of Si, Al, Mg and K in the clay portion of the rock, as well as minor Fe from clays and goethite. Calcite dissolution is reflected in the dramatic decrease of the Ca content along the profile. Relative enrichment in Al, by precipitation of Al oxyhydroxides, is considerable in the mottled zone and even greater in the bauxite zone before decreasing in the ferruginous duricrust. Iron enrichment is continuous along the profile. Silicon is enriched in the lower parts of the profile with the relative concentration of kaolinite before decreasing with the alteration of this mineral.

Environmental Conditions and Processes Controlling the

Formation of Lateritic Profiles

Environmental Factors Controlling Lateritisation

In the previous sections of this chapter, it was shown that lateritic profiles are the result of intense alteration of the minerals forming the parent rock. Four thermal fields are distinguished to delimit the different processes leading to the alteration and transformation of rocks and minerals. The anatectic (> 700 ∘ C), metamorphic (300 ∘ C to 700 ∘ C) and hydrothermal (< 300 ∘ C) domains only affect the parent rock before its emplacement and minerals in the saprock resulting from those alteration processes have to be distinguished from minerals resulting from lateritic alteration. The formation of lateritic profiles occurs in the supergene domain. It includes all the processes occurring in the first tens of metres of the Earth's surface, at near ambient temperature and pressure, by the activity of descending water and gas. Mineral alteration in the supergene domain is the result of chemical weathering, including hydrolysis, hydration, oxidation and ion exchange between minerals and water or gas. Biotic weathering can also be associated but mechanical weathering is limited during the formation of a lateritic profile.

General ideas on the conditions in which this alteration occurred, illustrated above (see section 2.2) and discussed in reviews or articles on 'laterites' over the years [START_REF] Tardy | Pétrologie Des Latérites et Des Sols Tropicaux[END_REF][START_REF] Aleva | Laterites -Concepts[END_REF]Anand & Paine, 2002;Freyssinet et al., 2005;[START_REF] Marsh | Nickel-Cobalt Laterites -a Deposit Model[END_REF][START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF] are summarised in the following paragraphs.

The order of magnitude of the climatic conditions in which an 'ideal' lateritic profile (see section 2.1.2) could form are summarised in Table 2.3.1. These values are extracted from the studies of [START_REF] Aleva | Laterites -Concepts[END_REF] and [START_REF] Tardy | Pétrologie Des Latérites et Des Sols Tropicaux[END_REF]. These characteristics correspond to a tropical climate involving high average temperature, increasing the kinetics of the weathering processes, and high supply rate of rain, essential to renew the leaching waters. [START_REF] Aleva | Laterites -Concepts[END_REF]; [START_REF] Tardy | Pétrologie Des Latérites et Des Sols Tropicaux[END_REF].

Although the importance of a humid climate in the formation of lateritic profiles is rarely questioned, some studies seem to suggest that lateritic weathering could take place in cool climates. Oxygen-isotope analyses of lateritic profiles in Australia compared to paleoclimatic
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Processes of Scandium Enrichment 2017 reconstructions led [START_REF] Bird | Geomorphic and Palaeoclimatic Implications of an Oxygen-Isotope Chronology for Australian Deeply Weathered Profiles[END_REF] to conclude that some lateritic profiles in Australia developed under cool to cold climates. In addition, the rate of weathering of the parent rocks seems to be independent of climate modifications. Several studies have shown that it is constant over time, either considering the age distribution of weathering profiles or U-isotopes studies of the evolution of weathering profiles through time [START_REF] Taylor | Weathering: Cyclical or Continuous? an Australian Perspective[END_REF][START_REF] Dosseto | The Evolution of Weathering Profiles Through Time: New Insights from Uranium-Series Isotopes[END_REF]. Nonetheless, while the possibility to form lateritic profile under cool climates cannot be ruled out, evidence shown above indicates that higher temperatures increase the rate and extent of production of lateritic profiles. In addition, [START_REF] Thorne | Climate Change and the Formation of Nickel Laterite Deposits[END_REF] showed that, at least for lateritic profiles developed over ultramafic rocks, ideal temperature ranges for the formation of those profiles correspond to warm tropical climates.

Several geomorphological factors have also been found essential to lead to the formation of a lateritic profile. The elevation must be higher than the local base level of erosion to enhance the rate of percolation of water and the transport of the leaching waters. Gentle slopes and low relief are required to keep the erosion rates at a lower level than the weathering rates.

Shared lithological characteristics take part in the processes of genesis of typical lateritic profiles.

The lithic fabric of the parent rock or subsequent material must not be too fine-grained, to allow a high rate of percolation of water to promote leaching activity by evacuating the leachate and bring fresh water into contact with fresh minerals. However, the fabric must not be too coarsegrained to present a sufficient surface/volume ratio to enhance leaching reactions at mineral surfaces. The parent rock must contain sufficient amounts of Fe and Al, as well as other minor elements such as Mn, in the silicate phases to form the (oxyhydr)oxides constituting the lateritic duricrust. A large part of those minerals must be sensitive to weathering but a non negligible quartz content can be useful to provide a continuous porosity.

Finally, tectonic factors have to be taken in account. Coupled to the rate of erosion, depending on the climate, lithology and geomorphology, tectonic uplift is an important factor to ensure a well-drained profile. The formation of faults and shears increases the permeability of the parent rock, enhancing the drainage but a general tectonic stability is required to limit the erosion of the profile.

Mineralogical and Geochemical Evolution during Lateritic Weathering

The examples detailed in section 2.2 illustrate the diversity of the lateritic profiles that can be found, depending on the nature of the parent rock. Nevertheless, they also outline general mineralogical and geochemical characteristics of lateritic profiles. If we except lateritic profiles developed on specific rocks such as BIFs, three main groups of lateritic profiles can be distinguished; (i) ferruginous lateritic profiles developed on felsic rocks, including igneous granitic rocks but also metamorphic rocks such as gneiss or schists and sedimentary rocks such as clays, shales or sandstones, having similar chemical and mineralogical composition; (ii) aluminous lateritic profiles also developed on felsic rocks; (iii) lateritic profiles developed on mafic and ultramafic rocks, pyroxenites, peridotites, dunites and their serpentinised counterparts. The following sections will summarise the main geochemical and mineralogical characteristics of these lateritic profiles from the results of the studies detailed in section 2.2 and from the reviews and articles by [START_REF] Tardy | Pétrologie Des Latérites et Des Sols Tropicaux[END_REF]; [START_REF] Aleva | Laterites -Concepts[END_REF]; [START_REF] Schellmann | Geochemical Differentiation in Laterite and Bauxite Formation[END_REF]; Anand & Paine (2002); Freyssinet et al. (2005); [START_REF] Marsh | Nickel-Cobalt Laterites -a Deposit Model[END_REF]; [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF]. It is not intended as a classification of lateritic profiles but just an outline of their main characteristics according to the parent rock. Some attempts of detailed classification of lateritic material have been made over the years. [START_REF] Schellmann | A New Definition of Laterite[END_REF] developed the most used one, using ternary diagrams of SiO 2 , Al 2 O 3 and Fe 2 O 3 to differentiate between lateritic materials according to his definition of 'laterite'. Such classifications are often controversial and will not be further discussed here.

In addition to the classic descriptions of the evolution of lateritic profiles developed in the studies cited above, various studies have shown the presence of different generations of the same mineral along the profile. In the case of kaolinite, Fourier-transform infrared spectroscopy (FTIR) as well as electron paramagnetic resonance (EPR) show that well-ordered kaolinite found at the bottom of lateritic profiles, especially when inheritance from the parent rock is possible, is replaced by more recent generations of finer-grained and poorly-ordered kaolinite with common dickite (Al 2 Si 2 O 5 (OH) 4 )-like stacking faults [START_REF] Muller | Tracing Kaolinites Through Their Defect Centers: Kaolinite Paragenesis in a Laterite (Cameroon)[END_REF], 1993;[START_REF] Muller | Crystal Chemistry of Kaolinite and Fe-Mn Oxides: Relation With Formation Conditions of Low Temperature Systems[END_REF][START_REF] Balan | Inheritance vs. Neoformation of Kaolinite During Lateritic Soil Formation: a Case Study in the Middle Amazon Basin[END_REF][START_REF] Fritsch | Deciphering the Weathering Processes Using Environmental Mineralogy and Geochemistry: Towards an Integrated Model of Laterite and Podzol Genesis in the Upper Amazon Basin[END_REF]. Various spectroscopic techniques, as well as X-ray diffraction (XRD), show that the size of hematite crystals decreases along a profile while the Al content of goethite increases [START_REF] Tardy | Geochemistry of Laterites, Stability of Al-Goethite, Al-Hematite, and Fe 3+ -Kaolinite in Bauxites and Ferricretes: an Approach to the Mechanism of Concretion Formation[END_REF]. Transmission electron microscopy (TEM) indicates morphological changes of goethite from acicular to needle-shaped. These various generations are related to the capacity of dissolution of this mineral and also to its efficiency to scavenge trace elements, such as Ni [START_REF] Becquer | Sources of Trace Metals in Ferralsols in New Caledonia[END_REF]. These generations sometimes preserve a memory of the evolution of the physico-chemical conditions of development of lateritic profiles and must be considered to explain the evolution of such profiles.

Ferruginous Lateritic Profiles over Felsic Bedrocks

Ferruginous profiles developed over felsic bedrock are the most frequent, as these rocks are the most common constituents of the Earth's crust and underlie most of the lateritic profiles in the tropics. The Figure 2.3.1 summarises the main mineralogical and geochemical features of ferruginous lateritic profiles. This category includes all granite and granite-related rocks, as well as metamorphic rocks with similar chemistry and mineralogy, such as schists and gneiss,
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and Si-rich sediments, derived from these rocks by erosion and weathering such as clays, shales and sandstones. Feldspar and quartz are the main minerals in general, associated with minor amounts of micas, amphiboles and pyroxenes.

Mineralogical Evolution

The formation of the saprock, the saprolite and the plasmic zone results from the weathering of parent minerals into clays with minor oxides and oxyhydroxides. In ferruginous lateritic profiles, the most common clay mineral is kaolinite. The presence of this clay mineral is predated by the formation of halloysite, which is rapidly transformed into kaolinite. The alteration of micas gives well-crystallised and large (5 µm) crystals of kaolinite while poorly-crystalline and small (0.2 µm to 0.5 µm) kaolinites with shell or porous shapes result from the alteration of feldspar and amphiboles, respectively. Part of the Fe derived from the dissolution of primary minerals can be incorporated in the crystal network of kaolinite. When present, hematite is associated with well-crystallised kaolinite resulting from the alteration of micas. The fine-pored structure resulting from the weathering of micas limits the presence of water, leading to the precipitation of Fe oxides. However, at these levels, which most of the time are located below the water table, Fe tend to crystallise in the form of Fe oxyhydroxide, mainly goethite. The weathering of Al-poor minerals, such as pyroxenes, can lead to the formation of a boxwork formed by goethitic joints. Goethite can also be associated with kaolinite to fill voids resulting from the dissolution of primary minerals.

In the mottled zone, light areas are composed of a quartz-rich skeleton as this mineral can only be dissolved extremely slowly. In yellow areas, a second generation of kaolinite crystallises, it is fine grained (about 0.2 µm) and represents about 60 % of the minerals present, the rest being goethite crystals (around 0.4 µm). Purple-red areas are composed of a mixture of fine-grained hematite and kaolinite (< 0.2 µm) which crystallised in areas where water circulation was limited. Clay-rich areas will accumulate dissolved and reprecipitated Fe in the form of goethite and progressively as hematite.

The base of the lateritic duricrust, the main zone or carapace, marks the beginning of the formation of pisoliths from the yellow and purple-red areas, formed by precipitation of hematite associated with kaolinite. The matrix is a mixture of kaolinite and goethite progressively transformed in hematite.

The enrichment of Fe in a dehydrated environment leads to the precipitation of finer-grained hematite closely related to kaolinite forming the cuirasse of the lateritic duricrust. This precipitation lead to the complete or incomplete junction between the previously formed pisoliths.

Quartz is slowly but progressively dissolved. Kaolinite is epigenetically replaced, forming increasingly disordered crystals or dissolved. Hematite is hydroxylated into goethite towards the upper parts of the lateritic duricrust, where rain water infiltrates profusely. It surrounds the hematitic pisoliths or lines the walls of the voids. Aluminium substitution in Fe oxyhydroxides and oxides increases upward in the profile with the dissolution of the kaolinite. In the uppermost parts of the laterititic duricrust, in the presence of water, gibbsite can crystallise, forming large crystals lining the walls of the biggest voids.

In the lateritic gravel, the dismantling of the lateritic duricrust is a result of the hydration.

Aluminium-poor goethite and gibbsite continue to crystallise in the voids and borders of the Conditions and Processes of Formation of Lateritic Profiles pisoliths, weakening the network of pisoliths and nodules which was partially or completely cemented together in the upper parts of the lateritic duricrust.

Geochemical Evolution

The evolution of major-element concentrations along the profile reflects its mineralogical evolu- Among minor elements of the parent rock, soluble alkali-and alkaline-earth elements are leached during the weathering of primary minerals. Titanium, which is present in the parent rock in the form of minor Ti oxide, mainly unalterable, is concentrated along the profile by relative enrichment.

Loss on ignition results from the presence of organic matter, rare volatile phases and, in the case of lateritic materials, mainly from water. This water is actually combined water, with free water molecules contained in the pores of the material and in hydrated minerals, but also from hydroxyl groups in minerals. Between the parent rock and the mottled zone, located below the water table most of the year, the high loss on ignition result from the hydroxyl groups in clay minerals, essentially kaolinite. In the mottled zone and the bottom parts of the lateritic duricrust, loss on ignition results from hydroxyl groups in goethite but the increasing hematite content at the expense of kaolinite leads to a decreasing loss on ignition. Above, loss on ignition decreases slightly due to the replacement of goethite by hematite. In the uppermost parts of the profile, the better drainage by intense and frequent rainwater leads to the neoformation of minerals containing hydroxyl groups, such as goethite and gibbsite.
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Zones

Conditions and Processes of Formation of Lateritic Profiles

Aluminous Lateritic Profiles over Felsic Bedrocks

Specific contexts of weathering over felsic parent rock lead to the formation of aluminous lateritic profiles, also called bauxitic profiles (Figure 2.3.2), instead of ferruginous lateritic profiles.

In addition to the specificity of the parent rock detailed below, those profiles are considered as an extreme case of lateritisation with higher average temperature and a dry season lasting less than one month (Freyssinet et al., 2005).

Mineralogical Evolution

In the case of lateritic bauxite, the mineralogical composition of the parent rock is similar to a ferruginous lateritic profiles, except for the higher content of Al-bearing minerals compared to Fe-bearing minerals and the lower quartz content. The parent minerals are altered to kaolinite and quartz remains stable in the saprolite and plasmic zone. The difference compared to the previous profile is the limited amount of Fe oxide and oxyhydroxides, due to the limited quantity of Fe-bearing primary minerals. From the plasmic zone to the mottled zone, gibbsite forms in parallel or at the expense of kaolinite. Higher in the profile, where the hydration is limited, boehmite can be found, but this is not the case in all profiles. Iron oxides and oxyhydroxides are also present but in minor quantity and, in contrast to ferruginous lateritic profiles, their content increases all through the profile. Goethite is dominant in the lower part of the profile but in the water-poor zones, hematite becomes the main mineral. In the uppermost part of the profile, hematite is often the dominant mineral and its proportion exceeds that of gibbsite, forming a ferruginous duricrust cap.

Geochemical Evolution

The Al content of the bedrock relative to Si and Fe seems to be an important factor in the formation of lateritic bauxite. The Al 2 O 3 /SiO 2 ratio is high compared to the content in the bedrocks forming ferruginous lateritic duricrusts, because the initial quartz content is lower.

The parent rock is also rich in feldspars and poor in Fe-rich minerals, explaining the high Al 2 O 3 /Fe 2 O 3 ratio. A second condition for the formation of lateritic bauxite is a low degree of Al leaching during alteration and a greater leaching of silica, maintaining or increasing those ratios.

From the saprock to the mottled zone, unleached Si is incorporated in kaolinite, leaving high Si contents. However, quartz contents are low and kaolinite is progressively dissolved, leading to low Si contents in the lateritic duricrust. At the surface, absolute accumulation is responsible for an increase of the Si content. In the lower parts of the profile, Al content increases upward due to a relative enrichment associated with the weathering of primary minerals and the leaching of Si. Insoluble Al is incorporated in kaolinite in the lower parts of the profile but since the Al content is high relative to Si and most of the Al is insoluble, it precipitates under the form of gibbsite in the hydrated conditions prevailing in those parts of the profile. In the lateritic duricrust, gibbsite dominates and Al content reaches a maximum, before decreasing due to a relative impoverishment. Extreme decrease of the Al content at the top of the profile is often observed due to lateral input. In the presence of boehmite, formed under dryer conditions and more stable at the surface, the decrease in Al concentrations can be limited. In contrast, Fe
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The behaviour of minor elements is similar in bauxitic profiles and ferruginous lateritic profiles.

A noteworthy difference is the higher water content of the lateritic duricrust resulting from the more humid conditions prevailing during the formation of bauxitic profiles. Conditions and Processes of Formation of Lateritic Profiles

Zones

Peculiarities of Mafic-and Ultramafic-Derived Lateritic Profiles

As shown earlier (section 2.2.2), mafic and ultramafic-derived lateritic profiles exhibit unique characteristics summarised in Figure 2.3.3.

Mineralogy

The major parent minerals in ultramafic bedrocks are olivine, the weathering of which results in the formation of serpentine minerals associated with magnetite and pyroxenes, giving talc and smectite. When the parent rock is already serpentinised due to previous hydrothermal alteration or after the first steps of olivine weathering, serpentine itself is weathered to give various clay minerals. The neoformed minerals in the saprolite and plasmic zone of lateritic profiles over mafic or ultramafic bedrock are a complex mixture of clay minerals, not found in previously described profiles. They can be composed of a mixture of one or several minerals among serpentine, talc, chlorite and smectite (mainly nontronite, saponite and montmorillonite). This assemblage will depend on the parent rock mineralogy and the drainage conditions. Quartz or amorphous silica can also be found as the result of olivine weathering. Kaolinite can sometimes be found in higher parts of the profile. Dissolved Fe precipitates as goethite in the hydrated parts of the profile, at the expense of clay minerals. Veins or clumps of Mn oxides and oxyhydroxides are often found in the mottled zone and the bottom of the lateritic duricrust. Those minerals are cryptomelane, heterogeneite, asbolane and lithiophorite. The abundance of Mn oxides reflects the greater content of Mn in the parent rock. Manganese is generally mobile but in the alkaline environment of lateritic profiles, will precipitate in specific conditions. When descending waters transport Mn and the alkalinity, redox and pH conditions are favourable, veins of Mn oxides are formed. Clumps result from locally trapped Mn-rich waters reaching conditions where Mn oxides and oxyhydroxides precipitate. In the upper lateritic duricrust, low water activities lead to the transformation of goethite into hematite. Gibbsite will form in the upper parts of the profile. The dehydroxylation of goethite giving hematite results in Al leaching, as the latter accepts less Al in its structure. In addition, when it is present, dissolution of kaolinite leaches Al which reprecipitates as gibbsite in the hydrated conditions of near surface.

Geochemistry

The evolution of Si, Fe and Al contents is similar to the evolution in a ferruginous lateritic profile developed over felsic parent rocks. The main difference is the initial composition, richer in Fe and Al-poor.

Among the alkali-earth elements, Mg remains at high concentrations from the saprolite to the bottom of the mottled zone, as it is incorporated in the clay minerals formed in those particular profiles. The weathering of most clay minerals leads to an almost complete leaching of Mg.

Manganese and Ni are not trace-but minor elements in the parent rocks of those profiles. Manganese concentration is low all along the profile except for veins or clumps where Mn oxides are precipitated, in which Mn concentrations can reach several tens of weight percent. Nickel is concentrated up to a few weight percent in the plasmic zone due to its incorporation in serpentine, chlorite, talc or smectite. Higher in the profile, its concentration decreases, but remains around 1 wt%. In these parts of the profile, it is incorporated in goethite and Mn oxides.
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Factors to Be Considered in Studying Scandium Enrichment Processes

The main factor influencing the evolution of a lateritic profile is the parent rock composition. A primary enrichment of the parent rock in Sc will be required to produce an economic resource.

The recognition of favourable parent rocks will be addressed in chapter 3. Nonetheless, lateral processes are common during the formation of lateritic profiles depending on the topography.

They explain absolute enrichment by physical displacement of material in the most surficial parts of the profiles but also through suspended matter and dissolved elements in waters circulating horizontally at the scale of the landscape. Thus, neighbouring Sc-enriched rocks could also lead to Sc enrichment in lateritic profiles. In addition, environmental factors can influence the formation of a lateritic profile, as shown by the formation of bauxitic profiles in extreme tropical environments. Geomorphological and paleoclimatic factors are summarised in chapter 4 in order to assess the possible influence of environmental factors, on Sc enrichment.

From the saprock to the bottom of the mottled zone, per ascendum mechanisms, due to ascending waters related to the hydrographic system and the variations of the water table, play a key role in the weathering of primary minerals weathering and the formation of secondary clay minerals and rare Fe oxyhydroxides. Most of the year, those parts of the profile are below the water table . A condition for later Sc enrichment in the upper parts of the profile is a low solubility or an affinity for newly-formed minerals. Data on Sc solubility are scarce but in the conditions considered, it is expected to be low. [START_REF] Wood | The Aqueous Geochemistry of Gallium, Germanium, Indium and Scandium[END_REF] showed that, at 25 ∘ C and pH between 6 and 10, not far from the conditions during lateritic weathering, Sc solubility in water is ca 9 ppb. The dominant aqueous complexes will be Sc(OH) 2+ , Sc(OH) + 2 and Sc(OH) 3 . Nonetheless, in the presence of phosphate under the conditions of formation of a lateritic profile, Sc mobility could be limited by the formation of ScPO 4 which has a lower solubility than Sc hydroxides. Scandium should not be leached in those parts of the profile, but the potential mechanism of trapping of Sc is uncertain and is discussed in chapter 5.

The mottled zone and the main zone of the lateritic duricrust can be waterlogged during the wet season and dried up during the dry season giving an alternation of leaching of soluble elements and precipitation of insoluble elements. In these zones, oxyhydroxides, essentially goethite when Al content is low, precipitate in the voids. This is due to water flow in the tubular network formed by the weathering of primary and clay minerals during the wet season. In nodules, water does not penetrate and goethite is replaced by hematite. The crystal chemistry of Sc in those parts of the profile will have a strong influence on the evolution of Sc concentrations higher in the profile. Its association to dehydroxylated or hydroxylated minerals will influence its concentration or leaching in the dehydrated upper parts of the lateritic duricrust. Determining if Sc is incorporated in the crystal lattices or adsorbed on the mineral surface will also determine the outcome of Sc mobility in the upper parts of the profile, and will be discussed in chapter 5.

In addition, in lateritic profiles with limited lateral mobility, per descendum mechanisms could play a key role in Sc concentration. If the affinity of Sc for dehydroxylated phases is lower than for hydroxylated ones, descending waters due to heavy rainfall will tend to concentrate Sc in the lower parts of the lateritic duricrust. To determine the influence of relative enrichment versus absolute enrichment, the evolution of Sc concentration will be compared to the mass changes between the fresh parent rock and the considered part of the profile using mass balance calcu-
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The cuirasse of the lateritic duricrust is not affected by ascending waters due to variations of the water table. In addition, hydration is limited in time and space, with only short periods of hydration on the path of circulating waters when rainwater penetrates deep enough. Iron oxyhydroxides are dehydroxylated to give oxides. The dismantling of the lateritic profile in the upper zones results from frequent and abundant rainwater during the wet season, leading to the neoformation of oxyhydroxides of Fe and Al replacing oxides. Erosion also plays an important part, depending on the altitude of the profile compared to the erosion level, by removing material for profiles above this level or bringing new materials for profiles below this level. Scandium geochemistry and crystal chemistry at these levels will be studied in chapter 5 to complement the information obtained in the lower parts of the profile.

In addition, the studies mentioned in section 2.3.2 have shown that the mineralogical evolution of the profile is not limited to changes in the mineralogy, but several generations of the same mineral can be hidden behind one mineral name and can have different solubilities and scavenging capacities. The identification of Sc-rich generations of minerals compared to Sc-poor generations along the profile may provide information on the conditions in which Sc was concentrated or leached along the profile. Indicators of the evolution of mineral generations will be investigated in chapter 5 in order to determine the influence of different mineral generations in Sc trapping.

Chapter 3

Insights into the Mantle Geochemistry of Scandium from

Meta-Analysis -Inferences on Favourable Parent Rocks for Scandium Deposits [START_REF] Pearson | The Formation and Evolution of Cratonic Mantle Lithosphere -Evidence from Mantle Xenoliths[END_REF]Pearson et al., 2014). The behaviour of these elements is controlled by mineral chemistry (see e.g., [START_REF] Onuma | Trace Element Partition Between Two Pyroxenes and the Host Lava[END_REF][START_REF] Blundy | Partitioning of Trace Elements Between Crystals and Melts[END_REF], pressure and temperature (see e.g., [START_REF] Shimizu | An Experimental Study of the Partitioning of K, Rb, Cs, Sr and Ba Between Clinopyroxene and Liquid at High Pressures[END_REF][START_REF] Jones | Experimental Trace Element Partitioning[END_REF] and by the composition of the melt (see e.g., [START_REF] Mysen | Trace Element Partitioning and Melt Structure: an Experimental Study at 1 Atm Pressure[END_REF][START_REF] Gaetani | The Influence of Melt Structure on Trace Element Partitioning near the Peridotite Solidus[END_REF]. However, the relative influence of these parameters is complex and debated. In this chapter, we use geochemical databases to understand the distribution of Sc in mantle materials in order to improve the understanding of the geochemistry of Sc in the mantle and to discuss the nature of parent materials likely to form economic lateritic deposits.

A Statistical Approach to Exploring Scandium Geochemistry

Preliminary Analysis on Scandium Distribution in Rocks and Minerals

As detailed in the first chapter, Sc is a unique element in terms of its chemical properties. It is the lightest FRTE but is also considered as a REE. This characteristic is also geochemically acknowledged (Samson & Chassé, 2016) [START_REF] Davis | Experimentally Determined Mineral/Melt Partitioning of First-Row Transition Elements (FRTE) During Partial Melting of Peridotite at 3 GPa[END_REF] and [START_REF] Bédard | Parameterizations of Calcic Clinopyroxene-Melt Trace Element Partition Coefficients[END_REF].

Sedimentary minerals as well as quartz have been left out as the they have significantly lower Sc concentrations and this element is rarely analysed in the database for those minerals. Analyses of feldspar show that, like quartz, this phase cannot accommodate significant amounts of Sc, explaining why felsic rocks are depleted in Sc. Thus, only three rock-forming mineral groups have concentrations higher than the estimated concentration in the average silicate Earth: garnet, pyroxenes and amphibole. et al., 2014).

Scandium concentrations in garnet are seven times the estimate for the silicate Earth, well above any other mineral group. The crystal chemistry and trace-element patterns of mantle garnet record a variety of geochemical processes [START_REF] Baxter | Garnet: Common Mineral, Uncommonly Useful[END_REF], associated with mantle geochemistry [START_REF] Wood | Garnet in the Earth's Mantle[END_REF], metamorphism or tectonics [START_REF] Caddick | Garnet: Witness to the Evolution of Destructive Plate Boundaries[END_REF], giving to this phase the potential to be used to understand the factors controlling the behaviour of Sc.

In particular, chromium-calcium-bearing pyrope garnet is a key indicator of fluid-related events in the mantle (Griffin et al., 1999b). The interpretation of trace-element behaviour in garnet is based on our knowledge of site preferences, coordination and crystal-chemical mechanisms of incorporation as functions of pressure, temperature and the chemical composition of the system.

Despite the ability of garnet to incorporate significant amounts of Sc, such information is limited for this element. The discovery of a Sc-bearing garnet, eringaite (Ca [START_REF] Galuskina | Eringaite, Ca 3 Sc 2 (SiO 4 ) 3 , a New Mineral of the Garnet Group[END_REF], the latest of the only eight natural Sc silicate minerals discovered on Earth, demonstrated the affinity of Sc for the six-fold coordinated Y site of calcic garnets, already evidenced in synthetic garnets by the andradite (Ca 3 Fe 2 (SiO 4 ) 3 )-eringaite solid solution [START_REF] Quartieri | Site Preference and Local Geometry of Sc in Garnets: Part II. the Crystal-Chemistry of Octahedral Sc in the Andradite -Ca 3 Sc 2 Si 3 O 12 Join[END_REF]. However, in the synthetic pyrope (Mg 3 Al 2 (SiO 4 ) 3 )-grossular (Ca 3 Al 2 (SiO 4 ) 3 ) solid solution [START_REF] Oberti | Site Preference and Local Geometry of Sc in Garnets: Part I. Multifarious Mechanisms in the Pyrope-Grossular Join[END_REF][START_REF] Kim | Scandium-45 NMR of Pyrope-Grossular Garnets: Resolution of Multiple Scandium Sites and Comparison With X-Ray Diffraction and X-Ray Absorption Spectroscopy[END_REF], the pyrope end-member incorporates Sc preferentially in the eight-fold coordinated X site. In order to shed light on the behaviour of Sc in the mantle, we have assembled a large database gathering most of the analyses of Sc content in garnet (hereafter [Sc] grt1 ) published over the last fifty years including laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) analyses from the GEMOC/CCFS Geochemical Analysis Unit (Griffin et al., 1999b). Section 3.2 of this chapter will focus on the geochemical behaviour of Sc in the garnet stability field of the mantle through the prism of these geochemical analyses of chromium-calcium-bearing pyrope garnet.

3 Sc 2 (SiO 4 ) 3 ,
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Among other mantle-related minerals, clinopyroxene is known to control the budget of many trace elements in the upper mantle [START_REF] Ayers | Partitioning and Mass-Balance Relations in Lherzolite[END_REF][START_REF] Weyer | Nb/Ta, Zr/Hf and REE in the Depleted Mantle: Implications for the Differentiation History of the Crust-Mantle System[END_REF]. The median Sc content of clinopyroxene analysed in the literature is ca 60 ppm, the second highest among rock-forming minerals after garnets. As well as for garnets, among the seventeen natural Sc-bearing minerals, clinopyroxene species have been discovered confirming the affinity of Sc for clinopyroxene phases.

Two examples are known but only one, jervisite (NaScSi 2 O 6 ), has been found on Earth, in a granite from Baveno in Italy [START_REF] Mellini | The Crystal Structure of Cascandite, CaScSi 3 O 8 (OH)[END_REF]. The other, davisite (CaScAlSiO 6 ), has been discovered in the Allende meteorite [START_REF] Ma | Davisite, CaScAlSiO 6 , a New Pyroxene from the Allende Meteorite[END_REF]. Those discoveries, along with considerations of ratios of ionic radius to charge (Samson & Chassé, 2016) and the study of synthetic Sc-bearing clinopyroxenes [START_REF] Nazzareni | Crystal Chemistry of Sc-Bearing Synthetic Diopsides[END_REF] favour a substitution of Mg 2+

by Sc 3+ in the M1 octahedral site. Scandium will partition preferentially into the M1 site of clinopyroxene which should control the Sc budget of fertile mantle peridotites in the spinel stability field. However, while the modal orthopyroxene:clinopyroxene ratio is around 1:1 in fertile xenoliths, it commonly falls to 4:1 in depleted ones (Pearson et al., 2014). Considering the median Sc content of orthopyroxene, only three times lower than that of clinopyroxene and the partition coefficient, four times lower [START_REF] Mallmann | The Crystal/Melt Partitioning of V During Mantle Melting As a Function of Oxygen Fugacity Compared With Some Other Elements[END_REF], the control of orthopyroxene on the Sc budget may be significant in depleted regions of the mantle. Additionally, despite the incompatibility of Sc in olivine (D olivine/melt Sc 1 ≈ 0.15, [START_REF] Davis | Experimentally Determined Mineral/Melt Partitioning of First-Row Transition Elements (FRTE) During Partial Melting of Peridotite at 3 GPa[END_REF], this phase could be a significant reservoir for Sc in the mantle considering its modal contents in mantle xenoliths, ranging from 50 wt% to 100 wt%. Trace-element concentrations in clinopyroxene are a good

indicator of melt extraction processes as well as metasomatism affecting peridotites, especially in the spinel stability field of the lithospheric mantle (see e.g., [START_REF] Witt-Eickschen | The Effect of Temperature on the Equilibrium Distribution of Trace Elements Between Clinopyroxene, Orthopyroxene, Olivine and Spinel in Upper Mantle Peridotite[END_REF].

In case of strong depletion, above ca 25 wt% of melt extraction, such information is carried by orthopyroxene [START_REF] Scott | Mantle Depletion and Metasomatism Recorded in Orthopyroxene in Highly Depleted Peridotites[END_REF]. In olivine, the concentration of trivalent elements with ionic radii similar to Sc is controlled by the equilibration temperature of the host rock [START_REF] De Hoog | Trace-Element Geochemistry of Mantle Olivine and Application to Mantle Petrogenesis and Geothermobarometry[END_REF]. However, the information given by Sc contents is often disregarded. In section 3.3 of this chapter, we detail the distribution and behaviour of Sc above the garnet stability field of the mantle, studying Sc concentration in pyroxenes, olivine and their host-rocks.

Exploratory Data Analysis of Databases Containing Scandium Records

The database used for this work contains about 13,000 chemical analyses of individual grains of garnets, more than 5500 analyses of individual grains of clinopyroxenes, about 1400 analyses of individual grains of orthopyroxenes, about 1700 analyses of individual grains of olivine and more than 2600 whole-rock analyses of mantle-related lithotypes. Details on the origins of the analyses are given in Appendix A. Major-element records are generally obtained by electron microprobe (EMP) analysis. Most of the trace-element analyses on individual grains have been obtained by LA-ICPMS. Some data, published before 2000, have been obtained by X-ray fluorescence, mass spectrometry and instrumental neutron activation analysis on separated minerals or using proton microprobe. Most whole-rock major-element compositions have been analysed using X-ray fluorescence on fused glass discs. Trace-element contents have mostly been recorded

1 More generally, D

𝑖/melt Sc corresponds to the partition coefficient between the phase i and a basaltic melt.

Insights into the Mantle Geochemistry of Scandium from Meta-Analysis by ICP-MS on solutions of digested whole-rock samples. The analysed materials come from all the continents with more than 500 localities represented.

Each single analysis contains the concentration in Sc. However, due to the different analytical methods and the varying capabilities of the instruments, the range of element concentrations (later called compositional variables) analysed varies from one publication to another. As this study aims at giving a broad and general view of Sc geochemistry, only compositional variables containing at least 60 % of the data have been used for the analyses. The database has been analysed using the R software (version 3.3.2, R Core Team, 2016) and following several statistical procedures commonly applied in geochemical exploration (see e.g., [START_REF] Grunsky | The Interpretation of Geochemical Survey Data[END_REF][START_REF] Frenzel | Gallium, Germanium, Indium, and Other Trace and Minor Elements in Sphalerite As a Function of Deposit Type -a Meta-Analysis[END_REF].

Several analytical data sets contain values below the detection limit. In order to avoid the loss of this information and to avoid introducing positive bias (van den Boogaart & Tolosana-Delgado, 2013), censored values have been replaced using a regression-on-order statistical method. Different methods exist to deal with censored values but this is one of the most reliable methods for multiply censored data in any database in which between 0 % and 80 % of the values are censored [START_REF] Lee | Statistical Analysis of Water-Quality Data Containing Multiple Detection Limits: S-Language Software for Regression on Order Statistics[END_REF]. The ros function from the "NADA" package (version 1. [5][6] has been applied to the database and censored values have been replaced by the output of this function. In this procedure, a probability plot of censored and uncensored data is made. Then, the order statistics step in with a linear regression model of observed concentrations versus their normal quantiles. Using this model, the concentration of censored values is estimated as a function of their normal quantiles. Among the assumptions considered in the algorithm, none of the variables in the database had more than 80 % of censored values and 30 % to 50 % of the measured data at most were below the highest detection limit, ensuring the best use of the algorithm. Nonetheless, the assumption of normality is generally not fulfilled as geochemical data are typically skewed. This issue has been addressed by application of a log-normal transformation to the database before applying the algorithm. The concentrations of each element are indeed lognormally distributed, as is the case for most geochemical data.

In order to limit the influence of unusual geochemical contexts and stay in the frame of the study, potential outliers in Sc content, whether analytical or geochemical, have been removed.

The adjusted boxplot rule for skewed distributions [START_REF] Hubert | An Adjusted Boxplot for Skewed Distributions[END_REF] has been implemented in R. The boxplot rule employed to identify outliers was unsatisfactory because it often declares outliers erroneously in skewed distributions, such as that of Sc concentration in this database. To limit the skewness of the distribution, a log-normal transformation has been applied to the database before removing outliers. A robust measure of skewness is used to determine outliers in the adjusted boxplot rule, giving a more accurate representation of the possible outliers. Thus, when MC < 0, all observations outside:

[︁ Q1 -1.5 • e -3 • MC • IQR; Q3 + 1.5 • e 4 • MC • IQR ]︁ (3.1.1)
and, when MC ≥ 0, outside:

[︁ Q1 -1.5 • e -4 • MC • IQR; Q3 + 1.5 • e 3 • MC • IQR ]︁ (3.1.2) M. Chassé
Processes of Scandium Enrichment 2017 have been considered as outliers and removed. Q1 and Q3 are respectively the first and third quartile, IQR is the interquartile range (Q3 -Q1) and MC is the medcouple, as defined by [START_REF] Brys | A Robust Measure of Skewness[END_REF].

Most of the records have missing values for several variables. The implementation of multivariate statistical methods applied thereafter requires the presence of data for all the variables.

Multivariate model-based imputation has been chosen to replace the missing values in this analysis. Model-based methods are considered as the best alternative as they preserve the variance structure of the database. These methods are sensitive to outliers, skewed and multimodal distribution as is the case for the database under study [START_REF] Templ | Iterative Stepwise Regression Imputation Using Standard and Robust Methods[END_REF]. We used a robust method through the irmi function (iterative model-based imputation using robust methods, Random error is added to the final best estimate to preserve randomness. This error term is generated to have a zero mean and a variance corresponding to the variance of the regression residuals.

Univariate and Multivariate Statistical Methods

Distributions of Sc concentration are shown using box-and-whisker plots. The box is limited by the first and third quartiles of the data distribution. The horizontal line represents the median, and the width of the adjacent notches shows the 95 % confidence interval about the median.

Where absent, this interval is narrower than the thickness of the line representing the median.

The "whiskers" represent the last value before 1. with a weighted sum of Gaussian component densities, using the minimum number of components required for a good fit. The normalmixEM function from the "mixtool" package (version 1.0.4), based on an expectation-maximisation algorithm, has been used to find the appropriate Gaussian mixture model [START_REF] Benaglia | mixtools: an R Package for Analyzing Mixture Models[END_REF]. A table summarising the parameters of the components obtained in the fit is given in Appendix B.

Non-overlapping confidence intervals, as represented in box-and-whisker plots, indicate a statistical difference of Sc concentration between two populations. However, this is not sufficient to prove the significance of this difference [START_REF] Payton | Overlapping Confidence Intervals or Standard Error Intervals: What Do They Mean in Terms of Statistical Significance[END_REF]) so a one-way analysis of variance (ANOVA) test [START_REF] Dunnett | Pairwise Multiple Comparisons in the Homogeneous Variance, Unequal Sample Size Case[END_REF] was run using the aov function from the "stats" package

Insights into the Mantle Geochemistry of Scandium from Meta-Analysis (version 3.4.0). Log-transformed Sc concentrations were used as the measurement variable and either the lithotype of the host-rock or the classification of the xenocrysts in the case of garnet, according to [START_REF] Schulze | A Classification Scheme for Mantle-Derived Garnets in Kimberlite: a Tool for Investigating the Mantle and Exploring for Diamonds[END_REF] or [START_REF] Grütter | An Updated Classification Scheme for Mantle-Derived Garnet, for Use by Diamond Explorers[END_REF], was used as the categorical variable.

Each test returned a significance level of p < 0.05, meaning that the null hypothesis (i.e. no difference) is rejected. A Dunnett's modified Tukey-Kramer test [START_REF] Dunnett | Pairwise Multiple Comparisons in the Homogeneous Variance, Unequal Sample Size Case[END_REF] was used to determine which pairs of lithotypes or classes of garnet xenocrysts are significantly different using a significance level of p < 0.05. The results obtained using the DTK.test function from the "DTK" package (version 3.5) are summarised in Appendix B.

To complete the observations made using the usual scatter plots, a correlation matrix, containing the correlation coefficients between one variable and another, was generated and displayed using "corrplot" (version 0.73), a graphic library in R. The scale of the correlation coefficient is

given by a colour bar, between -100 in blue and 100 in red. The reading of this matrix is made easier by the representation of each correlation as an ellipse. Its narrowness gives an idea of the absolute value of the correlation coefficient and its direction gives the sign of the correlation.

The numerical results corresponding to the correlation matrices are given in Appendix B.

Principal component analyses (PCA) have been used to highlight the most relevant trends explaining the variability of the database without prior assumptions (e.g., [START_REF] Koch | Analysis of Multivariate and High-Dimensional Data Theory and Practice[END_REF]. These analyses have been made using the prcomp function from the "stats" package (version 3.4.0).

The distribution of each variable was normalised to have a mean equal to zero and a standard deviation equal to one. The principal components have been obtained by generating the covariance matrix of the database and calculating the eigenvalues and corresponding eigenvectors of this covariance matrix. The eigenvalues are the linear combinations of the real variables (chemical elements) which explain most of the variance of the database. Where the PCA was relevant, each principal component has been described in terms of crystal chemistry or geochemistry of garnet using the distribution of the observation and the position of each variable in the biplot.

The numerical summary of each PCA is given in Appendix B.
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Processes of Scandium Enrichment 2017 et al., 2001;[START_REF] Grégoire | Garnet Lherzolites from the Kaapvaal Craton (South Africa): Trace Element Evidence for a Metasomatic History[END_REF][START_REF] Ionov | Chemical Variations in Peridotite Xenoliths from Vitim, Siberia: Inferences for REE and Hf Behaviour in the Garnet-Facies Upper Mantle[END_REF][START_REF] Schmickler | Eclogite Xenoliths from the Kuruman Kimberlites, South Africa: Geochemical Fingerprinting of Deep Subduction and Cumulate Processes[END_REF][START_REF] Jacob | Lu-Hf and Geochemical Systematics of Recycled Ancient Oceanic Crust: Evidence from Roberts Victor Eclogites[END_REF][START_REF] Ulianov | Aluminous Websterite and Granulite Xenoliths from the Chyulu Hills Volcanic Field, Kenya: Gabbro-Troctolitic Cumulates Subjected to Lithospheric Foundering[END_REF][START_REF] Appleyard | Petrology and Geochemistry of Eclogite Xenoliths from the Rietfontein Kimberlite, Northern Cape, South Africa[END_REF][START_REF] Gibson | Melt Depletion and Enrichment Beneath the Western Kaapvaal Craton: Evidence from Finsch Peridotite Xenoliths[END_REF][START_REF] Aulbach | Eclogite Xenoliths from the Lace Kimberlite, Kaapvaal Craton: from Convecting Mantle Source to Palaeo-Ocean Floor and Back[END_REF]. The influence of the nature of peridotitic host-rock on the distribution of [Sc] grt is confirmed by the variations in the distribution of [Sc] grt with host-rock lithology (Figures 3.2.5a and b and Table B.4). The lithotype of the host-rock has been extracted from each publication as given and grouped in simplified categories in order to obtain statistically representative subsets. When the major element chemistry of the garnet was given, garnet xenocrysts have been subclassified, using either the classification of [START_REF] Grütter | An Updated Classification Scheme for Mantle-Derived Garnet, for Use by Diamond Explorers[END_REF] or that of [START_REF] Schulze | A Classification Scheme for Mantle-Derived Garnets in Kimberlite: a Tool for Investigating the Mantle and Exploring for Diamonds[END_REF]. Scandium concentration in peridotitic garnet increases with the degree of melt depletion of the host-rock, confirming the compatibility of Sc in mantle-derived garnet. The statistical significance of these observations is confirmed by ANOVA tests (Table B.5).

Mantle Geochemistry of Scandium in the Garnet Stability
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Considering the median [Sc] grt from mafic and ultramafic rocks evaluated previously and estimates of the modal content of garnet [START_REF] Perrillat | Phase Transformations of Subducted Basaltic Crust in the Upmost Lower Mantle[END_REF][START_REF] Stixrude | Influence of Phase Transformations on Lateral Heterogeneity and Dynamics in Earth's Mantle[END_REF]Pearson et al., 2014), we calculated the abundance of Sc in the lithospheric mantle (Table 3 The rest of this section will focus on Sc concentration in garnets from ultramafic host-rocks, which constitute the major part of the database. The low modal garnet contents of these rocks limit the effect of dilution, as shown by the wide range of variation of [Sc] grt for modal garnet contents between 0 wt% and 15 wt% (Figure 3.2.4, enlargement).

The Limited Influence of Intensive Variables on Scandium Behaviour

Influence of Pressure or Temperature on Scandium Concentration in Garnet

Garnets from ultramafic rocks are assumed to have equilibrated with mantle olivine, allowing the use of the Ni thermometer (T Ni , [START_REF] Ryan | Garnet Geotherms: Pressure-Temperature Data from Cr-Pyrope Garnet Xenocrysts in Volcanic Rocks[END_REF] to investigate the role of temperature on the distribution of [Sc] grt . No correlation can be found between T Ni and [Sc] grt (Figure 3.2.6a).

On the subset of data for which the thermobarometer of [START_REF] Brey | Geothermobarometry in Four-Phase Lherzolites II. New Thermobarometers, and Practical Assessment of Existing Thermobarometers[END_REF] 
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Influence of Redox Conditions on Scandium Concentration in Garnet

The number of studies in which the oxygen fugacity (f O 2 ) at the time of garnet equilibration has been measured is limited and they are based on different methods [START_REF] Lazarov | Thermal State and Redox Conditions of the Kaapvaal Mantle: a Study of Xenoliths from the Finsch Mine, South Africa[END_REF][START_REF] Creighton | Oxidation State of the Lithospheric Mantle Beneath Diavik Diamond Mine, Central Slave Craton, NWT, Canada[END_REF][START_REF] Yaxley | An Oxygen Fugacity Profile Through the Siberian Craton -Fe K-Edge XANES Determinations of Fe 3+ /ΣFe in Garnets in Peridotite Xenoliths from the Udachnaya East Kimberlite[END_REF][START_REF] Hanger | Relationships Between Oxygen Fugacity and Metasomatism in the Kaapvaal Subcratonic Mantle, Represented by Garnet Peridotite Xenoliths in the Wesselton Kimberlite, South Africa[END_REF] making it difficult to compare the results of different studies. However, within each study, Sc concentration seems to increase with increasing f O 2 (Figure 3.2.7a). The observed increase of [Sc] grt with increasing f O 2 is confirmed by the correlations between [V] grt and [Sc] grt (Figure 3.2.7b). Vanadium is sensitive to f O 2 and oxidation of V 3+ to V 4+ and to V 5+ occurs in the range of f O 2 observed in the mantle [START_REF] Canil | Vanadium in Peridotites, Mantle Redox and Tectonic Environments: Archean to Present[END_REF][START_REF] Li | The Constancy of Upper Mantle f o 2 Through Time Inferred from V/Sc Ratios in Basalts[END_REF], i.e. with a f O 2 relative to the fayalite-magnetite-quartz buffer (Δlogf

[FMQ] O 2
) ranging from -4 to 2 [START_REF] Frost | The Redox State of Earth's Mantle[END_REF]. Two trends are apparent in the correlation between Sc and V (Figure 3.2.7b). The high [V] grt related to the low-[Sc] grt trend (Figure 3.2.7d) can be associated with a high partition coefficient, indicating the dominance of the more compatible V 3+ over the other V species [START_REF] Canil | Vanadium in Peridotites, Mantle Redox and Tectonic Environments: Archean to Present[END_REF], and implying low f O 2 in the mantle. Low [V] grt , related to the high-[Sc] grt trend (Figure 3.2.7b), is in contrast associated with increasing proportions of incompatible V 4+ and V 5+ at higher f O 2 . The apparent increase of [Sc] grt with increasing f O 2 is paradoxical since under redox conditions found in the Earth's mantle, Sc has only one oxidation state (Sc 3+ ); this variation therefore can only be related to parameters that co-vary with f O 2 . We see that the [V] grt /[Sc] grt ratio is positively correlated with T Ni and thus to the depth of equilibration of the garnets (Figure 3.2.7c). Such a trend is also visible for a given context (Figure 3.2.7d). Oxygen fugacity decreases with depth in the subcratonic mantle (see e.g., [START_REF] Woodland | Variation in Oxygen Fugacity With Depth in the Upper Mantle Beneath the Kaapvaal Craton, Southern Africa[END_REF][START_REF] Mccammon | A Redox Profile of the Slave Mantle and Oxygen Fugacity Control in the Cratonic Mantle[END_REF] while fertility tends to increase due to metasomatic refertilisation (see e.g., Griffin et al., 1999b[START_REF] Griffin | Cr-Pyrope Garnets in the Lithospheric Mantle 2. Compositional Populations and Their Distribution in Time and Space[END_REF]. Meanwhile, three observations indicate that [Sc] grt decreases toward the base of the lithosphere, even as f O 2 decreases. (i) [Sc] grt increases with increasing depletion of the host-rock (Figure 3.2.5). (ii) Low [Sc] grt is associated with high [Fe] grt (see section 3.2.3) which can be associated with Cr-poor garnets from fertile peridotites located at the base of the lithosphere (Griffin et al., 1999b). (iii) Lower [Sc] grt is observed at high [Si] grt (see section 3.2.3); both factors could be related to the increasing majorite component of garnet in the deep lithosphere (see e.g., [START_REF] Irifune | An Experimental Investigation of the Pyroxene-Garnet Transformation in a Pyrolite Composition and Its Bearing on the Constitution of the Mantle[END_REF]. Therefore, the increase of [Sc] grt with increasing f O 2 may be related to factors such as the degree of melt extraction and the changes in crystal chemistry
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As shown by [START_REF] Lee | Statistical Analysis of Water-Quality Data Containing Multiple Detection Limits: S-Language Software for Regression on Order Statistics[END_REF] ≈ -3 [START_REF] Canil | Vanadium Partitioning Between Orthopyroxene, Spinel and Silicate Melt and the Redox States of Mantle Source Regions for Primary Magmas[END_REF], only V 3+ is present, explaining the maximum value observed for [V] grt /[Sc] grt .

This effect is even more pronounced at the scale of individual kimberlite pipes (Figure 3.2.7d) and suggests that some of the range of [V] grt /[Sc] grt at a given T Ni may reflect the range of geotherms represented in the database.

Interrelated Influence of Garnet Crystal Chemistry and Fluid-Related Processes on Scandium Behaviour

Relationship between Scandium and Major-Element Concentrations in Garnet

Scandium concentration in garnet is correlated with the major-element chemistry of this phase [Mg] grt may also reflect the degree of depletion of the host-rock (Figure 3.2.9a).

(
Variations of [Sc] grt versus [Fe] grt are complex, with two main trends. A negative correlation is observed at high [Fe] grt and a positive correlation at lower [Fe] grt . This complexity can be related to the ambivalent nature of Fe, which can be ferrous or ferric and is incorporated in both X and Y sites. Variations in the fertility of the host-rock might also be involved, as shown by the decrease of [Sc] grt with increasing The intensity of the correlation is given by the intensity of the colour compared to the colour bar and the narrowness of the ellipse.
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Relationships between Scandium and Trace-Element Concentrations in Garnet

Scandium concentrations in garnet are correlated to those of trivalent transition elements (Fig- Insights into the Mantle Geochemistry of Scandium from Meta-Analysis

Plots of [Zr] grt versus [Y] grt provide a signature of melt depletion and styles of metasomatism (Griffin et al., 1999c). On such plots, the distribution of [Sc] grt (Figure 3.2.13a) confirms that garnets from depleted rocks are enriched in Sc compared to those in fertile ones, while metasomatism by silicate melt may lead to decreased [Sc] grt . Plots of (Zr/Sm) N versus (Ce/Yb) N have been used to distinguish metasomatic processes related to volatile-rich fluids or to silicate melts [START_REF] Aulbach | Genesis and Evolution of the Lithospheric Mantle Beneath the Buffalo Head Terrane, Alberta (Canada)[END_REF]. In the database studied, the [Sc] [START_REF] Mcdonough | The Composition of the Earth[END_REF]. The colour of each point depends on the Sc content of the record, from 0 ppm (in blue) to 300 ppm (in red).

Evolution of Scandium Concentration During Melting of a Fertile Mantle

We have estimated the evolution of the Sc content in the residual rock, in the melt and in garnets from [START_REF] Walter | Melting of Garnet Peridotite and the Origin of Komatiite and Depleted Lithosphere[END_REF] batch melting experiments on fertile peridotite. This work reports the melting of a near-primitive mantle (approximated by the fertile peridotite xenolith KR-4003 from Kettle River, British Columbia, Canada) in the garnet stability field for pressures from 3 GPa to 7 GPa. For each melting experiment, the modal proportions were calculated by mass balance between the composition of the coexisting phases and the system bulk composition at equilibrium [START_REF] Walter | Melting of Garnet Peridotite and the Origin of Komatiite and Depleted Lithosphere[END_REF]. However, trace-element compositions have not been analysed.

By mass balance calculations, it is possible to obtain the Sc concentration in the melt, in the residue and in the garnets. According to the law of conservation of mass, for a given fraction of melting: according to the experimental study of [START_REF] Davis | Experimentally Determined Mineral/Melt Partitioning of First-Row Transition Elements (FRTE) During Partial Melting of Peridotite at 3 GPa[END_REF]. To our knowledge, this is the only study reporting together the partition coefficients of Sc for olivine, garnet and pyroxenes, applicable to partial melting of the mantle in the stability field of garnet. Variations in the range of deviations indicated in this study have been tested and show no influence on the results.

[Sc] 0 = [Sc] res • (1 -F) + [Sc] melt • F (3.
As the melt is in equilibrium with the different phases during batch melting experiments, [Sc] grt was obtained by definition of the partition coefficient of Sc between garnet and melt:

[Sc] grt = 𝐷 grt/melt Sc • [Sc] melt (3.2.6)
In the presence of garnet, with increasing degree of partial melting, Sc concentration increases in the melt and decreases in the residue, whatever the conditions of pressure considered (Fig- 

Influence of Melt Extraction on Scandium Concentration in Garnet

Depletion of mantle peridotites by removal of mafic melts is correlated with increased 
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Influence of Crystal Chemistry on Scandium Concentration in Garnet

The analysis of the PCA on major elements and Sc (Figure 3.2.10) shows that Sc variability is in the direction of the uvarovite end-member (Ca 3 Cr 2 (SiO 4 ) 3 ), indicating the affinity of Sc for the Cr-Ca-rich end-member. Crystal-chemical effects must be predominant in modifying the compatibility of Sc in garnets. In our database, mantle garnets are in the compositional range (Mg has not been determined experimentally in these systems. In pyrope, Sc is mainly incorporated in the X site of garnet [START_REF] Oberti | Site Preference and Local Geometry of Sc in Garnets: Part I. Multifarious Mechanisms in the Pyrope-Grossular Join[END_REF]. When the composition shifts toward the grossular end-member, the relaxation of the garnet structure by substitution of Mg 2+ for the larger cation Ca 2+ increases the occupation of Sc in both X and Y sites [START_REF] Oberti | Site Preference and Local Geometry of Sc in Garnets: Part I. Multifarious Mechanisms in the Pyrope-Grossular Join[END_REF][START_REF] Kim | Scandium-45 NMR of Pyrope-Grossular Garnets: Resolution of Multiple Scandium Sites and Comparison With X-Ray Diffraction and X-Ray Absorption Spectroscopy[END_REF]. However, the size of the Y octahedron is constrained by the sole presence of the small Al 3+ cation, limiting the incorporation of Sc in the Y site [START_REF] Oberti | Site Preference and Local Geometry of Sc in Garnets: Part I. Multifarious Mechanisms in the Pyrope-Grossular Join[END_REF]. When Sc substitutes for larger Fe 3+ along the join andradite-eringaite, this barrier is removed, and Sc is incorporated exclusively in the Y site [START_REF] Quartieri | Site Preference and Local Geometry of Sc in Garnets: Part II. the Crystal-Chemistry of Octahedral Sc in the Andradite -Ca 3 Sc 2 Si 3 O 12 Join[END_REF]. Iron(III) is in high spin state in andradite [START_REF] Lin | Electronic Spin Transition of Iron in the Earth's Lower Mantle[END_REF] and has an ionic radius of 0.654 Å, similar to Cr 3+ (0.615 Å Shannon, 1976). The replacement of Al 3+ by Cr 3+ in pyrope leads to a nearly full relaxation of the first neighbours [START_REF] Juhin | Structural Relaxation Around Substitutional Cr 3+ in Pyrope Garnet[END_REF]. By analogy with the andradite end-member, the less compact structure of Cr-bearing pyrope is expected to favour the incorporation of Sc in the Y site.

This incorporation of Sc in the Y site of Cr-Ca-bearing garnet is well accounted for by the latticestrain theory. This theory relates the charge and radius of an ion to its partition coefficient in the crystallographic site of a given mineral species at a given temperature and pressure (e.g., [START_REF] Wood | Trace Element Partitioning: the Influences of Ionic Radius, Cation Charge, Pressure, and Temperature[END_REF]. From this theory and the experimental determination of trace-element partition coefficient, Onuma diagrams [START_REF] Onuma | Trace Element Partition Between Two Pyroxenes and the Host Lava[END_REF]) have been constructed using models from [START_REF] Van Westrenen | Quantifying Garnet-Melt Trace Element Partitioning Using Lattice-Strain Theory: New Crystal-Chemical and Thermodynamic Constraints[END_REF] and retrieved from the studies of [START_REF] Corgne | Trace Element Partitioning Between Majoritic Garnet and Silicate Melt at 25 GPa[END_REF]; This has a prominent effect on the variability of [Sc] grt . As Sc compatibility in the Y site is extremely low in pyrope, even a small expansion of the Y site can dramatically increase the compatibility of Sc.

Insights into the Mantle Geochemistry of Scandium from Meta-Analysis 
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Influence of Metasomatic Processes on Scandium Concentration in Garnet

Metasomatism can induce the crystallisation of new garnet (stealth metasomatism, O'Reilly & Griffin, 2013) and modify the composition of existing garnets (cryptic metasomatism). Both types of metasomatism are considered here and cannot be distinguished from the meta-analysis.

Metasomatism of previously depleted rocks by silicate melt is associated with a decrease in

[Sc] grt (Figure 3.2.13a). According to our melting model, Sc can be considered as compatible in garnet-bearing mantle rocks. Silicate melts are thus poor in Sc compared to a garnet peridotite and [Sc] grt is expected to decrease with metasomatism by silicate melt. In addition, these melts will have high Al/Cr ratios and the metasomatised garnets will have lower Cr# than primary garnets, with a subsequent decrease in Sc partition coefficients. The metasomatised garnets will thus incorporate less Sc than the original depleted garnets.

In contrast, metasomatism by volatile-rich fluids leads to higher [Sc] grt (Figure 3.2.13b). This behaviour is expected for incompatible elements (see e.g., [START_REF] Mckenzie | Some Remarks on the Movement of Small Melt Fractions in the Mantle[END_REF][START_REF] Bedini | Evolution of LILE-Enriched Small Melt Fractions in the Lithospheric Mantle: a Case Study from the East African Rift[END_REF] but, as previously shown, Sc is compatible in the garnet stability field of the mantle. Two mechanisms could explain the influence of volatile-rich fluids on [Sc] grt . (i) At mantle pressures and temperatures, complexing of Sc by volatile elements could transport significant amounts of Sc and drastically decrease its compatibility. Except for hydrothermal fluids [START_REF] Wood | The Aqueous Geochemistry of Gallium, Germanium, Indium and Scandium[END_REF], few data are available on the complexes stabilizing Sc in fluids. However, this hypothesis is consistent with the occurrence of several Sc-rich carbonatites (up to 190 ppm Sc in wholerock analyses: see e.g., [START_REF] Eby | Scandium Geochemistry of the Oka Carbonatite Complex, Oka, Quebec[END_REF][START_REF] Åmli | Carbonatites, a Possible Source of Scandium As Indicated by Sc Mineralization in Fen Peralkaline Complex, Southern-Norway[END_REF][START_REF] Liferovich | A New Type of Scandium Mineralization in Phoscorites and Carbonatites of the Kovdor Massif, Russia[END_REF][START_REF] Gramaccioli | The Formation of Scandium Minerals As an Example of the Role of Complexes in the Geochemistry of Rare Earths and HFS Elements[END_REF].

However, D

grt/fluid Sc increases from silicate to carbonate-rich melts (Figure 3.2.15a, Dasgupta et al., 2009). (ii) The second mechanism relies on the differences in compatibility observed between fertile and depleted garnet, which is not modified by metasomatism induced by volatilerich fluids as the fluids produced are expected to involve low volumes of melting (lower than 1 %, McKenzie, 1989). Volatile-rich fluids are also expected to be formed at the base of the lithosphere [START_REF] Mckenzie | Some Remarks on the Movement of Small Melt Fractions in the Mantle[END_REF][START_REF] Bedini | Evolution of LILE-Enriched Small Melt Fractions in the Lithospheric Mantle: a Case Study from the East African Rift[END_REF]. In this context, the mantle is more fertile than in the rest of the lithosphere and consequently, is expected to be richer in Sc (Figure 3.2.14).

Scandium is also mildly compatible due to the lower D Insights into the Mantle Geochemistry of Scandium from Meta-Analysis

Conclusions of this Section

This study of a large database of garnets makes several main points regarding the behaviour of Sc in the deep lithospheric mantle, demonstrating the usefulness of meta-analyses and statistical approaches for fundamental geochemistry.

1. Garnet accounts for about 75 % of the Sc budget of the lithospheric mantle in the garnet stability field.

2. Scandium concentration in garnet decreases with increasing modal garnet content. In particular, high modal garnet contents in mafic rocks lead to dilution of the Sc in these garnets.

3. Scandium content in garnet is not primarily influenced by the pressure, temperature or oxygen fugacity of the mantle.

Melt extraction leads to increasing [Sc]

grt and Sc concentration in the melt, showing the compatibility of this element in the presence of garnet.

Metasomatism decreases [Sc]

grt except in the specific case of volatile-rich fluids.

6. Crystal chemistry is the major parameter controlling [Sc] grt . In particular, higher Cr# and Ca# in garnet increases the compatibility of Sc in this phase. This phenomenon reinforces the effect of melt extraction, as both [Cr] grt and [Ca] grt increase with increasing degree of depletion.

7. Scandium is incorporated in both X and Y sites of Cr-Ca-rich garnets.

These results emphasize the influence of crystal chemistry, and especially Cr and Ca contents, on the partitioning of Sc in peridotitic garnets, and demonstrate the need for experimental studies on partitioning of trace elements in Cr-Ca-bearing garnets. The potential of the [V] grt /[Sc] grt ratio for assessing the oxygen fugacity in the deep lithospheric mantle is also revealed, though it remains to be quantified. Finally, these conclusions show how Sc geochemistry helps understand fluid-related processes affecting mantle rocks. Scandium is considered to be mildly incompatible above the spinel-garnet transition zone [START_REF] Mallmann | The Crystal/Melt Partitioning of V During Mantle Melting As a Function of Oxygen Fugacity Compared With Some Other Elements[END_REF] while this study shows that in the garnet stability field, Sc behaves as a mildly compatible element.

The balance between the variable compatibility of Sc in garnet and the modal garnet content of the host-rock induces subtle variations in compatibility which can have drastic effects on Sc contents, as shown by the unexpected effect of volatile-rich fluids on Sc concentration in garnets. In well-constrained contexts, variations of Sc contents could help tracing metasomatic events and the conditions of generation of magmas, as well as the nature of their residues.
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Mantle Geochemistry of Scandium in the Spinel Stability

A small population of clinopyroxene, with a median [Sc] cpx of ca 35 ppm comes from clinopyroxenites, suggesting a dilution effect similar to that observed for garnet in eclogite and garnet pyroxenite. The [Sc] cpx from the remaining mafic host-rocks are mixed with the population of clinopyroxenes from ultramafic host-rocks, as the clinopyroxene mode is more limited for other pyroxenite lithotypes. Mafic host-rocks cannot be distinguished from ultramafic host-rocks in terms of distribution of Sc concentration in olivine and orthopyroxene.

The prime control on the distribution of Sc concentration in olivine and pyroxenes is thus played by garnet, with a minor influence of dilution in clinopyroxene at high clinopyroxene mode.

From the modal proportion of each phase (Table B.10) and this distribution of Sc concentration in olivine and pyroxenes, we can estimate the proportion of Sc incorporated by olivine and pyroxenes in the main mantle-related lithotypes (Figure 3.3.2). 

M. Chassé

Processes of Scandium Enrichment 2017

Our estimates indicate that these phases are sufficient to balance the budget in Sc of the shallow lithospheric mantle. No minor trace phase is expected to absorb a significant part of the Sc budget of the mantle. Wehrlite might be an exception but the estimate is based on 29 analyses, limiting its representativeness. Contrarily to garnet-bearing rocks, there is no control by a unique phase but the budget is distributed between different phases depending on the lithotype. Most of the budget is carried by clinopyroxene in mafic rocks while the influence of this phase decreases with the degree of depletion of ultramafic host-rocks. Orthopyroxene is expected to be the main trace-element receptor in highly-depleted rocks due to the complete consumption of clinopyroxene beyond 25 wt% partial melting [START_REF] Scott | Mantle Depletion and Metasomatism Recorded in Orthopyroxene in Highly Depleted Peridotites[END_REF]. However, in the case of Sc, this role is played by olivine, while the increase in the proportion of Sc incorporated by orthopyroxene remains limited when depletion increases, from lherzolite to harzburgite and dunite. Thus, both olivine and orthopyroxene have to be studied to follow the influence of partial melting and metasomatism on Sc behaviour in highly-depleted rocks.

Deciphering the Influence of Intensive Parameters, Crystal Chemistry and Fluid-Related Processes on Scandium Behaviour

Except as otherwise mentioned in this section, the database has been limited to ultramafic host-rocks from the spinel facies. Some figures include garnet-bearing rock in order to enable comparison.

Influence of Pressure, Temperature and Redox State on Scandium Concentration

Scandium concentration in clinopyroxene tends to decrease with temperature, as estimated by [START_REF] Brey | Geothermobarometry in Four-Phase Lherzolites II. New Thermobarometers, and Practical Assessment of Existing Thermobarometers[END_REF] 's thermobarometer, while [Sc] ol and [Sc] opx tend to increase (Figure 3.3.3).

The number of datasets containing two or three minerals allowing the estimation of a D i/j

Sc is limited and scattered due to the diversity of studies, preventing the use of the database to calibrate empirical formulae for the evolution of the partition coefficients with temperature. However, from the comparison of the three minerals, increasing temperature seems to redistribute Sc from clinopyroxene to olivine and orthopyroxene. Scandium redistribution into olivine is more pronounced than into orthopyroxene. It could reflect a greater role played by olivine in the Sc budget of high-temperature mantle compared to orthopyroxene. These results confirm, on a wider range of peridotites, the study by [START_REF] Witt-Eickschen | The Effect of Temperature on the Equilibrium Distribution of Trace Elements Between Clinopyroxene, Orthopyroxene, Olivine and Spinel in Upper Mantle Peridotite[END_REF] indicating that orthopyroxene and olivine hold a significant proportion of the Sc budget at near-solidus temperatures. Equilibration temperature seems to be a major factor controlling the distribution of Sc between the different phases in the spinel stability field of the mantle as shown by [START_REF] De Hoog | Trace-Element Geochemistry of Mantle Olivine and Application to Mantle Petrogenesis and Geothermobarometry[END_REF] in the case of olivine.

The trends described above are not observed for pressure while this parameter is highly correlated to temperature. However, pressure is not reported as often as temperature in the database. Such trends may be hidden in our database by the lack of statistical representativeness.

As expected considering the single oxidation state of Sc, no correlation is observed between the f O 2 , determined from spinel compositions following the method of [START_REF] Ballhaus | High Pressure Experimental Calibration of the Olivine-Orthopyroxene-Spinel Oxygen Barometer: Implications for Redox Conditions in the Upper Mantle[END_REF], Insights into the Mantle Geochemistry of Scandium from Meta-Analysis and Sc concentration in the whole-rock, in olivine or in pyroxenes. The difference from the garnet facies may result from the absence of correlation between f O 2 and depth in the parts of the mantle sampled in the database. These portions of the mantle are less stable than the subcratonic lithospheric mantle represented by garnet-bearing xenoliths or garnet xenocrysts.

They result from a more complex history, involving mixing and re-equilibration due to compression and decompression events associated with convective movements in the mantle, limiting the vertical stratification of the mantle. 

Influence of Crystal Chemistry on Scandium Concentration

While garnet shows correlations between crystal chemistry and [Sc], the effect is more limited in olivine and pyroxenes.

In the case of olivine, no clear correlations are observed between Sc and major-element contents (Table B.11). The range of crystal-chemical variations observed in this database is narrow ((Mg 1-𝑥 Fe 𝑥 ) 2 SiO 4 , with x ∈ [0.06, 0.13]), in the range expected for mantle olivine [START_REF] Deer | An Introduction to the Rock-Forming Minerals[END_REF]. In the M1 and M2 sites of olivine, the difference of ionic radius between VI Mg 2+ and high-spin VI Fe 2+ is small (0.72 Å and 0.78 Å, respectively, Shannon, 1976). Decreasing Mg# increases the size of the M sites [START_REF] Birle | Crystal Structures of Natural Olivines[END_REF], which may slightly increase the capacity of incorporation of Sc. However, the size of VI Sc 3+ (0.745 Å) is close to those of Fe and Mg in the M site and the enlargement is limited by the small range of Mg# exhibited by mantle olivine. Additionally, the main barrier to Sc incorporation is not the size of the M site but charge balance. Except for Mg and Fe, no other element significantly influences the crystal structure of olivine. The most concentrated minor elements, Mn and Ni, are present at the 0.1 % to 0.4 % level by weight of oxide. All these factors explain the limited influence of crystal chemistry on

[Sc] ol .

The case of orthopyroxene is similar, with only weak correlations between Sc and major-
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Processes of Scandium Enrichment 2017 element concentrations (Table B.12). The Mg# is in the same range as in olivine, the general formula of the studied orthopyroxene being (Mg 1-𝑥 ,Fe 𝑥 )SiO 3 with x ∈ [0.06, 0.13]. However, we observe a wider range of crystal-chemical variations for Al, replacing Si in the T site, and Ca incorporated in the M2 site [START_REF] Deer | An Introduction to the Rock-Forming Minerals[END_REF]. The concentrations of Al 2 O 3 and CaO are at the 2 wt% to 6 wt% level and 0.5 wt% to 1.5 wt% level, respectively. No correlation is observed between [Sc] opx and [Al] opx while a weak positive correlation appears between [Sc] opx and [Ca] opx (Table B.12). Since both Al and Ca are incompatible, this difference could be interpreted as a slight crystal-chemical effect of Ca, increasing the compatibility of Sc in orthopyroxene. The incorporation of Ca in the M2 site of orthopyroxene induces an expansion of the unit cell but no increase of the M1 site in which Sc is supposed to reside. However, this incorporation induces the unkinking of the tetrahedral chains [START_REF] Zema | Ca in Orthopyroxene: Structural Variations and Kinetics of the Disordering Process[END_REF], possibly easing the incorporation of trivalent cations in the T site and increasing the likelihood of charge-balanced substitutions.

The strongest influence of major-element composition on Sc concentration is observed for clinopyroxene. In order to address the correlations with crystal chemistry, we recalculated the major-and minor-element contents in terms of the standard pyroxene formula (M2M1T 2 O 6 ).

Atoms per formula unit in the T, M1 and M2 sites of pyroxene are given for Si, Ti, Al, Cr, Fe, Mn, Mg, Ca and Na using the following assumptions: Si is assigned to the T site; the T site is completed with Al; the remaining Al atoms are assigned to the M1 site, along with Ti, Cr and Fe 3+ ; the Fe 3+ content is obtained from the Fe tot content by equilibration of the charges in the formula; Mn, Ca and Na are assigned to the M2 site; the M2 site is filled with Mg and Fe 2+ in the same proportions as in the whole mineral; the remaining Mg and Fe 2+ atoms are assigned to the M1 site.

The occupancy of the M2 site exerts the strongest influence on Sc concentration (Figure 3.3.4).

Scandium concentration in clinopyroxene decreases with increasing Mg and Fe 2+ incorporation in the M2 site and increases with increasing Ca incorporation. The Ca content of the M2 site has little influence on the size of the M1 site [START_REF] Ohashi | The Effect of Ca-Fe Substitution on the Clinopyroxene Crystal Structure[END_REF] and cannot directly ease the incorporation of Sc. However, as is the case for orthopyroxene, it induces the unkinking of the tetrahedral chains, increasing the likelihood of Tschermak substitutions, with Sc being incorporated in the M1 site with another trivalent cation in the T site to balance the charges. Such effects of Tschermak substitution have been demonstrated experimentally; D cpx/melt Sc increases with increasing Tschermak substitutions [START_REF] Hill | Geochemical Evolution of a Palaeolaterite: the Interbasaltic Formation, Northern Ireland[END_REF]. However, a weak negative correlation is observed between Sc and the Al content of the T site of clinopyroxene (Figure 3. B.13). The crystal-chemical origin of the correlations cannot be satisfactorily explained, they may be assigned to fluid-related processes discussed below or to equilibration temperature, high equilibration temperatures are associated to low [Sc] cpx and have been related to low Ca content [START_REF] Davis | The Join Mg 2 Si 2 O 6 -CaMgSi 2 O 6 at 30 Kilobars Pressure and Its Application to Pyroxenes from Kimberlites[END_REF]. In the spinel stability field of the mantle, experimental studies showed that up to 20 % of partial melting, clinopyroxene, orthopyroxene and spinel were melting to form the melt and olivine [START_REF] Walter | Melt Extraction and Compositional Variability in Mantle Lithosphere[END_REF]. The proportions of phases melting can be obtained from these experimental studies. At 1 GPa, a typical mantle melting reaction is:

0.375 • opx + 0.75 • cpx + 0.125 • sp → 1 • melt + 0.25 • ol (3.3.1)
According to this equation, decreasing modal clinopyroxene content and increasing modal olivine content are good indicator of partial melting. Incompatible behaviour is characterised by an increasing concentration in the whole rock when the modal clinopyroxene content increases and the modal olivine content decreases, as observed for Sc. Modal orthopyroxene content also decreases with partial melting but less rapidly, as expected from the equation 3.3.1. Ghiorso et al. (2002) showed that with increasing pressure, around 2 GPa, orthopyroxene is a product of partial melting. The slower decrease of modal orthopyroxene content and its ambivalent behaviour during partial melting explains the weaker correlation observed between the orthopyroxene mode and [Sc] WR (Figure 3.3.6). It can also be related to the lesser role of orthopyroxene compared to olivine and clinopyroxene in the Sc budget of depleted host-rocks. 
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Processes of Scandium Enrichment 2017 used to distinguish volatile-rich metasomatism, silicate melt metasomatism and melt extraction [START_REF] Coltorti | Carbonatite Metasomatism of the Oceanic Upper Mantle: Evidence from Clinopyroxenes and Glasses in Ultramafic Xenoliths of Grande Comore, Indian Ocean[END_REF] confirm the interpretations obtained from major-element contents. We 
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Clues to the Depth of Partial Melting

In sections 3.2 and 3.3, we have demonstrated that Sc is mildly compatible in the garnet stability field of the mantle while it is mildly incompatible in the spinel stability field. However, the comparison of the results on the evolution of Sc content with indicators of depletion in garnet-bearing ultramafic rocks from the database tends to indicate that Sc is also incompatible in the garnet stability field of the mantle. The trends observed for garnet-bearing ultramafic rocks cannot be distinguished from the trends observed for the ones from the spinel stability field (Figures 3.3.5 and 3.3.6).

In order to verify our assessment indicating that Sc is compatible in the garnet stability field of the mantle and interpret the Sc concentrations observed in mantle-related melts, models of melting of a fertile mantle have been used to discuss the influence of partial melting on the evolution of Sc concentration at pressures from 1 GPa to 7 GPa. They are based on the works of [START_REF] Gast | Trace Element Fractionation and the Origin of Tholeiitic and Alkaline Magma Types[END_REF] and [START_REF] Shaw | Trace Element Fractionation During Anatexis[END_REF]. Details are given in appendix C.

Implementation of the Melting Models

Two extreme non-modal melting models have been considered: batch and fractional. Mantle melting reactions taking into account olivine, orthopyroxene, clinopyroxene and spinel or garnet have been chosen according to the equations of melting of a near-primitive mantle available in the literature for melting at 1 GPa, 2 GPa, 3 GPa, 5 GPa and 7 GPa, corresponding roughly to 30 km, 60 km, 90 km, 150 km and 210 km depth, respectively. This range of pressures correspond to the range of pressures of equilibration expected for the materials studied in the database. At 1 GPa, the mantle melting reaction has been chosen according to [START_REF] Ghiorso | The PMELTS: a Revision of MELTS for Improved Calculation of Phase Relations and Major Element Partitioning Related to Partial Melting of the Mantle to 3 GPa[END_REF]:

0.36 • opx + 0.71 • cpx + 0.11 • sp → 1 • melt + 0.18 • ol (3.3.2)
At 2 GPa, the mantle melting reaction has been chosen according to [START_REF] Ghiorso | The PMELTS: a Revision of MELTS for Improved Calculation of Phase Relations and Major Element Partitioning Related to Partial Melting of the Mantle to 3 GPa[END_REF]:

0.05 • ol + 0.97 • cpx + 0.13 • grt → 1 • melt + 0.15 • opx (3.3.3)
At 3 GPa, the mantle melting reaction has been chosen according to Walter (1998):

0.05 • ol + 0.97 • cpx + 0.13 • grt → 1 • melt + 0.15 • opx (3.3.4)
At 5 GPa, the mantle melting reaction has been chosen according to [START_REF] Presnall | Generation of Mid-Ocean Ridge Basalts at Pressures from 1 to 7 GPa[END_REF]:

0.05 • ol + 0.97 • cpx + 0.13 • grt → 1 • melt + 0.15 • opx (3.3.5)
At 7 GPa, the mantle melting reaction has been chosen according to [START_REF] Walter | Melting of Garnet Peridotite and the Origin of Komatiite and Depleted Lithosphere[END_REF]:

0.27 • ol + 0.48 • cpx + 0.25 • grt → 1 • melt (3.3.6)
Insights into the Mantle Geochemistry of Scandium from Meta-Analysis

The parameters used for the modelling are summarised in Table 3.3.1. The starting Sc concentration in a fertile mantle has been chosen according to cosmochemical estimates of the composition of the pyrolitic mantle (ca 16.4 ppm, [START_REF] Palme | Cosmochemical Estimates of Mantle Composition[END_REF]. The modal compositions of a fertile mantle at the pressures considered have been assessed according to various estimates from modelling and composition of mantle xenoliths [START_REF] Stixrude | Influence of Phase Transformations on Lateral Heterogeneity and Dynamics in Earth's Mantle[END_REF][START_REF] Palme | Cosmochemical Estimates of Mantle Composition[END_REF]Pearson et al., 2014). This modal composition is a rough estimate and the influence of variations of ± 5 wt% has been tested but does not modify the interpretation of these models. The partition coefficients of Sc between the different phases involved and the melt have been chosen according to the experimental study of [START_REF] Davis | Experimentally Determined Mineral/Melt Partitioning of First-Row Transition Elements (FRTE) During Partial Melting of Peridotite at 3 GPa[END_REF]. To the best of our knowledge, this is the only study reporting partition coefficients of Sc for olivine, spinel, garnet and pyroxenes, applicable to partial melting of the mantle. Variations in the range of deviations indicated in this study have been tested and show no influence on the interpretations given to the model. In order to compare the evolution of Sc concentration with parameters studied earlier, the evolution of major-element contents with partial melting have been obtained

according to [START_REF] Walter | Melting Residues of Fertile Peridotite and the Origin of Cratonic Lithosphere[END_REF]. The evolution of the modal mineral contents with partial melting has been calculated directly from the equations of melting. 

Pressure

Consistency and Limits of the Models

The validity of the model is confirmed by the comparison between the outputs of the model and the values observed in the database. In the spinel facies, at 1 GPa and 2 GPa, [Sc] res vary between ca 16 ppm at low melt fractions, corresponding to a fertile mantle, and ca 8 ppm for high melt fractions, corresponding to a depleted mantle ( 
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The Sc concentrations observed in the different mineral phases confirms the validity of our approach. For each phase, we observe a distinction between Sc concentrations in the garnet and spinel facies (Figures 3.3.8c,d,e and f), corresponding to the two populations of grains observed for each mineral, from garnet-bearing or garnet-free host-rocks (Figure 3.3.1). The range of concentrations in the model is close to the range of concentrations observed for natural grains.

For olivine, [Sc] ol ranges between 2 ppm and 6 ppm in the model, while the range is 0 ppm to 6 ppm in the database. For orthopyroxene, [Sc] opx ranges between ca 8 ppm and ca 22 ppm in the model, while the range is ca 0 ppm to ca 30 ppm in the database. For clinopyroxene,

[Sc] cpx ranges between ca 13 ppm and ca 35 ppm in the model, while the range is ca 0 ppm to ca 100 ppm in the database. Scandium is considered as mildly compatible in clinopyroxene [START_REF] Bédard | Parameterizations of Calcic Clinopyroxene-Melt Trace Element Partition Coefficients[END_REF] 

Implications of the Models on Scandium Behaviour

The output of the model distinguishes three different behaviours of Sc depending on the pressure considered. In the spinel facies, at 1 GPa and 2 GPa, D res/melt Sc decreases from ca 0.3 at low degrees of partial melting to ca 0.15 when the melt fraction is high. Scandium is incompatible at such pressures and its incompatibility increases with increasing degree of partial melting.

In the garnet facies, at 5 GPa and 7 GPa, D res/melt Sc varies between 1.3 and 0.75. Scandium is mildly compatible, except for high degrees of partial melting (higher than 20 %) at 5 GPa where it exhibits a slight incompatiblity. This result demonstrates the importance of the modal garnet contents in the overall compatibility of Sc and that different behaviour of Sc may be observed in the garnet stability field of the mantle, between highly-depleted regions, poor in garnet, and fertile ones.

At 3 GPa, garnet is stable but the pressure is close to the depth of the spinel to garnet transition. Scandium is incompatible, contrarily to what is observed deeper in the garnet stability field.

Nonetheless, this incompatibility is moderate compared to the spinel stability field; D res/melt Sc decreases from ca 0.7 to ca 0.3 with increasing degrees of partial melting. Despite the presence of garnet, near the spinel-garnet transition, the stability of this phase is limited and Sc remains incompatible, confirming the control exerted by the modal garnet content on Sc behaviour.
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The modeled evolution of Sc concentration with Mg# and Al 
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Conclusions of this Section

This study of an extensive database of minerals and whole-rock analyses in the spinel facies complement the information given in section 3.2 on Sc behaviour in the garnet stability field of the mantle.

1. In the spinel facies of the mantle, the Sc budget is controlled by clinopyroxene in fertile rocks while olivine becomes the main host for Sc in highly depleted rocks.

2. The Sc content of olivine and pyroxenes is primarily controlled by the presence or absence of garnet in the host-rock.

3. An effect of dilution of Sc content is observed for clinopyroxenes in clinopyroxenites.

4. Crystal chemistry has little effect on the Sc content of olivine and pyroxenes.

5. Increasing temperatures impact the partition coefficients and tend to redistribute Sc from clinopyroxene to olivine and orthopyroxene.

6. Whole-rock analyses indicate the incompatibility of Sc in the spinel facies of the mantle.

7. The effect of fluid-related processes on orthopyroxene and olivine is limited. The mild incompatibility of Sc in the spinel stability field, expected from experimental data [START_REF] Mallmann | The Crystal/Melt Partitioning of V During Mantle Melting As a Function of Oxygen Fugacity Compared With Some Other Elements[END_REF], is confirmed by our analysis. Whole-rock analyses from the database do not show clear evidence of a distinction between the garnet and spinel facies of the mantle in terms of compatibility of Sc. However, models of partial melting demonstrate that the difference of Sc behaviour could not be detected in the whole-rock data for melting near the spinel to garnet transition depth, corresponding to the depth of origin of most of the samples. The results of such models are satisfactory, confirming the potential in using Sc contents to trace the genetic processes of formation of mantle-related materials, as expected from the analysis of the garnet database.

Insights into the Mantle Geochemistry of Scandium from Meta-Analysis

Targeting Favourable Parent Rocks for Scandium Lateritic

Deposits

Through this chapter, we have shown that Sc concentrations in mantle-related melts and residues are controlled by the presence or absence of garnet. Garnet-rich lithotypes could constitute a favourable parent rock for lateritic deposits. However, as expected in a closed system, concentration of Sc by garnet-rich material is by limited the dilution of the element between the abundant garnet grains present when the modal content of this phase is too high. Thus, the whole-rock concentration of garnet-rich rocks, such as eclogite or garnet pyroxenite, is comparable to those of more common mafic rocks, such as basalt or gabbro (Figure 3.1.1). Exceptional enrichment in Sc of garnet-bearing rocks would require the accumulation of garnet by crystal fractionation in an open system, such as a deep magmatic chamber regularly supplied by fresh mafic melt.

Considering the mild compatibility of this element in the garnet stability field of the mantle demonstrated in this chapter (section 3.2), this mafic melt would be slightly impoverished in Sc compared to a fertile peridotite. Nonetheless, considering the high experimental D grt/melt Sc (between 5 and 10, [START_REF] Dasgupta | Trace Element Partitioning Between Garnet Lherzolite and Carbonatite at 6.6 and 8.6 GPa With Applications to the Geochemistry of the Mantle and of Mantle-Derived Melts[END_REF][START_REF] Corgne | Trace Element Partitioning Between Majoritic Garnet and Silicate Melt at 10-17 GPa: Implications for Deep Mantle Processes[END_REF][START_REF] Davis | Experimentally Determined Mineral/Melt Partitioning of First-Row Transition Elements (FRTE) During Partial Melting of Peridotite at 3 GPa[END_REF][START_REF] Girnis | Trace Element Partitioning Between Mantle Minerals and Silico-Carbonate Melts at 6-12 GPa and Applications to Mantle Metasomatism and Kimberlite Genesis[END_REF] confirmed in natural conditions in section 3.2, garnet accumulation would compensate for a slight depletion of Sc in the melt. Trace-element evidence suggests that rare types of eclogites and garnet pyroxenites could be cumulates, formed at high pressure from mafic melts percolating through the mantle (see e.g., [START_REF] Woodland | Li Abundances in Eclogite Minerals: a Clue to a Crustal or Mantle Origin?[END_REF]. However, a magmatic origin is controversial and thermodynamic considerations seem to rule out this hypothesis (Jacob, 2004). This type of eclogite, sometimes considered as a cumulate, has also been interpreted as highly-metasomatised mafic material [START_REF] Gréau | Type I Eclogites from Roberts Victor Kimberlites: Products of Extensive Mantle Metasomatism[END_REF]. Such metasomatic processes lead to Sc enrichment in the whole rock, up to 60 ppm in the database studied. Whichever the origin of such material, the exhumation is limited to centimetre-sized xenoliths. The thermobarometric conditions required for this phase to crystallise limit the exhumation of materials containing large volumes of garnet.

Thus, garnet-rich materials do not constitute a viable exploration target as the parent rock of a Sc lateritic deposit.

In the spinel stability field of the mantle, we have shown the incompatible behaviour of Sc.

The formation of mafic melts by partial melting in the shallow lithospheric mantle results in an enrichment in Sc; the median Sc content of basalts and gabbros are twice the Sc content estimated for the pyrolitic mantle ( On the other hand, the incompatible behaviour of Sc implies that ultramafic mantle rocks are
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Processes of Scandium Enrichment 2017 depleted in Sc compared to the pyrolitic mantle (Figure 3.1.1). This depletion results from a complex history, involving repeated episodes of partial melting. Thus, ultramafic parent rocks should constitute unsuitable exploration targets for Sc-only ores. Nonetheless, the largest bodies of exhumed mantle-related rock types are ophiolites, obducted pieces of oceanic crust, often found in the tropical belt where they can form Ni and Co lateritic deposits [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF]. Nickel being a compatible element in the mantle [START_REF] Griffin | Nickel. In Encyclopedia of Geochemistry[END_REF], Ni lateritic deposits are formed over the peridotitic parts of the ophiolite, often serpentinised. Even if Sc concentration is limited in such parent rocks, the association with Ni, the large volumes and lateritic enrichment of Sc makes such parent rocks a target, where Sc could be exploited as a by-product depending on the metallurgical method employed. The limited volume of the mafic part of the ophiolite, formed by basalts and gabbros, is poor in Ni and, as explained above, Sc enrichment remains moderate, limiting the interest for such parent rock.

From the limited data available in the literature, we tend to observe variations of Sc concentration in the lateritic profile in agreement with this discussion. In lateritic profiles developed over dunite or peridotites Sc concentrations range from 60 ppm to 100 ppm (Aiglsperger et al., 2016;Maulana et al., 2016). On the other hand, Sc concentrations higher than 200 ppm have been observed in lateritic profiles developed over amphibolites in New Caledonia [START_REF] Teitler | Petrology and Geochemistry of Scandium in New Caledonian Ni-Co Laterites[END_REF], while over peridotitic rocks, concentrations never exceed 100 ppm [START_REF] Audet | Le massif du Koniambo, Nouvelle-Calédonie Formation et obduction d'un complexe ophiolitique du type SSZ. Enrichissement en nickel, cobalt et scandium dans les profils résiduels[END_REF]. Australian lateritic deposits show Sc concentrations commonly reaching 300 ppm to 500 ppm in the richest horizons. Their common factor is that they developed over intrusive complexes exhibiting amphibolite and pyroxenite lithologies and Sc concentrations in the lateritic ore appears to be highest above the pyroxenitic parts of the complexes (Metallica Minerals Ltd, 2013;[START_REF] Rangott | Feasibility Study -Nyngan Scandium Project Bogan Shire[END_REF]. Even if this comparison is too limited to be conclusive, it tends to show that maximum Sc concentrations observed in lateritic profiles are primarily controlled by the nature of the parent rock. Nonetheless, the influence of the lateritisation process and of the differences in alteration sensitivity of the parent minerals cannot be excluded and need to be better understood.

Chapter 4

The Syerston-Flemington Scandium-Enriched Lateritic Deposit -Context, Core Drilling, Sampling and Methods of Study

The Syerston-Flemington Scandium-Enriched Lateritic Deposit

In the third chapter, we detailed the geochemical behaviour of Sc in the mantle, leading to conclusions on the nature of mantle-related parent lithotypes susceptible to form Sc-rich lateritic deposits. High Sc enrichment have been observed in Eastern Australia, as mentioned in chapter 1, with concentrations far above the concentrations observed for any possible parent lithology. In order to understand the mechanisms leading to such enrichment, we studied a Sc-rich lateritic deposit, the Syerston-Flemington deposit. The following chapter aims at introducing the reader to the geological context of the deposit, to the drillings and the resulting cores which have been logged and sampled and the experimental methods used in later chapters to study the collected samples. Pt have been produced from those placer deposits [START_REF] Andrew | Oxygen and Hydrogen Isotope Evidence for the Origin of Platinum-Group Element Mineralization in Alaskan-Type Intrusions at Fifield, Australia[END_REF]. Aeromagnetic surveys identified two magnetic anomalies known as the Tout and Owendale complexes. The EL 7805 project area covers part of these complexes. They are considered as 'Alaskan-type' ultramafic bodies.

Geology and Geography of the

Over the Tout Complex, anomalies in Sc concentration have been found in a small area (Fig- of Sc [START_REF] Rangott | [END_REF]. The grades measured are among the highest for a Sc deposit in the world. The volumes considered would provide a century-long resource at the present levels of world consumption.
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Geological Context of Formation of the Parent Tout Complex

The Tout Complex, forming the parent rock of the lateritic deposit, is one of the so-called Fifield Complexes lying in the central portion of the Goonumbla-Trangie Volcanic Belt (formerly called Junee-Narromine Volcanic belt, [START_REF] Fergusson | Tectonic Evolution of the Ordovician Macquarie Arc, Central New South Wales: Arguments for Subduction Polarity and Anticlockwise Rotation[END_REF]. With two other volcanic belts, they are included in the Lachlan Fold Belt part of the Tasman Fold Belt system, also known as the Tasmanides, located in Eastern Australia ( 
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The Lachlan Orogenic Belt is part of these provinces. It extends from Eastern Tasmania through central and Eastern Victoria as well as in a large part of New South Wales (Figure 4.1.2b, Glen et al., 2012). The boundaries are controversial, especially with the Delamerian Orogenic Belt in the west [START_REF] Miller | Evolution of a Reworked Orogenic Zone: the Boundary Between the Delamerian and Lachlan Fold Belts, Southeastern Australia[END_REF]. However, the region studied, in the central part of the Lachlan Fold Belt is beyond doubt part of this system. The Lachlan Orogenic Belt is composed of deep sea quartz-rich turbidites, shallow marine to sub-aerial sediments and calc-alkaline volcanic rocks and granitic plutons [START_REF] Foster | Evolution and Structure of the Lachlan Fold Belt (Orogen) of Eastern Australia[END_REF][START_REF] Hough | A Review of the Metallogeny and Tectonics of the Lachlan Orogen[END_REF]. They are affected by low-grade metamorphism, generally greenschist-facies, and range in age from Early Ordovician (ca 485 Ma) to Carboniferous (ca 359 . The metamorphism is the result of shortening events, occurring from the Late Ordovician (ca 450 Ma) to Early Carboniferous (ca 350 Ma)

which accreted the Lachlan Fold Belt to the Gondwana [START_REF] Foster | Evolution and Structure of the Lachlan Fold Belt (Orogen) of Eastern Australia[END_REF]. This east-west shortening is evidenced by major north-south trending crustal structures [START_REF] Hough | A Review of the Metallogeny and Tectonics of the Lachlan Orogen[END_REF].

The nature of the basement is controversial and evidence has been developed for continental, oceanic or mixed oceanic and continental lower crust [START_REF] Glen | The Macquarie Arc, Lachlan Orogen, New South Wales: Its Evolution, Tectonic Setting and Mineral Deposits[END_REF].

In particular, the complex studied is part of a supra-subduction zone system: the Macquarie Arc. It is believed to be an intra-oceanic arc formed at least 481 Ma ago [START_REF] Glen | Early Ordovician Development of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF].

Chemical and isotopic evidence indicate that the arc was developed over a primitive oceanic crust [START_REF] Glen | The Macquarie Arc, Lachlan Orogen, New South Wales: Its Evolution, Tectonic Setting and Mineral Deposits[END_REF]. The remnants of this system are three major volcanic zones (Fig- and [START_REF] Crawford | Middle and Late Ordovician Magmatic Evolution of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF]. The Tout Complex possibly overlaps the last part of the fourth and last phase of volcanism. This last part of phase 4 (ca 440 Ma-437 Ma) is characterised by shoshonitic magmatism [START_REF] Crawford | Middle and Late Ordovician Magmatic Evolution of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF]. The tectonic model for the evolution of the Macquarie Arc is debated. Recent papers seem to reach a consensus on the existence of a unique island arc [START_REF] Glen | Ordovician Convergent-Margin Volcanism and Tectonism in the Lachlan Sector of East Gondvvana[END_REF][START_REF] Glen | Early Ordovician Development of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF][START_REF] Fergusson | Tectonic Evolution of the Ordovician Macquarie Arc, Central New South Wales: Arguments for Subduction Polarity and Anticlockwise Rotation[END_REF]. However, two different models explain its separation in three volcanic belts. [START_REF] Fergusson | Tectonic Evolution of the Ordovician Macquarie Arc, Central New South Wales: Arguments for Subduction Polarity and Anticlockwise Rotation[END_REF] explains the dismembering of the arc by strike-slip faulting and rotation while [START_REF] Glen | Early Ordovician Development of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF] support the idea of high-angle rifting.

Another question is the dip of the subduction during the Ordovician and the mode of accretion of the Lachlan Fold Belt during the Benambran Orogeny (Late Ordovician, ca 450 Ma). The Macquarie Arc is considered as a north-south trending island arc with a west-dipping subduction and a back-arc basin adjacent to Gondwana. A mechanism of retreating accretionary orogeny is invoked to explain the accretion of the back-arc and the arc during the Benambran Orogeny due to a coupling between subducting and over-riding plates (Figure 4.1.3b, Cawood et al., 2009).

However, on the basis of sedimentological and stratigraphic evidence, [START_REF] Aitchison | Accordion vs. Quantum Tectonics: Insights into Continental Growth Processes from the Paleozoic of Eastern Gondwana[END_REF] proposed an east-dipping subduction followed by a subduction flip due to jamming of the subduction channel when the edge of the continental margin entered the subduction zone (Figure 4.1.3b). The Fifield Complexes formed during this period of transition between the subduction forming the Macquarie Arc system, the accretion and Benambran Orogeny and the post-collisional extension following this event.

The Syerston-Flemington Scandium-Enriched Lateritic Deposit 

Australia 3 146˚00' 1 146˚00' 146˚30' 146˚30' 147˚00' 147˚00' 147˚30' 147˚30' -33˚00' -33˚00' -32˚30' -32˚30' -32˚00' -32˚00' -33°00' -32°30' -32°00' 146°00' 146°30' 147°00' 147°30' -32°00' -32°30' -33°00' 146°00' 146°30' 147°00' 147°30'
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The Fifield Complexes comprise at least forty intrusions dominated by felsic lithologies but comprising eleven mafic-ultramafic lithologies, among which the Tout Complex. They form a north-trending belt 80 km wide and 540 km long within a region of magnetic highs called the Parkes Terrace [START_REF] Suppel | Platinum in Basic to Ultrabasic Intrusive Complexes at Fifield: a Preliminary Report[END_REF].

The Fifield Complexes in the Girilambone group were first interpreted as conduits for subductionrelated volcanic systems [START_REF] Agnew | The Petrology and Geochemistry of the Tout and Owendale Complexes[END_REF]Johan et al., 1989). The presence of volcaniclastic detritus, clasts and free phenocrysts in the Kabadah Formation (east of the Goonumbla-Trangie Volcanic Belt) are considered to be the result of the formation of a Fifield Arc [START_REF] Barron | Arc and Mantle Detritus in the Post-Collisional, Lower Silurian Kabadah Formation, Lachlan Orogen, New South Wales[END_REF]. This arc produced volcanic detritus in the oldest sequence of the Kabadah Formation.

Later, with the uplift of the Fifield Arc due to the Benambaran orogeny the Fifield Complexes have been exhumed and eroded leading to the presence of clasts in the Kabadah Basin. This hypothesis is consistent with the interpretation of the Fifield Complexes as feeder pipes of a volcanic system. Based on geochemical evidence, [START_REF] Wyborn | The Tectonic Significance of Ordovician Magmatism in the Eastern Lachlan Fold Belt[END_REF] already proposed this hypothesis due to similarities between Fifield Complexes and volcanic shoshonites found nearby, in the Orange area and the Nash Hill Volcanics.

However, the complexes are emplaced within metasedimentary rocks of the Girilambone group (Middle Ordovician, ca 470 Ma, Johan et al., 1989, Figure 4.1.2c). The Girilambrone group is composed of a highly deformed and metamorphosed sequence of quartz-rich turbidites [START_REF] Crawford | Middle and Late Ordovician Magmatic Evolution of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF]. During this period, quartz-rich turbidites are typical sedimentary deposits of the passive margin running along the Delamerian Orogen at the eastern border of Gondwana. The deformation is attributed to the accretion of those rocks in a subduction complex resulting from the Benambran Orogeny. This hypothesis is concordant with argon (Ar) isotope ages of muscovites ( 40 Ar/ 39 Ar, [START_REF] Fergusson | Structure, Detrital Zircon U-Pb Ages and 40 Ar/ 39 Ar Geochronology of the Early Palaeozoic Girilambone Group, Central New South Wales: Subduction, Contraction and Extension Associated With the Benambran Orogeny[END_REF]. Those rocks went through alternating episodes of extension and contraction after the Benambran Orogen. The model of retreating accretionary orogeny involves the difficult equilibrium between extension due to the rollback and the compression resulting from the advance of Gondwana towards the subducted Panthalassan plate (Fergusson, 2010). Nonetheless, those events had a minor effect on those rocks compared to the Benambran Orogeny [START_REF] Fergusson | Structure, Detrital Zircon U-Pb Ages and 40 Ar/ 39 Ar Geochronology of the Early Palaeozoic Girilambone Group, Central New South Wales: Subduction, Contraction and Extension Associated With the Benambran Orogeny[END_REF]. The deformation and metamorphism resulting from the Benambran Orogen does not affect the Fifield Complexes, which indicates a post-Benambran emplacement [START_REF] Aitchison | Accordion vs. Quantum Tectonics: Insights into Continental Growth Processes from the Paleozoic of Eastern Gondwana[END_REF]. In addition, recent dating of the Fifield Complexes using U-Pb sensitive high-resolution ion microprobe (SHRIMP) analyses of zircons (ZrSiO 4 ) gives an age of ca 440 Ma, confirming field observations. A post-collisional, extensional setting is invoked to explain the formation of the Fifield Complexes, similar to the modern-day lithospheric extension giving rise to shoshonitic magmatism in Taiwan [START_REF] Wang | Post-Collisional Magmatism Around Northern Taiwan and Its Relation With Opening of the Okinawa Trough[END_REF]. The short period of time to pass from a subduction to a post-collisional extension is also compatible with the timing inferred for Taiwan, corresponding to ca 8 Ma [START_REF] Dewey | Orogeny Can Be Very Short[END_REF].

This analogy is consistent with the nature of the parent magma forming the Fifield Complexes.

The magma that formed the felsic complexes is considered to be a high-K, LREE-enriched shoshonitic magma [START_REF] Agnew | The Petrology and Geochemistry of the Tout and Owendale Complexes[END_REF][START_REF] Wyborn | The Tectonic Significance of Ordovician Magmatism in the Eastern Lachlan Fold Belt[END_REF][START_REF] Glen | Ordovician Convergent-Margin Volcanism and Tectonism in the Lachlan Sector of East Gondvvana[END_REF][START_REF] Crawford | Middle and Late Ordovician Magmatic Evolution of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF]. The nature of the parental magma forming the ultramafic complexes was first considered as unrelated. However, recent field, mineralogical and geochemical evidence detailed by [START_REF] Crawford | Middle and Late Ordovician Magmatic Evolution of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF] tends to show that the felsic and mafic-ultramafic series are comagmatic and pro-
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Processes of Scandium Enrichment 2017 duced from the mafic end of a shoshonitic magma series. The higher Nb contents compared to other Macquarie Arc lavas and complexes seem to confirm that this magmatism post-dated the Macquarie Arc and should be considered as a separate magmatic event related to a context of extension [START_REF] Crawford | Middle and Late Ordovician Magmatic Evolution of the Macquarie Arc, Lachlan Orogen, New South Wales[END_REF].

The Tout Complex is elongated in a west-northwest direction with dimensions of 16 km by 6.5 km (Figure 4.1.2d). It was previously known as the Flemington Intrusive, giving its name to the Syerston-Flemington deposit. Recent SHRIMP dating gives an age of 439.6 ± 8.5 Ma [START_REF] Webb | The Age and Tectonometallogenic Setting of the Fifield "Alaskan-Type" Intrusive Suite, Lachlan Orogen[END_REF]. The pressure of crystallisation of the complex has been estimated between 500 MPa-800 MPa, the highest found for the Fifield Complexes [START_REF] Barron | Arc and Mantle Detritus in the Post-Collisional, Lower Silurian Kabadah Formation, Lachlan Orogen, New South Wales[END_REF]. The crystallisation temperature estimated using 𝛿 18 O on clinopyroxene, magnetite and biotite suggests a magmatic crystallisation temperature superior to 1100 ∘ C and local equilibration at temperatures lower than 670 ∘ C and late hydrothermal-fluid circulations [START_REF] Andrew | Oxygen and Hydrogen Isotope Evidence for the Origin of Platinum-Group Element Mineralization in Alaskan-Type Intrusions at Fifield, Australia[END_REF]. Analyses of Pb isotopes in sulfides show that metamorphic events that affected the intrusives after their emplacement led to Pb enrichment in the Fifield Complexes [START_REF] Carr | Lead Isotope Fingerprinting of Hydrothermal Activity Associated With Ordovician to Carboniferous Events in the Lachlan Fold Belt of New South Wales[END_REF]. Some evidence of inherited zircons and low 𝜖 Nd ratios suggest minor crustal contamination [START_REF] Meffre | Re-Evaluation of Contact Relationships Between Ordovician Volcanic Belts and the Quartz-Rich Turbidites of the Lachlan Orogen[END_REF].

Less than 1 % of the complex is exposed [START_REF] Andrew | Oxygen and Hydrogen Isotope Evidence for the Origin of Platinum-Group Element Mineralization in Alaskan-Type Intrusions at Fifield, Australia[END_REF] recently, on the basis of existing and new petrological and geochemical evidence [START_REF] Webb | The Age and Tectonometallogenic Setting of the Fifield "Alaskan-Type" Intrusive Suite, Lachlan Orogen[END_REF].

In this model, a ductile diapir of upper mantle rose up to the Girilambrone sediments where abundant water led to partial melting. This magma first crystallised as cumulate of pyroxenite and fractional crystallisation led to the formation of the observed series, going ideally from gabbro to diorite and monzonite, but more limited in the case of the Tout Complex. The residual serpentinised harzburgitic material would correspond to the serpentinised dunite observed by [START_REF] Agnew | The Petrology and Geochemistry of the Tout and Owendale Complexes[END_REF].

This complex, as well as other ultramafic complexes of the Fifield area, is regarded as an 'Alaskan-type' ultramafic complex (Johan et al., 1989;[START_REF] Slansky | Platinum Mineralization in the Alaskan-Type Intrusive Complexes near Fifield, N.S.W., Australia. Part 2. Platinum-Group Minerals in Placer Deposits[END_REF]. This type of ultramafic body takes its name from the area where they have been first described in detail, a belt extending along southern Alaska. Ideal characteristics are summarised by [START_REF] Himmelberg | Characteristics and Petrogenesis of Alaskan-Type Ultramafic-Mafic Intrusions, Southeastern Alaska[END_REF]. 'Alaskan-type' ultramafic complexes exhibit a concentric zoning with, from the center to the outer edge, the following rock series: dunite, wehrlite, olivine clinopyroxenite, clinopyroxenite, hornblende clinopyroxenite, hornblendite and gabbro. The clinopyroxenite is generally magnetite-rich. They are found in convergent-plate margin settings. Evidence indicates a formation from a basaltic magma by fractional crystallisation and crystal concentration.

The contact with the intruded rocks is sharp with an aureole of thermal metamorphism. Economic mineralisation is common, dominated by Ti-V magnetite and PGE minerals. However, there is large variation among this type of intrusive, especially in the shape, which is not always circular, the concentric zoning, which is generally discontinuous and asymmetric and the series of lithotypes which is limited to a few types, especially hornblende clinopyroxenite or hornblendite.

The Syerston-Flemington Scandium-Enriched Lateritic Deposit

There is no consensus on the composition and crystallisation history of the parent magma. The reader is referred to [START_REF] Murray | Zoned Ultramafic Complexes of the Alaskan Type: Feeder Pipes of Andesitic Volcanoes[END_REF]; [START_REF] Irvine | Petrology of the Duke Island Ultramafic Complex Southeastern Alaska[END_REF]; [START_REF] Himmelberg | Characteristics and Petrogenesis of Alaskan-Type Ultramafic-Mafic Intrusions, Southeastern Alaska[END_REF]; [START_REF] Green | Island-Arc Ankaramites: Primitive Melts from Fluxed Refractory Lherzolitic Mantle[END_REF]; [START_REF] Batanova | Crustal Evolution of Island-Arc Ultramafic Magma: Galmoenan Pyroxenite-Dunite Plutonic Complex, Koryak Highland (Far East Russia)[END_REF]; Burg et al. (2009) to understand the different hypotheses on the parent magma and the formation of 'Alaskan-type' complexes of different origin. Here, this definition is regarded as descriptive and does not presuppose the exact nature and process of crystallisation of the parent magma.

When comparing this theoretical description to the properties of the Tout Complex, it can be considered as an 'Alaskan-type' ultramafic body, in agreement with Johan et al. (1989); [START_REF] Slansky | Platinum Mineralization in the Alaskan-Type Intrusive Complexes near Fifield, N.S.W., Australia. Part 2. Platinum-Group Minerals in Placer Deposits[END_REF]. The Tout Complex is indeed an intrusive with an elliptical shape. Some areas exhibit a concentric zoning and a global zoning is observed from the dunite center to the outer layers. It has been formed in a convergent margin, probably right after the Benambran orogeny.

Fractional crystallisation is invoked to explain its formation, from a mafic magma. Thermal metamorphism has not been described at the contact with intruded rocks, but this can reflect the lack of outcrops. Platinum-group element mineralisation has been widely studied (Johan et al., 1989;[START_REF] Slansky | Platinum Mineralization in the Alaskan-Type Intrusive Complexes near Fifield, N.S.W., Australia. Part 2. Platinum-Group Minerals in Placer Deposits[END_REF][START_REF] Andrew | Oxygen and Hydrogen Isotope Evidence for the Origin of Platinum-Group Element Mineralization in Alaskan-Type Intrusions at Fifield, Australia[END_REF]. As mentioned in section 4.1.1, alluvial deposits of Pt in the Fifield district originate from the Fifield ultramafic complexes. Even if dioritic rocks are not mentioned as end-members of the process of fractional crystallisation in the definition given by [START_REF] Himmelberg | Characteristics and Petrogenesis of Alaskan-Type Ultramafic-Mafic Intrusions, Southeastern Alaska[END_REF], other occurrences of rocks more evolved than gabbros have been found in 'Alaskan-type' ultramafic complexes [START_REF] Ishiwatari | Alaskan-Type Plutons and Ultramafic Lavas in Far East Russia, Northeast China, and Japan[END_REF].

So far, the exhumation of the Tout complex has not been dated precisely. Detritus from the ultramafic complexes have been found in the Kabadah Formation (Fergusson, 2010). Those sediments contains Early Silurian graptolites and corals indicating that the exhumation of the Tout Complex could have occurred before 431 Ma. Considering the pressure of crystallisation of the complex and a standard lithostatic pressure gradient of 30 MPa • km -1 , 1 the depth of crystallisation of the complex is it the range 17 km-27 km. If we consider the temperature of crystallisation and a standard geothermal gradient for an Island arc of 40 K • km -1 , the depth of crystallisation was around 27 km while the depth of local equilibration is around 17 km.

Erosions rates must have exceeded several km • Ma -1 , among the highest observed on Earth today [START_REF] Ring | Exhumation Processes[END_REF], to exhume this complex in less than 10 Ma. Such erosion rates must have then decreased dramatically around 430 Ma and since then, a more stable tectonic context allowed the preservation of the complex. Such timing of events seems tight, but the presence of detritic evidence of the erosion of ultramafic complexes in nearby Silurian sedimentary basin indicates that the lateritic profiles under study could have developed and have been preserved over extremely long periods of time, potentially up to 400 Ma.

1 P h = 𝜌 • g, with P the pressure in Pa, h the depth in m, 𝜌 the crustal rocks volumetric mass, ca 3000 kg • m -3 and g the gravity of the Earth, ca 10 m • s -2 .
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Geomorphic, Paleoclimatic and Physiographic Conditions of Formation and Preservation of the Lateritic Profile

Among the factors leading to the formation of a lateritic profile, geomorphology is of prime importance (see section 2.3). The parent rock of the Syerston-Flemington lateritic profile has potentially been exposed for 400 Ma, implying a long-term geomorphic stability to preserve the outcrop and develop a lateritic profile inherited from this parent rock. However, little is known about the long-term geomorphic evolution. The Australian continent is recognised for its unusual stability and low rates of erosion, typically between 1 m • Ma -1 and 10 m • Ma -1

(see e.g., [START_REF] Gale | Long-Term Landscape Evolution in Australia[END_REF][START_REF] Young | Long-Term Landscape Evolution : Early Miocene and Modern Rivers in Southern New South Wales, Australia[END_REF][START_REF] Bierman | Cosmogenic Exposure and Erosion History of Australian Bedrock Landforms[END_REF][START_REF] Belton | Quantitative Resolution of the Debate over Antiquity of the Central Australian Landscape: Implications for the Tectonic and Geomorphic Stability of Cratonic Interiors[END_REF].

Local studies are consistent with low erosion rates, below 10 m • Ma -1 over the last 200 Ma [START_REF] Bishop | Stream Profile Change and Longterm Landscape Evolution : Early Miocene and Modern Rivers of the East Australian Highland Crest , Central New South Wales, Australia[END_REF]. Nonetheless, a long-term preservation of the complex implies its burial after its first exhumation, ca 430 Ma ago. During this timespan, the eastern margin of Australia was affected by the subduction of oceanic plates from the Pacific region, potentially implying tectonic burial or exhumation [START_REF] Veevers | Reconstructions Before Rifting and Drifting Reveal the Geological Connections Between Antarctica and Its Conjugates in Gondwanaland[END_REF]. However, the influence of these tectonic events on the region of the complex is poorly constrained [START_REF] O'sullivan | Long-Term Landscape Evolution of the Northparkes Region of the Lachlan Fold Belt, Australia: Constraints from Fission Track and Paleomagnetic Data[END_REF] and uncertainties on paleogeographic reconstructions and fluctuations of sea level over the past 400 Ma are large (see e.g., [START_REF] Haq | A Chronology of Paleozoic Sea-Level Changes[END_REF][START_REF] Muller | Long-Term Sea-Level Fluctuations Driven by Ocean Basin Dynamics[END_REF]. No reliable constraints on potential periods of The region has a warm grassland climate with summer drought [START_REF] Stern | Objective Classification of Australian Climates[END_REF] receiving a significant part of its rainfall during winter. The annual maximum median temperature is ca 24 ∘ C and an annual median minimum temperature is ca 12 ∘ C. 1 The median annual rainfall is around 400 mm • yr -1 . The regional climate is influenced by El Niño events2 leading to extreme climatic events such as intense drought or heavy rainfall. The frequency of those phenomena are increased by climate change and average annual temperature are increasing [START_REF] Hennessy | Climate Change in New South Wales -Part 1: Past Climate Variability and Projected Changes in Average Climate[END_REF]. Nonetheless, this climate is far from the conditions expected for the development of a
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The lateritic profiles found in this region are believed to have been formed under warmer and wetter climate conditions at various intervals during the Cretaceous and Cenozoic [START_REF] Bird | Geomorphic and Palaeoclimatic Implications of an Oxygen-Isotope Chronology for Australian Deeply Weathered Profiles[END_REF]. Knowledge of the evolution of Australian climate has been reviewed by [START_REF] Macphail | Australian Palaeoclimates: Cretaceous to Tertiary -a Review of Palaeobotanical and Related Evidence to the Year[END_REF].

In the expected period of exhumation of the Tout Complex between the Late Cretaceous (ca Present physiographic conditions give clues to the potential of preservation of the lateritic profile during recent geological times. The present topography of the area has average slopes lower than 2 °, with a flat to lower slope position and the absence of drainage [START_REF] Austin | Predicted Vegetation Cover in the Central Lachlan Region[END_REF]. These conditions imply low erosion rates, giving the possibility to preserve thick lateritic profiles in the area during the most recent geological periods. Most of the region has been cleared of its original vegetation and is covered by fields for grazing or cultivation, but patches of native eucalyptus woodland remain [START_REF] Benson | New South Wales Vegetation Classification and Assessment: Part 2 Plant Communities of the NSW South-Western Slopes Bioregion and Update of NSW Western Plains Plant Communities, Version 2 of the NSWVCA Database[END_REF]. In addition to the favourable geomorphic conditions, these remnants of a dense vegetation cover indicate the potential role of the vegetation in the preservation of the lateritic profile during recent geological times.
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Conclusions of this Section

The Syerston-Flemington deposit is part of a lateritic regolith developed over a maficultramafic complex, the Tout Complex. Estimation of Sc resources indicates its world-class status, with the potential to supply the global demand for the next century at the current levels of consumption. However, the geology of this formation is poorly documented. The various pieces of information gathered together along this section on the geological history of the region outline the chronology and nature of the processes responsible for the formation of this unique deposit.

1. The basement of the regolith forming the deposit is part of the Lachlan Fold Belt, one of the orogenic belts forming the Tasmanides. These belts result from several episodes of accretion on the eastern margin of Gondwana, today forming most of Eastern Australia.

2. The Tout Complex is part of the Goonumbla-Trangie Volcanic Belt, a remnant of the Macquarie Arc, a supra-subduction zone system accreted during the Benambran Orogeny (ca 450 Ma).

3. The Tout Complex formed in a post-collisional, extensional setting dated at ca 440 Ma.

4. The Tout Complex can be described as an 'Alaskan-type' ultramafic body, formed by a roughly concentric succession of cumulates, resulting from the fractional crystallisation of a mafic magma.

5. The Tout Complex may result from the partial fusion of a diapir of fertile upper mantle by hydration during its ascent in water-rich sediments forming the country rock.

6. Rapid denudation led to a first exhumation of the complex as early as ca 430 Ma, but burial below sedimentary layers soon followed and a second exhumation is expected to have occurred in a period of time ranging from ca 70 Ma to ca 15 Ma.

7. Warm and wet periods between ca 60 Ma and ca 35 Ma and at ca 5 Ma are expected to be responsible for the lateritisation process that formed the regolith above the Tout Complex.

8. The preservation of the lateritic regolith has been allowed by favourable geomorphic conditions, with limited slope and drainage, and the presence of a woodland in the area of the complex.
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Logging and Sampling of the Drill Cores

Location of the Cores and Drilling Methods

In order to study the processes leading to Sc concentration during the lateritic weathering of the Tout Complex and in particular in the Sc-rich area of the Syerston-Flemington exploration area, two drill cores, JSD-001 and JSD-002 [START_REF] Redfearn | Tranverse Mercator Formulae[END_REF].

The drill holes have been obtained by diamond drilling with a standard PQ diameter tube (outside diameter: 12.26 cm, inside diameter 8.5 cm) to extract a solid core. A fast rotating (350 rpm-1000 rpm) hollow drill rod with an annular drill bit attached to the end have been used (Figure 4.2.1). Two solid cylindrical cores have been obtained, reaching depths of 29.2 m and 32.2 m for JSD-001 and JSD-002, respectively. 
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Logging and Sampling of the Lateritic Profile

The cores have been logged allowing their division in horizons corresponding to the nomenclature commonly used by petrologists to describe lateritic profiles (see chapter 2, section 2.1.2).

Common mining names used to describe each horizon are also indicated to make the link between this study and many studies on lateritic deposits using mining terminology.

From top to bottom, the JSD-001 core is composed of the following horizons: a lateritic gravel, a mixed transported and residual lateritic duricrust, a lateritic duricrust without cuirasse, a mottled zone, a plasmic zone and a saprolite-saprock horizon. The top 3 m have been bulldozed

from this site for use as road base nearby, probably removing the top soil horizon. Some of those horizons can themselves have subdivisions. The JSD-002 core is composed of the following horizons: a lateritic gravel, a mixed transported and residual lateritic duricrust, a lateritic duricrust without cuirasse, a mottled zone, a saprolite and a saprock horizon. The drillings were not deep enough to reach the fresh bedrock. Detailed logs are given in Tables 4.2.2 and 4.2.3 according to recommendations for description of lateritic profiles by [START_REF] Aleva | Laterites -Concepts[END_REF] and for soils and rocks by [START_REF] Burns | Field Description of Soil and Rock -Guideline for the Field Classification and Description of Soil and Rock for Engineering Purpose[END_REF]. Properties only relevant for engineering geology have been left out. In addition, photographs of each core can be found in Mining Limited on air core drillings which cover most of the surface of the exploration area. In addition, this study will focus on the general processes of Sc concentration; lateral variations are expected to influence the relative importance or efficiency of those processes but not the nature of the process itself.

The Syerston-Flemington Scandium-Enriched Lateritic Deposit 1 The bottom level is called saprolite-saprock as there is probably less than 20 % weathered minerals in most of the levels but possibly more in the upper parts.

Evolution of the Lateritic Profiles Deduced from Field Descriptions

Petrological descriptions at a macroscopic scale give an idea of the evolution of this lateritic profile. Although the drillings were not deep enough to reach the fresh bedrock, the weathering is limited in the bottom parts of the cores and the parental rock can be identified as a pyroxenite. In rare areas, this pyroxenite is in contact with a serpentinised dunite. These two rocks are part of the lithotypes described as composing the Tout Complex. No field evidence gives clues on the genetic link between those two rocks. The weathering of the serpentinised dunite is not clear, but its hardness seems to indicate that serpentinite has been replaced by a silica phase; minor serpentine minerals remain, especially in fractures. The weathering of the pyroxenite led to the formation of green clays identified as smectite and rare Fe oxides around some parent crystals, possibly Fe-rich pyroxenes or in the vicinity of primary Fe oxides, such as magnetite. Several metres of weathered rock are found, probably below the water table, leading to the formation of smectite-rich levels. Concretions of calcite are also found in the saprolite. These could reflect the high Ca content of the parent pyroxenes, indicating the presence of clinopyroxenes. Pyroxenes, as well as other primary minerals, are sensitive to water activity, Eh, pH, f O 2 and f CO 2 [START_REF] Noack | Secondary-Mineral Formation During Natural Weathering of Pyroxene: Review and Thermodynamic Approach[END_REF]. The weathering conditions are probably not compatible with the complete transformation of pyroxenes into smectite, explaining the limited extent or absence of the plasmic zone.

The conditions seem to lead to the formation of Fe oxyhydroxide and oxides with little kaolinite, possibly in the zone of fluctuation of the water-table level. It gives a well developed mottled zone (about 3 m). The progressive dissolution of smectite and the relative enrichment in Fe oxides and oxyhydroxides forms the main zone of the lateritic duricrust (several metres).

Minor areas are dominated by Mn oxides, from the mottled zone to the main zone. They form veins or clumps, probably by reprecipitation of trapped or descending fluids saturated in Mn.

The formation of a consolidated lateritic duricrust (cuirasse) is limited and the induration by aggregation of the pisoliths in an Fe oxide-rich matrix is never complete. However, from the bottom to the top of the zone, Fe oxyhydroxide content decreases and the Fe oxide content is increasing. Pisoliths can become dominant in some levels. They are associated with a matrix of Fe oxides and kaolinite. However, this vertical evolution seems to be disrupted by lateral input (around the top 10 m) identified from clasts and rare evidence of former alluvial channels, forming a mixed transported and residual lateritic duricrust.

In the uppermost part of the profile, a lateritic gravel results from the collapse of the lateritic duricrust in the uppermost parts of the profile (a few metres thick). It consists of a mixture of pisoliths with residual lateritic material and soil.

In order to better illustrate this evolution, diagrams illustrating the divisions of the profile

(Figure 4.2.
2) are presented below. The diagrams will be used later in the thesis, and the reader is referred to this section for details on the description of each level.
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Experimental Methods

Whole-Rock Methods

Chemical analyses have been carried out at the Geochemical Analytical Unit (GAU) of the CCFS-GEMOC and the Department of Earth & Planetary Sciences at Macquarie University.

Selected chip samples were powdered using a tungsten carbide mill to obtain a fine powder (below 50 µm in size). Thorough care was taken when cleaning the mill with ethanol and Milli-Q® water between samples to avoid cross-contamination.

X-Ray Diffraction

The mineralogical composition of bulk powder samples was determined by X-ray diffraction and the standard deviation obtained from several refinements with slight differences in the starting crystal structure gave an estimate of the error (Table E.3).

To identify clay minerals, silt and clays have been separated by decantation. One g of sample has been weighed in test tubes, filled up to 10 cm with distilled water. The suspension has been dispersed using an ultrasonic probe, shaken and left to stand. After 30 s, the top 5 cm of the tube have been withdrawn using a syringe. Each sample has been analysed by XRD after each of the four following steps: (1) oriented aggregates have been prepared from the separation by deposition on a glass disc and dried. ( 2 4) The samples have been heated at 550 ∘ C for 1 h. X-ray diffraction patterns have been recorded in the same conditions than powder samples over the 3 °2𝜃 to 23 °2𝜃 range, with 0.017 °2𝜃 steps and a total counting time of 90 min.

X-Ray Fluorescence

Standard X-ray fluorescence (XRF) techniques were used for major-and minor-elements analyses of bulk samples (see e.g., Potts et al., 1984). Approximately 1 g of powder of each sample was mixed with 10 g of Li tetraborate-meta-borate flux (12:22 mixture), fused in a Pt crucible and cooled to give glass discs. The discs were analysed using a PANalytical Axios 1 kW energydispersive XRF spectrometer. Loss on ignition was determined for each sample at 1100 ∘ C overnight. The deviations from reference values from GeoReM [START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF] for standards BCR-2, BIR-1 and BHVO-2 have been used to estimate the instrumental error. Replicas of the samples have been used to estimate the sampling error. Analyses of the samples and reference materials are listed in Tables E. 4, E.5 and E.6.

Inductively Coupled Plasma Mass Spectrometry

Scandium and other trace-elements concentrations have been determined in the bulk samples by standard ICP-MS method (see e.g., [START_REF] Eggins | The Composition of Peridotites and Their Minerals: a Laser-Ablation ICP-MS Study[END_REF]. Approximately 100 mg of powder samples were weighed into clean Savillex® Teflon beakers. Samples were then digested following the next steps:

1. Digestion in a 1:1 mixture of HF (Merck, Suprapur grade) and HNO 3 (Merck, AR grade, Teflon distilled) for 24 h at 160 ∘ C followed by evaporation to dryness at 150 ∘ C.

2. Digestion in a 1:1 mixture of HF and perchloric acid (HClO 4 , Merck, Suprapur grade) for 3 days at 170 ∘ C followed by evaporation to dryness at 120 ∘ C, 150 ∘ C and then 170 ∘ C.

3. Digestion in a 1:1:1 mixture of HF, HCl (Merck, AR grade, Teflon distilled) and HClO 4

for 3 days at 170 ∘ C followed by evaporation to dryness at 170 ∘ C to 190 ∘ C.

4. Digestion in aqua regia (HNO 3 + 3HCl) for 3 days at 150 ∘ C followed by evaporation to dryness at 150 ∘ C.

Digestion in 6N

HCl solution for 12 h at 150 ∘ C followed by evaporation to dryness at 150 ∘ C.

6. Digestion in 6N HNO 3 for 12 h at 150 ∘ C followed by evaporation at 120 ∘ C.

The samples were then diluted to 100 mL in a 2 % HNO 3 and 0.25 % HF solution. These 1:1000 dilutions of each sample were individually spiked with a 15 µL aliquot of a solution of 6 Li, As, Rh, In, Tm and Bi in 2 % HNO 3 . The samples and standards were analysed using a quadrupole Agilent 7500c/s ICP-MS. The BCR-2 reference basalt was used as a calibration standard to correct for instrument sensitivity. Run drift was corrected thanks to the aliquot of solution added to each sample. The background was measured on a 2 % HNO 3 rinse solution.
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The deviations from reference values from GeoReM [START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF] for standards BCR-2, BIR-1 and BHVO-2 have been used to estimate the instrumental error. Replicas of the samples have been used to estimate the sampling error. Analyses of the samples are given in Tables E.7, E.8 and E.9.

Selective Leaching

A sequential extraction of the different fractions of bulk powder samples has been carried out following the method described by [START_REF] Hall | Selective Leaches Revisited, With Emphasis on the Amorphous Fe Oxyhydroxide Phase Extraction[END_REF]. Approximately 1 g of powder sample was weighed into a 50 mL centrifuge tube and the different fractions were extracted as follows:

Adsorbed and Exchangeable Fraction

Twenty mL of 1.0 mol • L -1 CH 3 COONa at pH 5 have been added to the powder sample, capped, vortexed for 10 s and placed in a horizontal shaker for 6 h. The suspension has been centrifuged

for 10 min at 5000 rpm and the supernatant liquid has been decanted and placed into a labelled test tube. The residue has then been rinsed with 5 mL of Milli-Q® water, vortexed for 10 s and centrifuged again 10 min at 5000 rpm. The operation has been repeated twice and the supernatant has been added to the test tube. These steps have been repeated for a second leaching of the residue. Every 20 min, the centrifuge tube has been vortexed. The suspension has been centrifuged

Amorphous Iron Oxide Fraction

for 10 min at 5000 rpm and the supernatant liquid has been decanted and placed into a new labelled test tube. The residue has then been rinsed with 10 mL of 25 % CH 3 COOH, vortexed for 10 s and centrifuged again 10 min at 5000 rpm. The operation has been repeated twice and the supernatant has been added to the test tube. These steps have been repeated for a second leaching of the residue with only 1.5 h in the water bath.
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For each fraction, the trace-elements composition has been determined by ICP-MS. The samples were dilute about 1000 times in a 2 % HNO 3 and 0.25 % HF solution. The dilutions were individually spiked with a 15 µL aliquot of a solution of 6 Li, As, Rh, In, Tm and Bi in 2 % HNO 3 . The samples and standards were analysed using a quadrupole Agilent 7500c/s ICP-MS. The BCR-2 reference basalt was used as a calibration standard to correct for instrument sensitivity. Run drift was corrected thanks to the aliquot of solution added to each sample.

The background was measured on a 2 % HNO 3 rinse solution. The deviations from reference values from GeoReM [START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF] for standards BIR-1 and BHVO-2 have been used, along with replicates, to estimate the error. The results of the analyses are given in Tables E.10, E.11, E.12, E.13, E.14, E.15, E.16, E.17 and E.18.

Iron Oxide Dissolution by Dithionite-Citrate-Bicarbonate Treatment

The Fe oxide fraction has been removed from selected samples following the dithionite-citratebicarbonate (DCB) treatment adapted from [START_REF] Mehra | Iron Oxide Removal from Soils and Clays by a Dithionite-Citrate System Buffered With Sodium Bicarbonate[END_REF]. About 8 g of sample is placed in a 100 mL centrifuge tube and 80 mL of 0.

3 mol • L -1 trisodium citrate (Na 3 C 6 H 5 O 7 )
and 10 mL of 1 mol • L -1 NaHCO 3 are added. The solution is heated at 80 ∘ C in a water bath with one gram of solid Na 2 SO 4 . The sample is stirred for 1 min and then occasionally shaken for a total of 60 min. The suspension is then centrifuged at 5000 rpm and the supernatant liquid is decanted. The operation is repeated until the supernatant is clear. A final washing is made with the trisodium citrate solution.

Spatially-Resolved Methods

Polished sections of selected samples were obtained by impregnating dry chip samples in polyester resin diluted with acetone and polishing on cloth with diamond pastes.

Scanning Electron Microscopy

Microscopic observations and chemical mapping of major elements of these polished sections have been carried out on a ZEISS SUPRATM 55VP scanning electron microscope (SEM) at University Pierre et Marie Curie (UPMC), Paris. The SEM is equipped with a field emission gun (FEG) operating at 15 kV. The working distance was set to 15 mm. Backscattered electron (BSE) images were collected using an AsB detector. Chemical mapping was performed using the energy dispersive X-ray (EDX) microanalysis system (Brucker XFlash® QUAD silicon drift detector) coupled to the SEM.

Electron Microprobe

Electron microprobe (EMP) analyses were performed for major and minor elements on selected points of the polished sections using a Cameca SXFive EMP equipped with five wavelengthdispersive spectrometers (WDS) at the Centre d'analyse des minéraux de Paris (CAMPARIS, UPMC). Each point has been probed with a focused 20 kV, 40 nA beam for major elements and with a focused 20 kV, 200 nA beam for minor and trace elements. Major elements (Na, Mg, Al, Si, P, Cl, K, Ca, Ti, Cr, Mn, Fe and Ba) were analysed with a 20 s (peak + background)

The Syerston-Flemington Scandium-Enriched Lateritic Deposit counting time. Minor and trace elements (Sc, V and Ni) were analysed with 60 s (peak + background) counting time. The WDS were used with the following monochromators: a large area (1320 mm 2 ) thallium acid pthalate (TAP); a regular (660 mm 2 ) TAP; a regular (660 mm 2 ) pentaerythritol (PET) and two large (1320 mm 2 ) lithium fluoride (LiF) to collect, respectively, Na, Mg and P K 𝛼 X-rays; Si and Al K 𝛼 X-rays; K, Ca and Cl K 𝛼 X-rays and Ba L 𝛼 , Cr, Mn, Fe, Ti, V, Ni and Sc K 𝛼 X-rays. The two large LiF monochromators were used simultaneously to analyse each of the minor and trace elements. This allowed us to achieve detection limits as low as 60 ppm to 30 ppm. Wavelength-dispersive spectrometer analyses were performed using the following standards: albite for Na; diopside (CaMgSi 

Laser-Ablation Inductively Coupled Plasma Mass Spectrometry

Laser-ablation ICP-MS has been used to analyse the trace-element composition on selected 

M. Chassé

Processes of Scandium Enrichment 2017

Synchrotron-Based Methods

Micro-X-ray absorption (𝜇-XAS) and micro-fluorescence X-ray spectroscopy (𝜇-XRF) data were collected on the LUCIA beamline at the SOLEIL synchrotron in Paris and on the ID21 beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble. The former operated with a storage ring current of 450 mA and an energy of 2.75 GeV while the latter operated with a storage ring current of 200 mA and an energy of 6 GeV. The layouts of the LUCIA and ID21 beamlines are described by [START_REF] Vantelon | The LUCIA Beamline at SOLEIL[END_REF] and [START_REF] Salomé | The ID21 Scanning X-Ray Microscope at ESRF[END_REF], respectively.

X-Ray Absorption Theory

Details of XAS theory are given in this section to clarify the vocabulary later used in this thesis.

However, most of the discussions on XAS results rely on simple fingerprint analyses, comparing reference minerals with natural samples. Only preliminary discussions on calculations developed in the perspectives rely on these theoretical bases.

X-ray absorption spectroscopy is based on the excitation of the core electrons of a given element by X-ray photons. The method is chemically selective as the energy of the exciting X-ray photons will depend on the element. In this work, the energy corresponds to the Sc and Fe K -edges (ca 4498.2 eV and ca 7112 eV). 1 In practice, an X-ray beam, produced by a synchrotron source, is focused on the investigated material, which consists of powdered samples in this study. The intensities of the incident and transmitted X-rays are measured, giving an absorption coefficient using Beer-Lambert law. When concentrations in the investigated element are low, typically below 1 wt%, the absorption of X-rays by the element is too low to give usable results. In this case, fluorescence photons can be measured. These photons result from the energy released during the transition of an electron from an outer shell towards the core hole left by the ejected electron. In this case, the absorption coefficient is proportional to ratio of intensity of the fluorescence and incident X-rays. The absorption coefficient is measured at regular energy intervals around the energy of the edge, giving an absorption spectrum. X-ray absorption spectra of transition metals, such as Sc, are conventionally divided in three regions: the pre-edge region, the XANES region and the extended X-ray absorption fine structure (EXAFS) region (Figure 4.3.1). They correspond to different physical events giving complementary information on the electronic and structural properties of the absorbing atom.
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Pre-Edge of Transition Metals

In the pre-edge region of K -edge XANES spectra of 3d ions, the energy of the incident photons is lower than the main-edge energy. This energy is nonetheless higher than the binding energy of a 1s core electron, inducing a transition to the first open shells of the absorbing atom, and giving the weak absorption structures observed in this region (Figure 4.3.1a). The structures observed in this region probe the 3d levels of the absorbing element. Therefore, the observed structures carry information on the coordination number, the symmetry, the orbital hybridisation and the valence of the ion.

X-Ray Absorption Near-Edge Structure

The XANES region of the spectra correspond to incident energies in the first 50 eV above the energy of the edge (Figure 4.3.1b). A 1s core electron is excited and ejected to the continuum with a low kinetic energy. The photoelectron produced has a mean free path long enough, up to a few dozen ångstrom, to allow multiple scattering processes with neighbouring atoms. The XANES region carries information on the medium-range structure around the absorbing atoms.

This information is rich but complex and theoretical calculations must be used in order to interpreted this part of the spectra as illustrated in the perspectives of this thesis.

Extended X-Ray Absorption Fine Structure

The EXAFS region corresponds to incident energies higher than 50 eV above the energy of the edge (Figure 4.3.1c). The kinetic energy of the photoelectron is large, and therefore its mean free
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path is short and single scattering processes are dominant. These processes result in oscillations due to interferences between the electron wave of the absorbing atom and backscattered waves from neighbouring atoms. The analysis of EXAFS oscillations provides information on the distance, number and nature of the first neighbouring atoms. For all Sc-bearing compounds of reference, EXAFS spectra have been recorded but their processing and interpretation, mentioned in the perspectives of this thesis, and will be the purpose of subsequent studies.

Source of Reference Materials

In order to analyse the results obtained on natural samples, we obtained various Sc-bearing phases to be used as references for comparison. Scandia (Sc 2 O 3 was obtained commercially to calibrate the instruments. Scandium-substituted Fe oxides, doped with about 1 wt% Sc, were also synthesized. Two Fe oxides were selected because of their abundance in the lateritic profiles studied: goethite and hematite. Pure goethite, hematite and montmorillonite, a smectite, were also obtained and Sc has been adsorbed on their surface.

Scandia

Commercial Sigma-Aldrich Sc 3+ oxide powder -99.9 % trace rare earth metal basis was directly used. 

Scandium-Substituted Goethite

Scandium-Substituted Hematite

This phase was obtained by dehydroxylation of the previously synthesised Sc-substituted goethite at 300 ∘ C for 5 h.

Scandium-Adsorbed Goethite

A volume of 10 mL of ScCl 3 solution at 1000 ppm Sc was added to 1 g of pure goethite obtained following the synthesis method previously described without addition of ScCl 3 . The solid and the solution were shaken together for 24 h. The solid was then separated by centrifugation and dried at 45 ∘ C for 24 h.

Scandium-Adsorbed Hematite

A volume of 10 mL of ScCl 3 solution at 1000 ppm Sc was added to 1 g of pure hematite obtained following the synthesis method previously described without addition of ScCl 3 . The solid and the solution were shaken together for 24 h. The solid was then separated by centrifugation and dried at 45 ∘ C for 24 h.
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Scandium-Adsorbed Montmorillonite

A volume of 10 mL of ScCl 3 solution at 1000 ppm Sc was added to 1 g of pure natural montmorillonite commercialised by Sigma-Aldrich. The solid and the solution were shaken together for 24 h. The solid was then separated by centrifugation and dried at 45 ∘ C for 24 h. Scandium concentrations are 0.89 ± 0.025 %, 0.98 ± 0.025 % and 0.08 ± 0.025 %) wt% Sc, 0.08 ± 0.025 %) wt% Sc and 0.52 ± 0.025 % wt% Sc, respectively.

X-Ray Absorption Near-Edge Structure Spectrometry

XANES spectra were collected using an Si(311) and an Si(220) double crystal monochromator on LUCIA and ID21, respectively. The monochromators were calibrated against the maximum intensity of the first inflection of the first derivative of a Fe foil (7112.0 eV) or a Sc 2 O 3 standard (4492.8 eV) for XANES measurements at the Fe or Sc K -edge, respectively. Iron and Sc K -edge XANES measurements were performed in the energy range 7060 eV to 7300 eV and 4400 eV to 4800 eV, respectively. The energy step at the Fe K -edge was (5, 0.1, 0.3, 0.5 and 1) eV for energy ranges of (7060 to 7110) eV, (7110 to 7125) eV, (7125 to 7170) eV, (7170 to 7219) eV and

(7219 to 7300) eV, respectively. The energy step at the Sc K -edge was (5, 0.2, 0.5 and 1) eV for energy ranges of (4400 to 4485) eV, (4485 to 4534) eV, (4534 to 4586) eV and (4586 to 4800) eV, respectively. Spectra were collected at room temperature, under vacuum. For Fe reference materials, the spectra were collected on ID21 in transmission mode on powder samples diluted in a cellulose pellet and mounted on a holder between two Ultralene® films. Two spectra were recorded for each reference with a counting time of about 50 s per spectrum. For Sc reference materials, the spectra were collected on LUCIA in XRF mode on pellets obtained from powdered material and mounted on a holder between two Ultralene® films, using a four-element silicon drift detector (SDD).

For natural samples, the data were collected on ID21 in XRF mode on polished sections for both Fe and Sc K -edges using a photodiode and a large area (80 mm 2 collimated area) SDD, respectively. The beam was focused with a Kirkpatrick-Baez mirror system, down to 0.7 µm (horizontal) x 0.3 µm (vertical) at the Fe K -edge and 0.9 µm (horizontal) x 0.3 µm (vertical) at the Sc K -edge. The selection of the spots for analysis was made by combining prior SEM and EMP analyses and imaging with chemical mapping of Sc using 𝜇-XRF mapping. The maps were recorded with step sizes of 1 µm x 1 µm with an incident energy of 4800 eV and a dwell time of 100 ms. The XRF spectra obtained for each pixel was then fitted using the PyMCA software to obtain Sc maps. At the Sc K -edge, 10 to 40 XANES spectra were acquired for each spot with a counting time of about 80 s per spectrum. At the Fe K -edge, two XANES spectra were acquired
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for each spot with a counting time of about 50 s. Individual spectra acquired on each spot were merged to obtain average spectra before background subtraction and normalisation using the PyMCA software [START_REF] Solé | A Multiplatform Code for the Analysis of Energy-Dispersive X-Ray Fluorescence Spectra[END_REF]. Due to the high Fe concentration in the natural samples, self-absorption occurred during XRF Fe K -edge XANES measurements. This phenomenon has been corrected using the FLUO algorithm from the ATHENA software (Ravel & Newville, 2005). The input parameters have been chosen considering the geometry of the experiment and the chemical composition obtained from EMP measurement on the same spot.

X-Ray Fluorescence Mapping

To qualitatively map Fe speciation, we recorded 𝜇-XRF maps on ID21 in the same area but with three incident energies: 7133.8 eV, corresponding to the maximum intensity of the Fe K -edge XANES spectrum of goethite; 7136.9 eV, corresponding to the maximum intensity of the Fe K -edge XANES spectrum of hematite and 7165.0 eV corresponding to an identical intensity in the normalised Fe K -edge XANES spectra of goethite and hematite. These maps were recorded with step sizes of 2 µm x 2 µm and a dwell time of 50 ms. As for 𝜇-XRF mapping of Sc, the three maps have been obtained by fitting the spectra at each pixel using the PyMCA software. The map of Fe speciation shown in the paper corresponds to the difference between the 7133.8 eV and the 7136.9 eV maps normalised to the 7165.0 eV map.

Chapter 5

Processes Forming High-Grade Lateritic Scandium Deposits -Mineralogical and Geochemical Study of the Syerston-Flemington Lateritic Profile 

Processes Forming High-Grade Lateritic Scandium Deposits

In the fourth chapter, the reader has been introduced to the Sc-rich lateritic deposit under study, from its geological context to the drilling, logging and sampling of two cores of the lateritic cover and the experimental methods used to study the collected samples. Based on the results of these experiments, the following chapter is devoted to the understanding of the mechanisms leading to Sc enrichment along the lateritic profiles, from the genetic processes of formation, to the identification of the host phases and the comprehension of the crystal-chemical mechanisms of Sc trapping. reflection, located at 1.51 Å favour the presence of a dioctahedral smectite. In rare samples, a basal [001] reflection located at ca 14.9 Å is visible and attributed to vermiculite. This peak does not move after ethylene glycol treatment but decreases with heating at 400 ∘ C to finally disappear at 550 ∘ C. However, the intensity of the broad peak located at ca 10 Å increases between the treatments at 400 ∘ C and 550 ∘ C indicating that smectite is not the only mineral contributing to the peak around 10 Å; the decrease in intensity of the ca 14.9 Å peak thus corresponds to a collapse to about 10 Å expected in the presence of vermiculite. The peaks observed at ca 7.3 Å and ca 4.8 Å exhibit the same behaviour as the one at 14.9 Å and correspond to the to expansion when Al is incorporated in the structure of goethite [START_REF] Hazemann | Rietveld Studies of the Aluminium-Iron Substitution in Synthetic Goethite[END_REF].

Mineralogical Evolution of the
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Mottled Zone

X-ray diffraction patterns in the mottled zone (Figures 5.1.1a,19.5 m and 18.8 m,and b,23 m) exhibit a lower smectite content and higher contents of hematite and magnetite or maghemite compared to the saprolite and plasmic zone. Hematite peaks are broader than those observed in the saprolite, indicating that this mineral may be neoformed. In these samples, the displaced Processes Forming High-Grade Lateritic Scandium Deposits

Lateritic Duricrust

In the main zone of the lateritic duricrust, XRD patterns show that smectitic clays disappear in favour of Fe oxides and oxyhydroxides (Figure 5.1.1b,20.3 m,18 m and 15 m). The magnetite or maghemite content is variable but tends to be lower. Hematite peaks exhibit a shift towards higher angles, probably due to the presence of a new generation of hematite with a different Al content [START_REF] Majzlan | Thermodynamics and Crystal Chemistry of the Hematite-Corundum Solid Solution and the FeAlO 3 Phase[END_REF]. A slight shift towards higher angles is also visible in the reflection of Al-bearing goethite from the bottom to the top of this level, indicating an enrichment in Al.

Minor anatase is also identified in most of the levels. Precipitation of Mn oxyhydroxides is identified in rare levels from the peaks at 4.74 Å and at ca 9. Processes Forming High-Grade Lateritic Scandium Deposits

Quantitative Mineralogical Evolution Determined by Rietveld Refinement

Rietveld refinements of powder XRD patterns of the samples studied have been carried out using the crystal structure of the phases identified earlier, to follow the evolution of phase proportions along the profile. The quality of the refinement is illustrated for the different horizons (Figure 5.1.3). Despite the complexity of the samples, containing up to seven phases, the refinements are satisfactory, indicating the reliability of the method. Due to the numerous substitutions and possible disorder of the natural phases compared to the ideal crystal structures of the starting reference materials used for the fitting, a few peaks are not well refined. However, the interest of the method is to estimate mineral proportions from the full pattern. The error which may exist on a few peaks is averaged over the full pattern and has a limited influence.

In two horizons, the dunitic saprock and in the plasmic horizons, the estimation is more complex due to the poor quality of the refinements. The presence of opal-CT in the dunitic saprock prevents a satisfactory refinement of the patterns. Opal-CT is formed by stacking of poorly crystalline domains of cristobalite and tridymite [START_REF] Jones | The Nature of Opal I. Nomenclature and Constituent Phases[END_REF]). The patterns have been tentatively refined using a mixture of cristobalite and tridymite as starting crystal structures but the poor crystallinity of opal-CT prohibited the obtainment of satisfactory results. In the plasmic horizon, major proportions of smectite cannot be satisfactorily refined. This problem does not arise at low smectite proportions as only the [00c] basal peaks are visible and they can be accurately refined regardless of the smectite crystal structure chosen. When the patterns are dominated by smectite reflections, mineral disorder produces basal peaks that are diffuse and 'tailed'. The only crystal structures available for smectite minerals correspond to wellcrystallized and ideal structures giving well-defined peaks and cannot be used to satisfactorily refine the patterns of disordered smectite. To address this issue, the [001] basal peak has been refined with the crystal structure of a reference montmorillonite [START_REF] Viani | The Nature of Disorder in Montmorillonite by Simulation of X-Ray Powder Patterns[END_REF] and the rest of the pattern has been refined with the remaining phases after removal of the background and the reflections resulting from the presence of smectite (Figure 5.1.3b). In these horizons, the best refinements have been kept to estimate mineral proportions but the results must be considered as semi-quantitative.

To estimate the error, several refinements were performed on the same samples using crystal structures from different publications with slight variations in the unit-cell parameters, atomic positions, substitutions and isotropic Debye-Waller factors. They give a standard deviation of ca 2 wt% for major phases and ca 0.5 wt% for minor phases (Table E.3). Additionally, in most of the samples, broad peaks of low intensity are present at low angles, resulting from the presence of trace to minor amounts of clay. As discussed above, they correspond to interstratified clay minerals and halloysite or 'disordered kaolinite', but the uncertainty on the nature of the phase and the poor resolution of the peaks prohibit any refinement. Nonetheless, broad peaks of similar intensity can be fitted for smectite and correspond to ca 2 wt%, indicating the order of magnitude of the additional error resulting from the presence of trace clay phases. Considering the standard deviation mentioned earlier, we expect the error to be less than ca 5 wt% for major phases above 10 wt%, less than ca 2 wt% for major phases below 10 wt% and less than ca 1 wt% for minor phases (below 5 wt%).
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Saprock

In the level identified as the dunitic saprock (from 27.6 m to 28 m in the JSD-001 core),

Rietveld refinements indicate the dominance of opal-CT associated with significant proportions of hematite and minor maghemite or magnetite. Diopside is only present in trace amounts.

The rest of the saprock is dominated by diopside representing more than 90 wt% (from 21.5 m to 27.4 m in the JSD-001 core and from 27 m to 32 m in the JSD-002 core). In some levels, this clinopyroxene is associated with trace to minor amounts of andradite, up to 10 wt%. Actinolite is only present in rare levels in trace amounts, below 1 wt%. Smectite and hematite proportions varies along the horizon, from absent to a few wt %.

Saprolite-Saprock and Plasmic Zone

Higher in the profile, in the saprolite (from 22 m to 26 m in the JSD-002 core) and in the plasmic zone (from 20 m to 20.8 m in the JSD-001 core), smectite is the dominant mineral, representing more than 80 wt%. This clay phase is associated with 5 wt% to 20 wt% Fe oxides: hematite (2 wt% to 10 wt%), goethite (1 wt% to 5 wt%) and maghemite (below 1 wt%). Even if maghemite and magnetite are difficult to distinguish from XRD patterns, Rietveld refinements tend to identify this phase as maghemite. Calcite can represent up to 80 wt% in some levels while up to about 10 wt% quartz is observed in the plasmic zone.

Mottled Zone

In the mottled zone (from 20 m to 18.8 m in the JSD-001 core and from 20.5 m to 20 m in the JSD-002 core), Rietveld refinements indicate up to 20 wt% of 'disordered' kaolinite while smectite contents are ranging from 60 wt% to absent. Hematite is abundant, up to 40 wt% and associated with minor goethite (ca 5 wt%) and maghemite (a few wt%). The proportions of todorokite, dolomite, calcite and quartz are highly variable. They are the major phases in some levels. Anatase is also present but its proportion never exceeds 1 wt%.

Lateritic Duricrust

In the main zone of the lateritic duricrust (from 18.4 m to 14.4 m in the JSD-001 core and from 18.5 m to 10.7 m in the JSD-002 core), goethite, hematite and 'disordered' kaolinite are dominant and present in similar proportions, each phase representing about 20 wt% to 40 wt%.

Maghemite content can reach 10 wt% in the lower parts of the horizon but become residual in the upper levels. Anatase is present in most of the levels in proportions ranging from trace to a few wt%.

In the cuirasse of the lateritic duricrust (from 14 m to 11.5 m in the JSD-001 core), goethite and hematite proportions are similar to the ones found in the main zone. In contrast, the proportion of 'disordered' kaolinite is low (5 wt%) to absent. Gibbsite, which was not observed at deeper levels, represents 10 wt% to 30 wt%.

In the main zone and the cuirasse, small proportions of calcite, dolomite or quartz can be found, representing less than a few wt%.
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Transported-Residual Lateritic Duricrust

In the transported-residual lateritic duricrust (from 11 m to 1.2 m in the JSD-001 core and from 10 m to 2.5 m in the JSD-002), goethite and hematite are dominant, each representing 20 wt% to 40 wt%. They are associated with 5 wt% to 20 wt% of kaolinite and the same proportion of gibbsite. Minor amounts of quartz or dolomite are almost always present, in greater proportion than in the residual lateritic duricrust. They represent up to 5 wt%. Less than 1 wt% lithiophorite can be found in rare levels. The proportion of maghemite, absent in the lower parts of this horizon, is increasing, reaching up to 10 wt% in the upper parts.

Lateritic Gravel

In the lateritic gravel (from 1.5 m to 0 m in the JSD-001 core and from 2.5 m to 0 m in the JSD-002 core), proportions are highly variable. Hematite is generally dominant, with up to 50 wt%. Kaolinite and gibbsite can be present in significant proportions, up to 30 wt%. The proportion of quartz can reach 10 wt%. The goethite proportion is high, up to 90 wt%, except when maghemite proportion is significant (ca 5 wt%). In this case, only a few wt% goethite is observed. Boehmite proportion can reach almost 10 wt%. Anatase is still present in proportions below 1 wt%.

Processes Forming High-Grade Lateritic Scandium Deposits 
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In order to clarify the process of precipitation of Fe oxides, the evolution of unit-cell parameters has been followed using the results of Rietveld refinements (Figure 5.1.5). Both goethite and hematite exhibit a contraction of the unit cell with decreasing depth in the profile. Processes Forming High-Grade Lateritic Scandium Deposits

Genetic Implications of the Mineralogical Evolution

Nature of the Parent Rock and Early Stages of Alteration

The presence of more than 90 wt% of diopside in the saprock confirms that the parent rock is a clinopyroxenite. Andradite, identified in significant proportions in some levels, is typical of skarns and contact metamorphism (see e.g., [START_REF] Deer | An Introduction to the Rock-Forming Minerals[END_REF]. Actinolite, even if only present in trace amount, is also associated with low grade metamorphism, especially in replacement of clinopyroxene in mafic lithotypes (see e.g., [START_REF] Hashimoto | Reactions Producing Actinolite in Basic Metamorphic Rocks[END_REF]. The presence of these phases is consistent with the circulation of hydrothermal fluids during the late stage of formation of the complex [START_REF] Andrew | Oxygen and Hydrogen Isotope Evidence for the Origin of Platinum-Group Element Mineralization in Alaskan-Type Intrusions at Fifield, Australia[END_REF].

Part of the saprock is dominated by opal-CT. The precipitation of silica phases is a common final stage in the weathering of serpentinised dunites [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF], confirming that the attribution of this horizon to a former dunite, despite the absence of olivine or serpentine.

The difference in weathering rates between pyroxene, more resistant than olivine or serpentine [START_REF] Brantley | Reaction Kinetics of Primary Rock-Forming Minerals Under Ambient Conditions[END_REF], explains why the primary minerals are at a late stage of weathering in the dunitic saprock, i.e. almost totally replaced by opal-CT, compared to the pyroxenitic saprock. These indirect remnants of the primary olivine are explained by the expected fractional crystallisation sequence forming the parent complex with a dunite core surrounded by a clinopyroxenite rim.

Limited alteration occurs in the saprock, allowing definition of the first stages of alteration of the parent rock. Minor smectite, present all along the saprock horizon, indicates that this clay must be replacing diopside, as is observed during lateritic alteration of pyroxene [START_REF] Colin | Lateritic Weathering of Pyroxenites at Niquelandia, Goias, Brazil: the Supergene Behavior of Nickel[END_REF]. The presence of vermiculite is correlated with trace actinolite. It indicates that this clay may be formed by alteration of the primary actinolite, as elsewhere observed during weathering of amphibole [START_REF] Abreu | Amphibole Alteration to Vermiculite in a Weathering Profile of Gabbro-Diorite[END_REF]. Hematite may result from the alteration of primary magnetite or may precipitate from the fluids formed by alteration of primary minerals. In the dunitic saprock, the presence of significant proportions of hematite compared to the pyroxenitic saprock can be explained by the alteration of magnetite, a product of serpentinisation.

Alteration of Primary Minerals to Clay Phases During the Saprolite Formation

Higher in the profile, in the saprolite, smectite develops at the expense of diopside, which disappear (from 22 m to 26 m in the JSD-002 core). However, the fabric of the parent rock is preserved in this zone indicating an isovolumetric replacement of diopside by smectite and suggesting a topotactic mechanism of weathering, with dissolution of the clinopyroxenes followed by the precipitation of smectite in a crystallographic continuity, consistent with observed mechanisms for weathering of pyroxene and amphibole [START_REF] Wilson | Weathering of the Primary Rock-Forming Minerals: Processes, Products and Rates[END_REF]. The weathering of primary minerals into smectite is also considered as a marker of poor drainage quality of lateritic profiles (Anand & Paine, 2002).

In the plasmic zone, smectite is still the dominant mineral but the parent-rock fabric is lost,

indicating that smectite has started to decompose.

Dissolution of Secondary Clay Phases and Iron (Oxyhydr)oxides Precipitation

In the saprolite and plasmic zone, the second step of the alteration process seems to begin with the precipitation of Fe, concentrated during the dissolution of smectite and leaching of the most
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Processes of Scandium Enrichment 2017 soluble elements. [START_REF] N Nahon | Chemical Weathering of Orthopyroxenes Under Lateritic Conditions[END_REF] showed that decomposition of smectites formed from pyroxene leads to the precipitation of goethite via a ferrihydrite stage. Maghemite is more common at the transition between the saprolite and the lateritic duricrust than in upper levels.

Although maghemite can be produced from goethite by bushfires in the presence of organic matter, this is not expected so deep in the profile and maghemite formation is attributed to the oxidation of magnetite or dehydroxylation of lepidocrocite (𝛾-FeOOH, [START_REF] Barrón | Evidence for a Simple Pathway to Maghemite in Earth and Mars Soils[END_REF]. Remnants of primary magnetite have not been identified in lower levels, excluding this 

Final Lateritisation Processes and Formation of the Duricrust

The main zone of the lateritic duricrust confirms this evolution, smectite has disappeared, being dissolved and replaced by more stable kaolinite while the Fe leached from this dissolution precipitates in the form of goethite and hematite. Rare carbonates and Mn oxides are found but no veins were identified in these levels indicating that precipitation occurred from trapped saturated fluids. They may reflect fluctuations of the water table or descending meteoric waters.

Through the lateritic duricrust, decreasing unit-cell volumes of goethite and hematite indicate a continuous process of dissolution-precipitation along the profile and different generations of these minerals. Increasing Al contents lead to decreasing unit-cell volumes for both goethite and hematite [START_REF] Hazemann | Rietveld Studies of the Aluminium-Iron Substitution in Synthetic Goethite[END_REF]Majzlan et al., 2002, respectively). In most lateritic profiles, goethite and hematite are in fact solid solutions with diaspore and corundum. The general decrease of unit-cell volume towards the top of the profile indicates an increasing Al content, also associated with the decreasing activities of silica and water [START_REF] Tardy | Geochemistry of Laterites, Stability of Al-Goethite, Al-Hematite, and Fe 3+ -Kaolinite in Bauxites and Ferricretes: an Approach to the Mechanism of Concretion Formation[END_REF] expected

Processes Forming High-Grade Lateritic Scandium Deposits towards the top of a profile. The dissolution of kaolinite in the upper parts of the lateritic duricrust in the JSD-001 profile indicate decreasing activities of silicon and water [START_REF] Tardy | Geochemistry of Laterites, Stability of Al-Goethite, Al-Hematite, and Fe 3+ -Kaolinite in Bauxites and Ferricretes: an Approach to the Mechanism of Concretion Formation[END_REF]. The presence of a gibbsite-bearing cuirasse indicates a bauxitisation process at the top of the lateritic duricrust and reflects important rainfall and good drainage during the formation of this zone of the profile (Anand & Paine, 2002). The strongest decrease in unit-cell volume is observed between 15 m and 10 m in the JSD-001 profile, corresponding to the zone of development of this cuirasse. This is also consistent with a marked decrease in the activity of silica and water. The JSD-002 core does not exhibit this gibbsite-rich cuirasse and the decrease is progressive up to 10 m depth. Manganese oxides, carbonates or quartz are absent from the cuirasse also indicating dryer conditions or better drainage. All these observations are consistent with the low thickness of the saprolite and plasmic zone in this profile. The development of thick smectite-rich levels is indeed associated with poor drainage or dryer conditions (Anand & Paine, 2002). Differences in rainfall are unlikely for two profiles so close to one another. The JSD-002 profile is probably poorly drained compared to the JSD-001, explaining the absence of cuirasse and the development of thick saprolite and plasmic horizons.

Allochtonous Input and Dismantling of the Lateritic Duricrust

The horizon identified as a mixture of transported-residual lateritic duricrust has a mineralogy similar to that of the lower lateritic duricrust. However, the reappearance of kaolinite and the increasing amounts of quartz and dolomite, indicate the presence of clasts. In addition, from 10 m to the top of the profile, irregular variations in unit-cell volumes of goethite and hematite may indicate the input of allochtonous Fe (oxyhydr)oxides in the transported-residual laterite horizon.

In the lateritic gravel, the mineralogical evolution reflects the physical and chemical dismantling of the lateritic duricrust. The proportion of quartz becomes significant indicating increasing detrital input. Good drainage associated with frequent dry conditions is indicated by the formation of the lateritic gravel in the JSD-001 profile. The presence of maghemite rather than goethite indicates the heating of goethite in presence of organic matter during bushfires [START_REF] Barrón | Evidence for a Simple Pathway to Maghemite in Earth and Mars Soils[END_REF]. Extremely low water activities are also expected from the presence of boehmite [START_REF] Tardy | Geochemistry of Laterites, Stability of Al-Goethite, Al-Hematite, and Fe 3+ -Kaolinite in Bauxites and Ferricretes: an Approach to the Mechanism of Concretion Formation[END_REF]. In the JSD-002 profile, the lateritic gravel indicates a chemical dismantling involving higher water activities, with the hydroxylation of hematite giving the high proportions of goethite observed. This difference tends to confirm the better drainage of the JSD-001 lateritic profile.
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Conclusions of this Section

Detailed mineralogical analyses using XRD complement the petrological study (see section 4.2.3), revealing the main processes forming the lateritic deposit under study.

1. The lithology of the parent rock is confirmed: it is a clinopyroxenite, almost exclusively constituted of diopside. Rare levels exhibit minor amount of andradite and actinolite, both expected to reflect the circulation of hydrothermal fluids within the complex during the late stages of its emplacement. Opalised dunitic zones are consistent with the expected fractional crystallisation process forming the complex. In the dunitic saprock (from 27.6 m to 28 m in the JSD-001 core), SiO 2 , Fe 2 O 3 and loss on ignition are predominant (ca 65 wt%, ca 20 wt% and ca 10 wt%, respectively), as expected from the presence of a hydrated silica phase, opal-CT and hematite. Residual MgO (ca 2 wt%) probably resides in minor clay minerals. Scandium contents are low (ca 10 ppm).

Saprolite-Saprock and Plasmic Zone

In the saprolite and plasmic zone (from 20 m to 20.8 m in the JSD-001 core and from 22 m to 26 m in the JSD-002 core), SiO 
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Mottled Zone

In the mottled zone (from 20 m to 18.8 m in the JSD-001 core and from 20.5 m to 20 m in the JSD-002 core), the evolution observed through the saprolite and plasmic zone continues.

Peaks in Ca, Si and Mn contents reflect the presence of carbonates, quartz and Mn oxides. Iron contents are correlated with Sc (up to ca 600 ppm Sc content for the levels richest in Fe) while Ca-rich levels, reflecting the presence of calcite, and Si-rich levels, reflecting the presence of quartz, are impoverished in Sc.

Lateritic Duricrust

The chemical composition of the main zone of the lateritic duricrust is homogeneous (from 18.4 m to 14.4 m in the JSD-001 core and from 18.5 m to 10.7 m in the JSD-002 core), dominated by SiO 2 , Al 2 O 3 , Fe 2 O 3 and loss on ignition (ca 20 wt%, ca 15 wt%, ca 50 wt% and ca 15 wt%, respectively). Variations in Si, Al and Fe contents reflect the evolution in the proportions of kaolinite, hematite and goethite. Titanium content are consistent with the presence of anatase as they reach 2 wt%. Scandium contents range between 400 ppm and 800 ppm.

In the cuirasse of the lateritic duricrust (from 14 m to 11.5 m in the JSD-001 core), SiO 2 content decreases significantly (ca 3 wt%) while Al 2 O 3 and Fe 2 O 3 contents increase (up to 20 wt% and 60 wt%, respectively) as expected from the replacement of kaolinite by gibbsite and the increased proportion of hematite and goethite. In contrast, Sc contents are steady, ranging between ca 500 ppm and ca 600 ppm.

Transported-Residual Lateritic Duricrust

The transition to the transported-residual lateritic duricrust is marked by a peak in Al 

Lateritic Gravel

The lateritic gravel is marked by a stronger variability in SiO Mn oxyhydroxide in lateritic profiles (see e.g., [START_REF] Manceau | Crystal Chemistry of Cobalt and Nickel in Lithiophorite and Asbolane from New Caledonia[END_REF][START_REF] Roqué-Rosell | Sorption of Ni by "Lithiophorite-Asbolane" Intermediates in Moa Bay Lateritic Deposits, Eastern Cuba[END_REF][START_REF] Bibliography L Lambiv Dzemua | Mineralogical Characterization of the Nkamouna Co-Mn Laterite Ore, Southeast Cameroon[END_REF], and a product of transformation of Mn oxyhydroxides by leaching of mobile elements, such as Na, K and Mg and accumulation of Al [START_REF] Dowding | Morphological, Chemical and Mineralogical Properties of Some Manganese-Rich Oxisols Derived from Dolomite in Mpumalanga Province, South Africa[END_REF].

Manganese oxides present at the top of the profile where lithiophorite has been identified by XRD are Ba-poor and Li-rich, confirming the evolution of the nature of the precipitating Mn oxyhydroxides. Most Mn-rich zones are associated with low Sc concentrations (e.g. 17.6 m or 12.1 m in the JSD-001 profile and 17.5 m and 9.6 m in the JSD-002 profile). On the contrary, high Mn concentrations at the top of the saprolite and in the mottled zone are associated with high Sc contents.

Cerium is not directly associated with Mn oxyhydroxides. However, tetravalent Ce is often found in the form of cerianite (CeO 2 ), in close association with Mn oxyhydroxides in lateritic contexts [START_REF] Braun | Cerium Anomalies in Lateritic Profiles[END_REF]. The precipitation of this phase may be assisted by Ce 3+ scavenging by Mn oxyhydroxides [START_REF] Janots | Ce(III) and Ce(IV) (Re)Distribution and Fractionation in a Laterite Profile from Madagascar: Insights from In Situ XANES Spectroscopy at the Ce LIII-Edge[END_REF]. Oxidation of Ce 3+ to Ce 4+ is a common phenomenon during weathering of primary REE-bearing phases during supergene alteration (see e.g., [START_REF] Braun | Cerium Anomalies in Lateritic Profiles[END_REF][START_REF] Ndjigui | Negative Cerium Anomalies in the Saprolite Zone of Serpentinite Lateritic Profiles in the Lomié Ultramafic Complex, South-East Cameroon[END_REF][START_REF] Janots | Ce(III) and Ce(IV) (Re)Distribution and Fractionation in a Laterite Profile from Madagascar: Insights from In Situ XANES Spectroscopy at the Ce LIII-Edge[END_REF]. As a first approximation, immobilisation of Ce 3+ by scavenging and subsequent changes in redox conditions lead to the immobilisation of Ce by precipitation of cerianite [START_REF] Braun | Cerium Anomalies in Lateritic Profiles[END_REF]. Cerium is the only tetravalent, redox-sensitive REE in supergene conditions. By comparison with other REE concentration, Ce anomalies, in particular in Mn oxyhydroxide-rich levels, can thus be a proxy of the presence of redox fronts.

The robustness of this proxy is questionable in the presence of specific complexing ligands, such as organic molecules [START_REF] Janots | Ce(III) and Ce(IV) (Re)Distribution and Fractionation in a Laterite Profile from Madagascar: Insights from In Situ XANES Spectroscopy at the Ce LIII-Edge[END_REF]. Nonetheless, its use here is only indicative of potential redox fronts in order to confirm the processes of formation of the profiles. Results are presented in terms of Ce anomaly, defined as 

Processes Forming High-Grade Lateritic Scandium Deposits

There is only one main redox front in each profile, located at ca 10 m, confirming the identification of this level as a front distinguishing the residual lateritic duricrust from the transported one. This front may confirm that this level constitutes a protective cap at the top of the residual lateritic duricrust. Surrounding detrital material have been leached during the formation of the transported-residual lateritic duricrust and REE have been mobilised and accumulated above this impervious layer; precipitation of Ce 4+ occurred during the dry season when conditions are more oxidising. A weaker anomaly is found in the cuirasse of the lateritic duricrust.

This horizon is expected to have been suject to intense precipitations in well-drained conditions involving efficient leaching under oxidising conditions. As a result, Ce may have been in the tetravalent form and precipitated, while other REE were leached towards lower horizons. A minor Ce anomaly is also found in the mottled zone, expected to mark the level of the water This model is too simplistic, as it ignores possible lateral inputs (e.g., [START_REF] Quesnel | 3D Modeling of the Laterites on Top of the Koniambo Massif, New Caledonia: Refinement of the Per Descensum Lateritic Model for Nickel Mineralization[END_REF].

Nonetheless, whatever the origin of the Ni, trapping by Ni-rich smectite is likely to explain its concentration in this zone. High Mn concentrations also correspond to peaks in Ni concentration and, to an even greater extent, to high Co concentrations. The high adsorption capacities of Mn oxides and oxyhydroxides [START_REF] Roqué-Rosell | Sorption of Ni by "Lithiophorite-Asbolane" Intermediates in Moa Bay Lateritic Deposits, Eastern Cuba[END_REF] lead to trapping of Ni and Co during their precipitation. This second process of Ni concentration is typical of mafic-ultramafic deposits [START_REF] Marsh | Nickel-Cobalt Laterites -a Deposit Model[END_REF]. The evolution of Sc concentration is distinct from both Co and Ni.
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Quantitative Enrichments Deduced from Mass Balance Calculations

The isocon method developed by [START_REF] Grant | The Isocon Diagram -a Simple Solution to Gresens' Equation for Metasomatic Alteration[END_REF] Nb can be considered as immobile in our profile. All along the profile, they form a line passing through the origin, which may correspond to the isocon. This line is located above elements leached during lateritic alteration such as Li, Mg or Ca (see e.g., [START_REF] Aleva | Laterites -Concepts[END_REF] and below elements known to accumulate in specific horizons, such as Mn in the mottled zone [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF] or Ni in the saprolite and plasmic zone [START_REF] Roqué-Rosell | The Accumulation of Ni in Serpentines and Garnierites from the Falcondo Ni-Laterite Deposit (Dominican Republic) Elucidated by Means of 𝜇-XAS[END_REF]. In addition, Ti, Zr or Nb have been found as immobile and selected for mass-balance calculations during lateritic weathering [START_REF] Meyer | The Geometry and Anatomy of the Los Pijiguaos Bauxite Deposit, Venezuela[END_REF]Aiglsperger et al., 2016, see e.g.,). In particular, studies on trace-element mobility during lateritic weathering have shown that Ti, Zr and Th can be considered as immobile elements for mass-balance calculations [START_REF] Braun | Mobilization and Redistribution of REEs and Thorium in a Syenitic Lateritic Profile: a Mass Balance Study[END_REF], see e.g.,) due to the resistance to weathering of their host minerals and the low solubility of these elements in presence of supergene fluids. However, Th cannot be considered as immobile in the profiles under study. Low contents in the parent rock give a high uncertainty on its concentration and the slightest allochtonous contamination can move its concentration away from the isocon, explaining this discrepancy.

Processes Forming High-Grade Lateritic Scandium Deposits 
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Qualitative considerations on element mobility can be deduced from representative isocon diagrams. Elements located below the isocon are leached during the alteration process. In the absence of redistribution, the mass of an element can only be constant or decrease compared to the parent rock. Elements located above the isocon indicate absolute accumulation in the horizon by a process of redistribution from upper or lower levels or from lateral input. In the saprolite and plasmic zone, the positions of Mg, Ca and Si in the isocon diagrams confirm their leaching while Fe and Al are relatively immobile. In contrast, Mn is located significantly above the isocon, confirming its redistribution and accumulation in these horizons, in common with

Ni and Co. The absolute accumulation of REE in these horizons is also confirmed, with all the REE being above the isocon range. On the contrary, Sc is on the isocon, indicating immobility or mass loss compensated by remobilisation from upper or lower levels. In any case, it indicates a limited mobility as Sc is always located within error of the isocon in different levels of the saprolite and plasmic zone. In the mottled zone, similar trends are observed but absolute accumulation is more limited; most of the REE, Mn, Ni and Co are slightly above the isocon.

In the lateritic duricrust most of the elements are leached due to the increased alteration and mass loss and no significant absolute accumulation is observed in these horizons.

The results of mass-balance calculation obtained from isocon analysis are illustrated in Fig- Such inputs lead to a disconnection between the parent rock composition and the altered sample, prohibiting the use of isocon analysis for mass-balance calculations. This explains the irregular variations, depending on the level of allochtonous input.
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Economic Interest of the Deposit and Scandium Enrichment

Assessment of the Economic Interest of the Deposit

The global economic interest of the lateritic profile is confirmed by the evolution of Sc concentration. The concentrations, up to 800 ppm Sc in whole-rock samples and averaging ca 500 ppm in the residual lateritic duricrust, are among the highest in the world (see section 1.4). In these deposits, feasibility studies have concluded that exploitation could be undertaken, indicating that the deposit could constitute a Sc-only mine. However, other rare metals have been considered as potential co-products.

Evolution of Ni and Co concentrations have been detailed above (Figures 5.2.3 and 5.2.4). The first horizons where Ni concentrates are the saprolite and plasmic zone. In economic terms, concentrations are low with only up to 0.5 wt%, compared to minimum economic concentrations of 1 wt% for clay-silicate Ni deposits [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF]. In the lateritic duricrust, zones of Ni concentration are limited to Mn-rich levels giving an average content of ca 0.1 wt% in the lateritic duricrust, again well below the ca 1 wt% content considered as economic for oxide Ni deposits [START_REF] Butt | Nickel Laterite Ore Deposits: Weathered Serpentinites[END_REF]. The same applies for Co, as high concentrations are limited to Mn-rich levels, limited in the profile.

In addition, Figures 5.2.9 and 5.2.10 illustrate the evolution of the concentrations of other metals of economic interest along the two profiles under study. Mafic-ultramafic hosted lateritic profiles are not known for high Ga or V grades. However, along with Sc, they are considered as potential targets during the exploitation of this peculiar deposit [START_REF] Pursell | Jervois Mining Limited Annual Report for the Year Ended 30[END_REF]. Both Ga and V concentrations increase along the lateritic duricrust. Lateritic weathering seems to be efficient in concentrating both elements with enrichment factors similar to those of Sc, reaching ten-fold. However, Ga and V concentrations reach even higher levels in the transported-residual lateritic horizon, indicating that allochtonous input, resulting from weathering of other parent rocks, is richer in these elements. Clinopyroxenite is not a parent rock of prime interest for these elements.

The evolution of REE concentrations is summarised using La, a LREE, and Yb, a HREE (Figures 5.2.9 and 5.2.10). Maximum concentrations are found in the saprolite and plasmic zone for both elements and contents decrease in the lateritic duricrust and reach the lowest levels in the transported-residual lateritic duricrust. As for Ga and V, low concentrations in the parent rock hinder economic enrichment.

These considerations indicate that the economic interest of the deposit will rely on Sc and the rest of the discussion will focus on this element. However, some of these elements have been well studied and analogies or discrepancies between their behaviour and that of Sc are studied below to decipher mechanisms of Sc enrichment.

Processes Forming High-Grade Lateritic Scandium Deposits in Sc trapping has been mentioned in other lateritic profiles [START_REF] Audet | Le massif du Koniambo, Nouvelle-Calédonie Formation et obduction d'un complexe ophiolitique du type SSZ. Enrichissement en nickel, cobalt et scandium dans les profils résiduels[END_REF]. Manganese oxides and oxyhydroxides indeed exert a control on the mobility of numerous trace metals. High scavenging capacity leads to efficient trapping of many metals during the precipitation of Mn phases [START_REF] Post | Manganese Oxide Minerals: Crystal Structures and Economic and Environmental Significance[END_REF]. Nonetheless, in the lateritic duricrust, significant proportions of lithiophorite are associated with lower Sc concentration and increased Sc mass loss compared to surrounding levels, indicating that lithiophorite is not efficiently trapping Sc. This absence of trapping by lithiophorite, recognised to be efficient in scavenging trace metals [START_REF] Manceau | Crystal Chemistry of Cobalt and Nickel in Lithiophorite and Asbolane from New Caledonia[END_REF][START_REF] Roqué-Rosell | Sorption of Ni by "Lithiophorite-Asbolane" Intermediates in Moa Bay Lateritic Deposits, Eastern Cuba[END_REF], is inconsistent with a possible influence of todorokite. The mottled zone is associated with the redistribution and accumulation of many elements, and the correlation, also associated with absolute Fe enrichments, is most probably coincidental and could be related to a mechanism of trapping by Fe oxides and oxyhydroxides.

Main

In the lateritic duricrust, Sc concentrations are the highest but mass loss is indicated by massbalance calculations. This reflects the fact that Sc is partially leached but that relative enrichment still exists due to a lower mobility than most other elements. Variations of Sc concentrations cannot be clearly correlated to any major or trace component giving little indication on the trapping mechanism in this part of the profile. However, the strongest absolute Fe enrichment is correlated with Sc enrichment, favouring a mechanism of trapping by Fe (oxyhydr)oxides. In addition, no significant differences of Sc concentration are observed between the main zone and
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Processes of Scandium Enrichment 2017 the cuirasse of the lateritic duricrust. The dissolution of kaolinite to form gibbsite seems to have a weak influence on Sc mobility indicating the low involvement of these phases in Sc trapping during the formation of the lateritic profile.

Complementary Inferences on Scandium Enrichment Processes from Trace-Element

Comparisons

Comparison between Sc and Ni or Co, trapped by Mn oxyhydroxides in the lateritic duricrust, indicates distinct behaviour, both in terms of absolute concentration and relative enrichment, confirming that scavenging of Sc by Mn oxyhydroxides is limited.

Rare-earth element mobility during lateritic weathering over felsic rocks has already been well studied (see e.g., [START_REF] Braun | Cerium Anomalies in Lateritic Profiles[END_REF][START_REF] Sanematsu | Geochemical and Mineralogical Characteristics of Ion-Adsorption Type REE Mineralization in Phuket, Thailand[END_REF]Berger et al., 2014). By analogy with these studies, REE enrichment in the saprolite and plasmic zone (Figures 5.2.9 and 5.2.10) suggests a mobilisation of REE by acidic waters descending from upper levels during lateritic weathering. The higher pH of groundwater in the saprolite and plasmic zone leads to the adsorption of REE on clay minerals, mainly smectite, due to its high surface-area-to-volume ratio.

Consequently, REE are immobilised and accumulate in these horizons.

The behaviour of REE can be traced from the evolution of REE patterns through the lateritic profile (Figure 5.2.11). 

M. Chassé

Processes of Scandium Enrichment 2017

Conclusions of this Section

The evolution of major-and trace-element concentrations along the lateritic profiles and associated mass-balance calculations confirm and complement the inferences on the genetic processes of formation of the profile, while comparison with Sc content gives clues on Sc carriers and on the mechanisms of Sc trapping.

1. Exceptional Sc concentrations in the lateritic profile are associated with unusual enrichment in the freshest part of the clinopyroxenite.

2. Except for the nature of the parent rock, no unusual mechanism could be identified in the processes of formation of the profile. The major factor explaining Sc concentration during lateritic weathering is its immobility, which results in a relative enrichment due to overall mass loss by leaching of mobile elements.

3. Mechanisms of mobilisation and accumulation in peculiar horizons of the lateritic profile are excluded. In particular, scavenging by Mn oxides or mobilisation by saturated fluids, such as the ones forming carbonates, seem to be inefficient in transporting and trapping Sc.

4. High Sc concentrations can be linked with Fe accumulations. Scavenging by Fe oxides or oxyhydroxides is expected to be of importance in the immobility of Sc.

5. In contrast, the role of Al-bearing phases, kaolinite and gibbsite, is minor as the dissolution of one or the other does not significantly affect Sc concentrations.

6. Scandium behaviour contrasts with that of other REE. Their mobilisation by acidic waters circulating in the regolith and trapping by adsorption on clay minerals seems to be a marginal factor, if not negligible, explaining Sc concentration during the formation of the lateritic profile.

7. Various geochemical indicators confirm the existence of significant allochtonous input in the horizon identified as the transported-residual lateritic duricrust. Such inputs tend to decrease Sc concentration confirming that the parent rock is the main source of Sc and that lateral input are detrimental to the enrichment process.

8. Apart from Sc, no other economic concentration of rare metals could be identified.

Processes Forming High-Grade Lateritic Scandium Deposits Another fine-grained aggregate has a greenish colour and is interpreted to be the smectitic clay phase identified by XRD (clay coating, Figure 5.3.1b). Despite having been observed on several XRD patterns, no garnet could be found in the prepared sections.

Evolution of Scandium Speciation and Mechanisms of
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Processes of Scandium Enrichment 2017 Oxides included in clinopyroxenes are dominated by Fe and Cr (Figures 5.3.2b and d). Additional primary trace minerals have been found using SEM. A Ca-and P-rich phase is identified as apatite (Figures 5.3.2a and c). This phase is also associated with fragments of a phase rich in Si, Ca and Fe, a composition compatible with andradite, as identified on powder XRD patterns.

Finally, in the area identified as clay rich by petrographic microscopy, two types of phases can be distinguished from slight differences in the contents of Al, Fe, Ti, Mg and Ca (Figures 5.

3.2a and c).

Despite systematic SEM-EDXS mapping, no discrete Sc phases could be found indicating that the Sc budget is shared between the major-and trace phases identified.

Processes Forming High-Grade Lateritic Scandium Deposits of the saprock are also exhibiting the highest contents in andradite, actinolite and vermiculite replacing biotite. This sensitivity to weathering may result from the presence of fractures in the parent rocks in which hydrothermal fluids circulated, now forming preferred path of circulation for surficial waters. These evidence confirm that this mineral assemblage results from a secondary hydrothermal processes. Inclusions of Fe oxide have significant Cr contents, suggesting primary chromite, later altered into a Cr-bearing Fe oxide, consistent with Cr mobility during weathering (Berger & Frei, 2014). Finally, the compositions of the clay minerals identified are close to that of ferrosaponite consistent with the presence of this smectite, deduced from powder XRD and whole-rock analyses. Variations in major-element concentrations result from a mixing between ferrosaponite and vermiculite as indicated by the Ti content, which is inherited from biotite, later altered to vermiculite.

Among primary phases, only two contain significant Sc enrichment: diopside and andradite.

The average Sc concentration in diopside is ca 80 ppm while the whole-rock Sc concentration in the least altered sample is ca 85 ppm. Most of the Sc budget is carried by clinopyroxene.

High Sc concentrations in andradite (ca 250 ppm) confirm the possible influence of this phase on higher Sc concentrations found in whole-rock samples containing significant proportions of garnet (up to ca 150 ppm for samples with about 10 wt% andradite) and the potential role of 
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Saprolite and Plasmic Zone

A strong weathering process affected most of the rock samples analysed in the saprolite and plasmic zone (Figure 5.3.3). Large areas of the thin and polished sections have no or rare relicts of prismatic shaped alteromorphs composed of a matrix of a greenish to brownish finegrained phase of dull and earthy lustre, probably a clay, corresponding to the smectite identified in XRD patterns (sme, Figure 5.3.3a). In some areas, this phase is associated with a redbrown phase, which also coats some relicts, which must be an Fe (oxyhydr)oxide phase (Fe ox. coating, Figure 5.3.3b). Relicts of primary minerals can still be found, even up in the saprolite; some of them retain a prismatic shape with intramineral fractures or cleavages opened by secondary minerals (alt., Figure 5.3.3a). The presence of relicts of primary biotite, now forming alteromorphs, is deduced from layered, highly distorted areas preserved in some regions of the thin section (bt alt., Figure 5.3.3b). This alteromorph tends to confirm that the saprolite is inherited from the clinopyroxenite bedrock, identified above. Smaller residual fragments are disseminated, often coated by secondary oxides (ox., Figure 5.3.3b). 
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Averaged compositions on representative spots confirm quantitatively the observations made using SEM (Table 5. Processes Forming High-Grade Lateritic Scandium Deposits 
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Lateritic Duricrust

The different horizons of the lateritic duricrust, distinguished by petrographical, mineralogical and geochemical considerations, are treated together in this section as their mineralogy is qualitatively similar and only the proportions of the major phases vary. However, a distinction is made between the residual and the transported-residual lateritic duricrust to determine whether geochemical differences, especially in terms of Sc content, result from the distinct nature of the parent material or from different genetic mechanisms.

The strong supergene weathering affecting the parent rock is clear in all the sections studied and forms a lateritic assemblage. Most of the lateritic duricrust is composed of a mixture of iron oxides and oxyhydroxides, as deduced from the opaque and brownish-red aspect of the thin section in PPL. In reflected light (RL), the lateritic residue is showing alteromorphs filled with iron oxyhydroxides in a matrix of these iron oxyhydroxides (brown in RL) and iron oxides (bright in RL) associated with a clay phase (grey in RL, Processes Forming High-Grade Lateritic Scandium Deposits

Once again, no discrete Sc phases can be found from systematic SEM-EDXS mapping indicating that Sc is shared between the different grain types constituting the samples. When the grains are large enough, mapping reveals the nature of the phases forming the grains (Fig- The EMP analyses on the fine-grained matrix give mixed compositions, resulting from the intermixing of tiny grains of each phase. As they are difficult to interpret, analyses made in the fine-grained matrix have been classified in four groups in order to distinguish between different proportions of the phases identified in the matrix. In order to do that, analyses for Si, Ti, Fe, Al and the analytical total have been selected as they exhibited repeated patterns with similar concentrations. Using the R software (version 3.3.2, R Core Team, 2016) and the k-means function of the "stats" package (version 3.4.0), a k-means clustering method has been applied to our EMP analyses, and it distinguishes four clusters. Based on those results, each cluster has been carefully studied by analysing the position of the analysis on the SEM images as well as the concentrations in the selected element. From these analyses, four types of matrices could be distinguished (Table 5.3.3): goethite-rich, hematite-rich, kaolinite-rich and gibbsite-rich.
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Corresponding trace-element and Sc contents have been obtained using LA-ICPMS and averaged for each grain type and matrix group identified. Considering the size of the laser beam, the analysis was possible only when the size of the grain or the homogeneity of the matrix in the surrounding area allowed it (Tables 5.3.3 and5 
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Average Scandium Speciation Deduced from Selective Leaching

Selective leaching experiments have been carried out following [START_REF] Hall | Selective Leaches Revisited, With Emphasis on the Amorphous Fe Oxyhydroxide Phase Extraction[END_REF]'s method (see section 4.3) to evaluate, for each trace element, the proportion of four fractions of the samples:

(1) the adsorbed and exchangeable fraction and the fraction incorporated in carbonate phases (AEC), ( 2) the proportion carried by amorphous or poorly crystalline (oxyhydr)oxides (AmOx),

(3) the proportion carried by crystalline Fe (oxyhydr)oxides (CrOx), ( 4) the remaining fraction carried by silicates and residual oxides (Res). The reproductibility of the method has been tested on replicates; the standard deviation of the proportion in the trace elements studied is lower than 3 % for all the fractions (see Appendix E for detailed results). The evolution of the proportions carried by each fraction along the lateritic profiles is detailed for Sc, and for Sr, Mn, Ni, La and Yb in order to assess the selectivity of the leaching (Figure 5.3.7).

A major proportion of the Sr content is leached during the AEC phase of the experiment. Strontium is highly soluble in acidic waters and thus is highly mobile during supergene weathering; it is also highly susceptible to precipitation in the form of carbonate in the presence of saturated carbonated fluids [START_REF] Nebel | Strontium[END_REF]. This element is thus expected to be adsorbed or exchangeable in absence of carbonates or leached with the carbonates in our samples, as observed in our results, indicating that this part of the leaching is efficient. One sample in the saprolite (JSD1-230) exhibits low leaching levels during the AEC phase. This sample is dominated by fresh clinopyroxene grains, which trap most of the Sr in their structure. In contrast, Sr is almost totally leached from another level of the saprolite (JSD1-262) during the AEC phase. This level contains a calcite vein explaining the difference and showing the efficiency of the method in leaching carbonates.

Manganese oxides are poorly crystalline, especially in supergene environments [START_REF] Post | Manganese Oxide Minerals: Crystal Structures and Economic and Environmental Significance[END_REF], making Mn easily leachable during the dissolution of amorphous oxyhydroxides when in the form of Mn oxide. In the samples exhibiting Mn oxide veins (JSD1-195 and JSD1-205) most of the Mn is leached during the AmOx phase, indicating the successful completion of this phase of the selective leaching. In the saprolite, high proportions of Mn leached during the AmOx phase of the experiment are explained by the presence of Mn existing in the form of minor to trace oxyhydroxides in this horizon, as observed in some samples (see Appendix H).

Nickel is a good probe of the efficiency of the method as its speciation has been studied in detail in lateritic profiles developed over mafic-ultramafic rocks because of the great economic interest of this Ni resource (see e.g., [START_REF] Fan | Nickel Geochemistry of a Philippine Laterite Examined by Bulk and Microprobe Synchrotron Analyses[END_REF][START_REF] Dublet | Goethite Aging Explains Ni Depletion in Upper Units of Ultramafic Lateritic Ores from New Caledonia[END_REF][START_REF] Roqué-Rosell | The Accumulation of Ni in Serpentines and Garnierites from the Falcondo Ni-Laterite Deposit (Dominican Republic) Elucidated by Means of 𝜇-XAS[END_REF].

In Processes Forming High-Grade Lateritic Scandium Deposits Leaching of Sc during the AEC phase is around 10 % all along the profile indicating that adsorption has only a minor influence on Sc trapping. The amount of Sc carried by amorphous and poorly cristalline Fe oxides is also steady and low along the profile, around 20 %. Major scavengers of Sc in the lateritic duricrust are well-crystallised Fe (oxyhydr)oxides. In the Mn oxide-rich levels, while almost all Ni, which is carried by Mn oxides in these horizons [START_REF] Dublet | Ni Speciation in a New Caledonian Lateritic Regolith: a Quantitative X-Ray Absorption Spectroscopy Investigation[END_REF], is leached, no peak is observed in the amount of Sc leached during the AmOx phase. This confirms the assessment from geochemical and mineralogical results indicating that Mn oxides are inefficient in trapping Sc.

The comparison with other REE illustrated here by La and Yb, reveals significant differences with Sc in the fractions trapping these elements below the mottled zone. In particular, Mn oxides and carbonates seems to carry these elements when they are present. The results in

M. Chassé

Processes of Scandium Enrichment 2017 the lateritic duricrust do not reveal any significant difference between the fractions carrying Sc and the other REE, indicating the possibility of similar mechanisms of trapping. However, this experiment is not conclusive as crystalline Fe (oxyhydr)oxides are not distinguished from silicate minerals, such as kaolinite, which, considering previous geochemical considerations, is expected to be an efficient carrier of REE, but not Sc.

Average and Local Scandium Speciation Deduced from X-Ray Absorption

Average Sc speciation has also been studied using XANES spectroscopy at the Sc K -edge on powdered whole-rock samples (Figure 5.3.8). Details on the principle of the method and on the vocabulary employed below can be found in section 4.3.3. The spectra on natural samples have been compared with potential Sc carriers identified above for fingerprint analyses (see section 5.3.1): goethite, hematite and smectite, with Sc either incorporated or adsorbed at the surface. Scandium K -edge XANES spectra of synthetic reference materials show that Sc incorporation can be distinguished using the position of the edge crest at ca 4508.2 eV in goethite and ca 4511.8 eV in hematite, while Sc adsorbed on goethite or smectite is identified by a broad, featureless edge crest extending from ca 4508 eV to ca 4511.5 eV. On the low energy side, a preedge feature carries additional information (see e.g., [START_REF] Galoisy | High-Resolution XANES Spectra of Iron in Minerals and Glasses: Structural Information from the Pre-Edge Region[END_REF]. There is a noteworthy enhancement of the intensity of this feature in the substituted samples due to the distortion of the Sc site. The spectrum of Sc adsorbed on hematite is not shown here, as when Sc is adsorbed at the surface of smectite, kaolinite, goethite and hematite, all spectra are similar, as illustrated by the similarity between the spectra of smectite and goethite on which Sc has been adsorbed.

No spectra could be recorded in the fresh saprock due to the high Ca content, combined with the lowest Sc contents observed in the profile. X-ray fluorescence of Ca at the Sc K -edge is high, hiding the signal resulting from Sc excitation, which is already low at the 100 ppm Sc level of the saprock. In the plasmic zone, Sc is expected to be associated with either smectite or Fe (oxyhydr)oxides (see section 5.3.1). The spectra of the natural sample exhibits two main structures at ca 4512 eV and ca 4522 eV, incompatible with the featureless appearance of Sc-adsorbed smectite, which exhibits only a broad, featureless edge crest from ca 4508 eV to ca 4511.5 eV.

The features of the natural spectra are similar to the main ones observed in the spectrum of Sc incorporated in hematite. However, the intensity of the multiple scattering feature at ca 4522 eV is increased in the natural sample and many finer features of the Sc-bearing hematite spectrum are absent. This spectrum is probably that of Sc incorporated into the smectite structure. In order to confirm this observation, the DCB method (see section 4.3), developed by [START_REF] Mehra | Iron Oxide Removal from Soils and Clays by a Dithionite-Citrate System Buffered With Sodium Bicarbonate[END_REF], has been used to remove Fe (oxyhydr)oxides from a sample from the saprolite, already poor in hematite and goethite, but rich in smectite, according to XRD patterns (JSD2-250). Scandium K -edge XANES spectra after the removal of Fe (oxyhydr)oxides are similar to spectra from the plasmic zone (Figure 5.3.9). In the saprolite and the plasmic zone, most of the Sc is hosted by smectite after dissolution of primary clinopyroxene. 
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Figure 5.3.9: Scandium K -edge XANES spectra from smectite-rich horizons. The spectrum for the sample JSD2-250 has been measured after Fe oxides extraction following the citratebicarbonate-dithionite (CBD) method [START_REF] Mehra | Iron Oxide Removal from Soils and Clays by a Dithionite-Citrate System Buffered With Sodium Bicarbonate[END_REF].

All the samples analysed from the mottled zone to the top of the lateritic duricrust exhibit similar XANES spectra at the Sc K -edge. They are characterised by broad features. The edge crests spreads from ca 4508 eV to ca 4522 eV while the main multiple scattering feature is located at ca 4522 eV. These spectra are similar to spectra of Sc-adsorbed on mineral surfaces.

However, the selective leaching experiments showed that the Sc-adsorbed fraction was minor in the profiles under study. Since Sc is hosted by well-crystallised Fe (oxyhydr)oxides, we have attempted to fit the natural spectra using a combination of spectra from Sc-bearing goethite and hematite. However, regardless of the proportions chosen, no satisfactory fit could be obtained.

Variations in the local maximum of the edge crest located at ca 4508 eV for most of the samples (see e.g. JSD1-135), and moving at ca 4511 eV (see e.g., JSD1-066), tend to indicate minor incorporation of Sc in the hematite structure for hematite-rich samples. For the remaining signal, the unexpected shape of these natural XANES spectra must result from the nature of the process by which Sc is trapped by Fe (oxyhydr)oxides during lateritic weathering, distinct from the co-precipitation of Fe and Sc from solutions. Such a process may be related to the constant structural evolution of the goethite and hematite unit cell shown by Rietveld refinement, indicating a continuous process of dissolution-reprecipitation during the formation of the profile.

During events of partial dissolution of Fe (oxyhydr)oxides, Sc may remain immobile through adsorption at the mineral surface, related to the high Sc-immobility during lateritic weathering shown by mass-balance calculation. Later reprecipitation of Fe (oxyhydr)oxides may trap Sc at the boundaries between old and new grains. This process of Fe-(oxyhydr)oxide ageing has been observed in goethite along lateritic profiles in New Caledonia [START_REF] Dublet | Goethite Aging Explains Ni Depletion in Upper Units of Ultramafic Lateritic Ores from New Caledonia[END_REF]. In these Ni-rich lateritic profiles, it results in the leaching of Ni, expelled from the goethite structure by successive dissolution and precipitation. The higher mobility of Ni compared to Sc may explain why this leaching process is limited in the case of Sc. However, various types of synthesis of Sc-bearing Fe (oxyhydr)oxides should be tested in order to verify the impact on the XANES spectral signature at the Sc K -edge.

Processes Forming High-Grade Lateritic Scandium Deposits

In the lateritic duricrust, goethite seems to be the main host to Sc while hematite seems to play a minor role according to EMP and LA-ICPMS analyses on thin and polished sections (see section 5.3.1). In order to confirm the distinction between goethite and hematite made from EMP-derived major-element contents and analytical totals, we also used Fe K -edge XANES spectra. Using the relative normalised intensity of the absorption maxima of goethite and hematite, at 7133.8 eV and 7136.9 eV, respectively (Combes et al., 1989), we obtained Fe-speciation maps 
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Iron K -edge XANES spectra over the complete range of energy confirm these observation (Figure 5.3.11a), showing a good match between the spectra of goethite and Sc-rich zones and between the spectra of hematite and Sc-poor zones.

Spatially-resolved Sc K -edge XANES spectra have been recorded in goethite-rich zones or in hematite-rich zones and compared to synthetic Sc-bearing goethite and hematite (Figuce 5.3.11b).

The distinction between Sc K -edge XANES spectra for the different Sc-bearing reference materials is detailed in section 5.3.2. The Sc K -edge XANES spectra on lateritic goethite grains show a broad edge crest and a low-intensity pre-edge feature, consistent with the spectra recorded on powdered whole-rock samples. This confirms at a local scale that the speciation of Sc when hosted by goethite is unclear and that the mechanism of Sc trapping by goethite is more complex than a simple adsorption or, conversely, than a complete incorporation in the crystal structure by substitution for Fe. In contrast, the lateritic hematite grains show an edge crest at ca 4512 eV and a more intense pre-edge feature, which may correspond to Sc incorporated in hematite. The same distinction holds when investigating the matrix: the high Sc concentrations are associated with the typical spectra of Sc observed in the whole-rock. The apparent incorporation of Sc in the crystal structure of hematite may indicate the validity of the proposed mechanism of ageing of the Fe oxides. Goethite is known to transform into hematite in the upper parts of the laterite (see e.g., [START_REF] Tardy | Pétrologie Des Latérites et Des Sols Tropicaux[END_REF]) and this phenomenon is also observed at the borders of goethite grains in our samples (see section 5.3.1). The remaining Sc, which has not been leached from the previous episodes of dissolution and reprecipitation, may be incorporated into the crystal structure of hematite by substitution for Fe 3+ .

However, hypotheses on the origin of XANES spectra observed in natural lateritic samples are made difficult by the limited possibilities of comparison, because Sc K -edge XANES spectra are scarce in the literature. A better understanding of the origin of XANES features would be a first step towards an improved understanding of the origin of the unclear shape of Sc K -edge XANES spectra. 
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Conclusions of this Section

Using fine-scale mineralogical approaches described through this section, we deciphered the nature of the Sc host along the profile and its speciation in relation to these phases and developed a model of successive genetic processes leading to the formation of exceptional Sc enrichment observed in the Syerston-Flemington deposit:

1. In the parent rock, clinopyroxene is the major Sc host, bearing ca 80 ppm. Unusual Sc enrichment is even higher in some levels exhibiting hydrothermal metasomatism, with 5. Except for hematite, no other minor Sc host is expected to have a significant influence on Sc budget. In particular, discrete Sc phases are absent all along the profile.

Processes Forming High-Grade Lateritic Scandium Deposits

General Conclusions for Scandium Enrichment in Lateritic

Contexts

The comparison between this study on a specific lateritic profile and other Sc- 
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No direct conclusions on the enrichment mechanism can be drawn from this simple correlation. Similarities in the conditions of formation of these deposits and comparable trends of evolution of Sc concentration with increasing lateritisation, deduced from 

Conclusion

The applications of Sc in high-performance alloys and solid oxide fuel cells, both of interest to reduce the carbon footprint, have created a high demand potential but uncertainties surrounding Sc supply leads end-users to postpone industrial-scale applications. Recently, unusual Sc contents measured in lateritic deposits all over the world have indicated the potential to recover this element as a by-product of Ni, if hydrometallurgical methods are employed for recovery. This 
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For this reason, an extensive database of minerals and whole-rock analyses from materials formed in the spinel stability field of the mantle has been compiled. The analysis shows that in the spinel facies of the mantle, the Sc budget is controlled by clinopyroxene in fertile rocks while olivine becomes the main host for Sc in highly depleted rocks. The Sc content of olivine and pyroxene is primarily controlled by the presence or absence of garnet in the host-rock. In contrast with garnets, crystal chemistry has little effect on the Sc content of olivine and pyroxene. Increasing The generation of mid-ocean-ridge basalts (MORB) is commonly accepted to involve fractional melting with a mean extent of melting of 10 % and a mean pressure of melting of 7.3 kbar, i.e.

0.73 GPa [START_REF] Langmuir | Petrological Systematics of Mid-Ocean Ridge Basalts: Constraints on Melt Generation Beneath Ocean Ridges. Mantle Flow and Melt Generation at Mid-Ocean Ridges Geophysica[END_REF]. In our model of fractional melting developed in chapter 3, at 1 GPa and 10 % of extent of melting, [Sc] melt is ca 46 ppm while the median Sc content of MORB in the database is 42 ppm. The model is in good agreement with the observed concentrations for MORB. The slightly lower concentrations observed in MORB from the database may result from the depletion of the melting mantle compared to the fertile starting material considered in our model. The generation process of ocean-island basalts (OIB) is debated [START_REF] Hofmann | Sampling Mantle Heterogeneity Through Oceanic Basalts: Isotopes and Trace Elements[END_REF]. However, a consensus exists on the deep origin of their trace-element signature and in particular that melting starts in the garnet facies of the mantle [START_REF] Niu | The Origin of Intra-Plate Ocean Island Basalts (OIB): the Lid Effect and Its Geodynamic Implications[END_REF]. The median Sc concentration of OIB is significantly lower than that of MORB, ca 30 ppm. The highest degrees of partial melting in the spinel facies expected for the formation of OIB (20 % at most Typical extent of melting is 5 % to 10 % of a mantle source that had previously lost 10 % to 15 % melt [START_REF] Pearce | Boninite and Harzburgite from Leg 125 (Bonin-Mariana Forearc): a Case Study of Magma Genesis During the Initial Stages of Subduction[END_REF]. Our model indicates that such a source is expected to contain ca 11 ppm to ca 13 ppm Sc. Melting is expected to occur at shallow depths, ca 0.3 GPa. From our model, 5 % to 10 % melting at 1 GPa from a starting material containing 12 ppm Sc gives ca 36 ppm to 40 ppm Sc in the melt, depending on the nature and extent of second stage melting expected for the formation of boninites. The median Sc content of boninites in the database is ca 33 ppm, slightly lower than the concentration expected from the model, but their genesis from second stage melting hydrated material at very low pressure is more complex than the simple model used here and may account for the differences observed. Komatiites are expected to result from high degrees of batch melting, usually 30 % to 50 %, in the garnet stability field of the mantle [START_REF] Walter | Melting of Garnet Peridotite and the Origin of Komatiite and Depleted Lithosphere[END_REF]. The median Sc concentration is ca 24 ppm, significantly lower than the other types of mantle-derived melts studied here. Such concentrations are close to the concentration of 20 ppm Sc found at 5 GPa and 30 % of fractional melting with our model.

From this simple model and the expected processes of formation of common lithotypes from mantle-derived melts, we can satisfactorily reproduce the observed Sc concentrations. Including Sc in the spectrum of trace elements of interest has the potential to better constrain the processes involved in the formation of erupted mantle-derived melts. For well-studied contexts and using more complex models, we plan to test this hypothesis and verify the interest of Sc in tracing the depths of partial melting of mantle-derived melts.
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Detail and Generalise the Processes of Scandium Concentration in Lateritic Contexts

Recently, TEM studies indicated morphological changes of goethite from acicular to needleshaped in lateritic soils. Their morphology reflects the presence of different generations of goethite and can be related to the capacity of dissolution of this mineral and also to its efficiency to scavenge trace elements, such as Ni [START_REF] Becquer | Sources of Trace Metals in Ferralsols in New Caledonia[END_REF]. Micromorphological Considering that high-grade lateritic Sc deposits have only been reported in Eastern Australia, a common and unique lateritisation process affecting this region may be related to the process of Sc concentration. One important parameter characterising the Australian continent is its exceptional stability and low rates of erosion. The age of these laterites may thus be an important parameter. Preliminary studies have been carried out to date the lateritic profiles using the content of radiation induced defects in kaolinite measured by electron paramagnetic resonance (EPR) [START_REF] Balan | Formation and Evolution of Lateritic Profiles in the Middle Amazon Basin : Insights from Radiation-Induced Defects in Kaolinite[END_REF]. Preliminary results give ages around 5 Ma,consistent with the last climatic period favourable to lateritisation inferred from paleoclimatic reconstructions in the literature and mentioned in chapter 4.

Finally, the number of studies on Sc enrichment processes in lateritic profiles is limited at present. However, recent publications indicate that several projects are underway (Aiglsperger et al., 2016;Maulana et al., 2016;[START_REF] Teitler | Petrology and Geochemistry of Scandium in New Caledonian Ni-Co Laterites[END_REF], which will give a broader set of studies to be compared with the results obtained on the Syerston-Flemington lateritic profile and assess their relevance to other deposits.

Influence of Crystallographic Environment on X-Ray Absorption

Spectroscopy of Scandium

Detailed crystal-chemical information on Sc relies on only a few spectroscopic methods. With the exception of 45 Sc nuclear magnetic resonance (NMR) used to determine Sc speciation in crystals and glasses [START_REF] Kim | Scandium-45 NMR of Pyrope-Grossular Garnets: Resolution of Multiple Scandium Sites and Comparison With X-Ray Diffraction and X-Ray Absorption Spectroscopy[END_REF][START_REF] Chassé ; P Pahari | Composition-Property-Structure Correlations of Scandium Aluminosilicate Glasses Revealed by Multinuclear 45 Sc, 27 Al, and 29 Si Solid-State NMR[END_REF], Sc K -edge extended X-ray absorption fine structure (EXAFS) and XANES spectroscopy are so far the only spectroscopic methods which have provided relevant information on Sc crystal chemistry. For instance, the pioneering works of [START_REF] Oberti | Site Preference and Local Geometry of Sc in Garnets: Part I. Multifarious Mechanisms in the Pyrope-Grossular Join[END_REF] and [START_REF] Quartieri | Site Preference and Local Geometry of Sc in Garnets: Part II. the Crystal-Chemistry of Octahedral Sc in the Andradite -Ca 3 Sc 2 Si 3 O 12 Join[END_REF] focused on the relative incorporation of Sc between the eight-fold coordinated X site, the six-fold coordinated Y site and the four-fold coordinated Z site of garnet solid solutions (general formula: X 3 Y 2 (ZO 4 ) 3 ). They demonstrated that Sc mainly enters the dodecahedral X site in pyrope-grossular while it is incorporated in the octahedral Y site of andradite. X-ray absorption spectroscopy has also been used to get insights on Sc 3+ crystal chemistry in hydrates and aqueous solutions [START_REF] Lindqvist-Reis | The Hydration of the Scandium(III) Ion in Aqueous Solution and Crystalline Hydrates Studied by XAFS Spectroscopy, Large-Angle X-Ray Scattering and Crystallography[END_REF][START_REF] Migliorati | Unraveling the Sc 3+ Hydration Geometry: the Strange Case of the Far-Coordinated Water Molecule[END_REF]. However, the absence of an extensive series of Sc K -edge XANES reference spectra (see e.g., [START_REF] Bartlett | Sc(III) Complexes With Neutral N 3 -and SNS-Donor Ligands-A Spectroscopic Study of the Activation of Ethene Polymerisation Catalysts[END_REF] and the scarcity of direct structural data on Sc explains why the coordination chemistry of Sc remains one of the most challenging topics in inorganic chemistry [START_REF] Migliorati | Unraveling the Sc 3+ Hydration Geometry: the Strange Case of the Far-Coordinated Water Molecule[END_REF].

In addition to the chemical selectivity of XAS methods, essential for above-mentioned studies, the high sensitivity of the method makes it possible to study natural samples, in which Sc concentration can be as low as a few tens of ppm, as shown in chapter 5. This gave the
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Processes of Scandium Enrichment 2017 possibility to attempt qualitative assessment on the origin of XANES spectral signatures in lateritic materials. Simple fingerprint analyses gave pioneering information on Sc speciation in natural contexts. However, the lack of a reference for Sc-bearing smectite and the enigmatic absorption-like signature of Sc XANES spectra through the lateritic profiles demonstrated the need for improved theoretical knowledge on the influence of crystallographic environment on Sc spectral signature.

In order to explain the origin of the different structures observed in Sc K -edge XANES spectra in terms of coordination number, local symmetry, orbital hybridisation but also on the short and medium-range structure, we recorded high-resolution Sc K -edge XANES and EXAFS spectra of various model compounds, in which the crystallographic environment around Sc is known.

A high experimental resolution for Sc K -edge XANES spectra has yielded a unique reference dataset, complementing the previous data of [START_REF] Oberti | Site Preference and Local Geometry of Sc in Garnets: Part I. Multifarious Mechanisms in the Pyrope-Grossular Join[END_REF] and [START_REF] Quartieri | Site Preference and Local Geometry of Sc in Garnets: Part II. the Crystal-Chemistry of Octahedral Sc in the Andradite -Ca 3 Sc 2 Si 3 O 12 Join[END_REF].

Reference Sc K -edge XANES spectra will be interpreted using density functional theory (DFT) and multiplet calculations. The processing of EXAFS spectra obtained in parallel will give several straightforward types of information, such as the number and nature of the neighbouring ions and their distances, complementing and giving an idea of the validity of the theoretical calculations. In the light of these results, spectral signatures of Sc K -edge XANES spectra of synthetic Sc-substituted or Sc-adsorbed Fe oxides and smectite will be discussed in order to improve the assessment of Sc speciation in lateritic contexts.

The first calculations of XANES spectra in the density functional theory framework have been carried out, reproducing satisfyingly the experimental spectrum of scandia (Figure P.3). From the calculations, each contribution can be associated to a specific site of Sc, allowing the separation of the two sites existing for Sc in the structure of scandia. In addition, it gives direct access to the origin of each structure in terms of local symmetry, coordination number and orbital hybridisation, which is essential for interpretation of the origin of similar structures, seen in natural samples. [START_REF] Lehtonen | Electron Microprobe and LA-ICPMS Analyses of Garnet Xenocrysts from Kaavi-Kuopio Area Kimberlites[END_REF] Europe Finland Krenp -Kaavi-Kupio kimberlite -Kola-Lapland Province [START_REF] Lehtonen | Electron Microprobe and LA-ICPMS Analyses of Garnet Xenocrysts from Kaavi-Kuopio Area Kimberlites[END_REF] Europe Finland Kylmalahti -Kaavi-Kupio kimberlite -Kola-Lapland Province [START_REF] Lehtonen | Electron Microprobe and LA-ICPMS Analyses of Garnet Xenocrysts from Kaavi-Kuopio Area Kimberlites[END_REF] Europe Finland

Lahtojoki -Kaavi-Kupio kimberlite -Kola-Lapland Province [START_REF] Lehtonen | Electron Microprobe and LA-ICPMS Analyses of Garnet Xenocrysts from Kaavi-Kuopio Area Kimberlites[END_REF] Europe Finland

Niilonsuo -Kaavi-Kupio kimberlite -Kola-Lapland Province [START_REF] Lehtonen | Electron Microprobe and LA-ICPMS Analyses of Garnet Xenocrysts from Kaavi-Kuopio Area Kimberlites[END_REF] Europe Finland

Ryono -Kaavi-Kupio kimberlite -Kola-Lapland Province [START_REF] Lehtonen | Electron Microprobe and LA-ICP-MS Analyses of Mantle Xenocrysts from the Arkhangelskaya Kimberlite[END_REF] Asia Table B.9: Summary of the principal component analysis on trace-element and Sc content of the garnets from the database. The percentage of variance explained by each principal component is given along with the R-loading and relative contribution of each element to each principal component. 

Summary Statistics of the Meta-Analyses on the Geochemistry of Scandium

Construction of the Melting Models

The following notations will be used:

-X: element of interest.

-[X]: massic concentration of the element of interest.

-[X]: cumulated massic concentration of the element of interest.

-m: a mass.

-s: solid.

-l: liquid.

-0 : initial value before melting.

-i: a given mineral phase.

-x: modal content of a phase.

-D: partition coefficient between the solid and the liquid.

-D 𝑖/𝑗 : partition coefficient between the phases i and j.

-p: proportion of melting (if positive) or of crystallisation (if negative) of a given phase during the reaction.

-F: melt fraction.

We consider a non-modal batch melting model. The melting reaction is considered to be at equilibrium at any time. According to the law of conservation of mass, for a given fraction of melting:

[X] 𝑠,0 • m 𝑠,0 = [X] 𝑠 • m 𝑠,0 • (1 -F) + [X] 𝑙 • m 𝑠,0 • F (C.1)
By definition of the partition coefficient:

𝐷 X = [X] 𝑠 [X] 𝑙 (C.2)
From equations C.1 and C.2, we can deduce [X] 𝑙 and [X] 𝑠 :

[X] 𝑙 = [X] 𝑠,0 F + 𝐷 X • (1 -F) (C.3) [X] 𝑠 = [X] 𝑠,0 • 𝐷 X F + 𝐷 X • (1 -F) (C.4)
Another definition of the partition coefficient at equilibrium is:

𝐷 X = ∑︁ 𝑖 x 𝑖 • 𝐷 𝑖/𝑙 X (C.5)
As the reaction is non-modal, x 𝑖 is a function of the fraction of melting for a given proportion of the phase i melting during the reaction:

x 𝑖 (F) = x 𝑖,0 -p 𝑖 • F 1 -F (C.6)
We define P as follow:

P = ∑︁ 𝑖 p 𝑖 • 𝐷 𝑖/𝑙 X (C.7) M. Chassé
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Considering the equations C.3, C.4, C.5, C.6 and C.7, we obtain the concentration of Sc in the liquid and in the solid for a given fraction of melting as follows:

[X] 𝑙 (F) = [X] 𝑠,0 𝐷 𝑋,0 + F • (1 -P) (C.8) [X] 𝑠 (F) = [X] 𝑠,0 1 -F • (1 - F 𝐷 𝑋,0 + F • (1 -P) ) (C.9)
In the second model, we consider non-modal fractional melting. Infinitesimal increments of melt are formed in equilibrium with the residual solid. This translates into the following mass conservation equations for each infinitesimal increment:

[X] 𝑠 • m 𝑠 = ([X] 𝑠 -d[X] 𝑠 ) • (m 𝑠 -dm 𝑠 ) + [X] 𝑙 • dm 𝑠 (C.10)
The second order terms can be neglected as we consider infinitesimal increments, and the equation C.10 is equivalent to the following differential equation:

d[X] 𝑠 [X] 𝑙 -[X] 𝑠 = dm 𝑠 m 𝑠 (C.11)
By definition of the partition coefficient (equation C.2) and of the melt fraction, we can rewrite the previous equation C.11 as a function of D, [X] 𝑠 and F only:

d[X] 𝑠 [X] 𝑠 = 𝐷 -1 𝐷 • (1 -F) • dF (C.12)
We consider again a non-modal reaction, and by definition of D and P:

𝐷 = 𝐷 0 -F • P 1 -F (C.13)
The differential equation C.12 becomes:

∫︁ [X]𝑠 [X] 𝑠,0 d[X] 𝑠 [X] 𝑠 = ∫︁ 𝐹 0 ( 1 1 -F - 1 𝐷 0 -P • F ) • dF (C.14)
By integration of the equation C.14, we obtain the concentration of the element of interest in the solid for a given fraction of melting:

[X] 𝑠 (F) = [X] 0 1 -F • (1 - P • F 𝐷 0 ) 1 P (C.15)
The integration of the same type of equation for the infinitesimal fraction of liquid produced gives the following result:

[X] 𝑙 (F) = [X] 0 𝐷 0 • (1 - P 𝐷 0 • F) 1 P -1 (C.16)
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[X] 𝑙 (F) = [X] 0 F • [1 -(1 - P • F 𝐷 0 ) 1 P ] (C.17)
Mass balance calculations have been undertaken using the isocon analysis method according to the works of [START_REF] Gresens | Composition-Volume Relationships of Metasomatism[END_REF] and [START_REF] Grant | The Isocon Diagram -a Simple Solution to Gresens' Equation for Metasomatic Alteration[END_REF]. A summary on the principle of the method is proposed here. For more details, the reader is referred to the review by [START_REF] Grant | Isocon Analysis: a Brief Review of the Method and Applications[END_REF].

The following notations will be used:

-m: mass.

-[X]: massic concentration of X.

-X : element of interest.

-0 : unaltered sample.

-A : altered sample.

By definition of the mass variation of an element of interest during alteration:

Δ𝑚 = 𝑚 X A -𝑚 X 0 (G.1)
By definition of the massic concentration, the equation G.1 is equivalent to:

[X] 0 = 𝑚 A 𝑚 0 • [X] A - Δ𝑚 𝑚 0 (G.2)
We define Δ[X] the variation of concentration of the element X compared to the unaltered sample for a constant mass of sample:

[X] 0 = 𝑚 A 𝑚 0 • [X] A -Δ[X] (G.3)
If we consider an element as immobile, Δ[X] = 0 and the equation G.3 is equivalent to:

[X] A = 𝑚 0 𝑚 A • [X] 0 (G.4)
The equation G.4 is the isocon equation, corresponding to a linear function passing through the origin on an isocon diagram. Such diagram gives the concentration of the elements studied in the altered sample versus its concentration in the unaltered sample. The choice of one or several immobile elements gives a line with a slope corresponding to 𝑚 0 𝑚 A . Then, from equation G.3, it is possible to determine the variation of concentration relative to the unaltered sample for any element by measuring its concentration in the altered and unaltered samples:

Δ[𝑋] [X] 0 = 𝑚 A 𝑚 0 • [X] A [X] 0 -1 (G.5)
In the isocon diagram, [X] A [X] 0 corresponds to the slope of the linear function going from the origin to the data point of the element X.
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Processes of Scandium Enrichment 2017 JSD2-000 [START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF]). An in-house chromite standard (LCR1) has been used for additional calibration of the instrument considering the numerous measurement made on oxide grains.

Introduction

Scandium is embedded in the very fabric of modern society, making it one of the most valuable elements. End-uses range from biomedical research to electronics, lasers and ceramics but the demand is driven by energy issues (Emsley, 2014). 

Scandium finds applications in

Core Sampling and Analytical Methods

Each metre of 26 vertical aircore holes has been analysed for Sc and two diamond drill-cores of about 30 m length have been sampled to collect rock chips from the limonitic part of the lateritic cover. Quantitative mineralogical compositions were determined by X-ray diffraction (XRD) and Rietveld refinement. Major and trace elements were determined by X-ray fluorescence (XRF) analysis and inductively coupled plasma mass spectrometry (ICP-MS), respectively. Mapping of major elements was done using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDXS) on polished sections of samples embedded in epoxy resin. The electron microprobe (EMP) gave point analyses for major and minor elements along with Sc. The distribution of Sc was mapped by synchrotron micro-X-ray fluorescence (µ-XRF). Scandium speciation was determined by synchrotron-based micro-X-ray absorption near-edge structure (µ-XANES) spectroscopy at Sc and Fe K-edges. Detailed descriptions are given in the Supplementary Information.

Characteristics of the Lateritic Deposit

The lateritic profile shows five levels (Fig. 1b; see also Supplementary Information, Section 2 and Table S-2); from bottom to top: saprolite, with smectite from the weathering of clinopyroxene, which is still visible in the deepest parts; transitional laterite where smectite is progressively replaced by Fe oxides and kaolinite; limonitic laterite dominated by goethite with haematite, kaolinite and gibbsite; haematitic laterite dominated by haematite with goethite, kaolinite and gibbsite; and transported laterite of similar composition but containing clasts and evidence of former alluvial channels. Similar lateritic profiles are developed over other ultramafic-mafic rocks in Australia (Anand and Paine, 2002), with most of the weathering profile directly inherited from the parent rock except for the transported level. The depth of the profile indicates that the weathering occurred over long time scales, possibly starting as early as 430 million years ago (Fergusson, 2010), in a stable tectonic context. Bulk assays show that Sc concentration increases upward, from ca. 100 ppm in the transitional laterite to ca. 500 ppm in the limonitic laterite (Fig. 1b,c and Table S -3). The concentration then decreases in the haematitic laterite and drops to ca. 250 ppm in the transported laterite.

Identification of Iron Oxides as Main Scandium Hosts

The mineralogy is typical of lateritic profiles developed over ultramafic rocks (Freyssinet et al. (2005); Fig. 2a,b and Table S -4). The ore is dominated by haematite and Al-bearing goethite, associated with kaolinite and gibbsite. Minor phases include anatase, quartz and an Fe oxide with an inverse spinel structure, either maghemite or magnetite. The broad X-ray diffraction lines (Fig. 2a) reflect the poor crystallinity or small particle size (<100 nm) of the Fe oxides. The bulk Sc content is correlated with the proportion of Al-bearing goethite, indicating its potential role as a Sc host in the ore (Fig. 2c).

Systematic SEM-EDXS mapping confirms the absence of discrete Sc phases, as expected from the scarcity of such phases in nature (Samson and Chassé, 2016). The EMP analyses of Si, Ti, Al, Fe and Sc have been averaged on each grain type, as identified by combining SEM images, major elements and Sc contents and applying statistical clustering (Supplementary Information, Section 6 and Table S -6). Scandium contents are low to extremely low in Al-rich grains (ca. 300 ppm), Ti-rich oxides (ca. 100 ppm) and quartz (below detection limit, ca. 30 ppm). The highest Sc contents (ca. 1300 ppm) are encountered in Fe oxide grains that contain Al (ca. 7 wt. %) and have low EMP analytical totals (ca. 85 wt. %). These grains appear to correspond to the Al-bearing goethite identified by XRD. Another type of Fe oxide grains, with a lower concentration of Sc (ca. 200 ppm) and high Fe could correspond to the haematite phase identified using XRD.

Much of each sample consists of a fine-grained matrix with three distinct compositions. Two correspond to mixtures of Fe oxides with different Sc contents, ca. 650 ppm for one and ca. 400 ppm for the other. The former contains slightly less Fe but more Al and has a lower analytical sum than the latter, reflecting a higher goethite component. A third type of matrix is slightly enriched in both Al and Si, which is consistent with the presence of minor kaolinite mixed with Fe oxides. The Sc content of this matrix is ca. 400 ppm, which suggests that kaolinite is only a minor Sc host.

To distinguish between goethite and haematite, we also used Fe K-edge XANES spectra. Using the relative normalised intensity of the absorption maxima of goethite and haematite, at 7133.8 eV and 7136.9 eV, respectively (Combes et al., 1989), we obtained Fe-speciation maps (Fig. 3a). Comparison with µ-XRF maps of Sc (Fig. 3b) indicate that Sc-poor and Sc-rich grains mostly contain haematite and goethite, respectively. Iron K-edge XANES spectra in the complete range of energy confirm these observation (Fig. 4a), showing a good match between spectra of goethite and Sc-rich zones and between spectra of haematite and Sc-poor zones. The numbers in brackets refer to the position given in Figure 3.

Using the EMP-derived Sc concentration in goethite, around 1300 ppm, and the proportion of goethite obtained from Rietveld refinement, about 30 %, we calculate that goethite hosts about 400 ppm Sc out of the average ca. 500 ppm of Sc in the samples, i.e. ca. 80 % of total Sc. Average EMP-derived concentrations in haematite are about 200 ppm Sc. As haematite accounts for about 30 % of the mineral phases, Sc in haematite may represent ca. 50 ppm, corresponding to most of the remaining 20 % of total Sc.

Scandium Speciation in the Ore

Scandium K-edge XANES spectra of synthetic reference materials show that Sc incorporation in goethite or in haematite can be distinguished using the position of the edge crest at 4508.2 eV and 4511.8 eV, respectively (Fig. 4b), while Sc adsorbed on goethite is identified by a broad, featureless edge crest extending from 4508 eV to 4511.5 eV. On the low energy side, a pre-edge feature bears additional information (e.g., [START_REF] Galoisy | High-Resolution XANES Spectra of Iron in Minerals and Glasses: Structural Information from the Pre-Edge Region[END_REF]. There is a noteworthy enhancement of the intensity of this feature in the substituted samples due to the distortion of the Sc site. The Sc K-edge XANES spectra on lateritic goethite grains show a broad edge crest and a low-intensity pre-edge feature, consistent with Sc adsorbed on goethite. In contrast, lateritic haematite grains show an edge crest at 4512 eV and a more intense pre-edge feature, corresponding to Sc incorporated in haematite. The same distinction holds when investigating the matrix: the high Sc concentrations are associated with Sc-adsorbed goethite. However, lateritic samples give less resolved spectra than the crystalline references. Comparison is limited because Sc K-edge XANES spectra are scarce in the literature, but this may reflect a poor crystallinity in fine-grained natural phases, or some minor contribution of other Sc species.

A Mechanism for Scandium Enrichment

Due to the high concentration of Sc in clinopyroxenes, weathering leads to Sc-rich waters circulating in the regolith below the water table. Seasonal precipitation of goethite allows the adsorption of Sc 3+ . During dry periods, haematite develops from goethite, and may incorporate part of the adsorbed Sc in its crystal structure. However, this process is limited by the size difference between six-fold coordinated Sc 3+ and Fe 3+ but such size differences will not influence the adsorption capacity of goethite under near-neutral pH conditions.

Scandium is often associated with the rare earth elements (REE). The ionic radius of Sc 3+ is slightly smaller than those of heavy REE for the same coordination number. During lateritic weathering of ultramafic-mafic rocks, Sc behaves like the heavy REE. The enrichment factor of Sc between the ore and fresh saprolite is ca. 5 (Table S . For the REE, it increases continuously with decreasing ionic radii, from ca. 2 for the light REE to ca. 3.5 for the heavy REE. The low prospectivity of the lateritic deposits for REE reflects the low REE content in the parent rock compared to average crustal concentrations (two to ten times lower, [START_REF] Rudnick | Composition of the Continental Crust[END_REF]. Lateritic profiles over ultramafic-mafic rocks usually show Sc concentrations lower than 100 ppm, corresponding to enrichment by a factor of ten during lateritic weathering (Aiglsperger et al., 2016;Maulana et al., 2016). This is similar to the maximum factor of enrichment found in the Syerston-Flemington deposit where the limonitic laterite reaches 800 ppm Sc compared to ca. 80 ppm in the parent rock. This observation rules out any need for peculiar lateritic conditions in Eastern Australia, and the proposed genetic model for Sc concentration during lateritic weathering may thus be extrapolated to other lateritic deposits developed over ultramafic-mafic rocks. Nonetheless, the duration of the weathering process and tectonic stability are key factors leading to the development of such volumes of ore.

Exceptional concentration of Sc in lateritic deposits thus results from a combination of three circumstances: (1) 

Procedures and Results of the Chemical Analyses on Aircore Drillings

Twenty-six vertical aircore drillings have been carried out in the EL 7805 mining tenement, in the Syerston-Flemington area. Every metre, a sample has been analysed for Sc by ALS in Brisbane using a fusion inductively coupled plasmaatomic emission spectroscopy (ICP-AES) method (Table S-3). 

Mineralogical Analyses Procedures

The mineralogical composition of bulk powder samples was determined by X-ray diffraction (XRD). The data were collected in Bragg-Brentano geometry with a PANalytical X'Pert PRO MPD diffractometer equipped with an X'Celerator detector. Co Kα radiation (λ Kα1 = 1.78897 Å, λ Kα2 = 1.79285 Å) was used in order to minimise the effect of Fe fluorescence on background. Data were recorded over the 3° 2θ to 90° 2θ range, with 0.017° 2θ steps and a total counting time of 6 hours. Aluminium-bearing goethite, anatase, calcite, dolomite, gibbsite, haematite, kaolinite, lithiophorite, magnetite/maghemite and quartz were identified using International Centre for Diffraction Data (ICDD) references (PDF-2 database).

Least squares refinement of the experimental XRD patterns were performed using the Rietveld method, fitting the experimental patterns with theoretical ones calculated from the crystal structure of each phase identified in the sample. Those refinements were carried out with the FullProf suite of programmes (Rodríguez-Carvajal, 1993). Unit cell parameters, atomic positions, and isotropic Debye-Waller factors were refined from the following structure refinements [START_REF] Hazemann | Rietveld Studies of the Aluminium-Iron Substitution in Synthetic Goethite[END_REF] for goethite [α-FeOOH]; Parker (1923) for anatase [TiO 2 ]; [START_REF] Chessin | Position and Thermal Parameters of Oxygen Atoms in Calcite[END_REF] for calcite [CaCO 3 ]; Wasastjerna (1924) for dolomite [CaMg(CO 3 ) 2 ]; [START_REF] Wedde | Refinement of the Crystal Structure of Gibbsite, Al(OH) 3[END_REF] for gibbsite [α-Al(OH) 3 ]; [START_REF] Blake | Refinement of the Hematite Structure[END_REF] for haematite [α-Fe 2 O 3 ]; [START_REF] Bish | Rietveld Refinement of Non-Hydrogen Atomic Positions in Kaolinite[END_REF] for kaolinite [Al 2 Si 2 O 5 (OH) 4 ]; Post and Appleman (1994) for lithiophorite; [START_REF] Pecharromán | The Infrared Dielectric Properties of Maghemite, 𝛾-Fe 2 O 3 , from Reflectance Measurement on Pressed Powders[END_REF] for maghemite [γ-Fe 2 O 3 ] and Wei (1935) for α-quartz [α-SiO 2 ]. Mineral proportions were estimated from those refinements (Table S -4). 

Chemical Analyses Procedures and Data

Chemical analyses have been carried out in the Geochemical Analytical Unit (GAU) of the ARC Centre of Excellence for Core to Crust Fluid Systems (CCFS) and the Department of Earth and Planetary Sciences at Macquarie University. Selected chip samples were powdered using a tungsten carbide mill to obtain a fine powder (below 50 µm in size). Thorough care was taken when cleaning the mill with ethanol and Milli-Q® water between samples to avoid cross-contamination.

Standard X-ray fluorescence (XRF) technique was used for bulk sample major and minor elements analysis (e.g., Potts et al., 1984). Approximately 1 g of powder of each sample was mixed with 10 g of lithium tetraborate-meta-borate flux (12:22 mixture), fused in a Pt crucible and cooled to give glass discs. The discs were analysed using a PANalytical Axios 1 kW energy-dispersive XRF spectrometer. Loss on ignition was determined for each sample at 1100 °C overnight. The deviations from reference values from GeoReM [START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF] for standards BIR-1 and BHVO-2 have been used, along with replicates, to estimate the error. Analyses of the samples are listed in Table S-5. Scandium concentrations in the bulk samples, along with the other rare earth elements, have been determined by standard inductively coupled plasma mass spectrometry (ICP-MS) methods (e.g., [START_REF] Eggins | The Composition of Peridotites and Their Minerals: a Laser-Ablation ICP-MS Study[END_REF]. Approximately 100 mg of powder samples were weighed into clean Savillex® Teflon beakers. Samples were then digested following the next steps: (1) Digestion in a 1:1 mixture of HF (Merck, Suprapur grade) and HNO 3 (Merck, AR grade, Teflon distilled) for 24 h at 160 °C followed by evaporation to dryness at 150 °C.

(2) Digestion in a 1:1 mixture of HF and perchloric acid (HClO 4 , Merck, Suprapur grade) for 3 days at 170 °C followed by evaporation to dryness at 120 °C, 150 °C and then 170 °C.

(3) Digestion in a 1:1:1 mixture of HF, HCl (Merck, AR grade, Teflon distilled) and HClO 4 for 3 days at 170 °C followed by evaporation to dryness at 170 °C to 190 °C.

(4) Digestion in aqua regia (HNO 3 + 3 HCl) for 3 days at 150 °C followed by evaporation to dryness at 150 °C.

(5) Digestion in 6 N HCl solution for 12 h at 150 °C followed by evaporation to dryness at 150 °C.

(6) Digestion in 6 N HNO 3 for 12 h at 150 °C followed by evaporation at 120 °C.

The samples were then diluted to 100 mL in a 2 % HNO 3 and 0.25 % HF solution. These 1:1000 dilutions of each sample were individually spiked with a 15 µL aliquot of a solution of Li 6 , As, Rh, In, Tm and Bi in 2 % HNO 3 . The samples and standards were analysed by quadrupole ICP-MS on an Agilent 7500c/s ICP-MS system. BCR-2 standard was used as a calibration standard to correct for instrument sensitivity. Run drift was corrected using the aliquot of solution added to each sample. The background was measured on a 2 % HNO 3 rinse solution. The deviations from reference values from GeoReM [START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF] for standards BIR-1 and BHVO-2 have been used, along with replicates, to estimate the error. Analyses of the samples are given in Table S-5. From these analyses, the enrichment factor of each REE, including Sc, has been calculated and shows a correlation with the ionic radii of these elements in octahedral coordination (Fig. S-2). Cerium does not follow this trend as under atmospheric conditions, Ce 3+ can be oxidised to Ce 4+ which is easily trapped by Mn oxides, commonly formed in lateritic profiles. 

Procedures for Spatially Resolved Chemical Analyses

Polished sections were obtained by impregnating dry chip samples in polyester resin diluted with acetone and polishing on cloth with diamond pastes. Microscopic observations and chemical mapping of major elements of these polished sections have been carried out on a ZEISS SUPRA TM 55VP scanning electron microscope (SEM) at University Pierre et Marie Curie (UPMC), Paris.

The SEM is equipped with a field emission gun (FEG) operating at 15 kV. The working distance was set to 15 mm. Backscattered electron (BSE) images were collected using an AsB detector. Chemical mapping was performed using the energy dispersive X-ray (EDX) microanalysis system (Brucker XFlash® QUAD silicon drift detector) coupled to the SEM.

Electron microprobe (EMP) analyses were performed for major and minor elements on selected points of the polished sections using a Cameca SXFive EMP equipped with five wavelength-dispersive spectrometers (WDS) at the Centre d'Analyse des Minéraux de PARIS (CAMPARIS, Université Pierre et Marie Curie, Paris, France). Each point has been probed with a focused 20 kV, 40 nA beam for major elements and with a focused 20 kV, 200 nA beam for minor and trace elements. Major elements: Na, Mg, Al, Si, P, Cl, K, Ca, Ti, Cr, Mn, Fe and Ba were analysed with a 20 s (peak + background) counting time. Minor and trace elements were Sc, V, Ni; all of these were analysed with 60 s (peak + background) counting time. The WDS were used with the following monochromators: a large area (1320 mm 2 ) thallium acid pthalate (TAP); a regular (660 mm 2 ) TAP; a regular (660 mm 2 ) pentaerythritol (PET) and two large (1320 mm 2 ) lithium fluoride (LiF) to collect, respectively, Na, Mg and P Kα X-rays; Si and Al Kα X-rays; K, Ca and Cl Kα X-rays and Ba Lα, Cr, Mn, Fe, Ti, V, Ni and Sc Kα X-rays. The two large LiF monochromators were used simultaneously to analyse each of the minor and trace elements. This allowed us to achieve detection limits as low as 60 ppm to 30 ppm. WDS analyses were performed using the following standards: albite for Na; diopside for Mg, Si and Ca; apatite Durango for P; orthoclase for Al and K; scapolite for Cl, Cr 2 O 3 for Cr; MnTiO 3 for Mn and Ti; haematite for Fe; BaSO 4 for Ba; vanadite for V; NiO for Ni and Sc 2 O 3 for Sc.

The different EMP analyses have been classified in groups in order to distinguish between different types of grains or phases. In order to do that, analyses for Si, Ti, Fe, Al, Sc and the analytical total have been selected as they exhibited repeated patterns with similar concentrations. Using the R software (version 3.1.3) and the k-means function of the "stats'' package (version 3.4.0), a k-means clustering method has been applied to our EMP analyses distinguishing 5 clusters. Based on those results, each cluster has been carefully studied by analysing the position of the analysis on the SEM images as well as the concentrations in the selected element. From these analyses, 8 groups of grains could be distinguished (Table S-6): Fe-rich oxyhydroxides, Fe-rich oxides, Ti-rich oxides, Al-rich oxyhydroxides, quartz, Sc-rich groundmass, kaolinite-rich groundmass and Sc-poor groundmass.
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Sc-Bearing Hematite

Sc-bearing haematite was obtained by dehydroxylation of the previously synthesised goethite at 300 °C.

Sc-Adsorbed Goethite 10 mL of ScCl 3 solution at 1000 ppm Sc was added to 1 g of pure α-FeOOH obtained following the synthesis method previously described without addition of ScCl 3 . The near neutral pH of the solution prohibits any dissolution and reprecipitation of Sc-bearing goethite, considering the stability diagram of goethite.

The solid and the solution were shaken together for 24 h. The solid was then separated by centrifugation and dried at 45 °C for 24 h.

Characterisation of the Synthetic Compounds

The crystal structure of the mineral phases obtained has been checked by XRD (Fig. S-3) using the method described in SI-4. The incorporation or adsorption of Sc was then verified using ICP-MS. The amount of Sc incorporated in the crystal lattice of the synthetic Sc-bearing goethite, Sc-bearing haematite or adsorbed on goethite has been determined to be 898 ppm ± 0.025 %, 872 ppm ± 0.025 % and 819 ppm ± 0.025 %, respectively. The analyses were performed on a Thermo Scientific XSERIES 2 quadrupole instrument at the Université Pierre et Marie Curie. About 50 mg of powdered sample were digested in 2 mL of concentrated HNO 3 -HCl solution at 90 °C for 24 h and then evaporated to dryness at 60 °C. The residue was then diluted in a 2 % HNO 3 solution (1:1000 dilution) for analysis. A standard solution of ScCl 3 at 10 ppb in Sc was prepared by dilution of commercial 99.99 % ScCl 3 powder and used to correct for instrumental shifts and to calculate the Sc content of the samples.

Synchrotron Measurement Procedures

Micro-X-ray absorption near-edge structure (XANES) and micro-fluorescence X-ray spectroscopy (µ-XRF) data were collected on the LUCIA beamline at the SOLEIL synchrotron in Paris (France) and on the ID21 beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The former operated with a storage ring current of 450 mA and an energy of 2.75 GeV while the latter operated with a storage ring current of 200 mA and an energy of 6 GeV. The layouts of the LUCIA and ID21 beamlines are described in [START_REF] Vantelon | The LUCIA Beamline at SOLEIL[END_REF] and [START_REF] Salomé | The ID21 Scanning X-Ray Microscope at ESRF[END_REF], respectively. XANES spectra were collected using an Si(311) and an Si(220) double crystal monochromator on LUCIA and ID21, respectively. The monochromators were calibrated against the maximum intensity of the first inflection of the first derivative of a Fe foil (7112.0 eV) or a Sc 2 O 3 standard (4492.8 eV) for XANES measurements at the Fe or Sc K-edge, respectively.

Iron and Sc K-edge XANES measurements were performed in the energy range 7060 eV to 7300 eV and 4400 eV to 4800 eV, respectively. The energy step at the Fe K-edge was (5, 0.1, 0.3, 0.5 and 1) eV for energy ranges of (7060 to 7110) eV, (7110 to 7125) eV, (7125 to 7170) eV, (7170 to 7219) eV and (7219 to 7300) eV, respectively. The energy step at the Sc K-edge was (5, 0.2, 0.5 and 1) eV for energy ranges of (4400 to 4485) eV, (4485 to 4534) eV, (4534 to 4586) eV and (4586 to 4800) eV, respectively. Spectra were collected at room temperature, under vacuum. For Fe reference materials, the spectra were collected on ID21 in transmission mode on powder samples diluted in a cellulose pellet and mounted on a holder between two Ultralene® films. Two spectra were recorded for each reference with a counting time of about 50 s per spectrum. For Sc reference materials, the spectra were collected on LUCIA in XRF mode on pellets obtained from powdered material and mounted on a holder between two Ultralene® films, using a four-element silicon drift detector (SDD).

For natural samples, the data were collected on ID21 in XRF mode on polished sections for both Fe and Sc K-edges using a photodiode and a large area (80 mm 2 collimated area) SDD, respectively. The beam was focused with a Kirkpatrick-Baez mirror system, down to 0.7 µm (horizontal) x 0.3 µm (vertical) at the Fe X-edge and 0.9 µm (horizontal) x 0.3 µm (vertical) at the Sc K-edge. The selection of the spots for analysis was made by combining prior SEM and EMP analyses and imaging with chemical mapping of Sc using µ-XRF mapping. The maps were recorded with step sizes of 1 µm x 1 µm with an incident energy of 4800 eV and a dwell time of 100 ms. The XRF spectra obtained for each pixel was then fitted using the PyMCA software to obtain Sc maps. At the Sc K-edge, 10 to 40 XANES spectra were acquired for each spot with a counting time of about 80 s per spectrum. At the Fe X-edge, 2 XANES spectra were acquired for each spot with a counting time of about 50 s. Individual spectra acquired on each spot were merged to obtain average spectra before background subtraction and normalisation using the PyMCA software [START_REF] Solé | A Multiplatform Code for the Analysis of Energy-Dispersive X-Ray Fluorescence Spectra[END_REF]. Due to the high Fe concentration in the natural samples, self-absorption occurred during XRF Fe K-edge XANES measurements. This phenomenon has been corrected using the FLUO algorithm from the ATHENA software (Ravel and Newville, 2005). The input parameters have been chosen considering the geometry of the experiment and the chemical composition obtained from EMP measurement on the same spot.

In order to map qualitative Fe speciation, we recorded µ-XRF maps on ID21 in the same area but with three incident energies: 7133.8 eV, corresponding to the maximum intensity of the Fe K-edge XANES spectrum of goethite; 7136.9 eV, corresponding to the maximum intensity of the Fe K-edge XANES spectrum of haematite and 7165.0 eV corresponding to an identical intensity in the normalised Fe K-edge XANES spectra of goethite and haematite. These maps were recorded with step sizes of 2 µm x 2 µm and a dwell time of 50 ms. As for µ-XRF mapping of Sc, the three maps have been obtained by fitting the spectra at each pixel using the PyMCA software. The map of Fe speciation shown in the paper corresponds to the difference between the 7133.8 eV and the 7136.9 eV maps normalised to the 7165.0 eV map. 
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Glossary

• Chemical weathering: processes of weathering involving chemical reactions between minerals and water or gas, such as hydrolysis, hydration, oxidation, carbonation or ion exchange, leading to the transformation of minerals into new phases more stable near the Earth's surface.

• Clinopyroxenite: pyroxenite dominated by clinopyroxene, typically with a modal clinopyroxene content higher than 90 wt%.

• Compatibility: property of an element to concentrate preferentially in the solid during partial fusion of the mantle.

• Complex: unit of rocks formed at the same period in the same geological context.

• Construction mineral: minerals used as raw material in buildings, roads and other construction infrastructures.

• Co-product: metal or mineral product recovered during the processing of the ore, required for the economic viability of the exploitation.

• Country rock: formations in which an intrusive crystallised.

• Critical material: material used in high technologies, 'green' technologies, energy or defence, for which the risk of supply restriction and the economic impact of a shortage is high.

• Critical metal/element: group of metal/element considered as critical (see critical materials for the definition).

• Criticality: notion assessed by an entity (company, institution, country. . . ) for a group of raw materials of interest because of their importance in key sectors of the economy. It generally takes into account: (1) the risk of supply restriction of the material, depending on substitutability, recycling rate and governance of the producing countries and (2) the economic importance of the material, depending on its end uses and the value added by these uses to the economy. The methodology and parameters taken into account is changing and unique to each assessment.

• Criticality matrix: diagram representing the economic importance versus the supply risk estimated for a selection of raw materials.

• Crystal chemistry: study of the relationships between the chemical composition of a material and its structure, down to the atomic scale.

• Crystal fractionation: removal and segregation of minerals crystallising from a melt.

• Cuirasse: upper zone of the lateritic duricrust, massive and highly indurated with a pisolitic, nodular or vesicular structure.

• Depletion: impoverishment in incompatible elements resulting from the extraction of a melt.

Glossary

• Hydrothermal: related or denoting processes occurring by the action of hot aqueous fluids, generally between 300 ∘ C and 700 ∘ C.

• Incompatibility: property of an element to concentrate preferentially in the liquid during partial fusion of the mantle.

• Industrial mineral: mineral with interesting properties used in a wide range of industrial and commercial applications.

• Intrusive: rock formed when a magma crystallises underground, in pre-existing formations.

• Ionic potential: ratio between ionic radius and ionic charge, determining some chemical properties of ions in solution. The concept has been developed by [START_REF] Goldschmidt | The Principles of Distribution of Chemical Elements in Minerals and Rocks. the Seventh Hugo Müller Lecture[END_REF].

• Komatiite: ultramafic igneous rock occurring as lava flow, thought to be the result of high degrees of partial melting of the mantle, typically between 30 % and 50 %.

• Laterite: following [START_REF] Schellmann | A New Definition of Laterite[END_REF], laterites are severely weathered residual rocks, composed predominantly of goethite, hematite, aluminium hydroxides, kaolinite and quartz, for which the SiO 2 :(Al 2 O 3 + Fe 2 O 3 ) ratio is lower than that of the kaolinized parent rock (all the Al being present in the form of kaolinite, all the Fe being in the form of Fe oxides and Si being contained in kaolinite and primary quartz). Considering the very broad range of materials which can be included in this definition, the term will only be used in a general way and will never be a defining concept.

• Lateritic profile: a sequence of the regolith composed, from bottom to top of some or all of the following zones: the parental rock, the saprock, the saprolite, the plasmic zone, the mottled zone, the lateritic duricrust, the lateritic gravel and the soil. The presence of a lateritic duricrust, following Schellmann's definition of a laterite [START_REF] Schellmann | A New Definition of Laterite[END_REF], is mandatory.

• Lateritic duricrust: regolith material, located in the upper parts of a lateritic profile, indurated by a ferruginous cement.

• Lewis acid: electron pair acceptor (a Lewis base being an electron pair donor). Hard acids prefer to bind to nonpolarisable bases [START_REF] Pearson | Hard and Soft Acids and Bases[END_REF]. Soft acids prefer to bind to polarisable bases.

• Lherzolite: peridotite dominated by olivine and containing similar proportions of orthopyroxene and clinopyroxene, it is the main component of the upper mantle.

• Lithosphere: rigid outermost layer of the Earth, including the crust and part of the upper mantle.

• Mafic rock: igneous or meta-igneous rock which is rich in magnesium and iron (≃ 20 wt%-35 wt%) and poor in silica (45 wt%-52 wt%). It is generally dominated by mafic minerals (including olivine, pyroxenes, amphiboles or biotite) and typical examples include basalts, gabbros or eclogites. Pyroxenite is considered as a mafic rock in this study.
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• Regolith: first defined by [START_REF] Merrill | A Treatise on Rocks: Rock-Weathering and Soils[END_REF], it is the combination of the Greek words 𝜌𝜖𝛾𝑜𝜍 (rhegos), meaning blanket and 𝜆𝜏 𝜃𝑜𝜍 (lithos), meaning rock. It refers to a heterogeneous layer of unconsolidated or recemented material covering the solid bedrock. This material is formed by weathering, erosion, transport and/or deposition of older material.

• Relative enrichment: chemical, physical or biological removal of material or elements leading to an increase in the relative amount of the remaining elements.

• Saprock: compact and slightly weathered rock overlying the bedrock defined as having less than 20 % of parent minerals altered. The weathering is limited to inter or intramineral fractures or affect a few mineral species, the most weatherables.

• Saprolite: from the Greek words 𝜔𝛼𝜋𝜌𝑜𝜍 (sapros) meaning putrid and 𝜆𝜏 𝜃𝑜𝜍 (lithos), meaning rock [START_REF] Becker | Reconnaissance of the Gold Fields of the Southern Appalachians[END_REF]. Soft rock, formed by weathering of the bedrock and having kept its lithic fabric. More than 20 % of parent minerals are altered. In a weathering profile, it lay just above the saprock.

• Shoshonite: fine-grained mafic igneous rock, sub-type of basalt, formed by eruption of mafic melt resulting from subduction-related magmatism in island arc contexts.

• Speciation: chemical form in which an element occur.

• Supergene: related or denoting processes occurring near the Earth's surface, generally in the first tens of meters, at or near ambient temperature and pressure. These processes are most of the time related to chemical weathering by the activity of descending surface water or gas.

• Soil: unconsolidated mineral or organic matter on the surface of the earth that has been subjected to and shows effects of genetic and environmental factors of: climate (including water and temperature effects), and macro-and microorganisms, conditioned by relief, acting on parent material over a period of time. A product-soil differs from the material from which it is derived in many physical, chemical, biological, and morphological properties and characteristics (Soil Science Glossary Terms Committee, 2008). It is the upper part of the regolith.

• Trace element: element whose concentration in a material is very low, typically below a few hundreds of ppm.

• Transformation front: boundary between two zones of the regolith characterized by different chemical, physical or morphological properties.

• Transition element (or transition metal): an element whose atom has an incomplete d sub-shell, or which can give rise to cations with an incomplete d sub-shell [START_REF] Nič | IUPAC Compendium of Chemical Terminology: Gold Book[END_REF].

• Turbidite: sedimentary layer formed by the action of a turbidity current, an underwater current moving down a slope transporting large amounts of clastic sediment.

Glossary

• Ultramafic rock: igneous or meta-igneous rock with a low silica content ( 45 wt%)and a high magnesium, iron and calcium contents ( 40 wt%) as well as a high proportion of mafic minerals, including olivine, pyroxenes, amphiboles or biotite ( 90 %). Typically, it includes dunites and the diverse types of peridotites. Pyroxenites are excluded from this group in this study.

• Volatile-rich fluid: partial melts resulting from low degrees of partial melting, typically around 0.1 wt%, in the lower part of the lithospheric mantle. Their composition is possibly close from the one of carbonatites. Mantle rocks in contact with such fluids exhibit a strong enrichment in incompatible element, referred to as volatile-rich metasomatism.

• Weathering: any process involving gravity, the atmosphere, hydrosphere or biosphere chemically or physically modifying rocks near ambient temperature and pressure.

• Weathering front: boundary between the unweathered parent rock and the overlying weathered rocks, generally the saprock.

• Websterite: pyroxenite with similar proportions of orthopyroxene and clinopyroxene.

• Wehrlite: peridotite dominated olivine and clinopyroxene, it is considered to be formed by the crystallisation of partial melts.

M. Chassé
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  Figure I.1: A great variety of uses for mineral resources in early human history: (a) a flint biface from Chelles (Île-de-France, France), 300,000 BP, photograph G. Puech, Musée de Préhistoire d'Île-de-France; (b) variscite necklace from Carnac area (Brittany, France), 7000 BP, photograph Musée de Préhistoire de Carnac; (c) Aboriginal stone axe made from metamorphic rock, Sydney area (NSW, Australia), eighteenth century, photograph by P. Ovenden, Australian Museum; (d) Aboriginal rock painting from Kakadu National Park (NT, Australia), 8000 BP, from Archivo Iconografico, SA/Corbis.

Figure I. 2 :

 2 Figure I.2: Evolution in the range of elements used since the eighteenth century, the time axis is indicative, after Zepf et al. (2014).

Figure I. 4 :

 4 Figure I.4: Average prices for selected LREE oxides 99 % minimum (left ordinate) and selected HREE oxides 99 % minimum (right ordinate) in the period 2006-2012, data from Metal Pages (www.metal-pages.com/).

Figure I. 5 :

 5 Figure I.5: Diagram illustrating the diversity of REE deposits in their geological context, from Chakhmouradian & Zaitsev (2012).
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 111 Figure 1.1.1: Variation of the ionic radius of the REE in six-fold coordination, showing the lanthanide contraction from LREE to HREE.

Figure 1 . 1 . 3 :

 113 Figure 1.1.3: An example of a Sc mineral, a gem-quality species of thorveitite from Africa; photograph from Chapman et al. (2008).

Figure 1 . 2 . 1 :

 121 Figure 1.2.1: Two examples of applications of Al-Sc alloys: (a) part of the Russian military aircraft MiG-29 is made of high performance Al-Sc alloys, photograph by K. Grozev; (b) baseball bats made of Al-Sc alloy (www.easton.com).

Figure 1 . 3 . 1 :

 131 Figure 1.3.1: The chicken-and-egg situation in the Sc market.

Figure 1 . 3 . 2 :

 132 Figure 1.3.2: Location of the Sc resources, colours and symbols are indicating the geological context and the status of the Sc production, respectively.

  , in the broad meaning of the term, is well-known in tropical areas as it has been used as a construction material for more than 1000 years. For instance in Southeast Asia, evidence has been found that the Khmer empire, ruling over what is now Cambodia from the ninth century and extending their borders to Thailand up to the thirteenth century, used laterite to build temples, as well as bridges and water infrastructure[START_REF] Hendrickson | Historic Routes to Angkor: Development of the Khmer Road System (Ninth to Thirteenth Centuries AD) in Mainlan Southeast Asia[END_REF]. Temples at Ankgor are the most famous examples of this early use (Figure 2.1.1).
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 211 Figure 2.1.1: Facade of the Ta Keo temple in Angkor (Cambodia), photograph from D. Wilmot.

"

  [L]aterites are mineral assemblages which have formed as a result of intensive subaerial weathering of rocks. . . . [L]aterites are primarily to be regarded as rocks. . . . The laterites are most severely weathered types within the group of residual rocks. . . . They consist predominantly of mineral assemblages goethite, hematite, aluminium hydroxides, kaolinite minerals and quartz. The SiO 2 :(Al 2 O 3 + Fe 2 O 3 ) ratio of a laterite must be lower than that of the kaolinised parent rock in which all the alumina of the parent rock is present in the form of kaolinite (Al 2 Si 2 O 5 (OH) 4 ), all the iron in the form of iron oxides and which contains no more silica than is fixed in the kaolinite plus the primary quartz. . . . [P]ossible contents of secondary silica should be substracted from the total SiO 2 percentage when defining weathering samples on ultramafic rocks [because secondary quartz, chalcedony or opal is often found in this type of laterites.]" This definition has the advantage of including most of the materials used nowadays under the term laterite and giving boundaries to the term. It has been developed for project 129, 'Lateritisation Processes', of the IGCP (International Geosciences Program), a joint venture between UNESCO (United Nation Educational, Scientific and Cultural Organization) and the IUGS (International Union of Geological Sciences), started in 1975. It initiated a renewed interest on laterites, illustrated by the increasing number of publications about this topic from 1975 (Figure 2.1.2) associated with the understanding of the economic importance of laterites all around the world.
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 212 Figure 2.1.2: Number of publication on laterites over the years, from Web of Science™ Citation Report, April 2015.
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 213 Figure 2.1.3: Photographs of lateritic profiles; (a) lateritic bauxite (Al-laterite) abandoned mine, Gánt (Hungary), after HoremWeb; (b) lateritic profile developed on banded iron formation, Mount Whaleback mine (Australia), photograph from BHP Billiton Ltd; (c) Ni-laterite mine in Tiebaghi (New Caledonia), courtesy of J.-L. Robert.

  , showing variations reflecting the mineralogical evolution. Due to their high solubility, Mg, Ca and Na are almost completely leached above the saprolitic zone where most of the primary minerals have been weathered. Potassium is depleted as well as Si through the same process. Iron is enriched all along the profile with the formation of Fe oxides and oxyhydroxides, whereas the Al content, mainly related to the presence of kaolinite and halloysite, reaches a maximum in the mottled Conditions and Processes of Formation of Lateritic Profiles zone before decreasing.

  (Figure 2.2.2). The climate is Mediterranean, with average temperatures around 24 ∘ C. Precipitation rates average 1200 mm • yr -1 to 1500 mm • yr -1 with a dry season lasting five months. The area is composed of low hills with gentle slopes ranging at altitudes from 200 m to 600 m.The parent rocks are granites associated with metadolerites. This bedrock is dominated by quartz, biotite, muscovite (KAl 2 (Si 3 Al)O 10 (OH,F) 2 ) and alkali and plagioclase feldspars. In the saprock, the plagioclase is altered to kaolinite whereas the other minerals stay unaltered. The saprolite is dominated by kaolinite, resulting from the alteration of plagioclase. Gibbsite begins to replace both plagioclase and alkali feldspars by precipitation of the Al leached during the weathering of these minerals. Residual quartz remains undissolved. Minor clay minerals are also formed such as halloysite and smectite. Biotite is altered to kaolinite mainly in the cleavages.
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 221 Figure 2.2.1: Mineralogical evolution of the Akongo lateritic profile (Cameroon) developed over a syenite, after Bilong (1988).
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 222 Figure 2.2.2: General characteristics of the evolution of the Darling Range lateritic profile (W.A., Australia) developed over a granite, after Aleva & Creutzberg (1994) and Anand et al. (1991).

Figure 2 . 2 . 3 :

 223 Figure 2.2.3: Chemical and mineralogical evolution of a paleolateritic profile developed over basaltic parent rocks in Northern Ireland, after Hill et al. (2000).

  are composed of a mixture of fine-grained, poorly crystalline, Ni-bearing Mg phyllosilicates. They are solid solutions between Mg and Ni end-members of serpentine and chlorite mineral groups and Ni-rich talc (Mg 3 Si 4 O 10 (OH) 4 ) and sepiolite (Mg 4 Si 6 O 15 (OH) 2 • 6H 2 O). In the Falcondo saprolite, the garnierites are composed of a mixture of talc-like, serpentine-like and sepiolite-like Mg-Ni solid solutions. These parts contain the highest Ni grade within the profile (Villanova-de Benavent et al., 2014). The plasmic zone, as well as the mottled zone, not recognised by the mine geologists, are located between the top of the so-called soft saprolite and the base of the zone above, called limonitic laterite. This zone also marks the base of the lateritic duricrust. It is composed of goethite, associated with clays, the content of which decreases along the zone. The clay minerals are mainly from the serpentine group. Above, the zone called hematitic laterite is another subdivision of the lateritic profile defined by mine geologists. It is M. Chassé Processes of Scandium Enrichment 2017 dominated by goethite, with irregular pockets of gibbsite and pisoliths of hematite. A ferricrete might be present at the top of the profile, mainly composed of hematite. The concentrations in the major elements vary accordingly to the mineralogy. Magnesium and Si are almost totally depleted along the profile, they remain high up to the saprolite zone, reflecting high contents of serpentine, before being leached as serpentine weathers. Insoluble Fe, leached from primary minerals, increases along the profile with the precipitation of Fe oxides and oxyhydroxides. Aluminium content also increases along the profile, but stays below 10 %. It is leached from the aluminous phases of the ultramafic rocks such as spinel (MgAl 2 O 4 ) and precipitates as gibbsite. Nickel concentrates in the serpentine minerals and the content is highest in the saprolite horizon. Cobalt migrates with Mn oxides and is enriched at the base of the limonitic zone, where Mn oxides occur.

  Ni lateritic ores differ from the other subtypes by the presence of saponite (Ca 0.25 (Mg,Fe) 3 ((Si,Al) 4 O 10 )(OH) 2 • nH 2 O), and more generally smectites, bearing the largest part of the Ni. These deposits are often found in shield areas, for instance over komatiites. The Murrin Murrin deposit (W.A., Australia) is one of the most famous examples and has been described

Figure 2 . 2 . 5 :

 225 Figure 2.2.5: Mineralogical evolution of a lateritic profile overlying a BIF at Capanema mine (Minas Gerais, Brazil), after Ramanaidou (2009) (IT: itabirite, SI: soft itabirite, HB: hematite B horizon, HA: hematite A horizon, WH: weathered hematite, C: Conga horizon, Qtz: quartz, Hm: hematite, Go: goethite, brm: mixture of Al-bearing goethite and hematite).

  tion. Silicon concentration decreases from the parent rock to the lateritic duricrust due to the complete weathering of most of the silicate minerals in these zones; then only quartz remains and Si concentrations decrease due to slow dissolution of quartz and kaolinite. At the top of the profile, Si concentration increases again due to relative enrichment with the resistance of quartz to dissolution and absolute enrichment with the lateral transport of silicate minerals at the top of the profile. Aluminium concentrations are increased by relative enrichment from the parent rock to the bottom of the mottled zone. Aluminium-bearing silicate minerals are weathered but Al solubility is limited and Al is stored in the neoformed kaolinite. The increase of the content of Fe oxides and oxyhydroxides at the expense of clay minerals explains the decreasing Al content in the mottled zone. However, the replacement and dissolution of kaolinite is partly counterbalanced by incorporation of Al in hematite and goethite and the Al content thus is relatively constant in the lateritic duricrust. Aluminium content increases slightly in the uppermost parts of the profile by relative and absolute enrichment in the neoformed gibbsite and Al-rich goethite. Iron content increases slightly from the parent rock to the mottled zone through the dissolution of primary Fe-bearing minerals and the formation of secondary minerals due to the insolubility of Fe. The formation of goethite up to the mottled zone and of hematite, intimately associated with kaolinite, in absence of water above this zone leads to an increase in the Fe concentrations. The relative enrichment due to the weathering of the primary minerals and secondary clay minerals is associated with an absolute enrichment via the water descending from the Fe-rich upper parts of the profile. Iron concentrations are high and stable in the lateritic duricrust and the mineralogical transformations are relatively isochemical. At the top of the profile, the dismantling of the lateritic duricrust leads to a relative and absolute impoverishment in Fe.
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 231 Figure 2.3.1: Mineralogical and geochemical evolution of a ferruginous lateritic profile developed over a felsic bedrock (Fsp: feldspar (alkali + plagioclase), Qtz: quartz, Mca: micas, Kln: kaolinite, Gt: goethite, Hem: hematite, Gbs: gibbsite, L.O.I.: loss on ignition, all the proportions and concentrations are indicative).
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 232 Figure 2.3.2: Mineralogical and geochemical evolution of an aluminous lateritic profile developed over a felsic bedrock (Fsp: feldspar (alkali + plagioclase), Qtz: quartz, Mca: micas, Kln: kaolinite, Gbs: gibbsite, Bhm: boehmite, Gt: goethite, Hem: hematite, L.O.I.: loss on ignition, all the proportions and concentrations are indicative).
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 233 Figure 2.3.3: Mineralogical and geochemical evolution of a nickel lateritic profile developed over an ultramafic bedrock, a serpentinised peridotite (Ol: olivine, Srp: serpentine, Px: pyroxene, Qtz: quartz, Tlc: talc, Chl: chlorite, Sme: smectite, Gt: goethite, Hem: hematite, Mn Ox.: manganese oxides, Gbs: gibbsite, L.O.I.: loss on ignition, all the proportions and concentrations are indicative).
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 311 Figure 3.1.1: Box-and-whisker plot of Sc concentrations in some common lithologies (data from the GEMOC-CCFS laboratory and the GEOROC database, Sarbas & Nohl (2008); 11,846 analyses). The boxes represent the first and third quartiles of the data distribution. The horizontal line represents the median, and the width of the adjacent notches provides the 95 % confidence interval about the median. The 'whiskers' represent the last value before 1.5 times midrange (arithmetic mean of maximum and minimum values) beyond the first or third quartile.
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 321 Garnet Control on the Scandium Budget of the MantleIn mantle-related host-rocks, the proportion of Sc incorporated in garnet is in the range of 65 % to 80 % (Figure3.2.1). A positive correlation is observed between the Sc concentration of the host-rock and the proportion of Sc incorporated in garnet, indicating that garnet incorporates ca 75 % of the Sc content of the host-rock on average (Figure 3.2.2).
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 321 Figure 3.2.1: Average proportion of Sc incorporated in the different mineral phases of garnetbearing lherzolites, harzburgites, pyroxenites and eclogites (n: number of individual rocks analysed; after the only studies of the database reporting the required information: van Achterberghet al., 2001;[START_REF] Grégoire | Garnet Lherzolites from the Kaapvaal Craton (South Africa): Trace Element Evidence for a Metasomatic History[END_REF][START_REF] Ionov | Chemical Variations in Peridotite Xenoliths from Vitim, Siberia: Inferences for REE and Hf Behaviour in the Garnet-Facies Upper Mantle[END_REF][START_REF] Schmickler | Eclogite Xenoliths from the Kuruman Kimberlites, South Africa: Geochemical Fingerprinting of Deep Subduction and Cumulate Processes[END_REF][START_REF] Jacob | Lu-Hf and Geochemical Systematics of Recycled Ancient Oceanic Crust: Evidence from Roberts Victor Eclogites[END_REF][START_REF] Ulianov | Aluminous Websterite and Granulite Xenoliths from the Chyulu Hills Volcanic Field, Kenya: Gabbro-Troctolitic Cumulates Subjected to Lithospheric Foundering[END_REF][START_REF] Appleyard | Petrology and Geochemistry of Eclogite Xenoliths from the Rietfontein Kimberlite, Northern Cape, South Africa[END_REF][START_REF] Gibson | Melt Depletion and Enrichment Beneath the Western Kaapvaal Craton: Evidence from Finsch Peridotite Xenoliths[END_REF][START_REF] Aulbach | Eclogite Xenoliths from the Lace Kimberlite, Kaapvaal Craton: from Convecting Mantle Source to Palaeo-Ocean Floor and Back[END_REF].
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 323 Figure 3.2.3: Distribution of Sc concentration in garnet: (a) Histogram and density plots of the distribution of Sc concentration in garnet adjusted by a Gaussian mixture model to distinguish between the different populations; (b) Histograms of the distribution of Sc concentrations in garnets from mafic host-rock, fertile ultramafic host-rock and depleted ultramafic host-rock. However, within a narrow range of modal garnet contents, no correlation is visible between [Sc] grt and modal content of the host-rock indicating that other parameters account for the variations in [Sc] grt (Figure 3.2.4, enlargement). The fitting of the high-[Sc] grt population by a Gaussian mixture model reveals the presence of two sub-populations (Gaussian components 2 and 3, Figure 3.2.3a), distinguished by the fertility of the host peridotite. The population with the lower [Sc] grt (Gaussian component 2) is associated with fertile host-rocks while the population with the higher [Sc] grt (Gaussian component 3) is associated with depleted hostrocks.
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 324 Figure 3.2.4: Scatter plot of Sc concentration in garnets versus the modal garnet content of the host-rock, an enlargement is shown on the top-right part of the diagram for modal garnet contents corresponding to ultramafic rocks.
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 325 Figure 3.2.5: Variations in the distribution of Sc concentration in garnet with the lithology of the host-rock: (a) Box-and-whisker plots of the distribution of Sc concentrations depending on the lithotype of the host-rock described in the original publications; (b) Box-and-whisker plots of the distribution of Sc concentrations in garnet xenocrysts depending on the garnet classification according to Grütter et al. (2004) (G0: unclassified, G1: low-Cr megacrysts, G3: eclogitic, G5: pyroxenitic, G9: lherzolitic, G10: harzburgitic, G11: Ti-metasomatised, G12: wehrlitic).
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 3 Figure 3.2.6: Influence of temperature and pressure on Sc concentration in garnet: (a) Scatter plot of Sc concentration in mantle garnets versus T Ni , calculated according to Ryan et al. (1996); (b) Scatter plot of Sc concentration in mantle garnets versus T BKN as given in the original publications and estimated according to Brey & Köhler (1990); (c) Scatter plot of Sc concentration in mantle garnets versus P BKN as given in the original publications and estimated according to Brey & Köhler (1990).

  grt+[Fe]grt (Mg#), an indicator of depletion(Figure 3.2.9c). A broadly negative correlation between[Sc] grt and [Si] grt might be related to a lesser incorporation of Sc as the composition shifts towards the majorite end-member (Mg 3 (MgSi)(SiO 4 ) 3 ). The absence of a correlation between [Sc] grt and [Mn] grt reflects the low Mn content in the garnets studied, limiting its effect on crystal chemistry.
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 3329 Figure 3.2.8: Correlation matrix and scatter plots for Sc concentration versus major and minor elements in mantle-derived garnets. Positive (respectively negative) correlations are indicated by red (respectively blue) colour and the direction of the ellipse. The intensity of the correlation is given by the intensity of the colour compared to the colour bar and the narrowness of the ellipse.

Figure 3 .

 3 Figure 3.2.10: Biplot of the two first principal components of the PCA carried out on the Al, Cr, Mg, Ca, Fe, Mn, Si and Sc variables of the mantle-derived garnet database.
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 32 Figure 3.2.11: Correlation matrix and scatter plots for Sc concentration versus trace elements in mantle-derived natural garnets: (a) First-row transition elements and Sc; (b) Sr, high field strength elements and Sc; (c) Rare-earth elements (including Sc). Positive (respectively negative) correlations are indicated by red (respectively blue) colour and the direction of the ellipse. The intensity of the correlation is given by the intensity of the colour compared to the colour bar and the narrowness of the ellipse.

  sociated with PC2. The garnet populations are distributed along two directions, one associated with the HREE and another with the LREE.

Figure 3 .

 3 Figure 3.2.12: Biplot of the first two principal components of the PCA carried out on the Ce, Nd, Sm, Eu, Dy, Er, Yb, Y and Sc variables of the garnet database. The partition coefficient D grt/melt is given for each element according to Johnson (1998).

  grt decreases with increasing (Zr/Sm) N , confirming the effect of metasomatism by silicate melt on [Sc] grt . In contrast, [Sc] grt increases with increasing (Ce/Yb) N , indicating that volatile-rich metasomatism positively affects [Sc] grt (Figure 3.2.13b).

Figure 3 . 2 .

 32 Figure 3.2.13: Scatter plots of Sc relationships to trace elements indicators of fluid-related processes in the mantle: (a) Zr concentration versus Y concentration; (b) (Zr/Sm) N versus (Ce/Yb) N , both ratios have been normalized according to the values provided by McDonough & Sun (1995). The colour of each point depends on the Sc content of the record, from 0 ppm (in blue) to 300 ppm (in red).

ures 3 . 2 .Figure 3 . 2 .

 3232 Figure 3.2.14: Influence of partial melting of a fertile ultramafic mantle estimated from Walter (1998) experiments: (a) evolution of the Sc content of the residue; (b) evolution of the Sc content of the melt; (c) evolution of the modal garnet content; (d) evolution of [Sc] grt .

  [START_REF] Dasgupta | Trace Element Partitioning Between Garnet Lherzolite and Carbonatite at 6.6 and 8.6 GPa With Applications to the Geochemistry of the Mantle and of Mantle-Derived Melts[END_REF] and[START_REF] Corgne | Trace Element Partitioning Between Majoritic Garnet and Silicate Melt at 10-17 GPa: Implications for Deep Mantle Processes[END_REF] for the mantle-related garnet end-members at pressure-temperature conditions representative of the mantle(Figure 3.2.15). They show the variations of the partition coefficient of Sc with crystal chemistry. The low compatibility of Sc in the X or Y sites of the pyrope end-member is expected for each site compared to the grossular end-member (Figure3.2.15a). Expected Onuma diagrams are presented for the Y site for the uvarovite end-member as experimental data are not available. However, this evolution of the curve is expected from the interpretation given above. The addition of Cr and Ca to the pyrope end-member tends to expand the Y site, increasing Sc compatibility in this site(Figure 3.2.15b).

Figure 3 .

 3 Figure 3.2.15: Onuma diagrams (Onuma et al., 1968) showing the evolution of the partition coefficient of trace elements as a function of their ionic radius: (a) X site of garnets (Prp: pyrope, Grs: grossular); (b) Y site of garnets (Maj: majoritic pyrope, Uv: uvarovite). Diagrams for the X site have been obtained from[START_REF] Van Westrenen | Quantifying Garnet-Melt Trace Element Partitioning Using Lattice-Strain Theory: New Crystal-Chemical and Thermodynamic Constraints[END_REF] and[START_REF] Dasgupta | Trace Element Partitioning Between Garnet Lherzolite and Carbonatite at 6.6 and 8.6 GPa With Applications to the Geochemistry of the Mantle and of Mantle-Derived Melts[END_REF], diagram for the Y site of majoritic pyrope is from[START_REF] Corgne | Trace Element Partitioning Between Majoritic Garnet and Silicate Melt at 25 GPa[END_REF] and an expected diagram for the Y site of uvarovite is given to illustrate the influence of Cr and Ca incorporation.

  of fertile garnet compared to depleted garnets. In this way, volatile-rich fluids can be enriched in Sc compared to a depleted mantle. When these fluids ascend in the lithosphere and reach depleted parts of the mantle, the strong compatibility of Sc in depleted garnets and the relatively high Sc concentration of the fluid increases[Sc] grt .
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 331 Mineralogical Controls on the Scandium Budget of the MantleThe distribution of Sc concentration in olivine and pyroxenes distinguishes three populations of grains depending on the nature of the host-rock(Figure 3.3.1).
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 331 Figure 3.3.1: Histograms of the distribution of Sc concentrations in minerals from garnet-bearing host-rock, garnet-free mafic host-rock, garnet-free ultramafic host-rock and extrusive host-rock: (a) olivine; (b) clinopyroxene and (c) orthopyroxene.
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 332 Figure 3.3.2: Median proportion of Sc incorporated by each phase of common mantle-related lithotypes: dunite, harzburgite, lherzolite, wehrlite, pyroxenite and clinopyroxenite. Estimates have been obtained from the database, using the median Sc content and modal proportion of the phase considered for each lithotype.
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 333 Figure 3.3.3: Concentration of Sc versus equilibration temperature of the grains of olivine, orthopyroxene or clinopyroxene.

  3.4). The increasing size of the M2 site in Ca-rich clinopyroxene might also increase the incorporation of Na, balancing the positive charge induced by Sc incorporation. However, a weak negative correlation is again observed between [Sc] cpx and [Na] cpx . No other crystal-chemical influence can be shown from correlations between Sc content and major-element composition of clinopyroxene (Table
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 334 Figure 3.3.4: Scatter plots of Sc versus major-element concentrations in the M2 or T site of clinopyroxene: (a) Sc versus Mg in the M2 site; (b) Sc versus Fe 2+ in the M2 site; (c) Sc versus Ca in the M2 site; (d) Sc versus Al in the T site.
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 335 Figure 3.3.5: Scatter plots of Sc content versus whole-rock contents of major and trace-elements indicators of partial melting: (a) Sc versus Mg#; (b) Sc versus Al 2 O 3 ; (c) Sc versus Ni; (d) Sc versus Y; (e) Sc versus La; (f) Sc versus Yb.
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 336 Figure 3.3.6: Evolution of the whole-rock Sc concentration with the modal content in: (a) olivine; (b) orthopyroxene; (c) clinopyroxene and (d) garnet.

  observe a slight decrease in[Sc] cpx with increasing degree of melt extraction, indicating the mild incompatibility of Sc and a decrease of[Sc] cpx with silicate melt metasomatism. The opposite influence of melt extraction and silicate melt metasomatism is contradictory, implying that Sc is incompatible during partial melting and compatible during reaction with metasomatic silicate melts. Considering the limited impact of crystal chemistry on Sc concentration discussed Insights into the Mantle Geochemistry of Scandium from Meta-Analysis earlier, this difference of behaviour may result from the higher temperature of equilibration of clinopyroxene grains affected by metasomatism. However, such difference could also result from the origin of the metasomatic agent. Silicate melts originating from the garnet stability field of the mantle and percolating up to the spinel stability field of the mantle could be impoverished in Sc due to the compatible behaviour of this element in the garnet facies. In contrast, volatile-rich metasomatism preserves [Sc] cpx , confirming the ability of such fluid to carry significant amounts of Sc, as deduced from the garnet data in the previous section.
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 33 Figure 3.3.7: Scatter plots of Sc relationships to major and trace elements in clinopyroxene indicating fluid-related processes: (a) Mg# versus Al content; (b) (Ti/Eu) N versus (La/Yb) N , both ratios have been normalised according to the values provided by McDonough & Sun (1995). The colour of each point depends on the Sc content of the record, from 0 ppm (in blue) to 90 ppm (in red).
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 33 8a). The median Sc concentrations given in the database for the two closest lithotypes, lherzolites and harzburgites, are in agreement with these values with ca 13 ppm and ca 8 ppm, respectively. The melt is enriched in Sc compared to the residue in the spinel facies, as expected from our interpretation of the incompatible behaviour of Sc at such depths in the mantle(Figure 3.3.8b). In the garnet facies, the range of[Sc] res is ca 10 ppm to ca 18 ppm. Garnet-bearing rocks from the database have a lower median Sc concentration, ca 8 ppm. From the model, we observe a strong difference of Sc behaviour depending on the depth of melting in the garnet stability field and[Sc] res are lower at lower pressures. Most of the whole rocks analysed come from shallow depths in the garnet stability field, which may explain the low concentration observed in the database compared to the range of concentrations obtained in the model. Scandium concentration in the melt is lower M. Chassé Processes of Scandium Enrichment 2017 than [Sc] res in the garnet stability field, in agreement with our interpretation of the compatibility of Sc in this part of the mantle.
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 338 Figure 3.3.8: Evolution of the outputs of the models of partial melting with the fraction of melt: (a) Sc concentration in the residue; (b) Sc concentration in the melt; (c) Sc concentration in olivine; (d) Sc concentration in orthopyroxene; (e) Sc concentration in clinopyroxene; (d) Sc concentration in garnet.

  while Davis et al. (2013) obtained a D cpx/melt Sc of 0.73 from experimental data. This partition coefficient is probably slightly underestimated, explaining the differences obtained between the model and the database. It might also result in an overestimation of the whole-rock incompatibility of Sc in the model. However, partition coefficients higher than 1 have been tested and do not modify the trends observed with the model. Scandium concentration in garnet ranges between ca 70 ppm and ca 200 ppm in the model while the range is ca 50 ppm to ca 200 ppm.

2 O 3

 23 at 1 GPa and 2 GPa follows the trends observed for spinel-bearing ultramafic rocks in the database(Figure 3.3.9). The case of complete consumption of clinopyroxene has not been considered in our models but the kink in the [Sc] WR versus [Al] WR trend at low[Al] WR corresponds to the degrees of partial melting for which the modal clinopyroxene content tends toward zero, in agreement with the expected origin of this kink. These results also explain the origin of the apparent discrepancy between the behaviour of Sc interpreted from garnets and the trends observed for garnet-bearing whole rocks. At low pressures in the garnet stability field, the trends cannot be distinguished from the scatter observed in the spinel stability field, as shown by our model at 3 GPa. Only the high-pressure trends at 5 GPa and 7 GPa are distinct from the trends expected in the spinel stability field. The similarities observed between Sc behaviour in the spinel and garnet stability fields can be related to the depth of sampling of the garnet stability field. Most of the wholerock samples come from the shallowest garnet-bearing zones of the mantle and have low modal garnet content. On the contrary, the majority of the garnet grains analysed in the database are xenocrysts, sampling deeper parts of the mantle where Sc compatibility is more marked, explaining why the interpretations obtained from these grains differ from the ones assessed from whole-rock samples.The trends observed between [Sc] WR and modal mineral contents are also well reproduced by the models in the spinel stability field(Figure 3.3.10). In the garnet stability field, the 3 GPa trend explains the obtained evolution and is close from the trends observed at 1 GPa and 2 GPa explaining why garnet-bearing rocks cannot be distinguished from garnet-free ones. Finally, the variety of trends observed in the evolution of the modal orthopyroxene content explains the poorer correlation obtained with the whole-rock Sc content.
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 3 Figure 3.3.9: Partial melting models of the evolution of Sc concentration versus: (a) Mg#; (b) Al 2 O 3 content.

8.

  Melt extraction tends to decrease Sc content in residual clinopyroxene, as does silicate melt metasomatism. This apparent contradiction is interpreted as resulting from the origin of the melts. Deep melts formed in the garnet facies, where Sc has been shown to be compatible, and precolating higher in the mantle would be impoverished in Sc, leading to decreased Sc content in clinopyroxenes. 9. Volatile-rich fluids on the contrary preserve the Sc content of clinopyroxene, confirming the non-negligible Sc content of such fluids, as expected from the interpretation of garnet data.
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 311 . Rocks formed by crystallisation of such melts are likely to have a good potential to form Sc lateritic deposits. However, the enrichment of material resulting from the simple cooling of this magma in a closed system is still moderate. It could be increased by crystal fractionation and accumulation of minerals with a high D 𝑖/melt Sc in a magmatic chamber regularly refilled by fresh mafic melts. Among common phases susceptible to precipitate in such conditions, only two have partition coefficients high enough to significantly increase the Sc content of the precipitating material compared to the melt: clinopyroxene and amphibole(Figure 3.1.2). Except for rarely occurring specific contexts involving fluids able to complex Sc circulating through Sc-rich materials (see section1.1.3), clinopyroxene or amphibole cumulates should constitute the best parent rock to target for a potential Sc lateritic deposit.

  studied are part of the Syerston-Flemington deposit, in the mining tenement EL 7805 acquired by Jervois Mining Ltd in 2012. This tenement is located near Syerston (New South Wales, Australia), about 380 km west-northwest of Sydney (Figure 4.1.1). The area is located about 10 km from the historical Pt mining town of Fifield. Discovered in 1887, the Fifield Platinum Province produced alluvial Pt and Au, associated with primary platinum group elements (PGE) mineralisation in poorly outcropping ultramafic complexes. About 650 kg of
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 41 1b, exploration area in red). An exploration area has been delimited and the resource has been estimated based on geochemical data obtained from vertical aircore holes. Chip samples were collected at 1 m intervals and analysed for Sc contents. Using those results, the total Sc resource has been estimated to be 3,143,000 t at 434 ppm of Sc on average, representing 1,363 t
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 41 2a and b). It is one sector, part of the Panthalassic 1 margin of Gondwana that extended through Australia, New Zealand, Antarctica and South America(Figure 4.1.3a). Remnants of this system are found in New Zealand, New Caledonia and Papua New Guinea. These orogenic belts are the result of the break-up of the Rodinia supercontinent which existed during the Mesoproterozoic (ca 1,250 Ma-750 Ma) forming the Panthalassan ocean. This break-up was followed by the formation of a passive margin in the Late Neoproterozoic (ca 600 Ma). This margin became convergent and a series of orogenic belts accreted along eastern Gondwana from the Middle Cambrian (ca 515 Ma) until the collision of Gondwana with Laurussia to form Pangea (ca 330 and the subsequent Gondwana-Pangea break-up (ca 227Ma, Glen, 2005). The Tasmanides of Eastern Australia are divided into six provinces, five corresponding to orogenic belts plus a Permian-Triassic (ca 300 
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 411 Figure 4.1.1: Location of the Syerston-Flemington deposit: (a) location on the scale of Australia; (b) location of the EL 7805 mining tenement and the Tout and Owendale complexes identified by aeromagnetic survey and forming the parent rock of the lateritic profiles that constitute the deposit.

ure 4 . 1 .

 41 2b, Goonumbla-Trangie, Molong and Rockley-Gulong Volcanic Belts) which exhibits arc-like signature with a calc-alkaline geochemistry and trace-element patterns indicative of supra-subduction zones. The formation of these belts has been divided in four phases of volcanism occurring between ca 480 Ma and ca 437 Ma and detailed byPercival & Glen (2007) 
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 412 Figure 4.1.2: Geological context of the Syerston-Flemington deposit: (a) present day location; (b) position in Eastern Australia, in regards with the limits of the Tasmanides orogen, the Lachlan Fold Belt and the belts of Ordovician volcanic rocks in the area; (c) geological map of the area with six of the Fifield Complexes (1: Murga Complex, 2: Tout Complex, 3: Owendale Complex, 4: Tresylva Complex, 5: Hylea Complex, 6: serpentinites, 7: Honeybugle Comlex); (d) detail of the Tout Complex with the different lithologies observed after the mapping of Agnew(1987). The location of the drillings JSD-001 and JSD-002 under study is indicated.
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 413 Figure 4.1.3: Paleogeographic reconstructions and model for the evolution of Eastern Australia from the Ordovician to the Silurian: (a) paleogeographic reconstruction of the Earth's surface before the early Ordovician (ca 480 Ma) and the formation of the Macquarie Arc, modified from Foster & Goscombe (2013); (b) models of accretion of the Lachlan fold belt during the Ordovician and the Benambran Orogeny (ca 480 Ma-450 Ma), from Aitchison & Buckman (2012).

  burial and sedimentation can be obtained from large-scale studies. Local studies are more reliable, despite the fact that no study has been carried out in the exact area of the Tout Complex.O'Sullivan et al. (2000) studied an area close to the complex, in east-central New South Wales.Using apatite fission track thermochronology and paleomagnetic results, they show that after a denudation period during the late Paleozoic (until ca 325 Ma), a period of deep burial occurred until the end of the Paleozoic (ca 250 Ma). Several periods of denudation or burial occurred later but the final episode of denudation leading to the exhumation of the present basement occurred during the Cretaceous (ca 70 Ma) or Early Cenozoic (ca 40 Ma).[START_REF] Chan | Evolution of the Girilambone Regolith Landscape, Central-Western New South Wales[END_REF] studied the evolution of the regolith above the Girilambone-group sediments which form the countryrock of the complex. The last period of submersion in the area is dated to the Early Cretaceous (ca 130 Ma) and formed a cover of estuarine to shallow marine sediments. Progressive erosion occurred from the Late Cretaceous (ca 90 Ma) to the Middle Miocene (ca 15 Ma), leading to the exhumation of the buried Girilambrone-group sediments and the associated complexes. Lateritisation of the basement started during the subsequent periods of favourable climatic conditions.

  Ma) and the Middle Miocene (ca 15 Ma), South-East Australia experienced two warm and wet climatic periods favourable to the formation of deep lateritic profiles. The most intense and longest period of warm and wet climatic conditions started during the Paleocene (ca 60Ma) and lasted during most of the Eocene (until ca35 Ma). A second short period of warm and wet climates happened during the Pliocene (ca5 Ma).
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 421 Figure 4.2.1: Diagram illustating the principle of a diamond core drilling.

  Figure D.1.From the cores, a total of 120 samples was collected, 60 for each core. Photographs of each sample can be found in Figures D.2 and D.3. The samples are named JSDX-xxx with X = 1 or 2, corresponding to the number of the core (JSD-001 or JSD-002) and 'xxx' a three digits number corresponding to the depth of collection of the sample in decimetres. For instance, JSD1-280 is a sample from the JSD-001 core collected at 280 dm below the surface. The samples have been collected approximately every 50 cm, either to represent the key horizons detailed in the logging, or to sample unusual veins or textures inside a horizon or immediately below or above the different levels to sample the textural changes. In this way, the vertical heterogeneity of the laterite is well accounted for and it is possible to study in detail the geochemical, mineralogical and crystal-chemical evolution of Sc along the profile. The insights into horizontal heterogeneities are limited, because only two cores could be sampled. Lateral variations, if they exist, will be accounted for by comparing our results to geochemical analyses ordered by Jervois

Figure 4 . 2 . 2 :

 422 Figure 4.2.2: Diagram representing the different horizons identified for the JSD-001 (a) and JSD-002 (b) cores. The terminology used to describe those profiles is the most commonly accepted by petrologists for a lateritic regolith, as detailed in section 2.1.2.

  ) The samples have been placed in a desiccator containing ethylene glycol at the base at 60 ∘ C overnight. (3) The samples have been heated at 400 ∘ C M. Chassé Processes of Scandium Enrichment 2017 for 1 h. (

  Twenty mL of 0.25 mol • L -1 NH 2 OH • HCl in 0.25 mol • L -1 HCl have been added to the residue obtained after extraction of the adsorbed and exchangeable fraction. The centrifuge tube has been capped, vortexed for 10 s and placed in a water bath at 60 ∘ C for 2 h with the cap loosened. Every 30 min, the centrifuge tube has been closed and vortexed. The suspension has been centrifuged for 10 min at 5000 rpm and the supernatant liquid has been decanted and placed into a new labelled test tube. The residue has then been rinsed with 5 mL of Milli-Q® water, vortexed for 10 s and centrifuged again 10 min at 5000 rpm. The operation has been repeated twice and the supernatant has been added to the test tube. These steps have been repeated for a second leaching of the residue with only 30 min in the water bath.Crystalline Iron Oxide FractionThirty mL of 1.0 mol • L -1 NH 2 OH • HCl in 25 % CH 3 COOH have been added to the residue obtained after extraction of the amorphous Fe oxide fraction. The centrifuge tube has been capped, vortexed for 10 s and placed in a water bath at 90 ∘ C for 3 h with the cap on tightly.

  areas of the polished sections at the Geochemical Analytical Unit (GAU) in the CCFS-GEMOC and the Department of Earth & Planetary Sciences at Macquarie University. Analyses were performed using a Photon Machine Excite 193 nm ArF Excimer laser attached to an Agilent 7700 ICP-MS system. Beam size ranged between 10 µm and 60 µm at a pulse rate of 5 Hz and an energy density of 3.0 J • cm -2 to 4.4 J • cm -2 . Each analytical sequence started with 60 s of background, 120 s during ablation and 30 s of washout. NIST SRM610 was used as an external standard and 43 Ca was taken as the internal standard for clinopyroxene, Ca-bearing silicate clays and apatite, 27 Al was used for Al-bearing Fe oxides and Al oxyhydroxides, 29 Si was used for Ca-poor silicate clays, quartz and amorphous silica and 57 Fe was used for Al-poor Fe oxides. The data reduction softwareGLITTER 4.4 (Griffin et al., 2008) was used to calibrate the fractionation induced by ablation, transportation and excitation processes and the matrix effect. Samples of standards BCR-2G, NIST SRM610 and LCR-1 were included as unknown samples in each batch for quality control. The standard LCR-1 standard is an in-house chromite standard. It was used to check the quality of the measurements for Fe-rich samples.

Figure 4 .

 4 Figure 4.3.1: X-ray absorption spectrum of Sc 2 O 3 at the Sc K -edge illustrating the different regions observed: (a) pre-edge; (b) XANES; (c) EXAFS.

Fe 2 O

 2 3 • 0.5H 2 O was precipitated by adding 50 mL 1.35 mol • L -1 NaOH to 25 mL 0.5 mol • L -1 Fe(NO 3 ) 3 and 25 mL of 1 mmol • L -1 ScCl 3 solutions. The suspension was then diluted to 1 L with a 33 mmol • L -1 NaOH solution. The solution was heated to 65 ∘ C in a water-bath for 48 h, transforming the Fe 2 O 3 • 0.5H 2 O suspension into a precipitate of goethite. The solid product was separated by centrifugation, washed at 45 ∘ C for 2 h in a 3 mol • L -1 H 2 SO 4 solution to remove any adsorbed Sc and dried at 45 ∘ C for 24 h giving 1 g of Sc-substituted goethite.

  The crystal structure of the mineral phases obtained has been characterized by. The amount of Sc incorporated in the crystal lattice of Sc-substituted goethite and hematite and of Sc adsorbed on goethite, hematite and montmorillonite has been determined by ICP-MS following the method described above. Standard solutions of ScCl 3 with (0.1, 0.5, 1, 5, 10, 50 and 100) ppb Sc were prepared by dilution of commercial 99.99 % ScCl 3 powder and used instead of BCR-2 as calibration standards to correct for instrument sensitivity.

  of the dunitic part of the saprock(Figure 5.1.1a, 28 m) indicates the presence of major opal-CT, identified by the broad peak at 4.12 Å with two shoulders around 4.3 Å and 4.5 Å. Two minor Fe oxides are also identified, hematite from the [104],[110] and [113] reflections at 2.70 Å, 2.52 Å and 2.20 Å, respectively, and magnetite or maghemite from the[220],[311] and [400] reflections at 2.95 Å, 2.52 Å and 2.09 Å, respectively. Minor clinopyroxene is identified from the [ 221] reflection at 2.99 Å and explains the small features observed at ca 3.2 Å and ca 3.4 Å. The presence of clay minerals is indicated by the peaks at low angle but their interpretation is ambiguous using simple powder XRD pattern. To overcome this issue, XRD patterns obtained on clay oriented aggregates after air drying, ethylene glycol treatment, heating at 400 ∘ C and heating at 550 ∘ C have been interpreted according to identification keys developed by[START_REF] Brindley | Crystal Structures of Clay Minerals and Their X-Ray Identification[END_REF]. In the dunitic saprock (Figure 5.1.2a), the peaks observed at ca 7.4 Å correspond to the basal [001] reflection of halloysite-7 Å. The evolution with the different treatments is diagnostic of this mineral, with no change after ethylene glycol treatment, a collapse at ca 7.3 Å after heating at 400 ∘ C and destruction at 550 ∘ C. The basal [001] reflection around 16 Å is attributed to smectite considering the expansion around 17 Å after ethylene glycol treatment and the collapse around 11 Å after heating. The basal reflection before treatment is usually located between 14 Å and 15 Å, but the low clay content and the broadness of the peak introduces a large uncertainty on the exact position of the peak which may explain the difference observed. A basal [001] reflection with an even lower intensity is found around 10 Å. It remains after the ethylene glycol treatment and cannot be identified after the heat treatment. The low content makes identification uncertain but it may correspond to halloysite-10 Å or to an interstratified clay mineral. In the saprolite-saprock horizon formed from a pyroxenite parent rock (Figures 5.1.1a, 26 m and b, 29.2 m), XRD patterns indicate that the dominant mineral is a clinopyroxene according to the main [ 211] reflection at 2.99 Å. All the other sharp peaks can also be attributed to clinopyroxene. Minor to trace hematite is identified from the [104] reflection at 2.69 Å. Rare levels contain peaks at 2.70 Å, 2.46 Å, 3.01 Å, 1.61 Å and 4.26 Å which can only correspond to the [420], [422], [400], [642] and [220] reflections resulting from the presence of minor andradite garnet. Clay minerals are indicated by a broad peak around 15 Å which could correspond to the basal [001] reflection of a smectitic clay. Sometimes, a peak at 7.28 Å is identified, probably the basal reflection of a polymorph of kaolinite. The poor resolution of the large peaks observed at ca 7.5 Å and ca 6.5 Å prevent their identification. They probably correspond to trace poorly crystalline phases or clay minerals. Calcite has been identified in several samples of this horizon by the [104] reflection at 3.03 Å (Figure 5.1.1b, 26.2 m). Minor 𝛼-quartz has also been identified in some samples from the superimposed [011] and [101] reflections at 3.34 Å. In the plasmic zone and strongly weathered saprolite (Figures 5.1.1a, 20.5 m and b, 25.5 m), XRD patterns are dominated by reflections from a clay mineral, identified from the basal [001] reflection located around 15 Å and the [00c] reflections found at higher angles in the pattern. X-ray diffraction patterns on oriented aggregates indicate that this mineral is a smectite, according to the evolution of the basal [001] reflection around 15 Å (Figure 5.1.2b), expanding around 17 Å after ethylene glycol treatment and collapsing around 10 Å after heating. The presence of a weak peak around 5 Å, visible in the richest samples after heating and the position of the [060]

[

  004] and [006] reflections of vermiculite. The peak at ca 8.5 Å does not correspond to the basal reflection of a clay mineral but to the [110] a variety of Ca-rich amphibole, forming a solution series between Mg-rich tremolite (Ca 2 Mg 5 Si 8 O 22 (OH) 2 ), actinolite (Ca 2 (Mg,Fe 2+ ) 5 Si 8 O 22 (OH) 2 ) and ferroactinolite (Ca 2 Fe 5 Si 8 O 22 (OH) 2 ). This species can be identified in the powder XRD pattern by the [310] and [151] reflections at 3.12 Å and 2.70 Å, respectively. In addition to clay minerals, several iron oxides are identified on powder XRD patterns: hematite and magnetite or maghemite from the reflections already observed for the XRD pattern of the serpentinised dunite. Minor 𝛼-quartz is also identified from the 3.34 Å peak. Trace anatase is expected to be present according to the tiny peak corresponding to the [101] reflection at 3.53 Å. The presence of poorly crystalline Al-bearing goethite is suggested by a shoulder on the [002] reflection peak of smectite, at ca 4.18 Å, corresponding to a slightly shifted [101] reflection of pure goethite due
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 511 Figure 5.1.1: Evolution of the XRD patterns along the lateritic profiles: (a) JSD-001 and (b) JSD-002. The main peaks associated to each phase are indicated using the following abbreviations: adr: andradite, ant: anatase, bhm: boehmite, cal: calcite, di: diopside, dol: dolomite, gbs: gibbsite, gt: goethite, hem: hematite, kln: 'disordered' kaolinite polymorph, lph: lithiophorite, mag: magnetite or maghemite, op-CT: opal-CT, qz: quartz, sme: smectite, tdk: todorokite.

  5 Å corresponding to the[006] and [003] reflections of lithiophorite. Some other levels reflect the precipitation of calcite and quartz. Finally, a small peak around 7.3 Å and broad peaks above 10 Å correspond to clay minerals identified by XRD on oriented clay aggregates. The main peak observed is located at ca 7.3 Å and is not affected by ethylene glycol treatment or heating at 400 ∘ C but is destroyed at 550 ∘ C, indicating the presence of a polymorph of kaolinite(Figure 5.1.2c). When the ca 7.3 Å peak is intense enough, the basal reflections associated with this mineral are diffuse and 'tailed', indicating layer stacking disorder. The position of diagnostic reflections on powder XRD patterns, such as the [20 2] and[1 31] reflections located at ca 2.34 Å tends to indicate the presence of kaolinite. However, distinction between kaolinite and its polymorphs, dickite and nacrite, from the position of the [hkl] reflections can be controversial. Minerals exhibiting these XRD patterns corresponding to kaolinite polymorph with diffused and 'tailed' basal peaks are often referred to as 'disordered kaolinite'. This denomination will be kept for the rest of this discussion. The broad peak around 12 Å is weakly affected by ethylene glycol treatment and heating. Its position does not allow the identification of any specific clay mineral but tends to indicate the presence of interstratified clay minerals. The presence of broad peaks above 20 Å confirms the presence of interstratified clay minerals.In the cuirasse of the lateritic duricrust, XRD patterns are still dominated by Fe oxides and oxyhydroxides(Figures 5.1.1a, 14.9 m and b, 12.1 m). In the bottom parts of this level, kaolinite polymorphs are still present but their content decreases in the top parts of this horizon. Peaks of iron oxides and oxyhydroxides show an enrichment in Al. Compared to the main zone, slight shifts towards an enrichment in Al are observed for both hematite and goethite. In addition, gibbsite becomes predominant at the top of this level as indicated by the 4.85 Å peak, corresponding to the [002] reflection. Anatase peaks also become clearly visible. Broad peaks at low angles, are identified as residual interstratified clay minerals from XRD patterns on oriented aggregates.Transported-Residual Lateritic DuricrustIn the mixed transported-residual lateritic duricrust, XRD patterns are qualitatively similar to those from the rest of the lateritic duricrust(Figures 5.1.1a, 6.5 m and b, 7.2 m). No other phases have been identified on powder XRD patterns. Only XRD on oriented aggregates exhibit differences. In particular, the nature of the kaolinite polymorph identified through the presence of a peak at ca 7 Å differs from the polymorph in the lateritic duricrust(Figure 5.1.2d). The position of the peak is shifted at 7.4 Å, and heating at 400 ∘ C leads to a collapse to 7.3 Å, indicating the presence of halloysite-7 Å. Various broad peaks appear above 10 Å, with com-M. ChasséProcesses of Scandium Enrichment 2017 plex behaviour during treatment and poorly resolved positions, most probably indicating the presence of interstratified clays. However, the low clay content prevents further identification.Lateritic GravelIn the lateritic gravel(Figures 5.1.1a, 2.2 m and 0.6 m, and b, 1.5 m and 0 m), in addition to the phases identified previously, boehmite is identified from the presence of the [001] reflection at 6.11 Å.
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 512 Figure 5.1.2: X-ray diffraction patterns of oriented clay aggregates after separation, ethylene glycol treatment, heating at 400 ∘ C and heating at 550 ∘ C: (a) JSD1-006; (b) JSD1-149; (c) JSD1-230; (d) JSD1-280. The clay phases identified are abbreviated as follow: hly-7 Å: halloysite-7 Å, kln: 'disordered kaolinite', sme: smectite, vrm: vermiculite. The bracketed distances correspond to the respective position of the basal peak of the given clay phase after the following treatments: air drying, ethylene glycol treatment, heating at 400 ∘ C and heating at 550 ∘ C.
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 513 Figure 5.1.3: Rietveld refinement of XRD patterns selected from the different horizons exhibiting the greatest diversity of phases: (a) JSD1-292; (b) JSD1-220; (c) JSD1-190; (d) JSD1-154; (e) JSD2-045; (f) JSD1-003. The phases refined are abbreviated as follow: adr: andradite; ant: anatase; bhm: boehmite; cal: calcite; di: diopside; dol: dolomite; gbs: gibbsite; gt: goethite; hem: hematite; kln: kaolinite; mgh: maghemite; qz: quartz; sme: smectite.
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 514 Figure 5.1.4: Evolution of the proportions of the mineral phases along the lateritic profiles estimated from Rietveld refinement of XRD patterns: (a) JSD-001; (b) JSD-002 (adr: andradite, ant: anatase, bhm: boehmite, cal: calcite, di: diopside, dol: dolomite, gbs: gibbsite, gt: goethite, hem: hematite, kln: kaolinite, lph: lithiophorite, mgh: maghemite, op-CT: opal-CT, qz: quartz, sme: smectite, srp: serpentinite, tdk: todorokite, vrm: vermiculite).
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 515 Figure 5.1.5: Evolution of the unit-cell volume of geothite (gt) and hematite (hem) along the lateritic profiles estimated from Rietveld refinement of XRD patterns: (a) JSD-001; (b) JSD-002.

  pathway of formation. The formation of maghemite may indicate the leaching of ferrous Fe during dissolution of clay leading to the precipitation of lepidocrocite, the precursor of the observed maghemite.Calcite and quartz veins are attributed to reprecipitation from saturated fluids circulating in the cracks of the saprolite and plasmic zone. These phases are only present at the boundary between the saprolite and the lateritic duricrust and not in the saprock horizon; this tends to exclude their formation by the circulation of hydrothermal fluids during the late phases of emplacement of the primary rock. These phases are expected to form from the dissolution of primary minerals and concentration of Ca or Si in fluids circulating in the lateritic regolith during development of the lateritic profile. The dissolution of smectite and presence of carbonates is considered as an indicator of (paleo-)water tables[START_REF] Nesbitt | Formation and Diagenesis of Weathering Profiles[END_REF]. The dissolution of smectite in the mottled zone probably indicates the depth at which the profile is affected by fluctuations of the water table.

  In the mottled zone, 'disordered' kaolinite becomes the dominant clay mineral at the expense of smectite. The decreasing water activity is responsible for the destabilisation of smectite and leaching of the most soluble elements when in contact with circulating waters during wet periods. The remaining Si and Al precipitates in the form of kaolinite while the accumulation of Fe continues in the form of Al-bearing Fe (oxyhydr)oxides. Trace anatase indicates either the leaching and reprecipitation of Ti from the primary minerals or the alteration of primary Ti oxides to anatase. Saturated fluids still circulate in this part of the profile with the destabilisation of clays lead to the precipitation of a Mn oxide (todorokite), carbonates (calcite and dolomite) and quartz.

2 .

 2 The first steps of alteration of the clinopyroxenite, forming the saprock, are an isovolumetric dissolution of diopside and precipitation of smectite, suggesting a topotactic replacement. The precipitation of smectite indicates poor drainage at the base of the profiles studied. 3. The dissolution of primary minerals intensifies upward from the saprolite to the plasmic zone with the complete disappearance of diopside and the dominance of smectite, associated with neoformed minor Fe oxides and oxyhydroxides: goethite, hematite and maghemite. They precipitate as a result of the relative accumulation of Fe at the expense of more soluble elements. The precipitation of maghemite tends to indicate reducing conditions with the presence of both ferrous and ferric Fe allowing the precipitation of lepidocrocite, later altered to maghemite. Precipitation of quartz and carbonates occurs from saturated fluids, confirming the poor drainage in this zone of the profile. 4. The mottled zone is marked by the dissolution of smectite indicating the zone of fluctuation of the water table. Kaolinite replaces smectite while accumulation and precipitation of Fe in the form of hematite and goethite continues. 5. The main zone of the lateritic duricrust is composed of an assemblage of kaolinite, goethite and hematite. A constant process of dissolution-reprecipitation of the Fe oxides is shown by increasing substitution of Al for Fe in their crystal structure. 6. The presence of a cuirasse horizon in one profile is characterised by the replacement of kaolinite by gibbsite. This indicates intense rainfall and better drainage compared to the other profile. Better drainage may also explain the lesser development of the saprolite and plasmic zone in this profile. 7. Mineralogical differences between the transported-residual lateritic horizon and the lateritic duricrust are limited but the reappearance of kaolinite and the increasing quartz and dolomite proportion reflect the presence of detrital materials. 8. The presence of a lateritic gravel at the top of the profiles indicates the dismantling of the lateritic profile. It is marked by significant proportions of quartz, indicating increasing detrital input. This level is also characterised by the replacement of goethite by maghemite indicating the existence of bushfires and by extremely low water activities, indicated by the presence of boehmite. Processes Deduced from Major-and Trace Elements The evolution of major-element contents along the lateritic profile (Figures 5.2.1 and 5.2.2) reflects the mineralogy detailed above (see section 5.1). Saprock In the saprock (from 21.5 m to 27.4 m in the JSD-001 core and from 27 m to 32 m in the JSD-002 core), concentrations are representative of the dominance of clinopyroxene: SiO 2 , CaO and MgO are the main components (ca 50 wt%, ca 20 wt% and ca 15 wt%, respectively). Clinopyroxene is nominally anhydrous and the non-negligible loss on ignition (3 wt% to 5 wt%) reflects the presence of minor hydrous minerals, identified by XRD as smectite, showing the initiation of clinopyroxene weathering. Major Fe and Al are also present, as a result of substitutions in the clinopyroxene structure (6 wt% to 10 wt% Fe 2 O 3 and ca 2 wt% Al 2 O 3 ). Variations in Fe content may result from the varying progress of the process of the dissolution of clinopyroxene leading to the precipitation of Fe oxides along with clay minerals. In the levels where andradite has been identified, an expected enrichment in Fe and Al and impoverishment in Si and Mg are observed (e.g., 26 m, JSD-001 core). Variations in Sc content are limited in this horizon (ca 100 ppm). The highest Sc concentrations are observed in the presence of andradite, reaching 150 ppm (26 m, JSD-001 core).

2 O 3

 23 content in the JSD-001 core (around 10.5 m), associated with the dominance of gibbsite. This level marks the most intense stage of the lateritisation process experienced by this profile and may have formed a protective cap, limiting the allochtonous input in the inherited laterite.Above this level, Al 2 O 3 and SiO 2 contents increase slightly (from ca 17 wt% to ca 20 wt% on average and from ca 5 wt% to ca 10 wt% on average, respectively) while Fe 2 O 3 content is roughly constant and the loss on ignition decreases (from ca 15 wt% to ca 10 wt%). The transition to the transported-residual lateritic horizon is less clear in the JSD-002 core. A first peak in Al 2 O 3 content is associated with the presence of lithiophorite, a Mn oxide (around 10 m), often found in the mottled zone of lateritic profiles. A second peak is observed around 7 m and corresponds to the presence of gibbsite. The distinction between an autochtonous profile and an allochtonous profile in the JSD-002 core is less clear and most of the laterite may be affected by allochtonous input. The absence of a cuirasse in the lateritic duricrust of this profile may have resulted in a lesser protection of the profile explaining the difference from the JSD-001 core. A second factor may be the greater accumulation of detrital input associated with the poorer drainage of the JSD-002 profile, while this detrital input is more efficiently leached in the better-drained JSD-001 profile. In terms of Sc contents, the transported-residual lateritic duricrust is also distinguished by a marked decrease in Sc concentrations, from ca 500 ppm to ca 200 ppm on average in the JSD-001 core. This trend is blurred in the JSD-002 core by the large variability of Sc contents, presumably due to the greater input of allochtonous material. However, the average concentrations obtained from the petrographic delimitation of the transported-residual lateritic horizon indicate a decrease in Sc concentrations from ca 500 ppm on average to ca 300 ppm on average.
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 2521 Figure 5.2.1: Evolution of the concentrations of selected major oxides (SiO 2 , TiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO, CaO), Sc and loss on ignition along the JSD-001 lateritic profile.
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 522 Figure 5.2.2: Evolution of the concentrations of selected major oxides (SiO 2 , TiO 2 , Al 2 O 3 , Fe 2 O 3 , MgO, CaO), Sc and loss on ignition along the JSD-002 lateritic profile.
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 524 Figure 5.2.4: Evolution of the concentrations in selected trace elements (Mn, Ni, Co, Li, Ba, Ce and Sc) along the JSD-002 lateritic profile.

  , based on[START_REF] Gresens | Composition-Volume Relationships of Metasomatism[END_REF]'s work has been applied to evaluate element redistribution along the lateritic profiles under study. The method is based on the choice of elements considered as immobile during alteration to determine the variations in the concentrations of other elements in altered samples relative to the concentrations in the parent rock (details are given in Appendix G).The composition of the unaltered parent rock has been chosen by combining considerations on mineralogy and geochemistry. Even the deepest levels of each profile are slightly altered, making the determination of the exact parent rock concentrations difficult. However, in the saprock, several samples contain only trace clay phases, indicating weak alteration. Among these samples, samples for which andradite or actinolite have been detected by XRD have been considered as unrepresentative of the parent rock and removed. Most of the samples from the saprock do not contain detectable levels of these minerals. From the remaining samples, the richest in Mg and Ca and poorest in Fe has been selected as the closest to the parent rock, considering that Mg and Ca are the first elements to be leached while Fe is mostly immobile during early stages of alteration. The samples JSD1-240 and JSD2-310 have been selected as representative of the typical parent rock for the JSD-001 and JSD-002 profiles, respectively.The choice of immobile elements has been made from Grant (1986)'s isocon diagrams giving the concentration of the elements considered in the altered sample versus their concentration in the parent rock. In such diagrams, ideal immobile elements will form a line, called an isocon, passing through the origin whatever the degree of alteration considered. Representative isocon diagrams are shown for the main horizons of each lateritic profile(Figures 5.2.5 and 5.2.6). The choice of immobile elements is always a matter of debate but, despite not being ideal, Ti, Zr and
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 525 Figure 5.2.5: Isocon diagrams for selected levels representative of the corresponding horizon in the JSD-001 lateritic profile. They give the concentrations of selected elements in an altered sample versus their concentrations in the corresponding unaltered sample (C A : concentration of the altered sample, C 0 : concentration of the unaltered sample). Altered samples selected are representative of the: (a) plasmic zone (JSD1-208); (b) mottled zone (JSD1-195); (c) main zone (JSD1-164) and (d) cuirasse (JSD1-130). The sample least altered in the saprock (JSD1-240) has been selected to represent the concentration of the unaltered parent rock. Concentrations in Si, Al, Fe, Mg and Ca are given in wt% oxide / 10. Concentrations in Ti and Mn are given in %. Concentrations in Ba, Cr, Co and Ni are given in ‰. Concentrations in V, Zr, Ce and Sc are given in ppm / 100. Concentrations in Li, Ga, La, Nd and Y are given in ppm / 10. Concentrations in Ta and Th are given in ppm • 10. Other concentrations are given in ppm.
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 526 Figure 5.2.6: Isocon diagrams for selected levels representative of the corresponding horizon in the JSD-002 lateritic profile. They give the concentrations of selected elements in an altered sample versus their concentrations in the corresponding unaltered sample (C A : concentration of the altered sample, C 0 : concentration of the unaltered sample). Altered samples selected are representative of the: (a) saprolite (JSD2-252); (b) mottled zone (JSD2-200); (c) main zone (JSD2-165) and (d) cuirasse (JSD2-130). The sample least altered in the saprock (JSD2-310) has been selected to represent the concentration of the unaltered parent rock. Concentrations in Si, Al, Fe, Mg and Ca are given in wt% oxide / 10. Concentrations in Ti and Mn are given in %. Concentrations in Ba, Cr, Co and Ni are given in ‰. Concentrations in V, Zr, Ce and Sc are given in ppm / 100. Concentrations in Li, Ga, La, Nd and Y are given in ppm / 10. Concentrations in Ta and Th are given in ppm • 10. Other concentrations are given in ppm.
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 52 7 and 5.2.8 and confirm qualitatively the evolution of major-and trace-element concentrations discussed above. In the JSD-001 profile, the leaching of mobile elements, such as Si and Ca, already discussed, is already under way from the bottom of the saprolite, with slight rebounds associated with precipitation from saturated fluids. In contrast, Fe and Al are mainly immobile up to the mottled zone. In this zone, significant accumulations are observed, either indicating lateral or vertical mobility of these elements. The continuous process of dissolutionreprecipitation of Fe oxides and the progressive dissolution of kaolinite leads to a mobilisation of these elements during lateritic weathering. Even if limited, it creates the accumulation observed in the lower levels of the lateritic duricrust. Mass balance calculations confirm the common behaviour of Mn, Ni and Co, leached in the lateritic duricrust and accumulated at the base of the profile, in the mottled zone for Mn, Ni and Co and in the plasmic zone and saprolite for Ni, confirming its redistribution and trapping by smectites. Finally, Sc is mostly immobile up to the lateritic duricrust. Absolute accumulations are correlated with Fe accumulation, confirming the efficiency of Fe oxides at trapping Sc. The low mobility of Sc during lateritic alteration results in a relative enrichment due to intense leaching of most other elements. Mass balance results for REE are correlated with Sc except in the saprolite and plasmic zone.The JSD-002 profile is more difficult to interpret with noisy variations. The general trends are similar in the lower levels but variations in the upper levels indicate a relative immobility of most of the elements, except for Si and Ca up to the most surficial levels, with alternating accumulation and leaching. As discussed above, the lateritic duricrust in this profile seems constantly modified along the profile by lateral inputs, more or less enriched in different chemical elements.
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 527 Figure 5.2.7: Variations of selected major-(Si, Ca, Fe, Al) and trace-element (Mn, Ni, Co, La, Yb and Sc) concentrations relative to their parent-rock concentrations along the JSD-001 lateritic profile determined using the isocon method. The composition of the JSD1-240 sample is taken as representative of the parent rock and Ti, Zr and Nb are considered as immobile during alteration.
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 528  Ca, Fe, Al) and trace-element (Mn, Ni, Co, La, Yb and Sc) concentrations relative to their parent-rock concentrations along the JSD-002 lateritic profile determined using the isocon method. The composition of the JSD2-310 sample is taken as representative of the parent rock and Ti, Zr and Nb are considered as immobile during alteration.

  Processes of Scandium Enrichment Deduced from the General Geochemical EvolutionThe enrichment of the parent clinopyroxenite is a key factor in the formation of the Sc lateritic deposit. The parent rock is indeed unusually enriched compared to average crustal concentrations(ca 21.4 ppm, Rudnick & Gao, 2014) and even the median Sc concentration in clinopyroxenites, ca 40 ppm (see section 3.1). Further Sc concentration by hydrothermal fluids having circulated in the parent complex during its emplacement may amplify this primary Sc enrichment, as indicated by the high Sc concentration in andradite-rich levels. Considering the correlation observed between low Sc concentration and high detrital input in the upper parts of the lateritic profile, the main contributor to Sc enrichment seems to be the clinopyroxenite bedrock while any significant input of Sc from allochtonous material is excluded. The dunitic part of the bedrock is also expected to have a negative impact on Sc concentration in the lateritic profile considering the low concentrations observed (ca 10 ppm).In the first stages of alteration of the clinopyroxenite, leading to the formation of smectite along with trace to minor Fe (oxyhydr)oxides, Sc concentrations reach 300 ppm and isocon analyses indicate that it is immobile. Increasing Sc concentrations result from a relative enrichment process with the intense leaching of major mobile ions such as Ca 2+ and Mg 2+ while Sc seems to be efficiently trapped by a mechanism involving one or more of the neoformed minerals. By contrast, carbonate-rich zones in the saprolite and plasmic zone are associated with loss of Sc mass and low Sc concentrations, indicating that carbonates are not significant hosts to Sc and that carbonated fluids are inefficient at transporting Sc in lateritic contexts. The same conclusions apply to quartz-rich zones. The efficiency of Mn oxides to trap Sc cannot be excluded as high Sc contents (up to ca 600 ppm) and absolute Sc enrichment are found in presence of todorokite in the mottled zone of the lateritic profile. The potential role of Mn (oxyhydr)oxides
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 52 Figure 5.2.11: Evolution of the rare-earth element patterns in the main horizons identified along: (a) the JSD-001 lateritic profile; (b) the JSD-002 lateritic profile. The white line gives the median pattern of the horizon. The range of patterns is delimited by the first and third quartile pattern for each horizon.

  Approaches to the Identification of Scandium CarriersIn order to be able to evaluate Sc concentrations at local scales and correlates them with the nature of the phases in presence, thin and polished sections have been prepared and analysed combining petrographic microscopy, EDX analyses on SEM, EMP and LA-ICPMS analyses.Detailed results are given in Appendix H. Only results from representative areas of thin or polished sections from each horizon of interest are presented in this section to demonstrate the nature and importance of each Sc carrier.Parent RockResults from the dunitic parent rock are only presented for the record in Appendix H, as wholerock geochemistry revealed low Sc contents, demonstrating the improbability of forming a Sc lateritic deposit from such parent rock. No significant Sc-bearing phase could be found, confirming whole-rock results.Detailed petrographic microscopy has been carried out on the freshest clinopyroxenitic saprock samples. In plane-polarised light (PPL), the thin-and polished sections are dominated by irregular and colourless grains of up to 2 mm across, constituting most of the surface of the sections analysed (cpx,Figure 5.3.1a). They are pyroxenes as deduced from the prismatic shape, the numerous fractures and 90 °cleavages. The moderate birefringence and the inclined extinction of these pyroxenes indicate they are clinopyroxene, as expected from powder XRD and whole-rock analyses. Some elongated minerals are present in interstitial positions (bt,Figure 5.3.1b). They are rarely preserved and only relict flakes are visible. In rare preserved relicts, the presence of cleavages in the elongation direction, the brownish colour and pleochroism in PPL are diagnostic of biotite. Rare phases of small size and prismatic shape, sometimes included in clinopyroxene, and opaque in PPL, are presumably oxides. Their inclusion in clinopyroxene may indicate a primary origin. The freshest saprock has been chosen for thin sections but weathering is visible, explaining the appearance of the thin sections, which exhibit a dark reddish-brown coating (Fe oxide coating,Figure 5.3.1b). This coating is attributed to trace Fe oxides or oxyhydroxides.
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 531 Figure 5.3.1: Petrographic images of a thin section from the parent clinopyroxenite (JSD2-320): (a) representative area showing the dominance of clinopyroxenes (cpx, objective x5, PPL); (b) rare biotite (bt) crystal (objective x20, PPL), grey-green and dark reddish-brown coatings are expected to result from the presence of trace clay minerals and Fe (oxyhydr)oxides (Fe ox.), respectively.
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 532 Figure 5.3.2: AsB images and corresponding EDX mapping performed using SEM on a thin section from the parent clinopyroxenite (JSD2-320): (a) rare area exhibiting trace primary minerals: andradite and apatite, associated with clay phases resulting from weathering of diopside and biotite; (b) Fe-Cr oxide inclusions in diopside. The circles correspond to LA-ICPMS spots; EMP analyses have been performed in the same area and averaged values on all spots of similar texture and chemical composition are given in Table 5.3.1 (adr: andradite, ap: apatite, di: diopside, Fe ox.: Fe oxide, sme: smectite, vrm: vermiculite).

  secondary hydrothermal alteration and metasomatism in high Sc content. Other phases identified (orthopyroxene, apatite and oxide) have low Sc concentrations. Considering the trace modal proportions of these phases, their influence on the Sc budget is negligible. Primary biotite has been altered to form vermiculite. Considering the low mobility of Sc and the pseudomorphic nature of the vermiculite, low Sc concentrations measured in vermiculite indicate that the importance of primary biotite in the Sc budget was negligible. The presence of clay minerals with high Sc concentrations (ca 130 ppm) indicates that Sc is trapped by the neoformed clay minerals during the weathering of clinopyroxene. This relative Sc enrichment is the result of the leaching of mobile elements, mostly Ca and Si, during dissolution of diopside and precipitation of smectite. The difference in Sc concentration between clinopyroxene and slightly altered whole-rock saprock samples, reaching ca 100 ppm, is explained by the presence of this enriched smectite, in trace to minor amounts. In addition, freshly leached Sc is trapped by this mixed vermiculite-smectite clay as efficiently as by pure smectite (ca 130 ppm Sc in the mixed clay) indicating that low Sc concentration of pseudomorphic vermiculite (ca 15 ppm) does not reflect a low capacity for trapping of Sc by vermiculite but the low concentration of primary biotite.
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 533 Figure 5.3.3: Petrographic images of a thin section from the upper saprolite (JSD2-230): (a) representative area showing the matrix of greenish to brownish mixture of clay smectite (sme) and Fe (oxyhydr)oxide (Fe ox.) along with an alteromorph (alt., objective x5, PPL); (b) rare layered alteromorph, most probably after biotite (bt), in a zone rich in black oxides and surrounded by the typical matrix (objective x5, PPL).
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 534 Figure 5.3.4: AsB images and corresponding EDX mapping performed using SEM on a thin section from the upper saprolite (JSD2-230): (a) area exhibiting an alteromorph after andradite; (b) area exhibiting biotite alteromorphs. The circles correspond to LA-ICPMS spots, EMP analyses have been performed in the same area and averaged values on all spots of similar texture and chemical composition are given in Table 5.3.2 (alt. alteromorph, adr: andradite, bt: biotite, Fe ox.: Fe oxide, sme: smectite).

  3.2). The matrix has a composition similar to ferrosaponite with excess Fe corresponding to the fine-grained Fe oxyhydroxides, which give the brownish colour to the matrix. The presence of Ti and Mn in the Fe-rich pseudomorph are further arguments in favour of the weathering of a garnet, even if alteration of primary pyroxenes cannot be excluded from this composition. The other alteromorph, identified as resulting from the alteration of biotite, has a composition close to that of vermiculite, which was observed replacing biotite in the freshest saprock. Two types of Fe oxides can be distinguished from their Cr content. The presence of Cr in one type of Fe oxide is interpreted as being inherited from primary chromite. They are probably altered remnants of these phases. The absence of Cr in the other indicates a later generation of Fe oxide. In both cases, low analytical totals and minor amounts of Si, Al and Mg are expected to result from silicate contamination of the analyses due to the small size of some oxides.Measured Sc concentrations indicate that most of the Sc content is carried by the mixture of smectite and Fe (oxyhydr)oxides with ca 300 ppm on average. This value is similar to the concentrations observed in the whole-rock analyses of the saprolite (from 300 ppm to 350 ppm). The Fe-rich alteromorph is poorer in Sc than andradite (ca 135 ppm). Considering the hypothesis of an origin from andradite weathering, Sc may have been partially leached and trapped by the surrounding phases. Vermiculite replacing biotite is poorer in Sc than the matrix, as expected considering the low initial concentrations in the biotite revealed by the parent rock. Iron oxides of primary origin (Fe ox. 1) are the lowest in Sc, ca 20 ppm, as expected from the low initial content of these oxides analysed in the parent rock. Secondary Fe oxides, coarser than those found in the matrix, but not mixed with smectite, are also low in Sc (ca 70 ppm) indicating the low efficiency of these oxides in Sc trapping.Differences in trace-element concentrations are useful to trace the origin of the Fe-rich alteromorphs and confirm the genetic link with andradite. In particular, REE are concentrated in this Fe-rich alteromorph and in the biotite alteromorph, located in the vicinity. Such concentrations in REE reflect the primary mineral, which must be andradite, considering the preservation of the alteromorph. Nearby vermiculite must have trapped REE, leached during the weathering of the garnet, explaining the difference of concentration with the vermiculite studied in the freshest saprock.
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 53 5a and b). Various types of fragments, from tens to hundreds of micrometres are dispersed in this matrix. Alteromorphs of parent minerals, reddish to brownish in RL could have been replaced by iron oxyhydroxides after dissolution. Further replacement by hematite is occurring along the borders and fractures of the grain (Figure 5.3.5a). No significant difference can be found between the residual and transported-residual lateritic duricrust from petrographic microscopy.
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 535 Figure 5.3.5: Petrographic images of two thin section from the lateritic duricrust: (a) area of a thin section from the main zone of the lateritic duricrust (JSD2-125) showing an alteromorph (alt.) of a parent mineral replaced by Fe oxyhydroxides (Fe oh.) transformed into Fe oxides (Fe ox.) along the borders and fractures of the grain (objective x10, RL). A fine-grained matrix (mtx) with coarser Fe oxide grains surrounds the alteromorph; (b) representative area of a thin section from the transported-residual lateritic duricrust (JSD1-065) showing the fine-grained matrix dominating most of the samples from the lateritic duricrust 2(objective x5, RL).

ure 5 .

 5 3.6). Two types of Fe-rich grains exist: almost pure Fe oxides with some Ti and Cr and Fe-rich grains exhibiting significant amounts of Al. Considering the mineralogical composition deduced from XRD and the abundance of these grains, they can only be attributed to hematite, for the former type of grain, and Al-bearing goethite for the latter(Figures 5.3.6a and c). In the cuirasse of the lateritic duricrust, grains and areas of almost pure Al 2 O 3 are attributed to the gibbsite identified on XRD patterns. No example from the cuirasse is given here but such grains are visible on the transported-residual lateritic duricrust (Figures 5.3.6b and d; for additional illustrations, see Appendix H). Scarce tiny grains are dominated by Si and Al and are interpreted as the kaolinite identified on XRD patterns. All these grains are disseminated in a fine-grained matrix, dominated by varying proportions of Si, Al and Fe, expected to result from variations in the relative amount of these four phases.Qualitatively the transported-residual lateritic duricrust is similar. Additional Ti-rich and Sirich grains are observed(Figures 5.3.6b and d), corresponding to anatase and quartz, respectively, as observed in XRD patterns.The EMP analyses have been averaged on each grain type, as identified by combining SEM images and major-element analyses(Tables 5.3.3 and 5.3.4). They confirm the attributions given to the different grain types on the basis of qualitative EDX mapping. They provide the analytical totals, indicating the degree of hydroxylation of the different grains studied. Low analytical totals for goethite, kaolinite and gibbsite and major element content confirm the nature of the grains while total weight percent oxide is about 100 % for almost pure Fe oxide grains, confirming the attribution to hematite. Analyses on the different grain types exhibit low amounts of Si, Al or Fe, which are not expected in the pure phases. In the transported-residual lateritic duricrust, the compositions of Ti-rich and Si-rich grains confirm their attribution to anatase and quartz, respectively. Rare barite (BaSO 4 ) grains have been identified in the uppermost levels of this horizon. They probably are formed by the precipitation from S-rich fluids circulating close to the surface.
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 5 Figure 5.3.6: AsB images and corresponding EDX mapping performed using SEM on thin sections from the lateritic duricrust: (a) area of a thin section from the main zone of the lateritic duricrust (JSD2-125) exhibiting an alteromorph; (b) area of a thin section from the transported-residual lateritic duricrust (JSD1-065) showing the fine-grained matrix typical of most of the samples. The circles correspond to LA-ICPMS spots; EMP analyses have been performed in the same area and averaged values on all spots of similar texture and chemical composition are given in Tables 5.3.3 and 5.3.4 (ant: anatase, gbs: gibbsite, gt: goethite, hem: hematite, kln: kaolinite, qz: quartz). Red circles indicate the position of EMP analyses for Sc concentrations given in ppm at the transition between goethite and hematite.

  particular,[START_REF] Dublet | Ni Speciation in a New Caledonian Lateritic Regolith: a Quantitative X-Ray Absorption Spectroscopy Investigation[END_REF] followed in detail the speciation of Ni along lateritic profiles in New Caledonia. They showed that in the lateritic duricrust, goethite is the main host for Ni, indicating that the CrOx phase should leach most of the Ni. However, this is not what is observed. Due to the high Fe oxide content of the lateritic duricrust, the experimental method must be modified compared to[START_REF] Hall | Selective Leaches Revisited, With Emphasis on the Amorphous Fe Oxyhydroxide Phase Extraction[END_REF]'s original experiments by repeating the CrOx phase. These repeats have not been completed as our results discussed above indicate unequivocally that Sc is associated to Fe (oxyhydr)oxides and that silicate phases play a minor role in Sc trapping in the lateritic duricrust.
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 5 Figure 5.3.7: Fraction of Sr, Mn, Ni, La, Yb and Sc recovered from selective leaching (AEC: adsorbed, exchangeable and carbonate fraction, AmOx: amorphous (oxyhydr)oxides fraction, CrOx: crystalline Fe (oxyhydr)oxides fraction, res: residual fraction after leaching): (a) samples from the JSD-001 profile; (b) samples from the JSD-002 profile.
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 538 Figure 5.3.8: Evolution of whole-rock XANES spectra at the Sc K -edge along the lateritic profiles under study: (a) JSD-001; (b) JSD-002. The first four spectra of each figure have been recorded on powdered reference materials prepared for the experiment with adsorption or incorporation of Sc (gt: goethite, hem: hematite, sme: smectite).
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 53 10a). Comparison with 𝜇-XRF maps of Sc concentration (Figure 5.3.10b) indicate that Sc-poor and Sc-rich grains mostly contain hematite and goethite, respectively.
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 53 Figure 5.3.10: Spatial comparison of Fe speciation and Sc concentration: (a) map of Fe speciation obtained by subtracting normalised synchrotron 𝜇-XRF maps at 7133.9 eV, the energy characteristic of goethite and 7136.7 eV, the energy characteristic of hematite; (b) synchrotron 𝜇-XRF mapping of Sc.
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 53 Figure 5.3.11: XANES spectra of synthetic compounds compared to spatially-resolved XANES spectra on natural samples: (a) Fe K -edge and (b) Sc K -edge (gt: goethite and hem: haematite). The numbers in brackets refer to the position given in Figure 5.3.10.
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 23 Sc concentrations reaching ca 150 ppm. These exceptional concentrations observed in the parent rock result from the high compatibility of the phases accumulated during the fractional crystallisation process from a mafic melt, probably fertile and thus enriched in Sc. This finding is consistent with Sc concentrations observed in the 'Alaskan-type' clinopyroxenites (60 ppm to 80 ppm,Burg et al., 2009) and the average Sc concentrations measured in clinopyroxenes from ocean-island basalts (ca 70 ppmDorais, 2015). During the first stages of weathering forming the smectite-rich saprolite and plasmic zone, Sc is hosted by smectite and relative enrichment occurs, with Sc concentrations reaching ca 300 ppm. The dissolution of primary clinopyroxene leads to the leaching of Sc, which is trapped and incorporated in the crystal structure of smectite during its precipitation. In the lateritic duricrust, the main Sc host is goethite, with minor amounts of Sc hosted by a neoformed generation of hematite. The dissolution of smectite leads to trapping of Sc by goethite. Scandium enrichment reaches a maximum in this level, with goethite grains containing ca 1100 ppm Sc on average. The speciation of Sc remains unclear. A simple mechanism of adsorption at the surface of goethite is excluded by selective leaching experiments but incorporation by substitution for Fe in the crystal structure of goethite is also rejected by the results of XANES spectroscopy. We explain the apparent discrepancy between the two methods by the continuous process of dissolution-reprecipitation affecting goethite along the lateritic profile. This process leads to the trapping of Sc at boundaries between goethite grains from different generations, explaining the low proportion of adsorbed Sc that is leachable but also the adsorption signature observed using XANES spectroscopy. 4. Decreasing Sc concentrations in the transported-residual lateritic duricrust reflect the input of Sc-impoverished materials. No significant differences in the nature of Sc hosts or the mechanisms of trapping are apparent.

  enriched lateritic profiles tends to indicate similar behaviour of Sc in lateritic contexts (Figure 5.4.1). The observed Sc enrichment during the lateritisation process, indicated by the evolution of Sc concentrations with increasing Fe contents, is comparable. The slope of the correlation is close and the enrichment factor is roughly similar. The difference between the high-grade Sc lateritic deposit observed in Australia and lateritic profiles found in New Caledonia or in the Caribbean reflects, at least at first approximation, the initial Sc content of the parent-rock concentrations. The primary factor leading to the exceptional Sc enrichment observed in Australian laterites is most probably the high Sc content observed in the parent rock.
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 541 Figure 5.4.1: Scatterplot of Sc versus Fe 2 O 3 contents in various profiles from: (a) Syerston-Flemington, Australia (data from this study); (b) New Caledonia (data from Cathelineau et al., 2017); (c) Moa Bay (Cuba) and Falcondo (Dominican Republic, data fromAiglsperger et al., 2016). The slope of the enrichment trend indicated by the arrow is identical for the three diagrams. The horizons are indicated for the Syerston-Flemington lateritic profiles, the colours for the other lateritic profile correspond to the closest horizon, according to the descriptions retrieved from the studies.
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 5 4.1, are in favour of a close resemblance between the enrichment mechanisms in these lateritic profiles. The larger scatter observed in the data for the Syerston-Flemington lateritic profile compared to profiles from New Caledonia may be explained by the high allochtonous input observed in the profiles studied. Nonetheless, the results of further studies on Sc speciation in Ni lateritic profiles are awaited to go further in the interpretations. In particular, this study demonstrated the importance of smectite in Sc trapping during the formation of the saprolite while kaolinite is inefficient in trapping Sc. The nature of the clay phases formed during the first stages of lateritic weathering depends on environmental conditions, such as drainage quality, and on the nature of the parent rock. The formation of another clay mineral at the bottom of the lateritic profile may lead to higher leaching of Sc and more limited Sc enrichment during the formation of such profile.

  interest was soon followed by the discovery of high-grade Sc deposits in Eastern Australia, up to ten times more concentrated than Ni laterites, generating the promise of an imminent solution for a consistent Sc supply. However, the outcome of this new source of Sc depends on the efforts in mineral exploration and processing, requiring a good understanding of the conditions and processes of formation of these deposits. This thesis is intended to improve the knowledge on the geochemical and crystal-chemical behaviour of Sc in contexts susceptible to create economic concentrations. All Sc deposits discovered so far are developed over mafic-ultramafic bedrocks and, considering the importance of the parent rock in the outcome of lateritic profiles, the first objective of the thesis was to decipher the conditions necessary to form favourable parent rock among mantle-related lithotypes. Then, through in-depth study of one of the highest-grade lateritic Sc deposit, we tried to determine the origin of such exceptional concentrations with three objectives in mind:(1) to identify the main Sc carriers;(2) to determine the speciation of Sc in regard with these phases; (3) to understand the geochemical and mineralogical processes of concentration during lateritic alteration. The comparison with sparse data available on other deposits led to broader conclusions on the conditions leading to Sc enrichment in lateritic contexts.The identification of favourable parent rocks has been carried out through a meta-analysis of geochemical studies. Preliminary analyses showed that, among rock-forming minerals, the most elevated Sc concentrations are observed in mafic minerals, in particular garnet and clinopyroxene. The first part of the study focused on the analysis of a database of garnet geochemical data using various statistical approaches. The results gave a fresh view of the behaviour of Sc in the garnet facies of the mantle. Garnet controls the Sc budget in this part of the lithospheric mantle, accounting for about 75 % of this budget. However, Sc concentration is not homogeneously distributed among garnets. Scandium content in garnet decreases with increasing modal garnet content. In particular, high modal garnet contents in mafic rocks lead to dilution of the Sc in the garnets. Scandium content in garnet is not primarily influenced by the pressure, temperature or oxygen fugacity of the mantle. On the other hand, melt extraction leads to increasing Sc concentration in both the garnet and the melt, showing the compatibility of this element in the presence of garnet. Concurrently, metasomatism decreases Sc concentration in garnet except in the specific case of volatile-rich fluids. Finally, the major parameter controlling Sc concentration in garnet is crystal chemistry. In particular, higher Cr# and Ca# in garnet increase the compatibility of Sc in this phase. This phenomenon reinforces the effect of melt extraction, as both Cr and Ca concentration in garnet increase with increasing degree of depletion. This influence of crystal chemistry is related to the capacity of both X and Y sites to incorporate Sc in the case of Cr-Ca-rich garnets. These results gave new perspectives on the possibility of using Sc content to trace fluid-related processes in the mantle but had to be complemented by a study of Sc in the spinel facies of the mantle.

  temperatures impact the partition coefficients and tend to redistribute Sc from clinopyroxene to olivine and orthopyroxene. Whole-rock analyses indicate the incompatibility of Sc in the spinel facies of the mantle but the effect of fluid-related processes on orthopyroxene and olivine is limited. However, melt extraction tends to decrease Sc content in residual clinopyroxene, as does silicate melt metasomatism. This apparent contradiction is interpreted as resulting from the origin of the melts. Deep melts formed in the garnet facies, where Sc has been shown to be compatible, and percolating higher in the mantle would be impoverished in Sc, leading to decreased Sc content in clinopyroxene. Volatile-rich fluids, on the contrary, preserve the Sc content of clinopyroxene, confirming the non-negligible Sc content of such fluids, as expected from the interpretation of garnet data.The incompatibility of Sc in the spinel stability field, expected from experimental data[START_REF] Mallmann | The Crystal/Melt Partitioning of V During Mantle Melting As a Function of Oxygen Fugacity Compared With Some Other Elements[END_REF], is confirmed by our analysis and contrasts with the mild compatibility observed in the garnet stability field. Whole-rock analyses from the database do not show clear evidence of a distinction between the garnet and spinel facies of the mantle in terms of compatibility of Sc. However, models of partial melting demonstrate that the difference of Sc behaviour could not be detected in the whole-rock data for melting near the spinel to garnet transition depth, corresponding to the depth of origin of most of the samples. The balance between the variable compatibility of Sc in garnet and the modal garnet content of the host-rock induces subtle variations in compatibility which can have drastic effects on Sc contents, as shown by the unexpected effect of volatile-rich fluids on Sc concentration in garnet. In well-constrained contexts, variations of Sc contents could help in tracing metasomatic events and the conditions of generation of magmas, as well as the nature of their residues.In addition, this study tends to indicate that the most favourable parent rocks to form highgrade lateritic Sc deposit are clinopyroxene-and amphibole cumulates. Peridotitic parent rocks give poor perspectives for Sc-only mines and are expected to form lateritic deposits where Sc can only be valued as a by-product.In a second stage of this thesis, the Syerston-Flemington deposit has been studied to decipher the mechanisms leading to Sc concentration in lateritic contexts. This deposit is of particular interest as estimates of Sc resources indicate its world-class status, with the potential to supply the global demand for the next century at the current levels of consumption. Integrated X-ray diffraction, whole-rock and microscopic chemical analyses and X-ray absorption spectroscopy gave consistent information on the formation of the profile and the origin of Sc enrichment.The deposit is formed over the Tout Complex, an 'Alaskan-type' ultramafic body, formed by a roughly concentric succession of cumulates, resulting from the fractional crystallisation of a mafic magma. In particular, Sc enrichments are located above the clinopyroxenitic part of the Conclusion complex. The bedrock has been affected by the circulation of hydrothermal fluids during the late stages of the emplacement of the complex. Opalised dunitic zones found in the bedrock are consistent with the expected fractional crystallisation process forming the complex. From the bottom to the top of the lateritic profiles, the mineralogical and geochemical evolution gives consistent indications regarding the lateritisation process. The first steps of alteration of the clinopyroxenite, forming the saprock, are an isovolumetric dissolution of diopside and precipitation of smectite, suggesting a topotactic replacement. The precipitation of smectite indicates poor drainage at the base of the profiles studied. The dissolution of primary minerals intensifies upward from the saprolite to the plasmic zone with the complete disappearance of diopside and the dominance of smectite, associated with neoformed minor Fe oxides and oxyhydroxides: goethite, hematite and maghemite. They precipitate as a result of the relative accumulation of Fe at the expense of more soluble elements. The precipitation of maghemite tends to indicate reducing conditions with the presence of both ferrous and ferric Fe allowing the precipitation of lepidocrocite, later altered to maghemite. Precipitation of quartz and carbonates occurs from saturated fluids, confirming the poor drainage in this zone of the profile. The mottled zone is marked by the dissolution of smectite indicating the zone of fluctuation of the water table.Kaolinite replaces smectite while accumulation and precipitation of Fe in the form of hematite and goethite continues. The main zone of the lateritic duricrust is composed of an assemblage of kaolinite, goethite and hematite. A constant process of dissolution-reprecipitation of the Fe oxides is shown by increasing substitution of Al for Fe in their crystal structure. The presence of a cuirasse horizon in one profile is characterised by the replacement of kaolinite by gibbsite. This indicates intense rainfall and better drainage compared to the other profile. Better drainage may also explain the lesser development of the saprolite and plasmic zone in this profile. Mineralogical differences between the transported-residual lateritic horizon and the lateritic duricrust are limited but the reappearance of kaolinite and the increasing quartz and dolomite proportion reflect the presence of detrital materials. The presence of a lateritic gravel at the top of the profiles indicates the dismantling of the lateritic profile. It is marked by significant proportions of quartz, indicating increasing detrital input. This level is also characterised by the replacement of goethite by maghemite indicating the existence of bushfires and by extremely low water activities, indicated by the presence of boehmite.In parallel, the study of Sc geochemistry and crystal-chemistry along the profile revealed the main processes involved in Sc enrichment. In the parent rock, clinopyroxene is the major Sc host, bearing ca 80 ppm. Unusual Sc enrichment is even higher in some levels exhibiting hydrothermal metasomatism with Sc concentrations reaching ca 150 ppm. These exceptional concentrations observed in the parent rock result from the high compatibility of the phases accumulated during the fractional crystallisation process from a mafic melt, which was enriched in Sc. This finding is consistent with Sc concentrations observed in the 'Alaskan-type' clinopyroxenites (60 ppm to 80 ppm,Burg et al., 2009) and the average Sc concentrations measured in clinopyroxenes from ocean-island basalts (ca 70 ppmDorais, 2015). During the first stages of weathering forming the smectite-rich saprolite and plasmic zone, Sc is hosted by smectite and relative enrichment occurs, with Sc concentrations reaching ca 300 ppm. The dissolution of primary clinopyroxene leads to the leaching of Sc, which is trapped and incorporated in the crystal structure of smectite during M. Chassé Processes of Scandium Enrichment 2017 its precipitation. In the lateritic duricrust, the main Sc host is goethite, with minor amounts of Sc possibly hosted by a neoformed generation of hematite. The dissolution of smectite leads to trapping of Sc in goethite. Scandium enrichment reaches a maximum in this level, with goethite grains containing ca 1100 ppm Sc on average. The speciation of Sc remains unclear. A simple mechanism of adsorption at the surface of goethite is excluded by selective leaching experiments but incorporation by substitution for Fe in the crystal structure of goethite is also rejected by the results of XANES spectroscopy. We explain the apparent discrepancy between the two methods by the continuous process of dissolution-reprecipitation affecting goethite along the lateritic profile. This process leads to the trapping of Sc at boundaries between goethite grains from different generations, explaining the low proportion of adsorbed Sc that is leachable but also the absorption signature observed using XANES spectroscopy. Decreasing Sc concentrations in the transported-residual lateritic duricrust reflect the input of Sc-impoverished materials. No significant differences in the nature of Sc hosts or the mechanisms of trapping are apparent. Except for hematite, no other minor Sc host is expected to have a significant influence on Sc budget. In particular, discrete Sc phases are absent all along the profile. Comparison with available data on Sc enrichment in other lateritic profiles from New Caledonia and the Caribbean indicate that the difference in Sc grades observed results primarily from the Sc content of the parent rock, while the enrichment process is quantitatively similar, with enrichment factors of ten between the parent rock and the lateritic duricrust. However, qualitative differences in the geochemical and crystal-chemical mechanisms are not excluded. Contents Possible Distinction of the Origins of Mantle-Derived Melts? . . . . . . . . . . . . . 216 Detail and Generalise the Processes of Scandium Concentration in Lateritic Contexts217 Influence of Crystallographic Environment on X-Ray Absorption of Scandium . . . . 218 Possible Distinctions of the Origins of Mantle-Derived Melts? Considering the differences of behaviour observed between the spinel and garnet facies (see chapter 3), we expect mantle-derived melts to record a signature of the depth of partial melting through their Sc content. Median Sc concentrations observed for mantle-derived melts: basalts, boninite and komatiite, have been retrieved from the database built up in chapter 3 and show statistically significant differences (Figure P.1).

Hofmann, 2014 )

 2014 cannot explain such low Sc concentrations. Only partial melting starting in the garnet facies can explain the observed Sc concentrations in OIB from the database, showing that Sc records this deep signature in OIB. Boninites are generally considered as the result of second stage melting in a forearc context by decompression melting of a hydrated depleted mantle.

Figure P. 1 :

 1 Figure P.1: Box-and-whisker plot of Sc concentrations in lithologies resulting from the eruption of mantle-derived melts (MORB: mid-ocean-ridge basalts, OIB: ocean-island basalts).

  characterisations of the phases present in the lateritic profile under study have not been carried out in this thesis. However, the enigmatic speciation of Sc in goethite tends to indicate that the process of Sc trapping by precipitation of goethite involves multiple dissolution-precipitation events (see chapter 5), and there may be a morphological distinction between the different generations of goethite. Preliminary determinations of the micromorphology of goethite grains have been carried out using SEM imaging (Figure P.2).

Figure P. 2 :

 2 Figure P.2: Scanning electron microscope image obtained from the InLens detector showing the micromorphology of goethite crystals in a goethite grain from the Syerston-Flemington lateritic profile

Figure P. 3 :

 3 Figure P.3: Comparison between experimental XANES spectra and DFT calculations for scandia: (a) pre-edge; (b) XANES (calc.: calculated, exp.: experimental). The dipolar and quadrupolar contributions to the pre-edge region are noted E1 and E2, respectively.

Figure D. 1 :

 1 Figure D.1: Photographs of the JSD-001 (a) and JSD-002 (b) cores after lengthwise division and sampling, explaining the fragmentation of some parts of the cores.

Figure F. 1 :

 1 Figure F.1: X-ray diffraction patterns of the phases studied. Miller indices of the lattice plans are indicating above each corresponding diffraction peak.

2 :

 2 0.10 b.d.l. 0.30 0.91 1.01 0.37 1.04 0.00 Tm b.d.l. b.d.l. 0.02 b.d.l. 0.05 b.d.l. b.d.l. 0.01 b.d.l. 0.03 0.13 0.03 0.06 0.13 0.00 Yb b.d.l. b.d.l. 0.05 b.d.l. 0.11 0.07 0.06 0.06 0.23 0.31 0.41 0.40 0.53 0.84 0.00 Lu b.d.l. 0.01 b.d.l. b.d.l. 0.05 0.02 b.d.l. 0.02 b.d.l. 0.02 0.09 0.09 b.d.l. 0Trace-element concentrations of selected spots measured by LA-ICPMS on a thin section from the sample JSD1-278 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image (Figure H.1).

Figure H. 2 :

 2 Figure H.2: AsB images indicating the position of EMP and ICP-MS analyses on a thin section from the sample JSD2-320.

Figure H. 5 :

 5 Figure H.5: AsB images indicating the position of EMP and ICP-MS analyses on a thin section from the sample JSD2-150.

Figure H. 6 :

 6 Figure H.6: AsB images indicating the position of EMP and ICP-MS analyses on a thin section from the sample JSD2-125.

  Figure H.7: AsB images indicating the position of EMP and ICP-MS analyses on a thin section from the sample JSD1-065.

Figure

  Figure H.9: AsB images indicating the position of EMP and ICP-MS analyses on a thin section from the sample JSD1-006.

  Figure H.10: AsB images indicating the position of EMP and ICP-MS analyses on a thin section from the sample JSD2-000.

108 Figure 1 (

 1081 Figure 1 (a) Geographical location of the Syerston-Flemington deposit. (b) Schematic cross section of the lateritic cover forming the Syerston-Flemington deposit, constructed from petrographic analysis of drill-cores. Average Sc concentrations ([Sc] avg ) are calculated for each layer from ICP-MS analyses of samples collected every metre on each core. (c) Distribution of Sc with depth along the different levels of a typical profile (Tran.: transitional laterite).
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Figure 2 (

 2 Figure 2 (a) X-ray diffraction pattern of ore sample JSD-1 -15.4 m and associated multiphase Rietveld refinement (Al-gt: Al-bearing goethite, hem: haematite, kln: kaolinite, gbs: gibbsite, mgh: maghemite, ant: anatase). (b) Average phase proportions in the samples calculated from Rietveld refinement. (c) Bulk Sc concentration versus proportion of Al-bearing goethite estimated from Rietveld refinement.

Figure 3 (

 3 Figure 3 (a) Map of Fe speciation obtained by subtracting normalised synchrotron µ-XRF maps at 7133.9 eV, the energy characteristic of goethite and 7136.7 eV, the energy characteristic of haematite. (b) Synchrotron µ-XRF mapping of Sc.

Figure 4

 4 Figure 4 XANES spectra at the (a) Fe K-edge. (b) Sc K-edge (gt: goethite and hem: haematite).The numbers in brackets refer to the position given in Figure3.
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Figure S- 2

 2 Figure S-2 Enrichment factor of rare earth elements in the lateritic deposit versus ionic radius in octahedral coordination. Values are after Shannon (1976).

7.

  Procedures for the Synthesis of Reference MaterialsSc-Bearing GoethiteFerrihydrite was precipitated by adding 50 mL of 1.35 M NaOH to 25 mL of 0.5 M Fe(NO 3 ) 3 and 25 mL of 1 M ScCl 3 solutions. The suspension was then diluted to 1 L with a 33 mM NaOH solution. The solution was heated to 65 °C in a water-bath for 48 h, transforming the ferrihydrite suspension into a precipitate of goethite. The solid product was separated by centrifugation, washed at 45 °C for 2 h in a 3 M H 2 SO 4 solution, in order to remove any adsorbed species and dried at 45 °C for 24 h giving 1 g of Sc-bearing goethite.

Figure S- 3

 3 Figure S-3 XRD patterns of synthetic Sc-bearing goethite and haematite.
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Table 1 :

 1 Figure I.3: Criticality matrix from the report on critical raw materials for the EU, modified from European Commission (2014). The abscissa represents the economic importance and impact of a shortage of the material on European industries; the ordinate is an estimate of the risk of supply shortage for European countries. The elements considered as critical for the EU are those in the red rectangle. List of critical metals in the EU, the US and Australia.

	Country	EU	US	Australia
	Critical metals	antimony, beryllium, chromium, cobalt, gallium, germanium, indium, magnesium, niobium, platinum-group elements, heavy rare-earth elements, light rare-earth elements, silicon metal, tungsten	dysprosium, europium, neodymium, terbium and yttrium	Chromium, cobalt, copper, nickel, platinum-group elements, rare-earth elements, zirconium
	Source	European Commission (2014)	U.S. Department of Energy (2011)	Skirrow et al. (2013)
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Table 1 .

 1 of Scandium Enrichment 2017 1.1: Sc properties relevant for applications and geochemical behaviour.

	Element	Atomic number	Atomic mass	Density (Sc metal)	Melting point (Sc metal)
	Sc	21	44.955912 g • mol -1	2.985	1814 K
	Electronic configuration	Oxidation State (in nature)	Ionic Radius coordination) (six-fold	Ionic Radius coordination) (eight-fold	Electronegativity
	[Ar] 4s 2 3d 1	+3	0.745 Å	0.87 Å	1.36

  2+ Fe 3+ 2 O 4 )-quartz (SiO 2 buffer[START_REF] Papike | Chromium, Vanadium, and Titanium Valence Systematics in Solar System Pyroxene As a Recorder of Oxygen Fugacity, Planetary Provenance, and Processes[END_REF]. Such redox conditions, corresponding to the range of f O 2 having existed in the early solar nebula, are far from the ones commonly found on Earth, i.e. with Δlogf

	[𝐹 𝑀 𝑄]
	𝑂 2

2+ , ca -1.63 V (Haynes, 2017), such reduction must happen below the f O 2 required to form Ti 3+ , ca Δlogf [𝐹 𝑀 𝑄] 𝑂 2 ≃ -10 (FMQ: fayalite (Fe 2 SiO 4 )-magnetite (Fe

Table 1 .

 1 An Overview of Scandium Characteristics, Market and Deposits (Fe 2+ ,Mn)ScSi 5 O 14 (OH) 1998 Orlandi et al. (1998) Kristiansenite Ca 2 ScSn(Si 2 O 7 )(Si 2 O 6 OH) 2002 Raade et al. (2002) Oftedalite (Sc,Ca,Mn 2+ )2K(Be,Al) 3 Si 12 O 30 Sc 2 (SiO 4 ) 3 2010 Galuskina et al. (2010)

	Mineral	Chemical formula	Year of first description	Reference
	Thortveitite Bazzite Kolbeckite Cascandite	(Sc,Y) 2 Si 2 O 7 Be 3 Sc 2 (Si 6 O 18 ) ScPO 4 • 2H 2 O Ca(Sc,Fe 3+ )Si 3 O 8 OH	1911 1915 1926 1982	Schetelig (1921) Peyronel (1956) Hey et al. (1982) Mellini & Merlino (1982)
	Jervisite	(Na,Ca,Fe 2+ )(Mg,Sc,Fe 2+ )Si 2 O 6	1982	Mellini & Merlino (1982)
	Juonniite Pretulite	CaMgSc(PO 4 ) 2 (OH) • 4H 2 O ScPO 4	1997 1998	Liferovich et al. (1998) Bernhard et al. (1998)
	Scandiobabingtonite Ca 2 2006	Cooper et al. (2006)
	Heftetjernite	ScTaO 4	2010	Kolitsch et al. (2010)
	Eringaite	Ca 3		

1.2: List of Sc-bearing mineral species found on Earth.

Table 1 .

 1 An Overview of Scandium Characteristics, Market and Deposits 3.1: Scandium prices for the different compounds on the market compared to other metals, in US dollar (USD) per kilogram in 2016, data from (U.S. Geological Survey, 2017d).

	Metal	Compound	Price (USD/kg)
	Sc	Oxide, 99.99 % purity	4600
		Metal, ingot	107,000
		Acetate, 99.9 % purity	44,000
		Chloride, 99.9 % purity	126,000
		Fluoride, 99.9 % purity	270,000
		Iodide, 99.999 % purity	149,000
	Au	Metal	40,800
	Fe	Ore	0.082
		Steel slag	0.020
	Ta	Oxide	193
	Tb	Oxide, 99.99 % purity	420

  One deposit, located in North Queensland, near Townsville, is formed by a lateritic cover developed over two ultramafic intrusions (Lucknow and Kokomo), composed of serpentinites, meta-

gabbros and pyroxenites. The developers of the exploitation project for this deposit, called SCONI (Scandium-Cobalt-Nickel), estimate the resource to be 12 million tonnes Sc ore at 162 ppm. The resource is associated with Ni and Co, already exploited from 1974 to 1992. The project is currently on hold pending funding and off-take agreements

(Metallica Minerals Ltd, 2013)

.

The two other deposits are located in eastern New South Wales. The Nyngan project is located 450 km northwest of Sydney and 20 km of the town of Nyngan. The lateritic profile is developed over the Gilai ultramafic intrusive complex, composed of hornblendite, pyroxenite and dunite.

The reserve is estimated to be 1.4 million tonnes Sc ore at 409 ppm, with an effective cut-off grade of 155 ppm Sc giving about 560 t of Sc 2 O 3 . Nickel, Co and precious metals could be associated with this resource but the definitive feasibility study was completed for a Sc-only mine. The developers of the project expect to launch the plant in 2018 with a production of 38 t Sc 2 O 3 per year

[START_REF] Rangott | Feasibility Study -Nyngan Scandium Project Bogan Shire[END_REF]

. The second deposit in New South Wales is located near Syerston. Several projects are under development, showing the promise of the deposit. These deposits are lateritic profiles developed over the Tout and Owendale ultramafic intrusions, each formed by a dunite core, surrounded by pyroxenite, hornblendite, monzonite and diorite. A feasibility project has recently been undertaken by CleanTeQ. They estimate their reserve to be 1.2 million tonnes Sc ore at 583 ppm, with an effective cut-off grade at 140 ppm Sc giving about 680 t of Sc 2 O 3 . The processing plant is expected to product 49 t Sc 2 O 3 per year but no starting date has been announced

  oxide deposits, representing about 60 % of the total Ni laterite resource are truly exploiting the laterite. Nickel is located in goethite and Co in goethite and manganese oxides (e.g. asbolane ((Ni,Co) 𝑥 Mn 4+ (O,OH) 4 • nH 2 O), lithiophorite ((Al,Li)Mn 4+ O 2 (OH) 2 ), minerals that are part of the 'true' laterite. Hydrous Mg-silicate deposits and clay deposits are also exploited in lateritic context, but in this case, only the saprolite is exploited. This stratigraphic level is not intensely

	M. Chassé	Processes of Scandium Enrichment	2017

  2 , Fe 2 O 3 and Al 2 O 3 contents of a material with a particular mineralogy (essentially goethite, hematite, Al oxyhydroxides, kaolinite and quartz) with this content in the parent rock. It relies on the chemical composition of the material without any consideration for the geological context and geological features surrounding the material. The implicit assumption made in this definition is a vertical development of the profile, by weathering of the underlying rocks, without any lateral influence. However, this

hypothesis is often misleading. Most of the time the vertical genesis is unclear. Some material belonging to the 'laterite' group as defined by Schellmann are the result of alluvial transport of primary 'laterite' forming a secondary laterite in Schellmann's sense, involving a lateral evolution of the 'laterite'.

  2.2.3) is a paleolaterite as the conditions for lateritic alteration are no longer present. Its formation probably took place under humid tropical conditions later forming a lateritic plateau. The major minerals of the parent rock are labradorite (a plagioclase feldspar: (Ca,Na)(Si,Al) 4 O 8 ), augite (a pyroxene: (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al) 2 O 6 ) and olivine ((Mg,Fe 2+ )SiO 4 ). In addition, accessory oxides such as ilmenite (FeTiO 3 ) are present. This bedrock has an Al 2 O 3 /Fe 2 O

3 ratio higher than one. At the base of the profile, the alteration of the fresh parent rock gives a saprock dominated by montmorillonite

((Na,Ca) 

0.3 (Al,Mg) 2 Si 4 O 10 (OH) 2 • nH 2 O) and vermiculite ((Mg,Fe 2+ ,Al) 3 (Al,Si) 4 O 10 (OH) 2 • 4H 2 O).

The breakdown of these minerals gives kaolinite and then halloysite in the mottled zone. The Al-rich lateritic duricrust is dominated by gibbsite replacing kaolinite and halloysite. Titanium from ilmenite is concentrated in neoformed anatase. Above, the iron crust is enriched in hematite and goethite whereas the gibbsite and kaolinite content decreases.

Table 2 . 3

 23 

	Parameter	Range	'Ideal'
	Temperature	25 ∘ C to 40 ∘ C	28 ∘ C
	Precipitation rates	> 1200 mm • yr -1	1450 mm • yr -1
	Relative humidity	> 60 %	70 %
	Minimum duration of the dry season three months to six months	six months

In addition, contrasted seasons are required. The wet seasons ensure the dissolution of metals, moving towards saturation then being precipitated during the dry season. The water table levels are fluctuating but deep (> 5 m) and below the mottled zone. The lateritic duricrust is developed above the highest fluctuations of this level where an alternation of leaching and precipitation of elements is possible. .1: Orders of magnitude of the conditions leading to the formation of 'ideal' lateritic profiles. Values are from

  .2.1).

	Our estimates of Sc content are consistent with those based on other methods, confirming that
	regardless of the context, at the depths considered in the database, between 70 km and 200 km,
	garnet incorporates roughly three-quarters of the Sc budget of the subcontinental lithospheric
	mantle.				
			Median Sc	Estimated Sc	Estimated Sc
	Mantle type	Modal garnet content (wt%)	concentra-tion in	concentration in the mantle, this	concentration in the mantle,
			garnet (ppm)	study (ppm)	literature (ppm)
	Fertile ultramafic mantle	10-15 (Stixrude & Lithgow-Bertelloni, 2007)	110	15-22	16.4 (Palme et al., 2014)
	Depleted ultramafic mantle	5-10 (Pearson et al., 2014)	130	9-17	4-13 (Pearson et al., 2014)
	Mafic mantle	30-50 (Perrillat et al., 2006)	60	27-40	35-40 (White & Buss, 2014)

Table 3 .

 3 2.1: Comparisons of Sc concentration in the mantle calculated from this study with estimates from the literature for different mantle compositions. The references used for each value are indicated nearby in the table. The estimated Sc concentration for this study is obtained using the following formula: [Sc] grt * Mod / 0.75, with Mod the modal garnet content considered, [Sc] grt the median concentration in Sc for the type of garnet considered and 0.75 standing for our assessment of 75 % of the Sc content in the mantle incorporated in garnets.

  , Sc 3+ and V 3+ have similar geochemical behaviours in the mantle but only V 3+ is sensitive to oxidation. The use of [V] grt /[Sc] grt ratios can reveal variagrt /[Sc] grt with f O 2 which can be explained by the increasing compatibility of V in garnet as the proportion of V 3+ increases. At some depth, at an f O 2 lower than Δlogf

	tions in f O 2 during the formation of garnet, by reducing the influence of fluid-related processes
	or crystal chemistry that affect [V] grt alone. The interpretation of this ratio as a proxy for f O 2
	is consistent with correlations observed with T Ni . We assessed the f O 2 at various depths using
	a geotherm typical of the subcratonic mantle (heat flow of ca 40 mW • m -2 , Pollack et al., 1993)
	and estimates of the f O 2 at depth given by Frost & McCammon (2008). Figure 3.2.7c shows an
	increase in [V] [FMQ]
	O 2

  2.1) with[Sc] 0 the concentration of Sc in the initial system, [Sc] res the Sc concentration in the residue,[Sc] melt the Sc concentration in the melt and F the mass fraction of melt. The partition coefficient
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	of Sc between the residue and the melt D	res/melt Sc	is defined as follows:
				𝐷	res/melt Sc	=	[Sc] res [Sc] melt	(3.2.2)
	From Equations 3.2.1 and 3.2.2, we can deduce the Sc concentration in the melt and in the
	residue:	[Sc] melt =		𝐷	Sc res/melt	[Sc] 0 • (1 -F) + F	(3.2.3)
		[Sc] res =	𝐷	𝐷 Sc res/melt res/melt Sc • (1 -F) + F • [Sc] 𝑠,0	(3.2.4)
	An equivalent definition of D	res/melt Sc	is:			
		𝐷	res/melt Sc	=	∑︁	x 𝑖 • 𝐷	𝑖/melt Sc	(3.2.5)
								𝑖
	with x 𝑖 the modal proportion of phase i and D	𝑖/melt Sc	the partition coefficient of Sc between phase
	i and the melt. The sum is made over all the phases present in the system. Introducing this
	definition of the partition coefficient in Equations 3.2.3 and 3.2.4 and using the modal proportions
	calculated by Walter (1998), we obtained [Sc] melt and [Sc] res . The starting Sc concentration
	([Sc] 0 ), corresponding to a fertile mantle, has been chosen based on cosmochemical estimates of
	the composition of the primitive mantle (ca 16.4 ppm, Palme & O'Neill, 2014). The partition
	coefficients of Sc between the different phases involved and the melt, D	𝑖/melt Sc	have been taken

  [Sc] grt .

	Lherzolitic garnets (G9) have low [Sc] grt compared to harzburgitic ones (G10; Figures 3.2.5a
	and b) and [Sc] grt increases with Cr#, a measure of depletion (Figure 3.2.9). According to our
	estimates based on melting experiments, [Sc] grt is expected to increase with melt extraction
	(Figure 3.2.14d) in agreement with the observations in natural garnets, demonstrating the com-
	patibility of Sc in the garnet stability field of the mantle.	
	Nonetheless, at constant Cr#, the [Sc] grt decreases with increasing Mg# (Figure 3.2.9), an in-
	dicator of depletion of the host-rock. Variations of D	grt/melt Sc	due to changes in crystal chemisty
	must be invoked to explain the strong correlations of [Sc] grt with crystal-chemical parameters,
	such as Ca# and Cr#.		

  1-𝑥 Ca 𝑥 ) 3 (Al 1-𝑦 Cr 𝑦 ) 2 (SiO 4 )

	3 , with x ∈ [0.25, 0.5] and y ∈ [0, 0.5]. In this case,
	the crystal-chemical mechanisms of Sc incorporation are unknown and D	grt/melt Sc
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	𝑖/melt Sc	[Sc] (ppm)

(GPa) 

Modal content (wt%) D 3.1: Parameters used in mantle melting model at the different pressures considered (i correspond to the phase given below, Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, Sp: spinel, Grt: garnet).

  1 have been sampled and logged.These drill holes are part of a large group of exploration holes drilled for Jervois Mining Limited. They are located near Syerston. The location of the drill holes has been measured in false east and west AMG84 2 coordinates in the zone 55. For clarity and simplicity, these coordinates have been converted to latitude and longitude using Redfearn formula(Table 4.2.1, Redfearn, 1948). 32°44 ′ 42.919 01 ′′ 147°24 ′ 7.427 57 ′′ 309.211 m -90°J SD-002 -32°44 ′ 43.326 11 ′′ 147°24 ′ 3.728 56 ′′ 309.067 m -90°T able 4.2.1: Latitude and longitude coordinates, altitude and dip angle of the two drillings studied, coordinates have been converted using Redfearn formula

	Drill Hole	Latitude	Longitude	Altitude	Dip
	JSD-001 -				
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	Horizon	Common name	Depth	Colour	Fabric and/or texture	Samples
	Lateritic gravel	Hematitic laterite	0 m-0.3 m	Red-brown	Brecciated; coarse-grained (> 5 mm); mixture of soil Fe pisoliths (≃ 50 %); cavernous and interstitial porosity. (≃ 25 %) and residual lateritic material (≃ 25 %), supporting	000, 003
					Massive with a breccia-like texture; fine to coarse grains	
					(< 0.002 mm-5 mm); matrix of lateritic material, probably a	
	Transported-residual lateritic duricrust	Hematitic laterite	0.3 m-2.5 m	Red mottled with orange spots	mixture of Fe oxides and oxyhydroxides with kaolinites (> 80 %), associated with few Fe pisoliths (≃ 10 %), lateritic clasts (≃ 10 %) and fine sandy grains, possibly quartz,	006, 012, 020, 022
					accessory orange areas (< 5 %) without pisoliths or clasts	
					and probably richer in Fe oxyhydroxides; interstitial porosity.	
	Transported-residual lateritic duricrust	Hematitic laterite	2.5 m-5.2 m	Dark red	Massive; fine grains when visible (< 1 mm); dominated by a sandy grains (< 2 mm), possibly quartz; interstitial porosity. matrix of fine grains with clayey content (> 95 %), probably a mixture of Fe oxides and oxyhydroxides with kaolinite, rare	030, 040, 045, 050
					Massive with breccia-like texture; fine grains when visible	
	Transported-residual lateritic duricrust	Hematitic laterite	5.2 m-8 m	Dark red to dark orange-red	(< 1 mm) with coarse clasts (> 3 mm); dominated by a fine-grained matrix with minor clay content (≃ 75 %), probably a mixture of Fe oxides and oxyhydroxides with kaolinite, common angular clasts of lateritic material	055, 060, 065, 070, 078
					(≃ 20 %); interstitial porosity.	
					Massive to cemented granular material; fine to coarse grains	
	Transported-residual lateritic duricrust	Hematitic laterite	8 m-10.2 m	Dark red to dark orange-red	(< 0.002 mm-5 mm); dominated by a clayey matrix with fine grains (> 70 %), probably a mixture of Fe oxides and oxyhydroxides with kaolinite, common to minor Fe pisoliths	082, 086, 090, 095, 100
					(5 %-25 %); interstitial porosity.	
					(Continued on next page)

2.2: Detailed logging of the JSD-001 core. The horizon of origin of each sample collected is indicated. The sample names are simplified. In the text, they are named JSD1-xxx where xxx is the number given in this table.
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 4 2.3: Detailed logging of the JSD-002 core. The horizon of origin of each sample collected is indicated. The sample names are simplified. In the text, they are named JSD1-xxx where xxx is the number given in this table.

  2 O 6 ) for Mg, Si and Ca; apatite Durango for P; orthoclase (KAlSi 3 O 8 ) for Al and K; scapolite ((Na,Ca) 4 Al 3 Si 9 O 24 (Cl,CO 3 ,SO 4 )) for Cl, Cr 2 O 3 for Cr; MnTiO 3 for Mn and Ti; hematite for Fe; BaSO 4 for Ba; vanadite (Pb 5 (VO 4 ) 3 Cl) for V; NiO for Ni and Sc 2 O 3 for Sc.
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  2 , Fe 2 O 3 , Al 2 O 3 , MgO and loss on ignition are dominant (ca 40 wt%, ca 20 wt%, ca 7 wt%, ca 3 wt% and ca 20 wt%). This composition can be approximated as follows: Ca 0.15 (Fe 2.6 Mg 0.4 )((Si 3.4 Al 0.6 )0 10 )(OH) 2 • 4H 2 O. This formula is close to that of ferrosaponite (Ca 0.3 (Fe 2+ ,Mg,Fe 3+ ) 3 ((Si,Al) 4 0 10 )(OH) 2 • 4H 2 O), confirming the identification of smectite by XRD. Slight excesses of Fe indicate the presence of minor Fe oxides. Scandium concentration is already high compared to the parent rock, reaching levels of ca 300 ppm. To-

ward the top of the horizon, Si and Mg contents and loss on ignition decrease while Fe content increases confirming the dissolution of smectite and the precipitation of Fe oxides or oxyhydroxides. Scandium content also increases up to ca 350 ppm. The identification of Ca carbonate veins by XRD is confirmed by the elevated CaO contents of these levels (e.g., ca 38.8 wt% at 26.2 m in the JSD-002 core). Scandium is impoverished in such levels (ca 60 ppm).

  [Ce] N [Ce] * , where [Ce] N is the Ce concentration normalised to chondrite and [Ce] * is the chondritic normalised concentration extrapolated from neighbouring

	REE: [La]	1/2 N • [Pr]

table .

 . Below the water table, reducing conditions maintain Ce in the trivalent form and Ce can be transported towards upper layers during the wet season, associated with high levels of the water table. Scavenging by Mn oxides in this area may retain part of the Ce. During the dry season, the mottled zone is above the water table and conditions are more oxidising involving the formation of Ce 4+ and its precipitation.

Nickel and Co are also related with Mn oxides and oxyhydroxides. Nickel and Co enrichments are typical of lateritic deposits developed over mafic-ultramafic parent rocks (see e.g.,

[START_REF] Marsh | Nickel-Cobalt Laterites -a Deposit Model[END_REF]

. The highest Ni concentrations are found at the top of the saprolite and in the plasmic zone. Simple per descensum models of accumulation are invoked to explain such concentration (e.g.,

[START_REF] Trescases | L'Évolution géochimique supergène des roches ultrabasiques en zone tropicale -Formation des gisements nickélifères de Nouvelle-Calédonie[END_REF]

. According to this model, Ni is leached vertically and transported by supergene lateritic fluids through discontinuities in the regolith down to the water table level, where it is immobilised and accumulated by crystallisation of Ni-bearing phyllosilicates in the saprolite and plasmic zone where Si activity is high

[START_REF] Villanova-De Benavent | Ni-Phyllosilicates (Garnierites) from the Falcondo Ni-Laterite Deposit (Dominican Republic): Mineralogy, Nanotextures, and Formation Mechanisms by HRTEM and AEM[END_REF]

.
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	Processes Forming High-Grade Lateritic Scandium Deposits		
	Phase	Di	Fs	Vrm	Ap	Adr	Fe ox	Sme	Sme-Vrm
	N (EMP)	7	4	5	2	1	2	4	2
	SiO 2 (wt%) TiO 2 (wt%) Al 2 O 3 (wt%) Fe 2 O 3 (wt%) Cr 2 O 3 (wt%) MnO (wt%)	53.2 0.2 2.1 5.4 0.2 0.1	56.0 0.1 1.6 29.6 0.4 0.0	38.3 5.2 11.7 7.7 0.3 0.0	0.4 0.0 0.0 0.3 0.0 0.1	33.7 1.7 5.8 19.3 0.2 0.1	0.7 0.5 1.5 90.5 5.5 0.3	48.4 0.2 5.7 13.5 0.2 0.2	43.4 1.2 11.2 9.3 0.3 0.0
	MgO (wt%)	16.6	6.4	21.8	-0.2	2.9	0.3	15.6	19.3
	CaO (wt%)	23.6	1.6	2.6	56.1	30.2	0.4	1.4	6.9
	Na 2 O (wt%) K 2 O (wt%) P 2 O 5 (wt%)	0.2 0.0 0.4	0.1 0.1 0.0	0.0 0.2 0.1	0.1 0.0 42.8	0.0 0.0 0.6	0.0 0.0 0.0	0.1 0.1 0.1	1.0 0.6 0.3
	Total (wt%)	102.0	95.9	87.9	100.1	94.4	100.0	85.6	93.6
	N (LA-ICPMS)	5	1	3	1	1	1	1	1
	Li (ppm)	2.5	0.6	53.6	6.5	12.1	0.3	16.8	1.4
	Be (ppm)	0.2	0.0	0.7	b.d.l.	b.d.l.	0.0	0.0	0.3
	B (ppm)	3.7	19.9	7.4	12.6	55.2	1.2	14.3	5.1
	Sc (ppm)	80	24	15	21	248	1	124	132
	V (ppm)	111	33	95	34	340	785	78	385
	Co (ppm)	37	7	81	13	26	56	33	70
	Ni (ppm)	115	363	1872	244	630	210	540	290
	Cu (ppm)	0.1	26	155.3	28.1	66.0	0.5	59.2	5.0
	Zn (ppm)	32	142	636	204	676	473	736	56
	Ga (ppm)	3.5	4.2	14.5	3.8	9.3	5.7	4.8	23.9
	Rb (ppm)	b.d.l.	3.1	2.1	1.8	8.8	0.1	3.8	3.5
	Sr (ppm)	179	64	11	4275	122	2	50	793
	Y (ppm)	5.3	7.9	0.4	62.9	38.5	0.6	5.1	16.2
	Zr (ppm)	51.4	4.0	1.6	2.0	50.0	0.4	26.2	27.7
	Nb (ppm)	0.0	0.0	2.9	0.1	5.0	0.0	4.1	5.4
	Cs (ppm)	b.d.l.	0.6	2.0	0.9	6.1	0.0	4.4	b.d.l.
	Ba (ppm)	0.1	1.9	3.1	5.6	16.3	1.5	14.8	115.0
	La (ppm)	2.5	2.6	0.1	216.8	10.1	1.2	2.1	8.8
	Ce (ppm)	8.1	0.1	0.1	390.7	32.7	1.9	7.0	25.6
	Pr (ppm)	1.2	0.7	0.0	42.6	5.5	0.2	1.1	3.7
	Nd (ppm)	6.1	3.4	0.1	169.7	32.7	0.7	5.2	19.5
	Sm (ppm)	1.6	0.9	0.0	28.6	5.0	0.2	1.7	5.0
	Eu (ppm)	0.49	0.30	b.d.l.	8.79	5.28	0.32	0.55	1.65
	Gd (ppm)	1.37	1.11	0.10	23.15	8.64	0.13	1.47	4.51
	Tb (ppm)	0.21	0.13	0.01	2.33	1.39	0.01	0.22	0.62
	Dy (ppm)	1.12	0.85	0.05	12.98	11.18	0.15	1.31	3.42
	Ho (ppm)	0.22	0.16	0.01	2.28	1.48	0.03	0.22	0.71
	Er (ppm)	0.57	0.41	b.d.l.	6.11	4.47	0.06	0.56	1.59
	Tm (ppm)	0.07	0.07	0.01	0.45	0.58	0.01	0.05	0.20
	Yb (ppm)	0.51	0.42	0.02	3.43	2.56	0.08	0.49	1.49
	Lu (ppm)	0.07	0.05	b.d.l.	0.49	0.38	0.01	0.11	0.22
	Hf (ppm)	0.46	0.06	0.04	b.d.l.	1.97	0.03	1.05	1.08
	Ta (ppm)	0.01	0.01	0.14	0.08	0.43	0.01	0.24	0.32
	Pb (ppm)	0.21	0.48	0.20	2.17	1.13	0.05	0.79	1.37
	Th (ppm)	0.04	0.11	0.03	5.82	0.19	0.04	0.07	0.18
	U (ppm)	0.03	0.01	b.d.l.	2.72	0.05	0.02	0.03	0.05

3.1: Average major-and trace-element compositions obtained from EMP and LA-ICPMS analyses on typical phases observed in thin and polished sections from the parent clinopyroxenite (N: number of analyses, b.d.l.: below detection limit, adr: andradite, ap: apatite, di: diopside, fs: ferrosilite, Fe ox.: Fe oxide, sme: smectite, vrm: vermiculite).
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	Grain type	Adr alt.	Bt alt.	Fe ox. 1	Fe ox. 2	Sme/Fe ox.
	N (EMP)	4	3	7	7	10
	SiO 2 (wt%) TiO 2 (wt%) Al 2 O 3 (wt%) Fe 2 O 3 (wt%) Cr 2 O 3 (wt%) MnO (wt%)	29.4 2.0 2.3 41.7 0.0 1.0	35.3 1.1 13.8 6.9 0.3 0.0	1.5 0.9 1.1 83.9 2.8 0.1	4.2 0.8 0.7 84.1 0.1 0.3	45.8 0.4 6.8 20.1 0.3 0.0
	MgO (wt%)	3.5	18.9	0.7	0.7	3.8
	CaO (wt%)	0.8	0.1	0.1	0.2	0.9
	Na 2 O (wt%) K 2 O (wt%) P 2 O 5 (wt%)	0.1 0.1 0.9	0.1 0.0 0.2	0.0 0.0 0.0	0.0 0.0 0.1	0.2 0.2 0.2
	Total (wt%)	82.6	79.5	91.3	91.4	79.0
	N (LA-ICPMS)	3	3	4	1	4
	Li (ppm)	0.7	12.1	b.d.l.	0.3	0.3
	Be (ppm)	4.3	4.8	0.4	0.2	0.4
	B (ppm)	26.0	14.6	11.4	12.8	14.6
	Sc (ppm)	135	71	21	71	298
	V (ppm)	7998	17493	13299	562	3976
	Co (ppm)	356	70	1716	3	34
	Ni (ppm)	323	603	351	2	3
	Cu (ppm)	2357.5	15060	1725.3	682.2	1491.7
	Zn (ppm)	286	133	16	97	32
	Ga (ppm)	2117.9 1875.6 4280.3	372.2	891.4
	Rb (ppm)	34.9	41.4	47.4	3.4	10.0
	Sr (ppm)	3	3	1	1	4
	Y (ppm)	59.9	38.1	9.7	21.1	49.3
	Zr (ppm)	199.0	65.0	13.0	1.3	7.4
	Nb (ppm)	79.6	28.6	6.5	8.6	22.1
	Cs (ppm)	1.1	5.8	0.5	0.0	0.2
	Ba (ppm)	1.5	2.0	b.d.l.	0.6	3.9
	La (ppm)	187.9	268.4	39.1	1.4	5.5
	Ce (ppm)	169.9	53.6	12.4	0.3	0.7
	Pr (ppm)	56.4	10.2	6.2	0.1	0.7
	Nd (ppm)	294.5	55.3	28.0	0.3	3.9
	Sm (ppm)	77.2	15.0	7.1	0.2	1.2
	Eu (ppm)	22.82	4.88	2.51	0.06	0.42
	Gd (ppm)	77.35	16.87	6.54	0.21	1.53
	Tb (ppm)	10.48	2.51	0.81	0.03	0.24
	Dy (ppm)	59.88	15.36	3.99	0.22	1.71
	Ho (ppm)	11.35	3.16	0.68	0.03	0.36
	Er (ppm)	27.43	8.21	1.34	0.16	0.99
	Tm (ppm)	3.51	1.13	0.12	0.03	0.18
	Yb (ppm)	21.74	7.04	1.04	0.29	1.09
	Lu (ppm)	3.13	0.96	0.09	0.04	0.21
	Hf (ppm)	3.74	0.74	0.06	0.42	1.05
	Ta (ppm)	0.08	0.30	0.09	b.d.l.	0.03
	Pb (ppm)	4.16	2.41	1.32	0.30	0.54
	Th (ppm)	1.38	0.21	0.09	0.07	0.05
	U (ppm)	0.09	0.11	0.09	0.01	0.01

3.2: 

Average major-and trace-element compositions obtained from EMP and LA-ICPMS analyses on typical grains observed in thin and polished sections from the saprolite (N: number of analyses, b.d.l.: below detection limit, alt: alteromorph, bt: biotite, Fe ox.: Fe (oxyhydr)oxide, px: pyroxene, sme: smectite).
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 5 .3.4). Among the grains, only goethite contain significant amounts of Sc (ca 1100 ppm) indicating that it is the main Sc carrier. Kaolinite and gibbsite contain about ten times less Sc (ca 190 ppm and ca 150 ppm, respectively). Considering the Fe content of these grains, part of this Sc may also be carried by goethite. Hematite grains are low in Sc (ca 15 ppm). The Cr content of these grains may indicate that they are relicts of altered primary chromite, or in any case, the early generation of hematite grains already observed in the saprolite. Low Sc contents may result from a precipitation prior to the leaching of most of the Sc during alteration of clinopyroxene. A second generation of fine hematite grains seems to be dispersed in the matrix of the lateritic material it is identified from high Fe contents

	M. Chassé		Processes of Scandium Enrichment		2017
	Grain type	Gt	Hem	Kln	Gbs	Gt-rich mtx	Hem-rich mtx	Kln-rich mtx	Gbs-rich mtx
	N (EMP)	22	12	3	5	13	11	10	7
	SiO 2 (wt%) TiO 2 (wt%) Al 2 O 3 (wt%) Fe 2 O 3 (wt%) Cr 2 O 3 (wt%) MnO (wt%)	5.4 1.4 5.5 63.3 0.6 0.5	0.3 1.0 0.4 96.8 1.9 0.1	44.4 0.0 38.0 2.7 0.1 0.1	0.3 0.4 81.1 4.5 0.3 0.0	12.2 1.3 8.5 60.4 0.0 0.9	4.9 1.5 2.7 79.4 0.1 1.9	27.2 0.7 22.3 28.7 0.0 0.6	8.6 1.6 48.9 29.7 0.2 0.1
	MgO (wt%)	0.4	0.5	0.1	0.0	0.2	0.3	0.2	0.6
	CaO (wt%)	0.2	0.0	0.1	0.0	0.2	0.2	0.2	0.1
	Na 2 O (wt%) K 2 O (wt%) P 2 O 5 (wt%)	0.0 0.0 0.2	0.0 0.0 0.0	0.1 0.0 0.1	0.0 0.0 0.0	0.0 0.0 0.0	0.0 0.0 0.1	0.1 0.0 0.1	0.1 0.0 0.0
	Total (wt%)	77.8	101.1	85.9	86.8	83.8	91.3	80.2	89.9
	N (LA-ICPMS)	11	6	2	3	2	5	4	2
	Li (ppm)	0.3	0.1	0.3	0.4	1.5	1.7	1.6	0.1
	Be (ppm)	1.4	0.1	0.7	0.5	0.7	b.d.l.	0.3	0.1
	B (ppm)	17.5	6.5	21.0	15.7	16.1	19.6	14.7	19.4
	Sc (ppm)	1098	16	188	145	463	430	312	131
	V (ppm)	496	177	433	330	234	20	144	165
	Co (ppm)	18	23	15	10	20	3	19	22
	Ni (ppm)	782	90	227	182	364	239	270	97
	Cu (ppm)	158	4	122	92	70	37	50	21
	Zn (ppm)	962	323	286	90	287	80	210	49
	Ga (ppm)	56	4	25	28	26	9	20	13
	Rb (ppm)	0.1	0.2	0.2	0.5	0.3	b.d.l.	0.6	0.3
	Sr (ppm)	33	3	45	3	24	5	17	6
	Y (ppm)	37.1	0.8	29.6	6.0	18.0	0.9	10.0	1.8
	Zr (ppm)	56	1	31	29	38	4	24	26
	Nb (ppm)	0.51	0.03	0.31	0.35	0.34	0.07	0.22	1.59
	Cs (ppm)	0.07	0.07	0.06	b.d.l.	0.07	b.d.l.	0.35	0.09
	Ba (ppm)	22	2	41	8	19	2	10	2
	La (ppm)	16.8	0.6	24.5	4.3	10.0	0.6	5.4	0.5
	Ce (ppm)	63.5	1.9	73.7	8.5	62.1	2.3	30.4	2.2
	Pr (ppm)	4.5	0.2	5.5	1.4	2.6	0.2	1.4	0.2
	Nd (ppm)	22.6	0.8	25.5	5.8	13.4	b.d.l.	7.0	1.5
	Sm (ppm)	6.50	0.14	5.94	1.45	3.14	b.d.l.	1.46	0.45
	Eu (ppm)	2.07	0.03	1.77	0.41	1.03	0.09	0.60	0.14
	Gd (ppm)	7.23	0.17	6.57	1.71	2.61	b.d.l.	1.55	0.35
	Tb (ppm)	1.07	0.03	0.83	0.21	0.50	0.07	0.30	0.05
	Dy (ppm)	6.42	0.11	4.74	1.55	3.24	0.28	1.68	0.35
	Ho (ppm)	1.33	0.03	0.93	0.26	0.70	0.07	0.37	0.04
	Er (ppm)	3.49	0.06	2.21	0.80	1.46	b.d.l.	0.87	0.20
	Tm (ppm)	0.46	0.01	0.29	0.10	0.19	b.d.l.	0.09	0.04
	Yb (ppm)	3.06	0.08	1.76	0.67	1.34	b.d.l.	0.81	0.34
	Lu (ppm)	0.49	0.01	0.26	0.11	0.16	b.d.l.	0.10	0.04
	Hf (ppm)	1.79	0.25	1.24	0.71	1.45	0.36	1.10	1.00
	Ta (ppm)	0.02	0.00	0.01	0.03	0.04	0.03	0.03	0.11
	Pb (ppm)	2.02	0.24	2.48	2.32	1.29	1.53	0.96	2.90
	Th (ppm)	0.41	0.02	0.47	0.71	0.29	0.04	0.18	0.46
	U (ppm)	0.48	0.02	0.22	0.86	0.15	0.07	0.14	0.16

and analytical totals, and carries ca 430 ppm Sc on average. This value is not significantly lower than the value observed in goethite-rich areas of the matrix (ca 460 ppm). These hematite-rich zones are found in the vicinity of goethite grains (see boundary and fractures of the goethite alteromorph,

Figures 5.3.6b and d)

. Scandium concentrations have been obtained by EMP due to the need for a good spatial resolution (Figure

5

.3.6b, Sc contents of each spot are given in ppm). The formation of this generation of hematite from goethite induces a leaching of part of the Sc, but hematite still retains significant amounts of Sc. In the zones of the matrix rich in kaolinite or in gibbsite, Sc content are significantly lower, confirming the poor capacity of these phases to trap Sc.

In the transported-residual lateritic duricrust, goethite is the main Sc carrier but concentrations are half those in the lower horizons

(Table 5.3.4)

. The differences observed seem to result from lower Sc concentrations due to the input of Sc-poor material in this horizon and not from a different and less efficient mechanism of Sc trapping. The presence of abundant anatase and quartz grains allowed assessment of their influence in trapping Sc; analyses show that they are negligible. Barite, and thus sulfate-rich fluids circulating in the upper horizons, are also low in Sc. 3.3: Average major-and trace-element compositions obtained from EMP and LA-ICPMS analyses on typical grains observed in thin and polished sections from the lateritic duricrust (N: number of analyses, b.d.l.: below detection limit, gbs: gibbsite, gt: goethite, hem: hematite, kln: kaolinite, mtx: matrix). ICPMS analyses on typical grains observed in thin and polished sections from the transportedresidual lateritic duricrust (N: number of analyses, b.d.l.: below detection limit, n.d.: not determined, ant: anatase, brt: barite, gbs: gibbsite, gt: goethite, hem: hematite, kln: kaolinite, qz: quartz).
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	Co -0.01 Ni -0.10 Ga -0.32	0.08 0.43 0.28	1 0.24 0.34 Proportion of variance 0.24 0.34 Zr 1 0.41 Nb Standard deviation 0.41 1 Hf Cumulative proportion	0.04 0.07 2.20 0.04 0.54 0.54	0.00 0.00 1.29 0.00 0.19 0.72	1 0.02 1.00	0.02 1 0.02	1.00 0.02 1
		Sc	Ce		Nd	Sm R-loadings values Eu	Gd	Dy	Ho	Er	Yb	Y
	Sc Ce Nd Sm Eu Gd Dy -0.07 -0.06 1 0.13 0.13 1 0.25 0.58 0.18 0.16 0.11 0.05 0.03 -0.02 Ho -0.10 -0.07 -0.02 0.25 0.58 1 0.56 0.36 0.18 0.03 Er -0.11 -0.08 -0.04 Yb -0.12 -0.09 -0.07 Y -0.12 -0.09 -0.03	0.18 0.16 0.56 1 0.83 0.70 0.48 0.38 0.37 0.29 0.40	0.11 0.05 0.36 Y 0.83 Yb 1 Er 0.65 Dy 0.40 Eu 0.35 Sm 0.25 Nd 0.15 Ce 0.31 Sc	0.03 -0.02 -0.06 -0.07 -0.08 -0.09 -0.09 -0.07 -0.10 -0.11 -0.12 -0.12 PC1 PC2 0.18 0.03 -0.42 0.18 -0.02 -0.04 -0.07 -0.03 0.70 0.48 0.38 0.37 0.29 -0.39 0.35 0.40 0.65 0.40 0.35 0.25 0.15 -0.40 0.33 0.31 1 0.77 0.70 0.66 0.59 -0.43 0.20 0.70 0.77 1 0.96 0.96 0.83 -0.19 -0.27 0.92 0.70 0.96 1 0.97 0.86 -0.36 -0.33 0.92 0.66 0.96 0.97 1 0.98 -0.27 -0.52 0.99 0.59 0.83 0.86 0.98 1 -0.29 -0.32 0.95 0.70 0.92 0.92 0.99 0.95 1 -0.08 -0.38
				Sc		MgO CaO	FeO MnO Al2O3 Cr2O3 SiO2	
	i	Sc MgO	1 -0.19	-0.19 1	0.23 -0.74 -0.53 -0.30 -0.11 0.06	-0.38 0.23	0.44 -0.20	-0.24 0.38	
		CaO		0.23	-0.74		1	0.11	0.07	-0.44	0.39	-0.44	
		FeO		-0.11 -0.53		0.11		1		0.16	0.31	-0.42	-0.11	
		MnO	0.06	-0.30		0.07	0.16	1	0.02	-0.01	-0.04	
		Al2O3 -0.38	0.23	-0.44	0.31	0.02	1	-0.93	0.46	
		Cr2O3	0.44	-0.20		0.39	-0.42 -0.01	-0.93	1	-0.42	
		SiO2		-0.24	0.38	-0.44 -0.11 -0.04	0.46	-0.42	1	

  TableB.10: Summary statistics of the distribution of the modal contents in olivine, pyroxene and garnet depending on the lithotype of the host-rock. TableB.11: Correlation matrix of major-element and Sc content of the olivines from the database.TableB.12: Correlation matrix of major-element and Sc content of the orthopyroxenes from the database. TableB.13: Correlation matrix of major-element and Sc content of the clinopyroxenes from the database.Summary Statistics of the Meta-Analyses on the Geochemistry of ScandiumTableB.14: Summary statistics of Sc distribution in lithotypes resulting from the eruption of mantle-derived melts (MORB: mid-ocean-ridge basalts, OIB: ocean-island basalts).

	M. Chassé				Processes of Scandium Enrichment					2017	
	Lithotype SiO2 Sc Lithotype	Mineral SiO2 TiO2 Al2O3 Cr2O3 Num. Obs. Min 1 % 0.13 -0.07 0.08 0.76 1 -0.25 0.2 0.11 Num. Obs. Sc 1 0.13 Min 1 % 5 % 10 % FeO MnO MgO CaO 5 % 10 % 25 % MedianMean 75 % 90 % 95 % 99 % Max -0.17 -0.11 0.13 0.07 -0.6 -0.47 0.24 0.06 25 % Median Mean 75 % 90 % 95 % 99 % Max Std. Dev. Std. Dev. Med. Med. Abs. Dev. Abs. Dev.	Rel. Std. Dev. Rel. Std. Dev.
	Dunite Dunite Dunite Harzburgite Harzburgite Harzburgite Lherzolite CaO MgO TiO2 Al2O3 MORB Cr2O3 OIB FeOT -0.17 Orthopyroxene Olivine Clinopyroxene Olivine Orthopyroxene Clinopyroxene Olivine 0.07 0.06 0.03 0.13 0.24 -0.19 -0.07 -0.25 1 0.08 0.2 0 198 13 0.76 0.11 0.03 4600 3 -0.6 0.24 Boninites 417 6 MnO -0.11 -0.47 0.12 Komatiites 1547 1	62 62 62 290 290 290 490 0.49 0 0 1 15 0.29 16 -0.13 9 0.05 5	82 0 0 42.7 0 0 40 0.12 84.4 0 0 55 1.6 0 44.7 0.13 0.03 0.29 18 23 1 20 22 -0.24 19 23 -0.09 9 11	89.1 0 0 63 8 0.1 51 0.12 -0.87 -0.61 90.1 0 0 67.4 10 0.7 54.5 0.15 0.24 0.12 -0.13 0.05 36 42 -0.17 93.7 0 0 73 14 1.9 59 1 -0.19 0 -0.24 -0.09 0.13 26 30 1 0.74 -0.87 28 33 0.74 1 -0.61 16 24	96.5 0 0.4 77 18.4 3 64.5 1 -0.17 0.03 39 0.49 31 0.12 34 0.12 0.15 25	95.4 1.4 1.1 76.2 18.6 3.2 64.2 46 35 40 32	98.3 2.1 1.6 80.8 22.3 4 70 48 43 48 39	99 5.1 3.1 84.7 27 4.6 74 50 46 53 43	99.1 7.5 4.6 86.2 31.3 5.7 77 54 53 64 54	99.6 9.1 5.1 89.6 39.9 20.2 81 58 277 85 94	99.7 9.5 5.2 90 43 35.9 91.8 10 9 11 11	3.7 2.6 1.5 7.2 7.3 3.5 8	7 7 9 11	3.5 0 0.6 5.9 6.1 1.5 8.1	0 0 0 0	0 1.8 1.3 0.1 0.1 1.1 0.4
	Lherzolite			Orthopyroxene		490	2.7	6.4		11.9	14	18		21.9	22	26.2	29.4	32.1	36.7	45	6.3	6.2	0.3
	Lherzolite			Clinopyroxene		490	0	2		5	6	7.5		10.5	11.1	14	16.6	18.9	28	44	4.9	5	0.4
	Wehrlite			Olivine		28	0.1	2.1		8.4	32.6	52		73.5	64.6	81.1	86.6	90.3	91.8	91.9	25	15.2	0.4
	Wehrlite			Orthopyroxene		28	0	0		0	0	0		0	1.8	0.6	2.5	2.9	26.4	35	6.6	0	3.7
	Wehrlite Pyroxenite Pyroxenite Pyroxenite Clinopyroxenite Clinopyroxenite Clinopyroxenite Garnet peridotite Garnet peridotite Garnet peridotite Garnet peridotite Garnet pyroxenite Garnet pyroxenite CaO MgO MnO FeO Cr2O3 Sc SiO2 TiO2 Al2O3	Clinopyroxene Olivine Orthopyroxene Clinopyroxene Sc SiO2 TiO2 Al2O3 Cr2O3 28 0 0 31 0 0 31 0 0.5 31 2 3.2 Olivine 39 0 0 Orthopyroxene 39 0 0 Orthopyroxene 39 0 0 Olivine 85 28.7 40.1 Boninites-MORB 2.1 6.8 0 0 Pair 1.8 5 6.8 8.2 OIB-MORB FeO MnO MgO CaO 12.8 18.2 0 4.4 11.9 27.8 13.5 46.2 0 0 0 1.5 0 0 0 0 0 0 0 0 51.2 54.5 60.3 65.9 Orthopyroxene 85 3.3 4.3 7.1 9 12.7 18.3 Clinopyroxene 85 0 0 0.4 0.9 1.9 5.6 Garnet 85 0.1 0.1 0.1 0.7 2.1 4.3 Olivine 41 0 0 0 0 0 0 Orthopyroxene 41 0 0 0 0 0 3 0.34 -0.22 0.36 0.13 0.18 0.07 0.03 -0.54 1 -0.19 0.46 -0.58 -0.65 0.07 -0.68 -0.45 1 -0.54 0.02 -0.38 0.44 0.26 0.19 0.67 1 -0.45 0.03 -0.1 -0.59 0.52 0.52 -0.19 1 0.67 -0.68 0.07 0.03 0.18 0.01 -0.08 1 -0.19 0.19 0.07 0.18 1 -0.1 -0.01 0.1 0.03 -0.1 0.02 -0.19 Komatiites-MORB 0.34 -0.1 1 -0.52 -0.7 0.18 -0.59 -0.38 0.46 Boninites-OIB -0.22 -0.01 -0.52 1 0.25 0.01 0.52 0.44 -0.58 Komatiites-OIB 0.36 0.1 -0.7 0.25 1 -0.08 0.52 0.26 -0.65 0.13 Komatiites-Boninites	22.1 15 34.1 42.1 6.1 0.6 0.6 67.2 18 9 5.5 0.3 7.7	28.5 23.6 p-value 44.7 37.1 53.2 62.6 69.2 80 0.00 0.00 9.5 20.3 0 3 0 3 76.7 80.9 22 26.6 14 20 8.3 11.6 0 0 10 21 0.00 0.00 0.00 0.00	51.8 58.6 81 81.8 24.6 3.3 3.3 83.6 28.8 23.4 13.1 0.4 30.5	56.9 79.5 89.7 84.7 28.1 5.9 5.9 89.3 36.2 31.1 20.5 7.6 50.5	57.6 79.6 90 85.4 28.1 6 6 89.4 39.5 33.5 22.1 12.2 59.5	15.1 21.5 26.1 28.5 8.5 1.5 1.5 11 7.2 8.1 4.5 1.9 12.2	10.9 6.5 31.4 43.3 2.2 0 0 11.4 7.1 7.8 4.3 0 4.4	0.7 1.4 0.8 0.7 1.4 2.5 2.5 1.6 5.9 0.8 0.9 0.4 0.2
	Garnet pyroxenite		Clinopyroxene		41	15.9	16.4		30	34.9	46		63	61.5	77	85	85	95	95	19.6	22.2	0.3
	Garnet pyroxenite		Garnet		41	1	1.8		5	5	13		20	24.2	36.5	43.6	50	53.7	56	14.7	15.9	0.6
	Eclogite			Clinopyroxene		25	30	30		30	30.8	38		46	46.9	55	59.2	70.4	73.8	74	12.4	13.3	0.3
	Eclogite			Garnet		25	25	25.2		26.4	28.8	41		54	51.4	62	69.2	70	70	70	14.2	17.8	0.3
			Sc	SiO2 TiO2 Al2O3 Cr2O3	FeO MnO MgO CaO Na2O		
	Sc		1	0.08	0.02	-0.12	0.35	-0.21	0.3	-0.04	0.33	-0.1		
	SiO2	0.08	1	-0.85	-0.61	0.59	-0.74 -0.25	0.59	-0.02	0.02		
	TiO2	0.02	-0.85	1	0.42	-0.33	0.72	0.1	-0.54	0.04	-0.07		
	Al2O3 -0.12 -0.61	0.42		1	-0.29	0.32	0.1	-0.54 -0.35	0.36		
	Cr2O3	0.35	0.59	-0.33	-0.29	1	-0.65	0.22	0.31	-0.02	0.14		
	FeO	-0.21 -0.74	0.72	0.32	-0.65	1		0.29	-0.33 -0.28	-0.11		
	MnO	0.3	-0.25	0.1		0.1	0.22	0.29	1	-0.35 -0.15	0.61		
	MgO	-0.04	0.59	-0.54	-0.54	0.31	-0.33 -0.35	1	-0.29	-0.4		
	CaO	0.33	-0.02	0.04	-0.35	-0.02	-0.28 -0.15 -0.29	1	-0.36		
	Na2O	-0.1	0.02	-0.07	0.36	0.14	-0.11	0.61	-0.4	-0.36	1			

Table

B

.15: Results of the Dunnett's modified Tukey-Kramer test for each pair of lithotypes resulting from the eruption of mantle-derived melts (MORB: mid-ocean-ridge basalts, OIB: ocean-island basalts).

Phase Proportions Obtained from Rietveld Refinement

  

	Depth Di	Adr Act	Op-CT	Sme Vrm Cal Dol Tdk Kln Gt Hem Mgh Gbs Bhm Qz Ant
	m	wt%								
	0	abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 16	59	7	8	abs. 10	abs.
	0.3 abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 19	29	6	32	9	4	1
	0.6 abs. abs. abs. abs. abs. abs. abs. abs. abs. 27	2	41	5	17	abs.	8	abs.
	1.2 abs. abs. abs. abs. abs. abs. abs. abs. abs. 10	3	54	8	19	abs.	6	abs.
	2	abs. abs. abs. abs. abs. abs. abs. abs. abs. 12	4	48	9	23	abs.	4	abs.
	2.2 abs. abs. abs. abs. abs. abs. abs. abs. abs. 38	2	42	4	8	1	5	abs.
	3	abs. abs. abs. abs. abs. abs. abs. abs. abs. 19	20	49	0	7	abs.	5	abs.
	4	abs. abs. abs. abs. abs. abs. abs. abs. abs. 21	22	45	0	11	abs.	1	abs.
	4.5 abs. abs. abs. abs. abs. abs. abs. abs. abs. 14	21	48	1	15	abs.	1	abs.
	5	abs. abs. abs. abs. abs. abs. abs. abs. abs.	8	28	55	1	6	abs.	2	abs.
	5.5 abs. abs. abs. abs. abs. abs. abs. abs. abs.	6	26	57	0	9	abs.	2	abs.
	6	abs. abs. abs. abs. abs. abs. abs. abs. abs.	5	24	53	2	13	abs.	3	abs.
	6.5 abs. abs. abs. abs. abs. abs. abs. abs. abs. 11	34	38	1	15	abs.	1	abs.
	7	abs. abs. abs. abs. abs. abs. abs. abs. abs.	1	18	73	1	7	abs. abs. abs.
	7.8 abs. abs. abs. abs. abs. abs. abs. abs. abs.	1	29	66	0	4	abs. abs. abs.
	8.2 abs. abs. abs. abs. abs. abs. abs. abs. abs. b.d.l. 41	56	1	2	abs. abs. abs.
	8.6 abs. abs. abs. abs. abs. abs. abs. abs. abs. b.d.l. 50	47	0	3	abs. abs. abs.
	9	abs. abs. abs. abs. abs. abs. abs. abs. abs.	5	53	40	abs.	2	abs. abs. abs.
	9.5 abs. abs. abs. abs. abs. abs. abs. abs. abs.	1	57	39	abs.	3	abs. abs. abs.
	10	abs. abs. abs. abs. abs. abs. abs.	1	abs. abs. 54	36	abs.	9	abs. abs. abs.
	10.5 abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 33	25	abs. 42	abs. abs. abs.
	11	abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 39	15	abs. 46	abs. abs. abs.
	11.5 abs. abs. abs. abs. abs. abs. abs.	1	abs. abs. 54	30	1	13	abs. abs.	1
	12.1 abs. abs. abs. abs. abs. abs. abs.	2	abs. abs. 51	33	1	13	abs. abs.	0
	12.5 abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 47	34	1	17	abs. abs.	1
	13	abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 50	28	1	20	abs. abs.	1
	13.5 abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 52	26	1	21	abs. abs. b.d.l.
	14	abs. abs. abs. abs. abs. abs. abs. abs. abs. abs. 47	27	1	25	abs. abs. b.d.l.
	14.4 abs. abs. abs. abs. abs. abs. abs. abs. abs.	1	45	23	1	29	abs. abs.	1
	14.9 abs. abs. abs. abs. abs. abs. abs. abs. abs. 22	49	27	1	abs. abs. abs.	1
	15.4 abs. abs. abs. abs. abs. abs. abs. abs. abs.	6	48	29	1	15	abs. abs.	1
	16	abs. abs. abs. abs. abs. abs. abs. abs. abs. 23	52	23	0	abs. abs. abs.	2
	16.4 abs. abs. abs. abs. abs. abs. abs. abs. abs. 33	45	19	1	abs. abs. abs.	2
	16.9 abs. abs. abs. abs. abs. abs. abs. abs. abs. 42	30	23	2	abs. abs. abs.	3
	17.4 abs. abs. abs. abs. abs. abs. abs. abs. abs. 43	28	22	4	abs. abs. abs.	3
	17.6 abs. abs. abs. abs. abs. abs. abs. abs. abs.	6	17	60	16	abs. abs. b.d.l. 1
	18	abs. abs. abs. abs. abs. abs. abs. abs. abs. 38	22	33	5	abs. abs. b.d.l. 2
	18.4 abs. abs. abs. abs. abs. abs. abs. abs. abs.	9	48	37	6	abs. abs. b.d.l. 0
	18.8 abs. abs. abs. abs. abs. abs. abs.	1	abs. abs. 31	33	17	abs. abs. 18	abs.
	19	abs. abs. abs. abs. abs. abs. 26	abs. abs. abs. 20	5	abs. abs. abs. 49	abs.
	19.5 abs. abs. abs. abs. b.d.l. abs. abs. abs. 12	abs. 45	40	2	abs. abs. abs.	1
	20	abs. abs. abs. abs. 57	abs. abs. abs.	5	22	4	10	2	abs. abs. abs. abs.
	20.5 abs. abs. abs. abs. 82	abs. abs. abs. abs. abs.	1	12	2	abs. abs.	2	1
	20.8 abs. abs. abs. abs. 89	abs. abs. abs. abs. abs. abs.	2	1	abs. abs.	8	abs.
	21.5		abs. abs. abs.	9	abs. abs. abs. abs. abs. abs.	1	abs. abs. abs. abs. abs.
	22		abs. abs. abs.	5	abs. abs. abs. abs. abs. abs.	1	abs. abs. abs. abs. abs.
	22.5		abs. abs. abs.	4	abs. abs. abs. abs. abs. abs.	0	abs. abs. abs. abs. abs.
	23		abs.	0	abs. 18	1	abs. abs. abs. abs. abs.	0	abs. abs. abs. abs. abs.
	23.5		abs.	0	abs. 21	3	abs. abs. abs. abs. abs.	1	abs. abs. abs. abs. abs.
	24	100 abs. abs. abs. b.d.l. abs. abs. abs. abs. abs. abs.	0	abs. abs. abs. abs. abs.
	24.5		abs. abs. abs.	3	abs. abs. abs. abs. abs. abs.	1	abs. abs. abs. abs. abs.
	25		abs. abs. abs.	4	abs. abs. abs. abs. abs. abs.	3	abs. abs. abs. abs. abs.
	25.5		abs. abs. abs.	6	abs. abs. abs. abs. abs. abs.	2	abs. abs. abs. abs. abs.
	26		11	abs. abs. 19	abs. abs. abs. abs.	5	abs.	0	abs. abs. abs. abs. abs.
	26.4		abs. abs. abs. b.d.l. abs. abs. abs. abs. abs. abs.	1	abs. abs. abs. abs. abs.
	27		1	abs. abs. b.d.l. abs. abs. abs. abs. abs. abs.	0	abs. abs. abs. abs. abs.
	27.4		abs. abs. abs.	2	abs. abs. abs. abs. abs. abs.	1	abs. abs. abs. abs. abs.
	27.6 abs. abs. abs. 68	b.d.l. abs. abs. abs. abs. abs. abs. 25	7	abs. abs. abs. abs.
	27.8 abs. abs. abs. 79	12	abs. abs. abs. abs. abs. abs.	5	4	abs. abs. abs. abs.
	28	b.d.l. abs. abs. 77	6	abs. abs. abs. abs. abs. abs. 12	5	abs. abs. abs. abs.

Table E .

 E . abs. abs. abs. abs. abs. b.d.l. abs. abs. abs. abs. 28.5 100 abs. b.d.l. abs, abs. abs. abs. abs. abs. abs. abs. abs. abs, abs. abs. abs. abs. abs. abs. 0 abs. abs. abs. abs. 30 100 abs. abs. abs, abs. abs. abs. abs. abs. abs. b.d.l. abs. abs. abs. abs. 30.5 100 abs. abs. abs, abs. abs. abs. abs. abs. abs.
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	Depth Di	Adr Sme Vrm Cal Dol Tdk Lph Kln Gt Hem Mgh Gbs Qz Ant
	m	wt%									
	0	abs. abs. abs. abs, abs. abs. abs. abs.	0	36	22	abs. 39	2	1
	1.5 abs. abs. abs. abs, abs. abs. abs. abs.	3	85	12	abs. abs. abs. abs.
	1.7 abs. abs. abs. abs, abs. abs. abs. abs.	1	48	39	0	abs. 11	1
	2.5 abs. abs. abs. abs, abs.	1	abs. abs.	5	23	61	1	5	3	1
	3	abs. abs. abs. abs, abs. abs. abs. abs.	3	26	59	2	8	1	1
	3.5 abs. abs. abs. abs, abs. abs. abs. abs.	4	32	49	1	12	abs.	2
	4	abs. abs. abs. abs, abs.	6	abs. abs.	3	30	44	5	11	abs.	1
	4.5 abs. abs. abs. abs, abs.	1	abs. abs.	3	38	38	1	18	abs.	1
	5	abs. abs. abs. abs, abs.	1	abs. abs.	5	40	42	2	9	abs.	1
	5.5 abs. abs. abs. abs, abs.	1	abs. abs. 19	24	28	4	23	abs.	1
	6	abs. abs. abs. abs, abs.	1	abs. abs. 20	23	29	1	25	abs.	1
	6.6 abs. abs. abs. abs, abs. abs. abs. abs. 40	34	22	1	2	abs.	1
	7.2 abs. abs. abs. abs, abs.	1	abs. abs. 56	15	13	1	13	abs.	1
	7.6 abs. abs. abs. abs, abs.	2	abs. abs. 37	31	28	1	abs. abs.	1
	8	abs. abs. abs. abs, abs.	2	abs. abs. 17	38	41	1	abs. abs.	1
	8.3 abs. abs. abs. abs, abs.	4	abs. abs. 26	33	34	2	abs. abs.	1
	8.9 abs. abs. abs. abs, abs. abs. abs. abs. 29	37	31	1	abs. abs.	2
	9.6 abs. abs. abs. abs, abs. abs. abs.	1	43	31	22	1	abs. abs.	2
	10	abs. abs. abs. abs, abs. abs. abs.	1	38	32	26	1	abs. abs.	2
	10.7 abs. abs. abs. abs, abs. b.d.l. abs. abs. 35	31	31	1	abs. abs.	2
	11	abs. abs. abs. abs, abs.	1	abs. abs. 44	17	34	2	abs. abs.	2
	11.7 abs. abs. abs. abs, abs.	1	abs. abs. 42	24	29	2	abs. abs.	2
	12	abs. abs. abs. abs, abs.	3	abs. abs. 26	24	36	10	abs. abs.	1
	12.5 abs. abs. abs. abs, abs. b.d.l. abs. abs. 33	27	36	2	abs. abs.	2
	13	abs. abs. abs. abs, abs. abs. abs. abs. 32	26	37	3	abs. abs.	2
	14	abs. abs. abs. abs, abs.	1	abs. abs. 39	20	36	2	abs. abs.	2
	14.5 abs. abs. abs. abs, abs. abs. abs. abs. 42	24	31	1	abs. abs.	2
	15	abs. abs. abs. abs, abs.	1	abs. b.d.l. 38	18	38	3	abs. abs.	2
	16	abs. abs. abs. abs, abs. b.d.l. abs. abs. 41	16	38	3	abs. abs.	2
	16.5 abs. abs. abs. abs, abs. abs. abs. abs. 36	29	31	3	abs. abs.	1
	17	abs. abs. abs. abs, abs. abs. abs. abs. 31	29	36	2	abs. abs.	2
	17.5 abs. abs. abs. abs, abs. abs. abs. abs. 22	24	50	2	abs. abs.	2
	18	abs. abs. abs. abs, b.d.l. abs. abs. abs. 29	29	38	2	abs. abs.	2
	18.5 abs. abs. abs. abs, abs. abs. abs. abs. 20	44	31	3	abs. abs.	2
	19	abs. abs. abs. abs, abs. abs. abs. abs. 28	34	34	3	abs. abs.	1
	19.5 abs. abs. abs. abs, abs. abs. abs. abs. 34	19	42	3	abs. abs.	2
	20	abs. abs. 46	abs, abs. abs. abs. abs. 15	6	31	2	abs. abs. b.d.l.
	20.3 abs. abs. 42	abs, abs. abs. abs. abs. 11	8	37	2	abs. abs. b.d.l.
	22	abs. abs. 78	abs, abs. abs. abs. abs. abs.	7	14	1	abs. abs. b.d.l.
	22.5 abs. abs. 91	abs, abs. abs. abs. abs. abs.	3	5	1	abs. abs. b.d.l.
	23	abs. abs. 87	abs, abs. abs. abs. abs. abs.	5	7	1	abs. abs. b.d.l.
	23.5 abs. abs. 90	abs, abs. abs. abs. abs. abs.	4	6	0	abs. abs. b.d.l.
	24	abs. abs. 92	abs, abs. abs. abs. abs. abs.	3	4	1	abs. abs. b.d.l.
	24.5 abs. abs. 86	abs, abs. abs. abs. abs. abs.	5	9	0	abs. abs. b.d.l.
	25	abs. abs. 94	abs, abs. abs. abs. abs. abs.	2	3	1	abs. abs. b.d.l.
	25.5 abs. abs. 97	abs, abs. abs. abs. abs. abs.	0	3	0	abs. abs. abs.
	26	abs. abs. 92	abs, abs. abs. abs. abs. abs. abs.	7	1	abs. abs. abs.
	26.2 22	abs.	4	abs, 74	abs. abs. abs. abs. abs.	0	abs. abs. abs. abs.
	27	98	abs.	2	abs, abs. abs. abs. abs. abs. abs.	0	abs. abs. abs. abs.
	27.5 63	abs.	4	1	30	abs. abs. abs. abs. abs.	2	abs. abs. abs. abs.
	28	97	abs.	3	abs, abs0	abs. abs. abs. abs.
	29	93	abs.	7	abs, abs. abs. abs. abs. abs. abs.	0	abs. abs. abs. abs.
	29.2 87	6	6	abs, abs. abs. abs. abs. abs. abs.	1	abs. abs. abs. abs.
	29.5 100 0	abs. abs. abs. abs.
	31	100 abs. abs. abs, abs. abs. abs. abs. abs. abs. b.d.l. abs. abs. abs. abs.
	31.5 96	abs.	3	abs, abs. abs. abs. abs. abs. abs.	1	abs. abs. abs. abs.
	32	100 abs. b.d.l. abs, abs. abs. abs. abs. abs. abs.	0	abs. abs. abs. abs.

1: Proportion of the different mineral phases determined by Rietveld refinement for the samples from the JSD-001 core (abs: absent, b.d.l: below detection limit, adr: andradite, act: actinolite, ant: anatase, bhm: boehmite, cal: calcite, di: diopside, dol: dolomite, gbs: gibbsite, gt: goethite, hem: hematite, kln: kaolinite, mgh: maghemite, op-CT: opal-CT, qz: quartz, sme: smectite, tdk: todorokite, vrm: vermiculite).

Table E .

 E 2: Proportion of the different mineral phases determined by Rietveld refinement for the samples from the JSD-002 core (abs: absent, b.d.l: below detection limit, adr: andradite, ant:

	M. Chassé Detailed Results on Whole-Rock Methods Processes of Scandium Enrichment M. Chassé Processes of Scandium Enrichment	2017 2017
	Major-Element Concentrations Obtained from X-Ray Fluores-cence Depth SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3 LOI Total m wt% Oxide BCR-2 GeoReM 𝜎 BIR-1 GeoReM 𝜎 BHVO-2 GeoReM 𝜎 Replicas 𝜎
	Depth SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3 m wt% 0.0 16.54 2.68 20.55 45.65 0.19 0.04 0.14 0.11 0.07 0.04 0.02 0.07 12.44 98.57 LOI Total 0.3 10.30 2.19 35.18 32.02 0.11 0.06 0.16 0.11 0.08 0.04 0.04 0.06 19.28 99.60 0.6 16.71 3.00 17.87 49.91 0.19 0.05 0.16 0.10 0.10 0.01 0.02 0.0 2.47 1.66 36.14 32.85 0.64 0.69 0.12 0.04 0.04 b.d.l. 0.04 0.06 25.07 99.89 1.5 3.40 0.10 2.42 77.63 0.84 0.08 0.04 0.02 0.02 b.d.l. 0.06 0.04 13.34 98.08 1.7 21.02 1.35 13.90 45.99 0.69 0.18 0.62 0.29 0.07 0.16 0.03 wt% N = 10 N = 10 N = N = 10 6 0.02 14.16 98.50 2.5 15.37 1.93 15.96 51.88 0.48 0.25 0.29 0.19 0.10 0.04 0.04 SiO2 53.87 54.00 0.10 48.11 47.79 0.11 49.92 49.60 0.12 0.25 0.01 12.47 99.03 3.0 15.41 1.83 15.89 51.48 0.54 0.21 0.33 0.18 0.12 0.06 0.03 TiO2 2.21 2.27 0.01 0.95 0.96 0.01 2.65 2.73 0.01 0.015 0.01 12.80 98.95 3.5 11.92 1.77 16.04 54.11 0.44 0.21 0.34 0.14 0.11 0.04 0.03 Al2O3 13.64 13.48 0.03 15.34 15.51 0.04 13.31 13.44 0.03 0.23 0.02 13.42 98.65 4.0 10.75 1.64 14.38 50.68 0.38 0.28 1.48 3.37 0.12 0.04 0.03 Fe2O3 13.47 13.77 0.17 11.49 11.40 0.25 12.03 12.39 0.22 0.40 0.02 15.50 98.75 4.5 9.08 1.66 19.65 52.09 0.30 0.22 0.41 0.39 0.08 0.02 0.03 Cr2O3 b.d.l. 0.00 n.d. 0.07 0.06 0.00 0.03 0.04 0.02 0.024 0.01 14.94 98.93 5.0 9.46 1.77 17.20 55.33 0.27 0.24 0.46 0.43 0.07 0.02 0.04 0.01 13.75 99.09 MnO 0.24 0.20 0.00 0.18 0.17 0.01 0.16 0.17 0.01 0.087 0.30 10.06 99.14 1.2 14.18 3.08 17.33 52.46 0.21 0.06 0.17 0.09 0.10 0.02 0.01 5.5 15.10 1.34 23.93 40.31 0.18 0.19 0.67 0.73 0.09 0.01 0.03 0.01 16.32 98.96 MgO 3.58 3.60 0.01 9.52 9.69 0.01 7.17 7.26 0.01 0.019 0.03 10.53 98.25 2.0 14.56 2.96 17.83 50.96 0.20 0.08 0.21 0.07 0.12 0.01 0.02 6.0 13.44 1.28 26.81 39.71 0.20 0.18 0.25 0.18 0.07 0.01 0.03 0.01 17.24 99.46 CaO 7.14 7.11 0.02 13.04 13.29 0.02 11.24 11.40 0.01 0.025 0.03 11.06 98.07 2.2 16.63 2.74 19.26 47.93 0.23 0.09 0.22 0.06 0.11 0.01 0.02 6.6 23.56 1.30 21.10 39.20 0.16 0.23 0.17 0.09 0.13 0.00 0.02 0.01 13.62 99.63 Na2O 3.15 3.12 0.01 1.79 1.83 0.02 2.71 2.22 0.02 0.013 0.03 11.46 98.78 3.0 18.58 2.70 17.24 48.67 0.25 0.07 0.26 0.03 0.19 0.00 0.03 7.2 26.26 0.77 30.98 23.85 0.13 0.16 0.30 0.27 0.12 0.00 0.01 0.00 17.08 100.00 K2O 1.76 1.77 0.00 0.02 0.03 0.00 0.50 0.51 0.00 0.001 0.03 10.50 98.52 4.0 14.87 3.06 17.55 52.96 0.26 0.07 0.27 0.01 0.14 0.00 0.03 7.6 17.94 1.17 16.47 49.49 0.25 0.42 0.35 0.28 0.05 0.00 0.03 0.01 12.72 99.26 P2O5 0.34 0.36 0.00 0.03 0.03 0.00 0.24 0.27 0.00 0.003 0.03 11.00 100.22 4.5 9.16 3.23 16.97 57.40 0.32 0.08 0.22 0.03 0.09 b.d.l. 0.04 0.04 10.47 98.03 5.0 9.51 3.34 17.32 56.48 0.33 0.07 0.24 0.02 0.06 b.d.l. 0.04 0.04 11.05 98.47 5.5 7.18 3.30 18.00 57.74 0.31 0.07 0.22 0.02 0.09 b.d.l. 0.05 0.05 11.07 98.07 6.0 6.74 3.35 17.71 58.93 0.33 0.08 0.22 0.02 0.08 b.d.l. 0.05 6.5 8.46 3.14 17.42 57.08 0.34 0.07 0.22 0.02 0.08 b.d.l. 0.04 7.0 8.15 3.14 17.87 55.92 0.37 0.08 0.24 0.03 0.08 b.d.l. 0.04 7.8 10.40 2.81 18.68 53.23 0.48 0.24 0.30 0.03 0.07 0.00 0.04 8.2 8.97 2.90 18.30 54.88 0.37 0.07 0.22 0.03 0.10 b.d.l. 0.05 8.6 6.76 2.96 18.17 56.29 0.39 0.07 0.27 0.03 0.15 b.d.l. 0.06 9.0 9.36 3.07 17.01 54.06 0.43 0.10 0.24 0.03 0.09 b.d.l. 0.06 9.5 5.64 2.87 18.76 56.32 0.41 0.07 0.27 0.03 0.13 b.d.l. 0.07 10.0 5.36 2.04 23.41 49.35 0.43 0.07 0.33 0.15 0.11 b.d.l. 0.06 10.5 1.57 0.90 43.08 28.39 0.24 0.11 0.17 0.07 0.04 b.d.l. 0.02 11.0 1.65 0.94 26.49 48.90 0.59 0.06 0.17 0.05 0.07 b.d.l. 0.03 11.5 3.41 2.25 17.69 59.69 0.40 0.15 0.38 0.19 0.09 b.d.l. 0.06 12.1 3.10 2.19 17.36 59.09 0.39 0.17 0.68 0.59 0.12 b.d.l. 0.06 12.5 4.60 1.83 17.03 57.42 0.33 0.21 0.40 0.12 0.10 b.d.l. 0.03 13.0 3.30 2.04 17.25 60.28 0.34 0.21 0.32 0.08 0.02 b.d.l. 0.05 13.5 3.51 1.85 17.21 59.38 0.34 0.23 0.41 0.07 0.06 b.d.l. 0.03 14.0 4.95 1.79 18.30 57.00 0.33 0.21 0.44 0.08 0.10 b.d.l. 0.03 14.4 6.79 1.60 22.00 50.40 0.30 0.17 0.65 0.22 0.12 b.d.l. 0.03 14.9 14.53 1.62 15.82 52.61 0.41 0.16 0.21 0.08 0.10 b.d.l. 0.03 15.4 8.35 1.84 17.00 55.01 0.35 0.22 0.46 0.09 0.09 b.d.l. 0.04 16.0 16.07 1.65 16.88 48.76 0.31 0.19 0.23 0.08 0.11 b.d.l. 0.04 16.4 17.88 1.70 17.45 47.51 0.32 0.17 0.28 0.10 0.18 0.00 0.02 16.9 24.57 1.32 20.34 37.88 0.24 0.13 0.26 0.11 0.12 0.00 0.02 17.4 21.89 1.19 17.71 44.87 0.23 0.20 0.27 0.12 0.14 0.00 0.02 17.6 4.59 0.39 3.78 83.90 0.10 0.62 0.21 0.08 0.09 b.d.l. 0.01 0.02 18.0 17.98 1.17 14.95 52.25 0.15 0.47 0.25 0.15 0.11 0.00 0.04 18.4 4.77 0.55 5.53 76.62 0.21 0.42 0.34 0.09 0.16 b.d.l. 0.03 0.07 18.8 17.18 0.85 6.35 61.93 0.36 0.43 0.65 0.84 0.09 b.d.l. 0.05 0.02 19.0 46.11 0.36 2.24 18.72 0.16 0.11 0.37 15.44 0.16 b.d.l. 0.08 19.5 13.25 1.69 10.85 49.65 0.22 5.24 0.63 0.39 0.11 0.01 0.09 20.0 31.21 0.87 16.10 26.46 0.35 2.31 1.74 0.37 0.19 0.01 0.05 20.5 38.56 0.72 7.12 24.64 0.77 0.89 3.32 0.59 0.22 0.03 0.00 20.8 44.54 0.53 4.65 19.80 0.57 0.62 5.52 0.94 0.20 0.03 0.01 21.5 48.73 0.32 2.75 10.85 0.28 0.23 13.31 15.97 0.23 0.00 22.0 49.81 0.26 2.24 9.28 0.20 0.19 14.41 18.36 0.21 0.00 22.5 51.11 0.28 2.35 7.63 0.26 23.0 51.11 0.28 2.16 8.28 0.22 23.5 50.82 0.25 2.24 8.99 0.24 24.0 51.57 0.28 1.94 6.67 0.28 24.5 50.33 0.26 2.23 8.89 0.19 0.17 14.73 18.68 0.22 25.0 49.51 0.24 2.30 9.43 0.30 0.21 14.55 17.50 0.21 0.00 0.00 0.00 25.5 50.15 0.31 2.45 8.52 0.28 26.0 46.13 0.39 3.75 13.36 0.42 0.30 11.39 11.25 0.18 0.01 0.00 0.00 12.32 99.57 32.0 51.87 0.27 2.34 8.21 0.19 0.17 15.43 19.60 0.25 b.d.l. 0.00 b.d.l. 2.43 100.76 0.20 14.57 18.36 0.21 b.d.l. 0.00 b.d.l. 4.97 100.02 31.5 52.05 0.24 2.10 7.31 0.21 0.15 15.47 20.30 0.20 b.d.l. 0.00 b.d.l. 2.77 100.78 6.04 100.30 31.0 52.51 0.25 2.15 6.61 0.20 0.14 15.96 21.48 0.23 b.d.l. 0.01 b.d.l. 1.41 100.95 0.00 b.d.l. b.d.l. 4.90 100.59 30.5 51.29 0.25 2.14 7.31 0.24 0.16 15.41 19.89 0.23 b.d.l. 0.01 b.d.l. 3.49 100.43 0.14 15.58 21.44 0.20 b.d.l. 0.00 b.d.l. 2.42 100.52 30.0 51.44 0.29 2.21 7.70 0.24 0.15 15.53 20.36 0.22 b.d.l. 0.01 b.d.l. 2.23 100.37 0.14 14.76 18.79 0.20 b.d.l. 0.00 b.d.l. 4.47 100.92 29.5 50.82 0.27 2.34 8.14 0.25 0.17 15.24 19.77 0.24 b.d.l. 0.00 b.d.l. 2.95 100.19 0.17 14.96 19.44 0.22 b.d.l. 0.00 b.d.l. 3.80 100.65 29.2 49.04 0.24 2.26 10.41 0.25 0.16 13.14 18.89 0.22 b.d.l. 0.00 b.d.l. 5.42 100.04 0.17 15.16 19.83 0.25 b.d.l. 0.00 b.d.l. 3.59 100.65 29.0 50.04 0.33 2.66 8.29 0.25 0.17 15.05 18.64 0.22 b.d.l. 0.00 b.d.l. 4.46 100.10 0.00 b.d.l. 4.84 99.86 28.5 50.20 0.32 2.49 8.69 0.21 0.17 14.46 18.59 0.22 b.d.l. 0.00 b.d.l. 4.72 100.07 0.00 b.d.l. 7.03 99.83 28.0 51.38 0.25 2.12 7.14 0.22 0.15 15.43 20.57 0.24 b.d.l. 0.00 b.d.l. 2.83 100.33 0.01 20.95 98.88 27.5 36.27 0.24 1.99 5.93 0.24 0.13 11.16 28.36 0.15 b.d.l. 0.00 b.d.l. 15.15 99.63 0.01 20.96 98.19 27.0 51.49 0.27 2.33 6.22 0.34 0.14 15.54 21.29 0.19 b.d.l. 0.01 b.d.l. 2.52 100.37 0.02 16.91 97.12 26.2 17.12 0.18 1.23 5.38 0.19 0.09 4.61 38.81 0.05 b.d.l. 0.00 b.d.l. 31.81 99.48 0.04 14.16 97.24 26.0 40.87 0.66 5.75 22.72 0.57 0.40 3.76 0.98 0.11 0.02 0.01 b.d.l. 22.16 98.26 0.01 15.96 99.73 25.5 40.71 0.75 6.71 21.76 0.31 0.53 3.66 0.98 0.09 0.02 0.03 b.d.l. 22.55 98.37 9.22 98.04 25.0 37.69 0.75 6.99 26.08 0.74 0.23 2.79 0.89 0.14 0.01 0.00 b.d.l. 21.63 98.24 8.54 97.52 24.5 32.38 0.90 7.20 34.65 0.49 0.05 2.01 0.79 0.10 0.01 0.01 b.d.l. 19.30 98.04 0.02 11.17 98.76 24.0 35.48 0.94 7.44 29.93 0.45 0.04 2.44 0.87 0.12 0.01 0.01 b.d.l. 20.39 98.23 4.81 98.66 23.5 33.46 1.03 7.37 31.96 0.54 0.05 2.24 0.83 0.12 0.01 0.01 b.d.l. 19.56 97.28 0.04 11.94 98.65 23.0 36.30 0.86 8.17 27.36 0.92 0.04 2.34 0.89 0.10 0.01 0.00 b.d.l. 20.97 98.10 0.03 14.69 99.76 22.5 34.26 1.02 8.09 31.11 0.41 0.09 2.17 0.84 0.08 0.01 0.00 b.d.l. 19.45 97.66 0.05 13.24 98.97 22.0 32.06 1.06 8.00 34.67 0.58 0.05 2.07 0.77 0.10 0.01 0.02 b.d.l. 18.43 97.93 0.05 14.46 98.90 20.3 26.65 1.20 9.67 42.60 0.17 0.23 1.38 0.52 0.08 0.01 0.01 b.d.l. 15.19 97.77 0.07 15.60 99.16 20.0 28.58 1.15 10.73 38.92 0.17 0.29 1.48 0.53 0.08 0.01 0.01 b.d.l. 16.11 98.17 0.05 14.00 99.69 19.5 20.91 1.48 13.35 48.85 0.10 0.64 0.34 0.26 0.09 0.00 0.02 b.d.l. 12.59 98.69 0.06 17.21 99.59 19.0 15.53 1.49 12.35 54.40 0.57 0.12 0.39 0.17 0.08 b.d.l. 0.03 b.d.l. 13.13 98.36 0.09 15.76 99.13 18.5 16.61 1.60 13.22 52.40 0.43 0.14 0.29 0.21 0.05 0.00 0.04 b.d.l. 13.28 98.34 0.10 15.57 98.81 18.0 18.28 1.56 13.07 50.49 0.61 0.06 0.27 0.87 0.02 0.00 0.05 b.d.l. 13.04 98.35 0.10 14.77 98.77 17.5 16.47 1.58 11.62 53.52 0.16 2.24 0.22 0.28 0.02 0.00 0.05 b.d.l. 12.23 98.50 0.09 15.42 97.63 17.0 18.69 1.38 13.85 50.56 0.13 0.46 0.35 0.20 0.05 0.00 0.03 b.d.l. 12.89 98.67 0.12 15.37 99.27 16.5 17.84 1.48 13.61 52.30 0.20 0.42 0.28 0.19 0.07 b.d.l. 0.05 b.d.l. 12.65 99.16 0.12 14.45 98.90 16.0 18.84 1.48 14.41 50.82 0.16 0.41 0.33 0.48 0.03 b.d.l. 0.04 b.d.l. 11.59 98.65 0.10 19.98 99.02 15.0 17.12 1.44 13.31 51.26 0.35 0.98 0.40 0.41 0.04 0.00 0.01 b.d.l. 12.58 98.05 0.06 25.96 100.62 14.5 17.94 1.46 14.32 51.93 0.20 0.36 0.41 0.55 0.08 0.00 0.05 b.d.l. 11.61 98.96 0.11 16.82 98.24 14.0 17.92 1.45 14.17 52.17 0.19 0.35 0.35 0.56 0.10 0.00 0.06 b.d.l. 12.43 99.79 0.13 13.87 98.57 13.0 17.20 1.37 13.46 52.70 0.50 1.05 0.20 0.20 0.06 0.00 0.02 b.d.l. 12.30 99.12 0.09 12.39 96.93 12.5 16.87 1.51 13.47 54.18 0.44 0.43 0.23 0.22 0.05 0.00 0.03 b.d.l. 11.93 99.43 0.11 13.15 98.39 12.0 12.68 0.85 10.25 61.98 0.16 0.57 0.83 1.15 0.05 0.00 0.03 0.00 10.70 99.34 0.08 12.30 98.27 11.7 20.08 1.27 16.50 47.49 0.20 0.54 0.29 0.32 0.06 0.00 0.03 0.00 12.83 99.68 0.06 12.39 98.73 11.0 20.41 1.40 16.06 47.78 0.11 0.61 0.33 0.51 0.06 0.00 0.03 b.d.l. 12.02 99.34 0.05 11.69 97.63 10.7 17.79 1.59 15.35 50.32 0.16 0.75 0.28 0.24 0.06 0.00 0.03 0.00 12.70 99.32 0.05 10.61 97.50 10.0 15.23 1.64 14.28 52.20 0.19 1.55 0.24 0.14 0.05 0.00 0.03 0.00 13.03 98.75 0.06 10.92 98.46 8.0 16.63 1.30 15.08 51.93 0.27 0.57 0.28 0.21 0.07 0.00 0.03 0.01 12.79 99.26 8.3 17.37 1.53 15.42 48.03 0.20 0.84 0.96 1.35 0.06 0.00 0.02 0.07 0.08 0.00 0.01 0.02 0.00 0.03 0.04 0.00 0.003 SO3 0.00 13.41 99.26 8.9 18.37 1.55 17.27 47.20 0.19 1.16 0.23 0.17 0.09 0.00 0.02 LOI n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.3 0.01 13.21 99.52 9.6 24.98 1.08 22.60 33.13 0.15 1.62 0.21 0.12 0.07 0.00 0.02 0.00 14.92 99.04 Total 99.47 99.76 n.d. 100.55 100.78 n.d. 99.99 100.07 n.d. n.d.
	26.4 50.85 0.27 27.0 50.60 0.31 Table E.5: Major-element concentrations measured by XRF and loss on ignition (LOI) for 2.05 7.93 0.23 0.15 15.21 19.83 0.21 b.d.l. 0.00 b.d.l. 3.45 100.18 2.41 9.04 0.50 0.16 14.37 18.56 0.17 0.00 0.00 b.d.l. 4.15 100.28
	27.4 50.72 0.21 27.6 65.41 0.02 the samples from the JSD-002 core (b.d.l.: below detection limit). Total weight is calculated 1.99 6.87 0.27 0.15 15.73 20.61 0.20 b.d.l. b.d.l. b.d.l. 3.53 100.29 0.11 20.28 0.06 0.27 1.66 0.20 0.07 0.03 0.00 b.d.l. 10.03 98.20
	27.8 63.60 0.06 28.0 56.60 0.10 including BaO and NiO from ICP-MS analyses. 0.15 20.17 0.13 0.38 2.02 0.34 23.57 0.23 0.40 3.49	0.19 0.31	0.05 0.20	0.01 0.02	0.00 b.d.l. 10.65 97.50 0.00 b.d.l. 13.43 98.80

anatase, cal: calcite, di: diopside, dol: dolomite, gbs: gibbsite, gt: goethite, hem: hematite, kln: kaolinite, lph: lithiophorite, mgh: maghemite, qz: quartz, sme: smectite, tdk: todorokite, vrm: vermiculite).

Table E.4:

Major-element concentrations measured by XRF and loss on ignition (LOI) for the samples from the JSD-001 core (b.d.l.: below detection limit). Total weight is calculated including BaO and NiO from ICP-MS analyses.

Table E .

 E 6: Average major-and minor-element concentrations (n: number of analyses) and standard deviation (𝜎) of reference materials and replicas (r = number of replicas) measured by XRF during whole-rock sample analyses (n.d.: not determined). Preferred GeoReM values are given for comparison (after[START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF]. Standard deviations of reference materials have been used to estimate the instrumental error on XRF analyses. Standard deviation of replicas have been used to estimate the sampling error.
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	Trace-
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	M. Chassé Detailed Results on Whole-Rock Methods Processes of Scandium Enrichment M. Chassé Processes of Scandium Enrichment		
	Th Depth Li U Th U	Cd Be Cd	La Rb La	Ce Sr Ce	Pr Cs Pr	Nd Sm Ba V Nd Sm	Eu Co Eu	Gd Ni Gd	Tb Cu Tb	Dy Zn Dy	Ho Ga Ho	Er Zr Er	Yb Nb Mo Lu Yb Lu	Y Hf Y	Sc Ta Sc
	ppm m ppm	ppm													
	5.92 1.28 0.00 0.0 5.4 1.00 0.49 6 1.40 1.03 0.02 4.4 43.6 1.61 7.3 2.29 0.67 2.17 0.38 2.24 0.45 1.27 1.20 0.18 9.5 11 1.93 8.31 2.17 0.67 2.16 0.35 2.07 0.43 1.26 1.26 0.19 11 4 0.02 71 717 216 263 160 66 28 72 1.28 0.92 2.61 0.10
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	26.4 2.89 0.09 0.42 126 0.04 16 27.0 2.96 0.14 0.40 105 0.04 18 Table E.7: Trace-element concentrations measured by ICP-MS for the samples from the JSD-74 225 296 11 37 3 6 0.19 0.15 0.21 0.26 75 83 471 9 74 3 6 0.08 0.05 0.25 0.05 (continued on next page)
	27.4 1.96 0.06 0.37 118 0.03 13 27.6 0.96 0.02 1.70 18 0.10 32 001 core.	78 20	71 372 806 308	15 8	39 60	3 1	5 2	0.06 0.07 0.21 0.03 0.14 0.09 0.03 0.07
	27.8 0.52 0.01 0.92 18	0.10 39	22	235 912	8	69	1	1	0.03 0.11 0.00 0.01
	28.0 0.61 0.00 0.59 19	0.06 21	31	275 1144 12	99	1	1	0.03 0.13 0.02 0.01
							(continued on next page)				

Table E .

 E 10: Trace-element concentrations in the adsorbed, exchangeable and carbonate fraction of the samples from the JSD-001 core measured by ICP-MS (b.d.l.: below detection limit).

	Detailed Results on Whole-Rock Methods M. Chassé Processes of Scandium Enrichment Detailed Results on Whole-Rock Methods			2017
	Element BCR-2 (m) 0.3 Depth Trace-Element Concentrations Obtained from Selective Leaching GeoReM 𝜎 BIR-1 GeoReM 𝜎 BHVO-2 GeoReM 𝜎 Replicas 𝜎 2.2 6.0 7.8 12.1 13.5 14.9 19.0 19.5 20.5 23.0 26.0
	ppm Li Be Element ppm n = 10 8.44 2.72 Li 2.6 Be 0.07 Depth (m) 0.3	7.90 2.66 2.5 0.04 2.2	0.58 0.10 3.4 0.05 6.0	n = 10 2.98 0.11 2.5 3.9 0.06 0.09 7.8 12.1	3.20 0.12 3.7 0.09 13.5	0.90 0.02 2.8 0.05 14.9	n = 10 3.90 1.23 3.7 0.09 19.0	4.80 1.00 3.5 0.14 19.5	0.76 0.39 3.9 0.42 20.5	r = 5 10.5 b.d.l. 23.0	0.59 0.04 10.7 0.07 26.0
	Rb Sr Cs Ba V Co Ni Cu Zn Ga Zr Nb Mo Hf Ta Th U Cd La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er Yb Lu Y Sc Table E.9: Average trace-element concentrations (n: number of analyses) and standard deviation 47 46 2 0 0 0 8 9 3 0 328 329 11 105 109 5 358 396 88 1 1.204 1.190 0.080 0.005 0.007 0.001 0.095 0.100 0.032 0.003 673 659 50 6 7 0 118 131 40 1 388 396 18 320 319 8 311 317 7 22 37 36 2 52 52 1 45 45 2 2 14 13 1 188 166 6 136 119 17 11 27 27 1 142 119 7 153 127 9 2 128 125 5 68 72 3 99 103 12 1 20 21 1 15 15 0 20 22 2 1 194 192 8 15 14 1 162 172 52 2 12.39 12.64 0.56 0.52 0.55 0.03 16.87 18.10 5.78 0.09 255.27 251.74 11.30 0.12 0.07 0.05 4.06 4.00 1.81 0.18 4.86 4.76 0.47 0.55 0.58 0.05 3.91 4.36 1.20 0.04 0.76 0.75 0.08 0.04 0.04 0.00 1.01 1.14 0.35 0.01 6.29 6.10 0.75 0.02 0.03 0.01 1.11 1.22 0.39 0.06 1.72 1.67 0.20 0.01 0.01 0.00 0.37 0.40 0.13 0.01 0.38 0.38 0.03 0.08 0.10 0.01 0.10 0.06 0.02 0.01 25 25 2 1 1 0 14 15 5 0 53 52 4 2 2 0 34 38 11 2 6.87 6.83 0.48 0.36 0.37 0.02 4.84 5.35 1.59 0.17 29 28 2 2 2 0 22 25 7 1 6.68 6.59 0.47 1.07 1.12 0.07 5.62 6.07 1.61 0.16 2.08 2.04 0.16 0.49 0.53 0.03 1.86 2.07 0.49 0.03 1.08 1.07 0.09 0.35 0.36 0.02 0.89 0.92 0.20 0.13 6.92 6.80 0.53 1.85 1.87 0.13 5.79 6.24 1.41 0.01 6.39 6.28 0.53 2.45 2.51 0.18 4.94 5.31 0.91 0.11 1.33 1.31 0.11 0.56 0.56 0.04 0.95 0.98 0.14 0.02 3.73 3.66 0.33 1.65 1.66 0.12 2.46 2.54 0.32 0.06 3.35 3.28 0.31 1.55 1.65 0.13 1.91 2.00 0.16 0.07 0.50 0.49 0.05 0.23 0.25 0.02 0.27 0.27 0.02 0.01 38 38 2 17 16 1 27 26 4 1 33 34 2 46 43 1 34 32 4 8 (𝜎) of reference materials and replicas (r = number of replicas) measured by ICP-MS during Rb 1.1 0.8 0.3 0.5 0.2 0.3 0.2 0.2 0.2 0.2 0.6 0.4 Sr 8 17 16 18 15 9 11 37 61 59 24 Element ppm 74 Cs 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 Li 1.5 1.6 1.4 0.8 1.0 0.7 0.8 0.9 1.4 1.4 1.6 1.5 0.00 Ba 9 65 11 25 2 2 2 2 24 13 8 Be 0.10 0.05 0.04 0.02 0.02 0.03 0.04 0.12 0.13 0.16 0.17 0.08 23 Ti 13 15 19 17 55 44 18 8 19 15 17 Rb 0.5 0.4 0.8 0.4 0.3 0.4 0.6 0.4 0.3 0.2 0.3 0.2 25 V 2 3 3 3 5 4 3 2 2 1 3 Sr 2 1 121 11 17 30 21 25 44 61 77 103 3 Cr 10 11 14 39 25 17 14 20 19 135 25 Cs 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 280 Mn 5 3 3 49 10 10 3 16 137 91 57 Ba 14 2 138 11 19 6 1 1 1 1 4 1 138 Co 7 1 3 16 2 2 1 18 73 33 1 Ti 37 6 9 5 14 12 16 21 12 9 9 7 3 Ni 4 4 2 3 5 7 6 7 107 152 18 V 3 4 1 0 1 0 2 3 2 0 0 1 87 Cu 4 3 1 2 1 2 2 3 4 4 6 Cr 34 54 15 2 5 4 14 25 19 74 41 59 15 Zn 4.1 0.5 0.7 0.8 3.0 1.7 1.4 2.0 7.9 7.2 3.1 Mn 125 8 45 2 53 10 8 2 5 1 36 28 4.6 Ga 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.0 0.1 0.1 0.1 Co 9 6 2 0 10 1 1 2 2 3 1 3 0.1 Zr 0.6 0.4 0.5 0.4 0.9 0.5 0.2 0.1 0.1 0.1 0.1 Ni 5 13 7 3 8 6 3 9 28 39 66 47 0.1 Nb 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.00 Cu 4 4 3 1 3 2 2 3 4 6 3 3 0.00 Mo 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.03 0.01 0.01 0.03 Zn 0.9 2.7 1.0 1.1 1.2 2.0 0.6 1.4 2.7 2.5 3.4 8.5 0.03 Hf 0.02 0.01 0.02 0.01 0.03 0.02 0.01 0.00 0.01 0.01 0.00 Ga 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.00 Ta 0.002 0.002 0.002 0.001 0.003 0.001 0.001 0.001 0.002 0.002 0.001 Zr 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.001 Th 0.13 0.29 0.37 0.21 0.18 0.08 0.07 0.06 0.01 0.03 0.01 Nb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 U 0.22 0.20 0.26 0.18 0.26 0.24 0.11 0.03 0.03 0.01 0.00 Mo 0.00 b.d.l. 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.08 0.01 Cd 0.010 0.005 0.002 0.001 0.004 b.d.l b.d.l. 0.309 0.126 0.040 0.028 Hf 0.02 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.157 La 0.18 0.71 0.39 0.23 0.26 0.32 1.67 1.19 1.63 3.51 2.04 Ta 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.005 2.95 Ce 0.31 0.84 0.35 0.36 1.24 2.72 0.65 0.30 0.58 2.98 0.26 Th 0.10 0.05 0.08 0.01 0.01 0.01 0.02 0.04 0.00 0.01 0.00 0.00 1.23 0.06 0.32 0.12 0.08 0.13 0.15 0.67 0.40 0.38 1.36 0.80 0.74 U 0.36 0.62 0.21 0.05 0.04 0.07 0.09 0.13 0.08 0.04 0.01 0.01 Pr Nd 0.24 1.59 0.57 0.37 0.70 0.82 4.09 2.18 2.51 7.15 4.04 Cd b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 4.09 Sm 0.08 0.51 0.20 0.13 0.40 0.45 1.70 0.74 1.18 2.62 1.16 La 0.27 0.86 0.99 0.34 0.98 0.54 0.24 0.55 0.72 0.97 3.84 13.31 0.98 Eu 0.03 0.17 0.07 0.05 0.12 0.13 0.47 0.23 0.43 0.81 0.40 Ce 1.66 2.93 0.39 0.09 1.78 0.47 0.35 0.12 0.09 0.07 0.25 0.06 0.33 Gd 0.08 0.52 0.23 0.14 0.32 0.34 1.31 0.87 1.90 2.64 1.52 Pr 0.09 0.39 0.46 0.17 0.31 0.20 0.10 0.24 0.43 0.51 1.87 3.66 1.56 Tb 0.01 0.08 0.04 0.02 0.05 0.06 0.20 0.14 0.32 0.47 0.24 Nd 0.43 2.34 2.77 1.01 1.83 1.32 0.65 1.47 2.87 3.19 12.43 23.85 0.18 Dy 0.08 0.53 0.24 0.14 0.34 0.35 1.40 0.94 2.05 2.84 1.59 Sm 0.14 0.74 0.91 0.30 0.46 0.43 0.23 0.49 0.98 1.05 3.69 4.98 1.58 Ho 0.02 0.08 0.04 0.02 0.05 0.06 0.20 0.20 0.42 0.51 0.26 Eu 0.04 0.24 0.27 0.10 0.15 0.15 0.08 0.16 0.32 0.37 1.19 1.66 0.25 Er 0.04 0.22 0.11 0.06 0.14 0.16 0.54 0.55 1.07 1.37 0.66 Gd 0.15 0.90 0.79 0.34 0.66 0.65 0.31 0.55 1.13 1.42 4.26 7.48 0.64 Yb 0.04 0.18 0.09 0.06 0.15 0.17 0.47 0.41 0.67 1.28 0.46 Tb 0.03 0.12 0.11 0.05 0.08 0.08 0.05 0.08 0.17 0.22 0.59 0.92 0.37 Lu 0.03 0.18 0.08 0.05 0.15 0.17 0.48 0.41 0.67 1.26 0.47 Dy 0.15 0.94 0.83 0.36 0.67 0.66 0.34 0.58 1.17 1.51 4.39 7.70 0.36 Y 0.3 1.7 1.1 0.6 0.8 0.8 4.3 14.1 14.8 8.5 3.6 Ho 0.03 0.14 0.11 0.05 0.09 0.10 0.06 0.09 0.20 0.29 0.62 1.14 9.3 Sc 20 14 20 21 44 39 28 114 34 33 4 Er 0.07 0.33 0.29 0.14 0.22 0.26 0.15 0.25 0.54 0.79 1.56 2.91 36 Yb 0.05 0.19 0.22 0.11 0.12 0.16 0.10 0.20 0.39 0.63 1.08 1.74
	Lu whole-rock sample analyses. Preferred GeoReM values are given for comparison (after Jochum 0.06 0.18 0.22 0.10 0.12 0.16 0.10 0.20 0.39 0.63 1.09 1.76 0.5 4.3 2.8 1.3 2.6 3.7 2.0 2.5 6.1 9.9 13.5 46.9 Y & Nohl, 2008). Standard deviations of reference materials have been used to estimate the Sc 31 20 33 14 22 36 38 48 46 22 12 2
	instrumental error on ICP-MS analyses. Standard deviation of replicas have been used to
	estimate the sampling error.								253.6 68
	0.08 0.02 0.08 4.1	6.6 1.79 8.9 2.27 0.66 2.27 0.32 1.69 0.33 0.85 0.70 0.10 10.4
	0.05 0.01 0.78 21.4 5.8 6.53 35.2 7.76 2.45 10.97 1.38 7.60 1.66 4.28 2.83 0.44 57.9 74
	0.06 0.01 0.08 3.2	5.3 1.20 5.9 1.60 0.49 1.75 0.25 1.34 0.26 0.67 0.53 0.08 7.0	96
	0.06 0.01 0.10 5.3	7.0 1.81 8.9 2.27 0.70 2.60 0.35 1.93 0.39 1.01 0.75 0.11 13.2
	0.05 0.01 0.09 2.2	6.6 1.06 5.4 1.49 0.45 1.56 0.22 1.24 0.25 0.65 0.51 0.08 8.1	94
	0.05 0.01 0.19 2.0	6.2 0.99 5.0 1.39 0.42 1.46 0.21 1.15 0.23 0.60 0.49 0.07 7.7	88
	0.07 0.01 0.11 2.4	6.7 1.05 5.2 1.42 0.42 1.45 0.21 1.12 0.22 0.57 0.46 0.07 6.5	89
	0.09 0.02 0.09 2.5	6.9 1.10 5.3 1.39 0.40 1.40 0.20 1.07 0.21 0.54 0.45 0.07 6.4	90
	0.11 0.02 0.10 3.1	6.5 1.10 5.2 1.31 0.39 1.36 0.18 0.98 0.19 0.49 0.40 0.06 6.4	90
	0.06 0.01 0.08 2.7	6.8 1.17 5.7 1.54 0.45 1.53 0.22 1.17 0.23 0.59 0.49 0.07 7.3	86
	0.07 0.01 0.13 2.2	6.0 0.82 3.9 1.10 0.34 1.14 0.16 0.89 0.17 0.46 0.37 0.06 5.7
	0.13 0.02 0.12 3.1	7.3 1.25 6.1 1.66 0.49 1.67 0.23 1.27 0.25 0.65 0.53 0.08 8.9	86
	Table E.8: Trace-element concentrations measured by ICP-MS for the samples from the JSD-
	002 core.										

Table E .

 E 11: Trace-element concentrations in the adsorbed, exchangeable and carbonate fraction of the samples from the JSD-002 core measured by ICP-MS (b.d.l.: below detection limit).

	M. Chassé			Processes of Scandium Enrichment			2017
	Depth (m)	0.3	2.2	6.0	7.8	12.1	13.5	14.9	19.0	19.5	20.5	23.0	26.0
	Element ppm											
	Li	2.1	2.6	0.8	1.8	0.1	0.0	1.4	b.d.l.	42.0	5.9	0.0	2.2
	Be	0.20	0.10	0.10	0.16	0.19	0.19	0.17	0.25	1.44	1.29	0.02	0.12
	Rb	0.6	0.4	0.0	0.3	0.0	0.0	0.1	0.1	0.2	0.5	0.0	0.3
	Sr	3	3	4	7	2	1	3	1	33	7	1	4
	Cs	0.06	0.07	0.01	0.06	0.01	0.00	0.01	0.00	0.02	0.01	0.02	0.03
	Ba	4	8	5	21	2	1	2	3	1533	240	25	61
	Ti	12	17	38	20	178	207	64	67	25	26	8	24
	V	48	99	67	51	47	94	109	48	25	19	3	6
	Cr	23	45	40	156	101	359	72	70	50	377	37	318
	Mn	14	19	16	1058	68	379	73	156	34634	7041	446	1709
	Co	13	6	10	285	8	19	7	19	9583	1957	34	90
	Ni	13	17	7	23	20	158	33	20	4928	1446	81	279
	Cu	19	21	8	14	12	20	6	6	43	16	2	6
	Zn	1.8	2.9	1.8	2.4	6.8	30.4	7.0	8.2	322.6	123.3	7.5	56.6
	Ga	1.1	3.6	3.8	2.9	1.5	3.5	0.8	0.5	4.7	1.0	0.2	0.6
	Zr	0.4	0.2	0.4	0.2	1.7	16.8	0.1	0.1	0.1	0.1	0.0	0.0
	Nb	0.00	0.01	0.01	0.00	0.03	0.10	0.00	0.00	0.00	0.00	0.00	0.00
	Mo	0.00	0.01	0.01	0.05	0.02	0.11	0.03	0.03	1.53	0.29	0.03	0.07
	Hf	0.02	0.01	0.02	0.01	0.07	0.60	0.01	0.00	0.03	0.01	0.00	0.00
	Ta	0.001	0.001	0.001	0.001	0.002	0.003	0.001	0.000	0.006	0.002	0.000	0.000
	Th	0.12	0.45	0.47	0.25	0.37	0.07	0.23	0.08	0.03	0.01	0.00	0.01
	U	0.28	0.18	0.22	0.25	0.16	0.04	0.13	0.02	0.05	0.00	0.00	0.00
	Cd	0.002	0.003	0.002	0.002	0.005	0.026	0.004	0.014	0.510	0.112	0.018	0.053
	La	0.64	2.04	1.15	0.92	0.52	0.88	5.70	0.47	40.88	7.84	2.44	2.57
	Ce	2.03	4.39	1.40	2.82	13.94	32.58	22.81	1.07	81.09	36.13	0.86	3.53
	Pr	0.25	0.90	0.39	0.34	0.24	0.41	2.34	0.20	7.26	2.32	0.83	0.51
	Nd	1.08	3.97	1.74	1.50	1.12	1.79	11.87	0.90	29.60	10.32	3.94	2.65
	Sm	0.30	0.99	0.48	0.43	0.45	0.69	3.65	0.28	9.41	3.10	0.94	0.55
	Eu	0.08	0.27	0.13	0.12	0.12	0.19	0.93	0.08	3.24	0.97	0.28	0.17
	Gd	0.26	0.86	0.45	0.38	0.37	0.63	2.54	0.23	10.49	3.00	0.97	0.72
	Tb	0.04	0.12	0.07	0.06	0.06	0.10	0.38	0.04	1.98	0.56	0.14	0.09
	Dy	0.26	0.87	0.45	0.38	0.35	0.57	2.54	0.24	10.71	3.05	0.98	0.70
	Ho	0.05	0.12	0.07	0.06	0.06	0.11	0.37	0.05	2.24	0.61	0.14	0.12
	Er	0.13	0.33	0.18	0.15	0.17	0.32	0.98	0.14	5.95	1.65	0.35	0.32
	Yb	0.13	0.30	0.16	0.14	0.21	0.42	0.94	0.14	4.90	1.51	0.26	0.19
	Lu	0.13	0.29	0.16	0.14	0.20	0.42	0.94	0.14	4.88	1.53	0.26	0.19
	Y	1.0	2.6	2.0	1.3	1.0	1.5	8.0	1.0	47.3	9.6	2.5	4.6
	Sc	32	27	35	41	66	92	94	45	92	45	5	23

Table E .

 E 12: Trace-element concentrations in the amorphous Fe oxide fraction of the samples from the JSD-001 core measured by ICP-MS (b.d.l.: below detection limit).

	Detailed Results on Whole-Rock Methods						
	Depth (m)	0.0	1.5	4.0	7.2	9.6	11.0	12.5	18.0	20.3	23.0	25.5	26.2
	Element ppm											
	Li	5.7	b.d.l.	0.7	1.6	18.9	0.8	1.0	0.8	0.4	b.d.l.	0.1	b.d.l.
	Be	0.53	0.24	0.15	0.07	0.15	0.12	0.24	0.59	0.47	0.42	0.64	0.21
	Rb	0.1	0.1	0.6	0.2	0.2	0.1	0.3	0.3	0.2	0.2	0.3	0.2
	Sr	1	0	15	3	13	10	8	9	6	3	9	12
	Cs	0.01	0.00	0.07	0.04	0.04	0.03	0.06	0.02	0.02	0.02	0.02	0.10
	Ba	52	3	62	6	121	12	4	2	4	1	162	7
	Ti	567	65	24	7	19	34	46	45	23	13	15	34
	V	93	82	45	6	32	25	43	68	44	34	25	5
	Cr	644	1209	103	15	24	19	95	305	131	604	219	290
	Mn	3496	141	747	54	7561	1322	565	56	750	23	3977	484
	Co	156	100	22	5	1277	28	16	16	135	15	290	36
	Ni	103	145	41	20	358	41	44	115	249	238	849	222
	Cu	36	20	11	4	53	7	15	22	16	9	10	2
	Zn	11.3	31.3	6.0	1.9	28.7	5.7	9.6	25.5	43.7	49.7	77.7	28.8
	Ga	4.3	1.0	1.1	0.3	1.9	0.9	1.1	0.7	0.4	0.1	0.7	0.5
	Zr	8.8	0.6	0.1	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0	0.0
	Nb	0.03	0.02	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	Mo	0.34	0.06	0.03	0.00	0.31	0.05	0.05	0.02	0.03	0.03	0.16	0.03
	Hf	0.38	0.03	0.00	0.00	0.01	0.00	0.00	0.01	0.01	0.00	0.01	0.01
	Ta	0.003	0.004	0.000	0.000	0.001	0.001	0.001	0.001	0.001	0.001	0.003	0.002
	Th	0.20	0.23	0.09	0.03	0.05	0.04	0.08	0.06	0.01	0.00	0.00	0.00
	U	0.42	0.70	0.09	0.04	0.09	0.08	0.14	0.26	0.09	0.03	0.01	0.00
	Cd	0.017	0.021	0.007	0.002	0.021	0.007	0.013	0.067	0.068	0.027	0.285	0.858
	La	1.21	3.68	2.00	1.08	10.54	6.22	2.41	3.75	5.18	2.12	13.12	19.14
	Ce	28.56	19.14	5.27	1.30	160.40 45.27	13.68	1.26	4.48	0.31	16.24	1.30
	Pr	0.48	1.83	0.68	0.43	2.43	1.75	0.93	1.65	2.59	0.99	4.11	4.74
	Nd	2.20	9.15	3.08	2.01	10.62	7.84	4.58	8.43	13.80	5.32	21.09	23.36
	Sm	0.70	2.53	0.84	0.51	2.31	1.81	1.20	2.34	3.49	1.46	5.50	4.68
	Eu	0.21	0.74	0.22	0.14	0.68	0.49	0.33	0.67	0.97	0.44	1.69	1.41
	Gd	0.74	2.76	0.67	0.50	3.24	2.05	1.28	2.19	3.08	1.57	5.85	5.90
	Tb	0.12	0.37	0.09	0.07	0.36	0.25	0.18	0.34	0.46	0.25	0.89	0.78
	Dy	0.68	2.78	0.66	0.51	2.77	1.94	1.29	2.28	3.21	1.67	6.13	6.04
	Ho	0.13	0.42	0.09	0.08	0.36	0.26	0.20	0.37	0.49	0.31	1.05	0.95
	Er	0.37	1.06	0.24	0.21	0.87	0.67	0.53	0.98	1.29	0.86	2.76	2.51
	Yb	0.36	0.70	0.22	0.17	0.52	0.46	0.40	0.88	0.99	0.71	2.05	1.80
	Lu	0.35	0.70	0.21	0.17	0.51	0.46	0.40	0.88	0.98	0.70	2.05	1.79
	Y	2.5	15.3	2.6	1.8	10.6	9.6	6.9	9.0	13.2	9.1	25.5	39.9
	Sc	116	124	66	28	98	104	191	190	151	81	55	27

Table E .

 E 13: Trace-element concentrations in the amorphous Fe oxide fraction of the samples from the JSD-002 core measured by ICP-MS (b.d.l.: below detection limit).

	M. Chassé			Processes of Scandium Enrichment			2017
	Depth (m)	0.3	2.2	6.0	7.8	12.1	13.5	14.9	19.0	19.5	20.5	23.0	26.0
	Element ppm											
	Li	1.1	1.3	0.7	0.8	0.7	0.7	0.8	0.8	1.6	0.6	0.7	1.4
	Be	0.14	0.05	0.05	0.07	0.14	0.23	0.27	0.57	0.62	0.62	0.01	0.03
	Rb	0.2	0.1	0.0	0.1	0.0	0.1	0.0	0.1	0.0	0.0	0.0	0.1
	Sr	1	1	1	1	1	3	1	1	3	1	1	3
	Cs	0.04	0.02	0.00	0.02	0.00	0.01	0.00	0.01	0.01	0.00	0.00	0.01
	Ba	2	2	2	2	1	2	1	5	8	1	1	1
	Ti	183	148	171	129	239	108	341	41	296	213	20	49
	V	159	220	194	194	95	51	204	24	108	89	3	17
	Cr	249	439	352	768	437	62	583	808	231	274	54	620
	Mn	31	123	39	77	263	123	229	207	2550	299	16	80
	Co	10	8	5	13	14	13	24	32	91	19	1	6
	Ni	39	29	14	18	104	28	153	675	228	54	49	136
	Cu	24	10	7	12	24	11	18	10	19	18	1	3
	Zn	5.0	4.3	3.4	4.6	22.9	9.1	42.6	79.0	29.8	20.5	4.4	25.9
	Ga	13.6	17.1	12.8	9.9	4.5	1.1	4.9	1.1	4.9	1.4	0.1	1.0
	Zr	25.5	32.2	30.0	27.1	23.7	0.6	20.4	4.8	18.2	4.2	0.5	2.6
	Nb	0.31	0.44	0.32	0.29	0.21	0.01	0.12	0.05	0.08	0.06	0.02	0.06
	Mo	0.37	0.19	0.19	0.27	0.14	0.01	0.13	0.17	0.46	0.11	0.05	0.12
	Hf	0.73	0.72	0.77	0.61	0.78	0.03	0.60	0.09	0.53	0.12	0.01	0.05
	Ta	0.002	0.002	0.003	0.002	0.006	0.000	0.002	0.001	0.001	0.003	0.000	0.000
	Th	0.85	1.41	0.92	0.96	0.22	0.17	0.22	0.05	0.10	0.02	0.01	0.08
	U	0.31	0.10	0.11	0.12	0.05	0.16	0.04	0.00	0.01	0.00	0.00	0.01
	Cd	0.037	0.035	0.037	0.032	0.033	0.006	0.038	0.052	0.083	0.035	0.019	0.039
	La	0.70	1.40	0.74	0.60	0.70	0.84	4.91	3.30	5.46	0.34	0.42	0.59
	Ce	2.46	4.12	0.70	1.37	11.20	58.25	16.77	11.51	10.46	0.73	0.09	0.70
	Pr	0.22	0.42	0.19	0.19	0.27	0.45	1.62	1.08	1.02	0.18	0.11	0.16
	Nd	0.92	1.77	0.82	0.82	1.22	2.04	7.43	4.50	4.43	0.84	0.50	0.83
	Sm	0.27	0.45	0.23	0.24	0.48	0.97	2.66	1.52	1.36	0.36	0.15	0.27
	Eu	0.07	0.12	0.06	0.07	0.13	0.25	0.69	0.42	0.39	0.11	0.05	0.08
	Gd	0.24	0.41	0.21	0.21	0.46	0.97	2.07	1.37	1.44	0.32	0.18	0.31
	Tb	0.04	0.06	0.03	0.03	0.08	0.12	0.33	0.24	0.21	0.07	0.03	0.05
	Dy	0.24	0.39	0.21	0.22	0.43	0.67	2.08	1.42	1.48	0.35	0.20	0.33
	Ho	0.04	0.05	0.03	0.03	0.08	0.11	0.35	0.27	0.27	0.09	0.04	0.07
	Er	0.11	0.15	0.09	0.09	0.25	0.30	0.94	0.74	0.73	0.26	0.11	0.19
	Yb	0.10	0.13	0.07	0.08	0.29	0.38	0.90	0.75	0.58	0.29	0.09	0.14
	Lu	0.10	0.13	0.08	0.08	0.29	0.38	0.91	0.75	0.58	0.29	0.09	0.13
	Y	0.7	1.0	0.8	0.7	1.4	1.4	6.6	4.4	9.2	1.0	0.8	2.5
	Sc	58	27	38	50	80	97	154	69	178	56	4	33

Table E .

 E 14: Trace-element concentrations in the crystalline Fe oxide fraction of the samples from the JSD-001 core measured by ICP-MS.

	Detailed Results on Whole-Rock Methods						
	Depth (m)	0.0	1.5	4.0	7.2	9.6	11.0	12.5	18.0	20.3	23.0	25.5	26.2
	Element ppm											
	Li	0.8	0.6	0.9	1.0	1.6	0.8	0.6	0.5	0.5	0.6	0.6	0.5
	Be	0.23	0.15	0.08	0.07	0.23	0.28	0.21	0.37	0.49	0.48	0.22	0.02
	Rb	0.0	0.1	0.1	0.0	0.0	0.0	0.0	0.0	0.0	0.1	0.1	0.0
	Sr	0	0	2	2	3	3	1	1	2	1	1	1
	Cs	0.00	0.00	0.01	0.00	0.01	0.00	0.00	0.00	0.00	0.00	0.01	0.01
	Ba	2	1	6	4	6	3	1	1	3	2	3	1
	Ti	889	174	225	146	268	318	266	324	196	56	47	88
	V	170	123	139	39	180	126	133	223	120	65	17	4
	Cr	1059	2321	454	188	211	198	741	1336	233	1628	443	211
	Mn	680	227	242	335	2330	1890	960	155	583	140	128	16
	Co	22	141	3	3	21	5	10	16	11	4	8	2
	Ni	78	321	76	50	109	111	172	171	202	411	502	92
	Cu	48	30	14	10	20	19	36	43	23	20	8	1
	Zn	16.9	58.9	16.1	12.2	26.9	23.8	36.3	36.3	38.3	79.9	56.2	8.0
	Ga	8.1	2.2	5.1	2.6	4.1	5.7	5.7	4.5	1.8	0.8	0.8	0.5
	Zr	24.5	3.5	11.6	6.4	14.4	18.1	12.9	15.5	10.2	9.8	5.4	1.1
	Nb	0.07	0.07	0.08	0.06	0.07	0.08	0.09	0.13	0.07	0.09	0.04	0.02
	Mo	0.47	0.14	0.10	0.09	0.25	0.13	0.10	0.06	0.12	0.09	0.08	0.03
	Hf	1.04	0.11	0.32	0.18	0.35	0.53	0.38	0.41	0.29	0.16	0.12	0.04
	Ta	0.006	0.012	0.001	0.000	0.001	0.001	0.001	0.001	0.001	0.001	0.001	0.000
	Th	0.52	0.14	0.25	0.16	0.10	0.12	0.11	0.09	0.06	0.04	0.02	0.01
	U	0.30	0.18	0.03	0.02	0.03	0.03	0.03	0.03	0.01	0.01	0.00	0.00
	Cd	0.046	0.043	0.029	0.030	0.076	0.042	0.040	0.063	0.100	0.079	0.054	0.030
	La	0.67	3.47	1.17	1.66	5.19	4.14	1.21	2.18	3.93	3.11	4.86	0.66
	Ce	10.91	14.09	1.93	2.15	159.39 20.54	4.92	0.73	2.36	0.82	4.37	0.06
	Pr	0.29	1.52	0.37	0.58	1.23	1.25	0.43	0.93	1.40	1.04	1.32	0.13
	Nd	1.33	7.58	1.65	2.55	5.09	5.38	1.96	4.38	6.75	4.97	6.19	0.58
	Sm	0.50	2.13	0.49	0.71	1.31	1.54	0.62	1.51	2.03	1.57	1.93	0.15
	Eu	0.15	0.65	0.13	0.20	0.37	0.43	0.18	0.43	0.57	0.47	0.60	0.04
	Gd	0.56	2.82	0.45	0.67	2.29	1.64	0.65	1.30	1.82	1.66	2.22	0.17
	Tb	0.09	0.35	0.07	0.10	0.22	0.23	0.10	0.22	0.28	0.27	0.36	0.02
	Dy	0.55	2.88	0.47	0.70	1.47	1.60	0.67	1.41	1.90	1.80	2.36	0.18
	Ho	0.12	0.45	0.08	0.11	0.21	0.25	0.11	0.25	0.30	0.34	0.48	0.03
	Er	0.33	1.16	0.22	0.29	0.54	0.67	0.30	0.70	0.80	0.94	1.33	0.07
	Yb	0.33	0.68	0.19	0.26	0.37	0.57	0.25	0.70	0.62	0.77	1.03	0.06
	Lu	0.32	0.68	0.19	0.25	0.37	0.56	0.25	0.71	0.62	0.77	1.04	0.06
	Y	2.2	21.2	3.3	2.7	6.6	7.3	3.4	5.1	9.0	10.4	15.3	1.0
	Sc	146	114	85	73	175	175	227	187	113	101	65	12

Table E .

 E 15: Trace-element concentrations in the crystalline Fe fraction of the samples from the JSD-002 core measured by ICP-MS.

	M. Chassé		Processes of Scandium Enrichment		2017
	Element BCR-2	GeoReM 𝜎	BIR-1	GeoReM 𝜎	BHVO-2	GeoReM 𝜎	Replicas 𝜎
	ppm	n = 8			n = 8			n = 8			r = 3
	Li	8.97	7.90	0.93	3.39	3.20	0.77	4.69	4.80	0.81	0.07
	Be	2.44	2.66	0.34	0.09	0.12	0.02	1.29	1.00	0.06	0.01
	Rb	46.15	46.42	2.80	0.21	0.20	0.02	9.46	9.11	0.60	0.08
	Sr	323.34	329.13 13.95	108.82	109.00 6.42	424.11	396.00 14.29	0.39
	Cs	1.09	1.19	0.07	0.00	0.01	0.00	0.11	0.10	0.00	0.00
	Ba	611.96	658.68 36.02	6.22	7.14	0.17	141.63	131.00 9.89	0.10
	Ti	12979	13595	521	5943	5600	134	17698	16300	702	0.07
	V	398.34	396.47 22.25	318.86	319.00 6.81	310.66	317.00 12.70	0.56
	Cr	19.31	16.69	2.85	246.16	391.00 16.71	218.15	280.00 13.29	1.67
	Mn	1576	1520	104	1394	n.d.	29	1427	n.d.	51	0.12
	Co	35.99	36.45	1.53	53.94	52.00	1.88	48.11	45.00	2.12	0.02
	Ni	12.60	13.46	0.98	189.82	166.00 7.86	139.06	119.00 5.99	0.21
	Cu	23.75	27.23	4.89	n.d.	119.00 n.d.	180.69	127.00 9.00	1.35
	Zn	120.85	125.43 5.94	63.63	72.00	2.19	103.16	103.00 3.97	0.36
	Ga	20.17	21.15	1.80	13.98	15.30	0.34	20.96	22.00	1.19	0.00
	Zr	176.73	192.39 12.98	14.09	14.00	0.40	187.63	172.00 12.16	0.00
	Nb	11.19	12.64	0.71	0.51	0.55	0.01	19.80	18.10	1.45	0.00
	Mo	213.02	251.74 36.88	0.13	0.07	0.06	5.71	4.00	0.20	0.00
	Hf	4.27	4.76	0.32	0.59	0.58	0.03	4.79	4.36	0.16	0.00
	Ta	0.66	0.75	0.05	0.04	0.04	0.00	1.24	1.14	0.04	0.00
	Th	5.24	6.10	0.52	0.03	0.03	0.00	1.39	1.22	0.05	0.00
	U	1.43	1.67	0.16	0.01	0.01	0.00	0.46	0.40	0.02	0.00
	Cd	0.26	0.38	0.07	0.09	0.10	0.02	0.11	0.06	0.02	0.00
	La	22.41	24.76	1.82	0.58	0.62	0.01	16.67	15.20	1.19	0.03
	Ce	48.57	51.73	2.73	1.78	1.92	0.05	41.33	37.50	1.40	0.00
	Pr	6.07	6.83	0.54	0.35	0.37	0.01	5.49	5.35	0.34	0.01
	Nd	25.70	28.32	2.25	2.37	2.38	0.14	25.58	24.50	1.44	0.06
	Sm	5.96	6.59	0.38	1.15	1.12	0.04	6.78	6.07	0.23	0.02
	Eu	1.85	2.04	0.12	0.54	0.53	0.02	2.28	2.07	0.06	0.01
	Tb	0.95	1.07	0.07	0.38	0.36	0.01	1.06	0.92	0.04	0.03
	Gd	6.20	6.80	0.41	1.81	1.87	0.07	6.84	6.24	0.22	0.00
	Dy	6.43	6.28	0.43	2.01	2.51	0.07	6.93	5.31	0.25	0.03
	Ho	1.17	1.31	0.08	0.61	0.56	0.02	1.10	0.98	0.04	0.00
	Er	3.28	3.66	0.24	1.78	1.66	0.06	2.82	2.54	0.11	0.01
	Yb	2.98	3.28	0.21	1.68	1.65	0.05	2.16	2.00	0.08	0.01
	Lu	2.97	0.49	0.21	1.69	0.25	0.06	2.16	0.27	0.08	0.01
	Y	35.34	38.00	2.45	17.28	15.60	1.20	30.17	26.00	1.55	0.20
	Sc	32.59	33.86	1.59	45.65	43.00	1.09	35.32	32.00	1.70	1.60

Table E .

 E 16: Average trace-element concentrations (n: number of analyses) and standard deviation (𝜎) of reference materials and replicas (r = number of replicas) measured by ICP-MS during the analyses of adsorbed and exchangeable fractions (n.d.: not determined). Preferred GeoReM values are given for comparison (after[START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF]. Standard deviations of reference materials have been used to estimate the instrumental error on ICP-MS analyses. Standard deviation of replicas have been used to estimate the sampling error.

	Detailed Results on Whole-Rock Methods M. Chassé Processes of Scandium Enrichment		2017
	Element BCR-2 Element BCR-2	GeoReM 𝜎 GeoReM 𝜎	BIR-1 BIR-1	GeoReM 𝜎 GeoReM 𝜎	BHVO-2 BHVO-2	GeoReM 𝜎 GeoReM 𝜎	Replicas 𝜎 Replicas 𝜎
	ppm ppm	n = 8 n = 8			n = 8 n = 8			n = 8 n = 8			r = 3 r = 3
	Li Li	9.96 9.78	7.90 7.90	1.36 0.36	2.31 2.94	3.20 3.20	0.14 0.06	3.63 4.17	4.80 4.80	0.35 0.72	0.17 0.03
	Be Be	2.15 2.38	2.66 2.66	0.54 0.38	0.12 0.12	0.12 0.12	0.00 0.00	1.42 1.22	1.00 1.00	0.12 0.04	0.01 0.01
	Rb Rb	49.34 46.89	46.42 46.42	3.91 3.30	0.19 0.23	0.20 0.20	0.00 0.00	8.39 8.92	9.11 9.11	0.76 0.62	0.02 0.00
	Sr Sr	348.93 348.83	329.13 29.38 329.13 21.75	97.57 112.43	109.00 0.78 109.00 1.71	364.81 374.27	396.00 34.02 396.00 12.50	0.29 0.10
	Cs Cs	1.19 1.18	1.19 1.19	0.10 0.08	0.01 0.01	0.01 0.01	0.00 0.00	0.10 0.10	0.10 0.10	0.01 0.00	0.00 0.00
	Ba Ba	681.39 673.94	658.68 61.70 658.68 39.38	5.53 6.15	7.14 7.14	0.15 0.14	123.88 124.24	131.00 13.70 131.00 8.89	0.39 0.19
	Ti Ti	13729 13890	13595 13595	1272 831	5245 5963	5600 5600	23 33	15964 15794	16300 16300	1751 784	1.39 1.69
	V V	417.11 422.00	396.47 37.20 396.47 25.19	280.92 323.39	319.00 1.73 319.00 1.34	294.48 290.86	317.00 30.81 317.00 14.89	1.56 6.11
	Cr Cr	16.80 17.55	16.69 16.69	1.54 1.08	325.36 383.31	391.00 0.88 391.00 12.56	278.51 267.97	280.00 27.45 280.00 10.87	4.02 47.28
	Mn Mn	1744 1754	1520 1520	184 131	1209 1395	n.d. n.d.	12 11	1268 1269	n.d. n.d.	128 55	9.26 44.16
	Co Co	37.95 38.60	36.45 36.45	3.37 2.23	46.10 53.58	52.00 52.00	0.17 0.03	42.59 42.76	45.00 45.00	4.41 1.35	1.26 0.49
	Ni Ni	13.15 13.07	13.46 13.46	1.41 1.15	163.97 194.47	166.00 2.45 166.00 1.09	123.53 126.64	119.00 12.66 119.00 5.45	2.32 10.78
	Cu Cu	24.76 24.75	27.23 27.23	2.99 2.94	121.12 142.08	119.00 0.46 119.00 1.49	144.32 146.17	127.00 14.23 127.00 6.69	0.41 2.56
	Zn Zn	131.38 127.54	125.43 12.53 125.43 11.28	59.58 69.13	72.00 72.00	1.21 1.01	97.60 101.79	103.00 9.52 103.00 5.26	0.65 3.02
	Ga Ga	23.07 22.53	21.15 21.15	2.99 1.91	12.78 15.20	15.30 15.30	0.27 0.16	19.20 19.36	22.00 22.00	2.49 1.36	0.05 0.40
	Zr Zr	191.51 191.74	192.39 15.39 192.39 17.27	12.71 14.67	14.00 14.00	0.20 0.25	168.02 169.96	172.00 18.19 172.00 11.38	0.01 0.58
	Nb Nb	12.47 12.67	12.64 12.64	1.20 1.14	0.46 0.52	0.55 0.55	0.01 0.02	17.51 17.59	18.10 18.10	2.12 1.23	0.00 0.00
	Mo Mo	208.03 224.00	251.74 39.76 251.74 30.10	0.11 0.11	0.07 0.07	0.01 0.00	5.23 4.74	4.00 4.00	0.56 0.24	0.01 0.01
	Hf Hf	4.98 4.92	4.76 4.76	0.49 0.32	0.50 0.60	0.58 0.58	0.00 0.02	4.06 4.07	4.36 4.36	0.45 0.19	0.00 0.02
	Ta Ta	0.79 0.77	0.75 0.75	0.08 0.05	0.03 0.04	0.04 0.04	0.00 0.00	1.05 1.07	1.14 1.14	0.11 0.06	0.00 0.00
	Th Th	6.29 6.30	6.10 6.10	0.59 0.63	0.03 0.03	0.03 0.03	0.00 0.00	1.17 1.09	1.22 1.22	0.12 0.06	0.00 0.01
	U U	1.71 1.64	1.67 1.67	0.16 0.13	0.01 0.01	0.01 0.01	0.00 0.00	0.39 0.39	0.40 0.40	0.04 0.02	0.00 0.00
	Cd Cd	0.24 0.22	0.38 0.38	0.08 0.10	0.08 0.10	0.10 0.10	0.00 0.00	0.11 0.14	0.06 0.06	0.01 0.01	0.00 0.00
	La La	25.55 25.37	24.76 24.76	2.16 1.76	0.51 0.58	0.62 0.62	0.01 0.01	14.51 14.53	15.20 15.20	1.54 1.02	0.10 0.08
	Ce Ce	54.32 54.27	51.73 51.73	4.61 3.49	1.61 1.76	1.92 1.92	0.04 0.04	35.44 35.18	37.50 37.50	3.27 1.09	0.18 0.20
	Pr Pr	7.29 6.74	6.83 6.83	0.78 0.51	0.32 0.36	0.37 0.37	0.01 0.01	4.82 5.04	5.35 5.35	0.48 0.42	0.04 0.04
	Nd Nd	29.44 29.10	28.32 28.32	3.50 3.02	2.05 2.13	2.38 2.38	0.05 0.04	22.49 21.85	24.50 24.50	2.87 1.76	0.24 0.17
	Sm Sm	6.77 6.68	6.59 6.59	0.63 0.46	0.98 1.14	1.12 1.12	0.01 0.03	5.76 5.87	6.07 6.07	0.63 0.26	0.04 0.04
	Eu Eu	2.16 2.13	2.04 2.04	0.21 0.15	0.45 0.52	0.53 0.53	0.00 0.02	1.89 1.91	2.07 2.07	0.21 0.09	0.02 0.01
	Tb Tb	7.11 1.06	6.80 1.07	0.67 0.08	1.52 0.37	1.87 0.36	0.01 0.01	5.80 0.91	6.24 0.92	0.61 0.04	0.06 0.05
	Gd Gd	1.08 7.04	1.07 6.80	0.10 0.50	0.32 1.75	0.36 1.87	0.00 0.05	0.90 5.86	0.92 6.24	0.10 0.28	0.01 0.01
	Dy Dy	7.53 7.36	6.28 6.28	0.84 0.56	1.69 1.99	2.51 2.51	0.00 0.06	5.88 5.99	5.31 5.31	0.64 0.30	0.06 0.06
	Ho Ho	1.34 1.31	1.31 1.31	0.12 0.09	0.52 0.61	0.56 0.56	0.00 0.02	0.94 0.95	0.98 0.98	0.10 0.04	0.01 0.01
	Er Er	3.80 3.71	3.66 3.66	0.36 0.26	1.51 1.78	1.66 1.66	0.01 0.06	2.39 2.43	2.54 2.54	0.26 0.11	0.03 0.02
	Yb Yb	3.47 3.39	3.28 3.28	0.35 0.23	1.44 1.69	1.65 1.65	0.02 0.06	1.83 1.86	2.00 2.00	0.20 0.09	0.03 0.02
	Lu Lu	3.47 3.41	0.49 0.49	0.35 0.22	1.44 1.68	0.25 0.25	0.01 0.07	1.83 1.87	0.27 0.27	0.20 0.07	0.03 0.02
	Y Y	37.28 37.13	38.00 38.00	3.59 2.84	15.55 17.76	15.60 15.60	0.14 0.25	26.56 27.25	26.00 26.00	2.70 0.92	0.18 0.25
	Sc Sc	34.41 34.64	33.86 33.86	3.27 2.46	40.21 46.41	43.00 43.00	0.11 0.67	31.47 31.74	32.00 32.00	3.27 1.31	4.27 11.34
	Table E.17: Average trace-element concentrations (n: number of analyses) and standard devia-
	tion (𝜎) of reference materials and replicas (r = number of replicas) measured by ICP-MS during
	the analyses of amorphous oxide fractions. Preferred GeoReM values are given for comparison
	(after Jochum & Nohl, 2008). Standard deviations of reference materials have been used to
	estimate the instrumental error on ICP-MS analyses. Standard deviation of replicas have been
	used to estimate the sampling error.						

Table E .

 E 18: Average trace-element concentrations (n: number of analyses) and standard deviation (𝜎) of reference materials and replicas (r = number of replicas) measured by ICP-MS during the analyses of crystalline Fe oxide fractions. Preferred GeoReM values are given for comparison (after[START_REF] Jochum | Reference Materials in Geochemistry and Environmental Research and the GeoReM Database[END_REF]. Standard deviations of reference materials have been used to estimate the instrumental error on ICP-MS analyses. Standard deviation of replicas have been used to estimate the sampling error.

	Identification of the Scandium-Bearing Reference Materials

  .

	M. Chassé M. Chassé				Processes of Scandium Enrichment Processes of Scandium Enrichment		2017 2017
	Depth Depth Li	SiO2 Be	Rb	TiO2 Sr	Al2O3 Cs	Ba	Fe2O3 V	Cr2O3 Co Ni	MnO Cu	MgO Zn Ga	CaO Zr	Na2O Nb Mo	LOI Hf	Ta
	m	m %	%											
	0.0	0	-99.3		-79.5	-77.4		-85.4	-98.6	-99.3	-100	-100	-99.2	-89
		0.3	-99.3		-74.2	-40.4		-84.2	-98.7	-98.5	-100	-100	-98.7	-73.8
		0.6	-99.4		-79.2	-82.1		-85.5	-98.7	-99.3	-100	-100	-99.1	-91.9
		1.2	-99.5		-79.8	-83.6		-85.6	-98.6	-99.2	-100	-100	-99.1	-92
		2	-99.5		-81.3	-83.8		-86.5	-98.7	-99	-100	-100	-99	-91.9
		2.2	-99.5		-83.4	-83.2		-87.8	-98.6	-99	-100	-100	-99.1	-92
		3	-99.5		-86.2	-87.3		-89.6	-98.7	-99.3	-100	-100	-98.7	-93.8
		4	-99.6		-84	-86.8		-88.4	-98.6	-99.3	-100	-100	-99	-93.4
		4.5	-99.8		-84	-87.9		-88.1	-98.4	-99.2	-100	-100	-99.4	-94
		5	-99.7		-78.8	-84.1		-85	-97.9	-99.1	-100	-100	-99.5	-91.9
		5.5	-99.7		-71.5	-77.6		-79.2	-97.3	-98.7	-100	-100	-98.9	-89
		6	-99.8		-82.4	-86.6		-87.1	-98.3	-99.2	-100	-100	-99.4	-93.4
		6.5	-99.7		-79.2	-83.4		-84.2	-97.8	-99.1	-100	-100	-99.3	-91.9
		7	-99.7		-79.5	-83.2		-84.7	-97.6	-99	-100	-100	-99.2	-91.2
		7.8	-99.6		-79.9	-80.8		-84.1	-96.6	-96.6	-100	-100	-99.3	-89.8
		8.2	-99.7		-81.7	-83.3		-85.5	-97.7	-99.1	-100	-100	-99.1	-91
		8.6	-99.7		-78.8	-81.3		-83.1	-97.2	-99	-100	-100	-98.5	-89.1
		9	-99.6		-77.8	-82.3		-83.7	-96.9	-98.6	-100	-100	-99.1	-89.7
		9.5	-99.8		-81.8	-82.8		-85	-97.4	-99.1	-100	-100	-98.8	-89.8
		10	-99.7		-81	-68.5		-80.7	-96	-98.7	-99.9	-100	-98.6	-81.9
		10.5	-99.8		-78.1	51.1		-71.1	-94.1	-94.6	-99.9	-100	-98.5	-27
		11	-99.9		-86.2	-44.2		-70	-91.4	-98.2	-100	-100	-98.5	-66.2
		11.5	-99.9		-83.4	-81.2		-81.6	-97.1	-97.8	-99.9	-100	-99.1	-87.7
		12.1	-99.8		-70.8	-66.7		-67	-94.8	-95.6	-99.8	-99.9	-97.8	-76.3
		12.5	-99.7		-76	-67.8		-68.4	-95.7	-94.4	-99.9	-100	-98.1	-76.6
		13	-99.8		-79.8	-75.3		-74.9	-96.6	-95.9	-99.9	-100	-99.7	-83.1
		13.5	-99.5		-53.3	-37.5		-37.3	-91.3	-88.4	-99.8	-100	-97.8	-54.6
		14	-99.3		-51.2	-28		-34.8	-90.9	-88.7	-99.8	-100	-96.2	-50.3
		14.4	-99.1		-60.3	-21.5		-47.7	-92.5	-91.5	-99.7	-99.9	-95.7	-50.7
		14.9	-97.3		-43.6	-20.9		-23.5	-85.8	-88.7	-99.9	-100	-95.2	-43.9
		15.4	-98.7		-46.3	-28.7		-33	-89.7	-87.5	-99.8	-100	-96.2	-47.6
		16	-96.6		-34.7	-4		-19.4	-87.7	-85.4	-99.8	-100	-93.8	-34
		16.4	-96		-29	5		-16.9	-86.5	-85.9	-99.8	-99.9	-89.5	-36.1
		16.9	-92.9		-29.6	56.4		-15.3	-87.4	-86.6	-99.8	-99.9	-90.8	-9.4
		17.4	-93.6		-35.5	37.6		1.4	-87.5	-78.4	-99.7	-99.9	-89.6	-25.6
		17.6	-96.8		-48.7	-28.8		359.3	-86.9	62.7	-99.5	-99.9	-83.9	-27.4
		18	-94.9		-38.5	12.9		14.6	-92.1	-51	-99.8	-99.9	-92.1	-32.4
		18.4	-96.9		-34.3	-4		286.8	-74.9	0.5	-99.3	-99.9	-73.8	19
		18.8	-92.4		-30.9	-25.4		111.7	-70.8	-30.5	-99.1	-99.1	-89.9	-13.1
		19	-58.4		-40.4	-46.3		30.5	-73.2	-64.8	-98.9	-66.5	-62.9	206.9
		19.5	-96.6		-20.5	-26.3		-2	-89.5	392.2	-99.5	-99.8	-92.6	-22.9
		20	-84		-17.7	119		4.7	-67.1	334.8	-97	-99.5	-75.5	84.5
		20.5	-79.9		-30.6	-1		-0.4	-25.9	70.5	-94.3	-99.3	-70.8	133.6
		20.8	-63.6		-20	1.1		25	-14.7	86.4	-85.1	-98.1	-56.9	264.9
		21.5	-43.9		-31.4	-15.6		-3.3	-41	-3.7	-49.2	-55.7	-32.5	72.7
		22	-27.1		-29.6	-12.8		5.1	-45.3	4.6	-30.2	-35.4	-20.3	51.3
		22.5	-26.6		-25.9	-10.4		-15.2	-30.2	-11.1	-27.9	-31.5	-7.7	10
		23	-17.8		-16.8	-7.7		2.9	-34.3	-2.3	-20.4	-24.8	-9.2	30.2
		23.5	-10.7		-18.2	4.9		22.2	-23.4	-8.7	-14.2	-20.6	-7.6	67.7
		24	0		0	0		0	0	0	0	0	0	0
		24.5	-21.7		-26.7	-7.6		6.9	-44.8	-2.6	-24.2	-30.1	-13.4	62.5
		25	-17.8		-27.9	1.5		21	-8.2	26.6	-20.1	-30.1	-10.5	113.9
		25.5	-19.9		-8.2	3.9		5.2	-17.1	18.2	-23	-29.5	-13.9	69.4
		26	-50.3		-23.1	7.5		11.3	-16.7	17.9	-59.4	-70.8	-48.6	183.4
		26.4	-25.6		-25.9	-20		-10.3	-38.3	-20.2	-26.3	-30.2	-21.1	7.9
		27	-14.1		-4.3	8.7		18.6	56.2	1.3	-19.3	-24.2	-27.4	50.4
		27.4	5.5		-18.1	10		10.6	3.4	17.2	8.3	3.1	5.7	56.8
		27.6	151		-87.2	-88.4		501.8	-59.6	285.9	-79	-98.1	-30.4	721.1
		27.8	578.6		14.4	-56.4		1564.5	151.5	1387.8	-28.5	-95.3	41	2325.6
		28	363.6		57.5	-27		1393	242.2	1103.8	-5.5	-93.9	333	2246.8
	Table G.1: Mass balance calculations for major elements in the JSD-001 core obtained from
	isocon analyses. Results are given in percentage of variation of concentration relative to the
	parent rock concentration, taken as the least altered saprock sample: JSD1-240.	

  .3: Mass balance calculations for trace elements in the JSD-001 core obtained from isocon analyses. Results are given in percentage of variation of concentration relative to the parent rock concentration, taken as the least altered saprock sample: JSD1-240.

	M. Chassé Isocon Analysis: Principles and Detailed Results Processes of Scandium Enrichment					2017
	Depth Li Th U	Be Cd	Rb La	Sr Ce	Cs Pr	Ba Nd Sm V	Co Eu	Ni Gd	Cu Tb	Zn Dy	Ga Ho	Zr Er	Nb Mo Yb Lu	Hf Y	Ta Sc
	m %	%																
	0.0 180 -96 -81 -25 -84 -85 -83 -82 -83 -80 -78 -77 -75 -71 -71 -85 -39 -68 -26 -61 -99 -96 24 -3 -55 -81 177 -71 2 -7 -30 -9 -63
	1.5 755 9819 -46 411 683 445 461 429 465 570 493 509 586 553 368 384 770 268 27 245 182 -99 -94 -13 241 469 308 1064 437 74 -19 111 67 -21 41
	1.7	-75 -63	93	-99	-9	-18 -52 -92 -90 -12 -83 -49 -39 149 -75 -44 -29
	2.5	-82 -77	-5	-99 -77	-6	-58 -95 -89 -19 -83 -51 -47 136 -79 -45 -33
	3.0	-75 -71 -19 -98 -74	31	-54 -96 -87 -12 -78 -43 -40 121 -78 -38 -33
	3.5	-83 -59 -91 -98 -91	32	-34 -94 -79	18	-66 -26 -31		-77 -28 -42
	4.0	-90 -60	32	-91 -75 235 -12 -92 -77	16	-65 -14 -32		-75 -35 -54
	4.5	-82 -52 -40 -96 -82 105	0	-93 -77	19	-63	-5	-23		-77 -15 -44
	5.0	-78 -47 -29 -97 -81	93	-9	-93 -76	23	-62	-6	-22		-58 -11 -49
	5.5	-56 -50 -68 -97 -80	40	-31 -94 -78	32	-71 -16 -35		-24 -32 -55
	6.0	-61 -51 -78 -97 -87	62	-24 -89 -72	56	-56	0	-23		-81 -21 -62
	6.6	-59 -33 -43 -97 -83	58	-28 -90 -56 105 -52	9	-16	-5	-68	-8	-67
	7.2	-49 -49 -31 -97 -62	24	-62 -90 -63	44	-66	-4	-19		-77 -12 -58
	7.6	-70 -26 -40 -98 -72	-6	-24 -82 -29	86	-20	0	-26		-67 -21 -60
	8.0	-83 -49 -31 -97 -79	38	-39 -80 -34	44	-27	2	-9		-72	-1	-51
	8.3	-90 -55 -34 -95 -78	71	-57 -89 -59	19	-54	0	-7		-71	-6	-66
	8.9	-89 -45 -74 -97 -78 128 -33 -90 -58 123 -57	7	6	3	-58	24	-62
	9.6 167	-1	-61 -96 -73 459	-2	507	11	320 -13	12	-8	3	11	-4	-66
	10.0 40	-16 -84 -97 -88 150 -20 226 -10 205	1	-2	-12		-48 -23 -71
	10.7 -83 -19 -82 -97 -91	-5	-39 -67 -53 116 -34	7	-22	-3	-57 -36 -77
	11.0 -91 -23 -77 -96 -90 -44 -39 -86 -65	39	-53	2	-13	0	-73 -18 -75
	11.7 -88 -19 -54 -96 -83 -59 -38 -68 -62 190 -33	-2	-20		-75 -20 -67
	12.0 -35	17	-4	-95 -65 453 -21	12	-31 225	2	9	-38		-47 -38 -57
	0.0	-88 -17 -50 -97 -81 -85 -21 -89 -53 142 -29	7	-34		-76 -37 -73
	13.0 -89	22	-51 -92 -88	-7	10	-76 -28 182	0	33	-17 -26 -53	-4	-71
	14.0 -87	-8	-71 -97 -86	24	-40 -83 -65	96	-33	0	-32		-85 -36 -72
	14.5 -78	-5	-90 -97 -95	4	-28 -53 -53 131 -23	5	-21	-5	-78 -24 -76
	15.0 16	-7	-70 -94 -89 914 -63 450 -18 239 -20	6	-22	9	-30 -25 -71
	16.0 -78	13	-63 -96 -82 -75	20	-60 -59 207 -41	-1	-31		-79 -32 -70
	16.5 -90	44	-87 -96 -91 -73	-1	-81	-5	233	6	8	-8	-16 -77	-3	-69
	17.0 -90	37	-49 -96 -92 -74 -19 -88 -21 190 -18	-4	-27		-77 -19 -58
	17.5 -77	54	-64 -90 -95 176 -26 -12 -18 134 -36	-6	-18	3	-16 -25 -52
	18.0 -86	31	-55 -97 -93 -86	-3	-88 -47 190 -26 -13 -25		-92 -20 -57
	18.5 -83	60	-54 -98 -94 -87	9	-78 -23 281	39	2	-31	1	-88 -32 -55
	19.0 -91 124 -54 -98 -93 -86	22	-82	12	430 107	7	-30	-6	-89 -23 -67
	19.5 -65	65	-76 -95 -93 -37 -25	25	-36 101 -18 -12 -26	4	-69 -20 -65
	20.0 -86	68	-54 -93 -89 -10 -30 -33	33	134	37	-12 -26		-84 -10 -63
	20.3 -85	80	-54 -93 -90 -63 -29 -40	18	138	29	-14 -23	-3	-83 -14 -69
	22.0 -82 128 -37 -91 -85 -89 -49 -92	95	138 126	-4	-19		-89	-6	-59
	22.5 -93	59	-40 -91 -90	55	-61 -79	70	59	76	-11 -22		-90 -14 -61
	23.0 -96 124 -27 -88 -88 -86 -54 -85 138 118 188	-2	-11		-80 -12 -67
	23.5 -98 122 -48 -90 -91 -84 -56 -90	78	48	100 -17 -16		-81 -17 -67
	24.0 -99 212	-8	-83 -85 -69 -34 -84 208 155 241	54	22	-59 -91	25	-84
	24.5 -92 103 -43 -90 -89 -85 -44 -76 148	97	162	-2	-26		-48 -25 -65
	25.0 -91 298	4	-82 -83 814 -22	12	561 189 439	42	13	-66 -66	13	-83
	25.5 -89 155	12	-82 -80 764 -68	89	415	60	219	3	-20	-8	-36	1	-36
	26.0 -82 286 114 -73 -18 428 -75	95	810 118 579	51	-20 -57 -30 -12 -70
	26.2 -51 284 364	48	323 131 -53	58	395	32	277	38	-47	3	45	13	68
	27.0	0	37	-18 -25 -65	9	-20	0	102	5	43	-12 -16		-7	-9	131
	27.5 -19	2	29	-29 -10	52	-34 -30 124	13	16	-17 -26		-15 -14 -44
	28.0	7	19	2	-6	-47 111 -11	14	75	-15	30	3	-11	-1	-8	-11	7
	28.5 71	30	45	-16 -36	97	-21	49	77	49	21	4	-7	-6	12	-8	62
	29.0	0	10	15	-30 -55	60	-27	-3	67	59	12	-7	-18		-4	-12 -24
	29.2 25	16	27	-25 -52	72	-21	4	79	75	76	-1	-16		-11 -10 -17
	29.5 -15	-5	-2	-25 -62	45	-28	59	24	1	15	-14 -20		-8	-17 210
	30.0 15	-3	1	-22 -58	24	-29	22	10	-18	3	-15 -12		-7	-13	94
	30.5 -17	6	90	-23	5	103 -36 107	19	4	11	-17 -19		23	-20 324
	31.0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0
	31.5 -4	13	36	-10 -28 130 -24	7	39	75	11	1	-15		8	-22 -37
	32.0 -10	-6	100 -21	9	107 -19	78	15	46	5	-12 -14		7	-16 291
							(continued on next page)						

Table H .

 H 3: Major-element and Sc concentrations of selected spots measured by EMP on a thin section from the sample JSD2-320 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image (Figure H.2).

	M. Chassé M. Chassé	Processes of Scandium Enrichment Processes of Scandium Enrichment		2017 2017
	Spot SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3 Spot 1 2 3 4 5 10 16 17 18 19 21 26 30 Spot SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3	Sc 34 Sc	Total 35 Total
	wt% Element ppm wt%		ppm ppm
	1 2 3 4 5 Li Be 1 Rb 2 Sr 3 Cs 4 5 6 Ba 6 7 V 7 8 Co 8 9 Ni 9 Cu Zn Ga Zr Nb Hf Ta Th U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc Table H.4: Trace-element concentrations of selected spots measured by LA-ICPMS on a thin 52.59 0.22 2.09 5.39 0.19 0.13 16.87 24.00 0.28 0.00 0.44 0.00 b.d.l. 102.12 52.78 0.24 2.15 5.51 0.19 0.13 17.29 23.93 0.27 0.00 0.43 0.00 b.d.l. 102.74 53.25 0.24 2.09 5.39 0.17 0.12 17.05 23.56 0.31 b.d.l. 0.38 b.d.l. b.d.l. 102.29 38.86 1.97 15.63 7.20 0.37 0.03 27.14 0.22 0.04 0.16 0.03 0.00 b.d.l. 91.60 40.33 1.60 11.97 8.59 0.33 0.05 22.88 0.53 0.05 0.13 0.06 2.19 2.18 2.32 46.08 49.57 16.82 2.99 65.27 1.37 12.08 6.49 2.79 0.29 2.57 0.62 0.10 0.74 0.67 96.01 0.60 0.19 0.36 0.08 0.04 0.02 0.01 0.03 11 99.13 0.20 0.18 0.15 0.64 0.75 0.04 0.10 0.57 0.32 b.d.l. b.d.l. 0.22 0.01 0.17 0.03 b.d.l. 1.88 2.31 90.89 5.69 0.16 0.99 0.00 b.d.l. 0.00 0.03 0.01 b.d.l. 102.26 0.18 b.d.l. b.d.l. 2.85 1.69 3.83 b.d.l. 1.82 3.46 8.81 1.83 b.d.l. 0.09 b.d.l. 3.12 178 176 179 11 10 46 175 10 777 110 4283 162 2 176 6.71 0.81 0.98 71.56 3.15 0.25 0.56 0.22 0.00 0.00 0.04 0.02 8 84.40 64 11.36 0.63 4.69 29.67 0.13 0.04 10.56 0.00 0.01 0.00 0.08 0.00 149 58.26 0.03 b.d.l. b.d.l. 2.22 2.52 4.44 b.d.l. 1.15 b.d.l. 6.08 0.91 b.d.l. 0.01 b.d.l. 0.57 32.94 1.27 14.52 5.63 0.37 0.03 18.57 0.00 0.11 0.00 0.17 0.18 38 76.68 0.01 b.d.l. 86.45 37.60 1.92 14.15 7.33 0.39 0.02 25.69 0.20 0.01 0.28 0.05 0 0 0 3 3 15 0 2 115 16 6 0 2 0 2 4.59 0.26 0.67 92.54 0.04 0.07 1.36 0.00 0.06 0.00 0.06 0.02 40 100.56 0.04 b.d.l. 87.61 37.09 18.45 2.01 7.14 0.15 0.04 7.31 11.93 0.11 0.04 0.29 108 109 102 91 114 78 127 81 385 340 34 120 785 98 33 39.15 0.88 12.74 10.09 0.26 0.06 16.52 0.00 0.14 0.00 0.19 0.05 66 82.30 0.03 b.d.l. 84.58 6.81 0.88 0.90 85.84 0.09 0.18 1.51 0.39 b.d.l. 0.01 0.05 0.01 36 37 36 37 75 81 33 39 87 70 26 13 37 56 34 1 29.49 1.46 2.59 40.20 b.d.l. 0.74 2.76 0.14 0.04 0.01 0.96 0.61 127 79.25 96.63 6.87 0.14 0.63 86.71 0.05 0.01 2.25 0.56 0.05 0.02 0.15 116 117 119 1895 1797 540 113 1923 290 630 244 106 210 115 363 27.57 2.12 2.04 40.90 b.d.l. 0.97 3.14 1.27 0.11 0.11 0.90 0.34 77 79.68 0.07 b.d.l. 97.58 44.24 0.08 11.38 11.42 0.56 0.02 19.84 1.37 0.11 0.04 0.27 0.04 3 0 b.d.l. 0 252 112 59 0 102 5 66 28 0 1 0 26 31.35 1.34 2.22 36.54 0.00 1.27 4.29 0.75 0.10 0.19 0.61 0.06 117 79.02 89.48 50.05 0.25 3.94 13.48 0.30 b.d.l. 13.79 1.32 0.19 0.07 0.07 0.04 70 26 26 28 644 743 736 29 521 56 676 204 58 473 29 142 29.28 3.12 2.43 49.04 0.00 1.13 3.64 1.04 0.10 0.20 0.95 0.05 58 92.59 83.79 43.37 0.08 8.36 14.09 0.12 b.d.l. 19.10 1.44 0.07 0.06 0.06 4 4 4 15 14 5 4 15 14 10 18 4 6 4 4 55.12 0.36 4.44 9.68 b.d.l. 0.65 1.25 0.01 0.08 0.01 0.54 0.44 76 73.15 0.02 b.d.l. 86.75 15.94 0.06 0.60 6.51 0.04 0.05 4.68 4.72 0.16 0.01 0.65 2.65 66 268 9 8 b.d.l. 2 26 8 1 28 50 2 9 0 7 4 32.50 0.48 4.72 11.18 0.06 0.11 2.00 1.07 0.84 0.09 0.42 0.48 63 54.33 37.25 7.46 0.30 1.09 6.76 0.13 0.07 26.14 0.27 0.15 0.00 0.42 0.01 b.d.l. 42.92 44.54 1.03 10.89 8.68 0.24 0.03 21.95 0.99 0.10 0.05 0.19 0.07 22 88.81 51.84 0.26 2.21 5.54 0.16 0.20 16.56 24.11 0.25 0.00 0.48 0.02 b.d.l. 101.54 37.60 2.04 14.78 8.19 0.23 0.02 25.82 0.17 0.02 0.16 0.02 0.00 9 89.04 42.36 1.43 11.56 9.89 0.38 0.05 16.66 12.71 1.98 1.21 0.35 0.02 93 98.48 33.74 1.71 5.78 19.30 0.18 0.07 2.92 30.24 0.03 0.03 0.62 0.03 64 94.41 24.25 0.15 3.03 11.10 0.08 0.25 7.99 1.03 0.08 0.04 0.18 0.08 45 48.44 0.39 0.00 0.00 0.36 0.01 0.06 b.d.l.8 56.28 0.14 0.00 43.16 0.51 b.d.l. 100.97 0.34 b.d.l. 0.03 0.32 0.01 0.07 b.d.l.7 55.94 0.06 0.00 42.41 0.23 b.d.l. 99.31 46.95 0.31 2.41 10.74 0.06 0.79 14.79 8.66 0.21 0.06 0.28 0.04 26 85.48 13.93 0.08 0.85 3.05 0.02 0.05 2.24 1.20 0.04 0.02 0.07 0.01 82 21.62 50.83 0.33 2.64 13.73 0.01 0.90 13.51 1.62 0.13 0.05 0.14 0.06 120 84.22 53.47 0.27 2.41 5.93 0.26 0.21 15.82 22.95 0.21 0.01 0.29 0.00 b.d.l. 101.83 34.42 2.72 5.43 20.79 0.33 0.02 0.17 34.48 0.01 b.d.l. 0.47 0.04 19 98.41 31.60 0.05 13.42 18.05 0.21 0.05 23.58 0.49 0.06 0.13 0.04 0.01 b.d.l. 87.98 34.74 2.75 4.17 13.77 9.09 b.d.l.1 0.05 33.75 0.02 0.00 0.47 b.d.l. b.d.l. 98.40 1.43 0.64 1.35 87.08 5.52 0.17 0.40 0.69 0.09 0.05 0.02 0.03 b.d.l. 97.62 53.88 0.23 1.92 4.97 0.18 0.11 16.11 23.53 0.19 0.01 0.38 0.00 b.d.l. 101.47 0.01 0.33 1.64 93.82 5.49 0.44 0.21 0.08 0.00 0.01 b.d.l. 0.00 b.d.l. 102.29 22.39 9.96 1.63 42.47 3.88 0.17 0.70 17.73 0.03 0.00 0.32 0.01 b.d.l. 98.83 54.28 0.23 1.98 4.79 0.16 0.16 16.41 23.12 0.25 0.00 0.31 0.01 b.d.l. 101.78 51.74 0.15 1.41 33.42 0.45 0.01 6.46 1.31 0.07 0.07 0.03 0.03 18 45.53 0.13 5.98 16.60 0.00 0.05 5.08 1.05 0.10 0.13 0.09 0.05 184 75.15 0.02 0.01 0.02 2.78 3.90 4.13 b.d.l. 1.90 5.38 5.00 0.10 0.01 0.02 0.02 0.04 8.99 3.28 2.38 67.64 0.01 0.64 1.75 0.69 0.03 0.02 0.56 0.03 199 86.07 1.17 0.36 0.25 0.04 0.05 1.05 0.33 0.04 1.08 1.97 b.d.l. 0.39 0.03 0.26 0.06 55.33 0.83 9.88 24.52 0.17 b.d.l. 2.36 0.99 0.20 0.35 0.17 0.05 429 95.08 0.01 0.01 b.d.l. 0.17 0.13 0.24 b.d.l. 0.12 0.32 0.43 0.08 0.01 0.01 0.01 0.01 52.79 0.47 8.69 21.09 0.19 0.01 2.73 0.87 0.13 0.17 0.23 0.05 211 87.76 0.09 0.03 0.04 0.01 0.04 0.07 0.03 b.d.l. 0.18 0.19 5.82 0.03 0.04 0.04 0.11 31.87 0.26 4.46 10.64 b.d.l. 0.05 1.83 0.03 0.15 0.02 0.17 0.07 153 49.67 0.10 0.01 0.03 b.d.l. b.d.l. 0.03 0.01 b.d.l. 0.05 0.05 2.72 0.02 0.02 0.01 0.01 40.62 0.34 7.59 16.67 0.03 0.07 1.93 0.17 0.16 0.06 0.30 0.07 190 68.29 2.78 2.64 2.76 0.10 0.20 2.11 2.23 0.09 8.76 10.09 216.78 2.49 1.23 2.40 2.60 161.50 0.01 0.36 0.33 b.d.l. 0.01 0.01 0.00 0.00 0.00 b.d.l. 0.00 1 162.20 8.20 8.53 8.26 0.01 b.d.l. 6.96 7.97 0.14 25.60 32.67 390.73 7.85 1.94 7.58 0.08 14.97 0.18 1.30 16.70 0.47 b.d.l. 6.32 0.90 0.48 0.34 0.05 0.01 102 42.05 1.20 1.24 1.22 0.03 0.06 1.07 1.21 0.02 3.65 5.45 42.55 1.21 0.22 1.14 0.67 40.47 0.30 4.90 20.63 0.72 0.02 4.98 1.32 0.27 0.34 0.43 0.03 178 74.92 6.26 6.08 5.77 0.15 0.20 5.15 6.18 0.04 19.47 32.72 169.70 6.68 0.74 5.67 3.42 42.34 0.26 5.71 17.41 0.54 0.01 6.29 1.06 0.21 0.19 0.10 0.06 203 74.62 1.80 1.62 1.53 b.d.l. 0.03 1.73 1.47 b.d.l. 4.98 4.99 28.62 1.98 0.18 1.46 0.90 8.12 0.37 1.04 84.39 0.13 0.11 0.63 0.38 b.d.l. 0.04 0.08 0.02 12 95.34 0.51 0.50 0.47 b.d.l. b.d.l. 0.55 0.58 b.d.l. 1.65 5.28 8.79 0.51 0.32 0.41 0.30 3.71 0.76 0.88 78.05 1.14 0.11 0.82 0.22 0.01 0.01 0.11 0.02 5 86.08 1.18 1.42 1.29 0.05 0.14 1.47 1.56 b.d.l. 4.51 8.64 23.15 1.65 0.13 1.11 1.11 0.01 0.26 0.51 93.85 0.79 0.12 0.33 0.05 b.d.l. 0.00 0.04 0.00 2 96.14 0.20 0.18 0.21 0.01 b.d.l. 0.22 0.25 0.01 0.62 1.39 2.33 0.23 0.01 0.19 0.13 0.04 0.22 0.50 87.44 4.19 0.06 0.42 0.06 b.d.l. b.d.l. 0.05 0.02 2 93.37 0.91 1.17 1.13 0.05 b.d.l. 1.31 1.35 b.d.l. 3.42 11.18 12.98 1.25 0.15 0.91 0.85 4.74 0.60 1.00 76.50 0.04 0.58 0.28 0.19 b.d.l. 0.00 0.12 0.11 6 84.25 0.22 0.20 0.20 0.01 0.01 0.22 0.23 0.02 0.71 1.48 2.28 0.27 0.03 0.21 0.16 0.71 0.60 0.03 89.42 0.09 0.66 0.20 0.05 b.d.l. 0.01 0.01 0.00 9 91.59 0.51 0.53 0.56 b.d.l. b.d.l. 0.56 0.60 b.d.l. 1.59 4.47 6.11 0.67 0.06 0.55 0.41 1.58 0.08 0.08 93.15 0.03 0.20 0.27 0.13 b.d.l. 0.00 0.00 b.d.l. 10 95.49 0.08 0.07 0.07 b.d.l. 0.01 0.05 0.07 b.d.l. 0.20 0.58 0.45 0.08 0.01 0.06 0.07 33.71 1.05 14.06 5.08 0.24 0.05 21.63 0.34 0.19 0.10 0.18 0.29 50 79.48 0.54 0.50 0.40 0.02 0.03 0.49 0.56 0.03 1.49 2.56 3.43 0.63 0.08 0.45 0.42 49.60 0.40 4.13 1.83 0.05 b.d.l. 8.28 5.47 2.58 0.16 0.04 0.12 b.d.l. 75.17 0.08 0.07 0.08 b.d.l. b.d.l. 0.11 0.07 b.d.l. 0.22 0.38 0.49 0.08 0.01 0.06 0.05 5 5 5 0 0 5 6 0 16 38 63 6 1 5 55.48 0.08 6.81 22.84 0.01 0.07 3.14 1.06 0.19 0.36 0.21 0.04 165 90.44 8 82 81 78 19 16 124 81 12 132 248 21 80 1 77 43.67 0.09 5.09 19.10 0.02 0.05 3.57 0.91 0.16 0.07 0.37 0.13 157 73.69 24 42.96 0.40 5.96 20.78 0.29 0.01 5.71 0.98 0.27 0.18 0.11 0.04 194 77.86 95.06 58.52 0.07 1.82 29.19 0.38 0.00 5.65 1.40 0.12 0.11 0.06 0.01 19 0.00 1.53 1.49 69.75 3.80 0.15 1.35 0.05 0.00 b.d.l. 0.02 0.01 16 77.99 97.24 21.54 0.28 0.67 35.10 0.50 b.d.l. 10.24 1.56 0.19 0.06 0.12 0.02 35 70.22 57.09 0.02 1.55 28.69 0.28 0.00 6.69 1.65 0.12 0.09 0.02 0.02 18 0.82 0.24 0.03 84.94 0.09 0.10 0.22 0.08 0.03 0.00 0.05 0.01 10 86.49 39.13 0.70 7.13 21.36 0.63 b.d.l. 1.74 0.94 0.30 0.19 0.16 0.05 275 72.58 96.06 56.54 0.11 1.58 27.11 0.43 b.d.l. 6.86 2.10 0.09 0.08 0.09 0.06 10 95.05 53.31 0.15 2.24 14.77 0.25 b.d.l. 11.59 1.46 0.11 0.05 0.05 0.06 29 84.01 35.86 0.38 7.70 10.47 0.44 b.d.l. 1.63 0.45 0.32 0.12 0.13 0.06 135 57.66 section from the sample JSD2-320 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image (Figure H.2). 20.63 0.76 3.50 47.85 0.39 b.d.l. 0.80 0.59 0.15 0.09 0.31 0.08 152 75.34

Table H .

 H 5: Major-element and Sc concentrations of selected spots measured by EMP on a thin section from the sample JSD2-230 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image(Figure H.3).

	M. Chassé			Processes of Scandium Enrichment			2017
	Spot	1	3	4	5	8	9	10	17	21	26	31	36	38	39
	Element ppm													
	Li	b.d.l. b.d.l. 0.54 13.35 0.71 0.56 0.81 0.35 0.32 b.d.l. 22.48 b.d.l. 0.25 0.19
	Be	0.20 0.98 1.12 6.68 2.57 4.10 6.22 0.44 0.18 0.14 6.67 0.28 0.30 0.39
	Rb	0.96 b.d.l. 0.44 2.87 3.53 2.34 2.37 2.39 1.31 b.d.l. 4.51 b.d.l. 7.34 3.72
	Sr	18	b.d.l. 44	20	43	68	69	42	19	5	50	b.d.l. 56	48
	Cs	b.d.l. b.d.l. 0.06 1.44 2.37 1.78 0.46 0.76 0.61 b.d.l. 4.56 b.d.l. 9.30 1.72
	Ba	83	62	365	13	192	169	202	4	1	10	427	2	9	3
	V	773 4072 33	92	170	376	522	8	3	850	84	1167 35	60
	Co	433	556	587	44	484	145	340	4	2	148 1179 267	4	2
	Ni	994 3601 1296 16581 2263 1765 3045 1802 682 1053 27303 1253 1390 1283
	Cu	13	25	106	163	370	307	181	39	97	20	129	5	30	26
	Zn	3079 12950 484 2263 2418 2631 1305 786	372	253 2880 839 1367 521
	Ga	20	105	5	19	15	26	36	11	3	24	24	33	9	11
	Zr	4	15	8	39	43	89	107	17	9	5	39	2	21	29
	Nb	0.13 1.39 0.17 9.87 0.54 1.34 1.55 0.05 0.01 0.05 7.30 b.d.l. 0.22 0.22
	Hf	b.d.l. b.d.l. 0.41 1.11 1.99 3.91 5.33 0.88 0.42 0.06 0.71 b.d.l. 0.83 1.43
	Ta	b.d.l. 0.15 0.01 0.51 0.08 0.12 0.06 0.04 b.d.l. 0.02 0.39 b.d.l. 0.02 0.03
	Th	b.d.l. b.d.l. 0.30 0.16 0.84 1.53 1.77 0.02 0.07 0.09 0.17 b.d.l. 0.03 0.10
	U	b.d.l. 0.21 0.02 0.17 0.10 0.06 0.10 0.01 0.01 0.03 0.14 0.04 0.01 0.02
	La	18.75 85.54 48.93 7.87 93.13 211.35 230.93 1.13 0.22 12.67 23.74 1.13 1.28 2.55
	Ce	12.51 31.14 35.15 39.99 88.97 187.61 233.22 1.43 0.33 5.31 85.58 0.46 0.25 0.34
	Pr	4.05 16.80 16.16 4.45 28.46 63.08 77.68 0.40 0.11 3.13 9.94 0.78 0.70 1.07
	Nd	23.95 70.85 87.46 25.37 151.18 323.78 408.59 2.25 0.35 14.88 53.12 2.49 3.65 5.88
	Sm	5.91 18.14 22.42 8.83 39.44 81.63 110.46 0.73 0.19 3.26 13.78 0.94 0.85 1.90
	Eu	1.59 7.67 6.74 3.02 11.47 25.43 31.57 0.14 0.06 0.60 4.88 0.17 0.41 0.70
	Gd	3.45 19.17 22.16 9.17 39.16 80.28 112.60 0.63 0.21 2.79 19.27 0.73 1.55 2.42
	Tb	0.70 2.14 3.15 1.53 5.37 10.84 15.24 0.11 0.03 0.33 2.84 0.09 0.26 0.34
	Dy	3.37 9.37 17.58 10.65 30.69 60.32 88.64 0.61 0.22 1.79 17.85 1.41 1.96 2.57
	Ho	0.89 1.11 3.67 2.11 6.06 11.23 16.75 0.13 0.03 0.44 3.70 0.28 0.39 0.56
	Er	1.33 3.09 8.05 5.70 13.53 27.65 41.11 0.43 0.16 0.80 10.89 0.12 1.04 1.51
	Tm	0.22 0.10 1.12 0.78 1.75 3.57 5.22 0.09 0.03 0.06 1.50 0.08 0.23 0.21
	Yb	1.10 2.17 6.85 5.26 11.00 23.22 31.00 0.67 0.29 0.61 9.02 0.29 1.09 1.51
	Lu	0.14 b.d.l. 0.84 0.88 1.57 3.26 4.57 0.15 0.04 0.11 1.18 0.03 0.21 0.28
	Y	13	26	71	42	101	198	298	3	1	8	82	5	8	11
	Sc	13	52	62	70	140	111	153	379	71	8	81	10	265	250
	Table H.6: Trace-element concentrations of selected spots measured by LA-ICPMS on a thin
	section from the sample JSD2-230 (b.d.l.: below detection limit). The numbers correspond to
	the spots on the AsB image (Figure H.3).								

Samples from the Lateritic Duricrust JSD1-135

  TableH.7: Major-element and Sc concentrations of selected spots measured by EMP on a thin section from the sample JSD1-135 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image(Figure H.4).

				Spot	1	10	13	16	18	20	24	26
				Element ppm							
				Li	0.10 b.d.l. 0.04 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
				Be	0.07 0.20 0.05 0.26 2.34 1.27 1.36 0.63
				Rb	0.30 0.06 b.d.l. 0.02 b.d.l. b.d.l. 0.04 0.03
				Sr	4	16	1	14	9	16	3	2
				Cs	0.09 b.d.l. b.d.l. b.d.l. b.d.l. 0.03 b.d.l. 0.01
				Ba	2	6	1	4	6	12	12	2
				V	165	853	280	497	435	578	455	243
				Co	22	4	31	4	27	18	35	35
				Ni	97	61	130	24	1035 632 1517 223
				Cu	21	11	4	14	117	132	78	35
				Zn	49	23	15	17	370	253	710	189
				Ga	13	17	7	6	29	26	13	13
				Zr	26	79	4	26	55	72	36	28
				Nb	1.59 5.19 0.10 0.24 0.76 1.03 0.44 0.61
				Hf	1.00 2.55 0.15 1.15 1.70 2.62 1.49 1.16
				Ta	0.11 0.25 0.01 0.01 0.01 0.03 0.02 0.05
				Th	0.46 3.93 0.07 0.47 0.88 1.04 0.29 0.28
				U	0.16 0.55 0.02 0.11 0.51 0.57 0.52 0.16
				La	0.51 2.75 0.29 1.13 19.32 14.07 2.77 2.68
				Ce	2.21 5.35 1.61 7.71 8.87 21.41 3.15 13.38
				Pr	0.19 0.88 0.14 0.49 7.55 4.93 1.61 1.39
				Nd	1.51 4.21 0.60 2.55 34.72 25.62 8.22 6.78
				Sm	0.45 1.42 0.21 1.04 14.07 8.66 3.63 2.87
				Eu	0.14 0.36 0.05 0.28 4.52 2.73 1.18 0.71
				Gd	0.35 1.00 0.15 0.34 10.71 6.43 2.83 1.50
				Tb	0.05 0.13 0.02 0.10 2.33 1.10 0.62 0.37
				Dy	0.35 0.71 0.15 0.67 13.77 6.67 4.51 1.99
				Ho	0.04 0.13 0.02 0.14 2.74 1.24 0.82 0.31
				Er	0.20 0.40 0.07 0.29 8.07 3.47 2.83 0.99
	Spot SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3 Tm 0.04 0.05 0.02 0.04 1.44 0.69 0.47 0.16 Yb 0.34 0.45 0.05 0.53 14.66 6.03 4.15 1.19	Sc	Total
	1 2	wt% 8.07 2.94	Lu 1.20 28.43 20.58 0.25 0.04 0.06 0.01 0.05 2.20 0.82 0.68 0.20 0.17 0.83 0.12 0.07 0.04 0.05 Y 2 2 0 1 31 17 11 4 0.84 41.84 8.41 0.19 0.06 0.26 0.08 0.01 0.03 0.02 Sc 131 134 21 212 535 526 406 186	0.04 0.04	ppm	60.04 54.79
	3	1.36	2.51 10.24 41.09 0.27	0.19	0.29	0.07 b.d.l. 0.01	0.05	0.07	56.24
	4 5 Table H.8: Trace-element concentrations of selected spots measured by LA-ICPMS on a thin 0.21 0.27 43.75 2.28 0.06 0.04 0.00 0.01 b.d.l. b.d.l. 0.00 0.04 72 46.66 1.05 0.60 32.94 15.72 0.24 0.06 0.20 0.06 0.01 0.01 0.01 0.04 51.13
	6 7 section from the sample JSD1-135 (b.d.l.: below detection limit). The numbers correspond to 0.52 0.09 45.97 1.51 b.d.l. 0.03 b.d.l. 0.00 0.00 0.00 0.02 0.05 29 48.19 0.04 60.66 b.d.l. 20.81 0.02 3.81 0.00 0.06 0.11 b.d.l. 0.00 b.d.l. 31 84.59 8 0.04 43.75 b.d.l. 33.40 0.03 2.62 2.62 0.01 b.d.l. b.d.l. 0.00 0.00 82 81.42 the spots on the AsB image (Figure H.4).
	9	0.02 45.91 b.d.l. 35.13 0.05	3.53	0.31	0.03 b.d.l. b.d.l. b.d.l. 0.00	83.97
	10	1.00	2.00	5.03 64.90 0.62	0.11	0.22	0.12 b.d.l. 0.00	0.03	0.05	74.32
	11	1.46	1.82	7.04 62.86 0.66	0.08	0.20	0.08 b.d.l. 0.00	0.06	0.02	74.37
	12	1.08	1.92	5.25 63.98 0.63	0.10	0.18	0.12 b.d.l. 0.01	0.02	0.03	73.31
	13	0.09	2.09	0.46 74.10 0.82	0.07	0.46	0.01 b.d.l. 0.00	0.00 b.d.l.	46	78.36
	14	0.04	0.18	0.04 76.16 0.04	0.08	0.16	0.01 b.d.l.0 0.00 b.d.l. 0.03	33	76.68
	15	b.d.l. 1.60	0.46 74.41 2.31	0.01	0.50	0.02 b.d.l.0 0.01	0.04	0.01	12	79.43
	16	1.50	1.65	1.87 65.82 0.13	0.11	0.20	0.11 b.d.l. b.d.l. 0.00	0.04	71.46
	17	2.05	1.40	1.95 67.81 0.15	0.14	0.24	0.12 b.d.l. 0.02	0.02	0.03	74.13
	18	2.39	1.96	4.20 54.08 0.77	0.09	0.58	0.10 b.d.l. 0.01	0.03	0.09	64.47
	19	2.40	2.09	4.43 54.62 0.98	0.11	0.69	0.09 b.d.l. 0.01	0.00	0.09	65.76
	20	2.91	1.93	3.72 58.01 0.15	0.21	0.95	0.09 b.d.l. b.d.l. 0.04	0.04	68.44
	21	2.05	1.99	3.29 63.12 0.08	0.52	0.49	0.11 b.d.l. b.d.l. 0.03	0.07	72.09
	22	1.89	2.48	5.13 49.22 0.71	0.00	0.57	0.07 b.d.l. 0.02 b.d.l. 0.07	60.39
	23	1.86	1.57	4.82 46.45 0.65	0.16	0.76	0.11	0.00	0.00	0.02	0.08	56.83
	24	2.14	1.09	4.40 51.21 0.64	0.14	0.68	0.06 b.d.l. b.d.l. b.d.l. 0.05	60.50
	25	1.53	2.20	6.74 41.09 0.32	0.16	0.34	0.07	0.03	0.00	0.01	0.07	52.75
	26	1.73	2.38	5.71 45.33 0.43	0.19	0.29	0.08 b.d.l. 0.00	0.03	0.05	56.34
	27	2.26	1.96	5.02 52.41 0.54	0.11	0.78	0.10	0.01	0.01	0.07	0.07	63.54
	28	2.22	2.66	5.71 44.73 0.40	0.15	0.35	0.09 b.d.l. b.d.l. 0.04	0.05	56.50

Figure H.4: AsB image indicating the position of EMP and ICP-MS analyses on a thin section from the sample JSD1-135.

Table H .

 H 10: Trace-element concentrations of selected spots measured by LA-ICPMS on a thin section from the sample JSD2-150 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image(Figure H.5).

	Spot SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3 wt% Spot 2 3 5 6 7 8 9 10 12 14 21 Element ppm Li b.d.l. b.d.l. b.d.l. 0.44 0.79 b.d.l. 0.18 1.68 0.11 0.12 0.10 b.d.l. 0.23 0.53 1.49 1.22 0.19 0.13 0.24 b.d.l. Sc Total ppm 22 24 27 30 31 34 35 37 38 Be 0.04 0.19 0.85 1.73 1.10 1.11 1.53 b.d.l. 1.97 1.62 b.d.l. b.d.l. 0.50 0.23 0.66 0.20 1.68 0.30 1.13 1.39 16	M. Chassé
	1 2 3 4 5 6 7 8 9	6.14 0.17 Rb Sr 2.74 0.33 Cs Ba 4.43 5.31 7.57 5.79 5.85 42.11 0.03 37.43 2.97 1.66 2.98 81.25 b.d.l. 2.05 2.51 0.06 95.38 1.01 0.21 b.d.l. 0.36 b.d.l. b.d.l. b.d.l. 0.09 0.21 b.d.l. 0.09 0.08 b.d.l. b.d.l. 0.20 0.41 0.30 0.39 0.15 0.12 0.37 0.10 0.27 0.27 0.03 0.00 0.08 0.03 590 94.71 0.16 0.03 b.d.l. b.d.l. 0.06 b.d.l. 52 b.d.l. b.d.l. 65 75 b.d.l. 13 75 b.d.l. b.d.l. 5 b.d.l. b.d.l. 44 19 20 8 73 29 27 39 14 99.31 0.10 0.06 96.38 0.03 0.22 0.44 0.10 0.05 b.d.l. 0.01 0.00 b.d.l. 100.04 0.79 0.61 98.21 0.28 0.27 0.68 0.02 b.d.l. b.d.l. b.d.l. 0.02 27 b.d.l. 0.15 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.03 0.06 b.d.l. 0.06 0.07 0.07 0.15 0.09 0.01 0.15 0.03 1 5 58 80 12 8 70 2 2 2 3 4 31 13 19 8 72 29 24 30 19 17 101.11 0.66 4.48 78.64 0.00 1.91 0.24 0.17 b.d.l. 0.00 0.12 0.04 705 90.94 1.09 10.72 56.60 b.d.l. 0.70 0.25 0.10 0.01 0.00 0.13 0.68 14.58 44.93 0.06 0.90 0.26 0.07 0.04 0.00 0.12 1.72 6.57 69.20 1.13 0.35 0.62 0.13 0.06 0.02 0.22 2.13 4.59 74.70 0.14 1.68 0.50 0.24 0.04 0.01 0.25 0.04 1190 90.20 0.06 0.06 0.10 0.12 0.05 0.01 0.09 0.06 341 83.36 45.80 0.04 40.38 2.92 0.02 0.06 0.08 0.14 0.10 0.03 0.07 0.04 289 89.82 4.69 0.80 4.75 57.83 0.51 0.08 0.29 0.85 0.01 0.01 0.09 0.08 1854 70.34 4.07 0.63 4.98 58.42 0.36 0.05 0.30 0.10 0.01 0.00 0.12 0.08 1654 69.69 4.53 1.27 4.64 50.04 0.08 0.07 0.25 0.10 b.d.l. 0.00 0.12 0.08 1422 61.44 3.19 1.36 4.50 54.64 0.15 0.15 0.17 0.25 0.05 0.00 0.07 0.08 1450 64.72 3.98 1.41 5.67 55.76 0.12 0.16 0.30 0.11 0.19 0.00 0.11 0.09 1465 68.06 4.99 1.36 7.29 51.25 0.15 0.23 0.28 0.09 0.15 0.03 0.10 0.09 1336 66.24 11.40 1.35 12.26 58.59 0.03 1.14 0.25 0.18 0.25 0.02 0.09 0.05 772 85.61 15.25 1.34 10.80 42.71 0.06 1.28 0.26 0.17 0.21 0.04 0.07 0.03 633 72.09 11.80 1.56 11.22 60.23 0.01 1.45 0.27 0.20 0.14 0.02 0.11 0.05 640 87.04 b.d.l. 1.83 0.86 97.46 1.38 0.17 0.64 0.02 b.d.l. 0.00 b.d.l. 0.00 21 102.25 0.08 1.35 0.10 97.22 1.61 0.31 0.32 0.02 0.02 0.02 b.d.l. 0.02 38 101.21 0.07 1.35 0.67 95.85 2.12 0.13 0.56 0.01 b.d.l. 0.00 0.02 0.01 40 100.64 5.52 1.55 1.87 84.06 0.07 1.78 0.27 0.26 0.05 0.02 0.09 0.00 504 95.43 4.90 1.78 1.61 84.10 0.04 2.29 0.32 0.26 0.04 0.01 0.10 0.02 554 95.45 4.47 1.84 2.55 75.30 0.05 2.34 0.35 0.23 0.04 0.00 0.12 0.01 652 87.31 5.51 1.90 3.09 71.49 0.14 1.08 0.52 0.18 0.10 0.02 0.07 0.03 885 84.31 4.99 2.62 6.27 56.90 0.10 0.61 0.67 0.42 0.19 0.01 0.76 0.09 1393 73.58 5.59 0.64 5.06 62.61 0.03 1.22 0.75 0.12 0.11 0.02 0.15 0.00 1921 76.84 22.89 0.75 18.77 26.04 0.07 0.34 0.18 0.10 0.08 0.02 0.05 0.07 671 69.52 17.14 1.22 18.73 44.83 0.06 0.53 0.19 0.15 0.12 0.04 0.14 0.09 518 83.42 45.31 0.03 36.30 2.29 0.10 0.09 0.09 0.09 0.04 0.04 0.15 0.03 268 84.52 0.19 1.13 0.37 94.29 2.50 0.11 0.36 0.01 0.12 0.02 0.07 0.01 148 99.47 Zr 1 4 33 61 38 80 78 4 40 49 2 1 23 20 38 23 56 23 51 52 Nb b.d.l. b.d.l. 0.24 0.58 0.20 0.62 1.09 0.07 0.22 0.27 0.07 0.02 0.12 0.46 0.34 0.24 0.50 0.22 0.29 0.32 Hf 0.04 1.03 1.44 2.84 1.39 2.15 2.46 0.36 1.45 1.61 0.10 0.05 1.20 1.13 1.45 0.84 1.54 0.90 1.19 1.55 Ta b.d.l. b.d.l. 0.01 0.02 0.04 0.03 0.03 0.03 0.00 0.01 0.01 b.d.l. 0.02 0.01 0.04 0.02 0.01 0.01 0.03 0.03 Th 0.01 b.d.l. 0.48 0.69 0.13 0.29 0.73 0.04 0.08 0.11 0.05 b.d.l. 0.40 0.29 0.29 0.12 0.87 0.30 0.35 0.53 U 0.01 0.05 0.34 0.50 0.37 0.61 0.77 0.07 0.48 0.27 0.04 0.01 0.16 0.12 0.15 0.11 0.33 0.15 0.48 0.51 La 0.71 0.44 31.20 45.26 6.68 15.65 47.26 0.60 2.24 2.82 1.03 1.03 17.88 8.20 10.04 4.75 45.55 19.58 20.07 25.17 Ce 2.13 1.86 107.42 209.89 59.52 41.84 159.47 2.34 7.59 10.06 3.25 2.01 56.46 23.03 62.12 20.72 124.19 57.38 51.43 57.95 Pr 0.15 0.17 7.14 9.01 2.38 4.69 11.67 0.15 1.46 1.60 0.26 0.25 4.64 2.20 2.56 1.16 9.85 3.91 5.44 6.34 Nd 0.78 0.96 32.48 40.48 8.65 25.05 58.14 b.d.l. 8.29 9.73 1.43 0.72 20.46 8.41 13.38 5.52 46.27 19.95 30.16 32.94 Sm 0.11 0.29 6.08 9.42 2.72 7.94 14.71 b.d.l. 3.20 4.62 0.10 0.12 5.01 3.09 3.14 1.00 11.24 4.27 8.41 9.12 Eu 0.04 b.d.l. 2.30 3.04 0.77 2.50 4.84 0.09 1.10 1.42 0.01 0.02 1.54 0.94 1.03 0.56 2.73 1.32 2.67 2.94 Gd 0.14 0.14 7.59 9.59 3.44 8.67 15.95 b.d.l. 5.02 4.73 0.24 0.32 5.44 3.73 2.61 1.46 11.69 4.40 9.21 11.75 Tb 0.03 b.d.l. 1.01 1.07 0.49 1.49 2.35 0.07 0.85 0.80 0.05 0.04 0.70 0.41 0.50 0.30 1.49 0.57 1.28 1.64 Dy 0.17 b.d.l. 5.43 5.80 3.37 8.82 13.46 0.28 4.60 5.14 0.13 0.20 3.41 2.62 3.24 1.69 8.62 3.62 8.78 10.11 Ho 0.05 0.02 1.11 1.55 0.62 1.77 2.70 0.07 1.02 1.09 0.03 0.04 0.73 0.66 0.70 0.35 1.46 0.69 1.70 1.95 Er 0.07 0.05 2.76 3.08 1.34 4.82 7.26 b.d.l. 2.74 2.64 0.04 0.10 1.86 1.48 1.46 0.88 3.21 1.73 4.83 5.91 Tm 0.01 b.d.l. 0.35 0.40 0.35 0.55 0.94 b.d.l. 0.31 0.36 0.01 0.01 0.18 0.16 0.19 0.06 0.53 0.24 0.71 0.68 Yb 0.01 b.d.l. 2.20 2.14 1.35 4.26 6.48 b.d.l. 2.91 3.03 0.13 0.15 1.22 1.24 1.34 0.84 2.66 1.49 3.63 4.76 Lu 0.01 b.d.l. 0.22 0.44 0.11 0.70 0.98 b.d.l. 0.38 0.39 0.02 0.01 0.20 0.22 0.16 0.11 0.43 0.23 0.75 0.82 Y 1 1 35 45 19 47 73 1 27 24 1 1 23 19 18 10 50 22 45 59 Sc 8 14 579 956 939 1344 1129 188 1227 1065 31 24 281 318 563 362 647 323 805 1042 10 11 12 Ga 1 1 55 90 119 79 48 10 38 33 2 4 9 15 27 24 32 13 51 47 15 Zn 13 1762 151 1187 865 465 344 80 895 644 8 117 21 116 287 227 1050 91 1270 473 13 0.05 1948 86.19 Cu b.d.l. 5 79 120 140 191 155 37 207 174 4 7 23 371 70 63 86 53 184 157 0.06 1123 69.46 Ni 48 24 242 354 395 1084 1445 206 388 304 64 153 62 294 370 279 396 213 1013 897 0.05 1218 75.01 V 78 16 905 876 565 343 673 20 339 283 83 166 202 165 234 133 650 242 409 423 Co 9 16 24 36 20 17 39 3 9 9 9 44 8 8 20 33 25 12 16 13 18 20	Processes of Scandium Enrichment
		5.39	1.56	3.62 78.02 0.31	1.64	0.31	0.22 b.d.l. 0.01	0.28	0.05	810	91.51
		3.58	1.24	2.18 75.34 0.02	1.75	0.22	0.16	0.08	0.04	0.07	0.06	652	84.97
		4.61	1.03	1.78 86.36 0.22	2.16	0.21	0.24	0.04	0.02	0.08	0.02	597	96.99
		5.35	1.42	4.44 70.50 1.66	0.37	0.61	0.28	0.03	0.01	0.34	0.02 1675 85.46
		6.18	1.28	4.87 71.35 1.31	0.39	0.54	0.15	0.01	0.01	0.24	0.10 1467 86.68
		5.37	1.59	4.78 66.35 1.51	0.26	0.68	0.14	0.08 b.d.l. 0.17	0.05 1457 81.22
		4.64	1.75	3.18 73.55 1.72	0.49	0.63	0.31	0.09	0.02	0.40	0.06 1416 87.02
	Table H.9: Major-element and Sc concentrations of selected spots measured by EMP on a thin section from the sample JSD2-150 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image (Figure H.5).	2017

Table H .

 H 11: Major-element and Sc concentrations of selected spots measured by EMP on a thin section from the sample JSD2-125 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image (Figure H.6).

	M. Chassé		Processes of Scandium Enrichment	2017
				Spot	1	3	7	8	11		13	17
				Element ppm								
				Li	b.d.l. 0.00 b.d.l. b.d.l. b.d.l. 0.26 2.07
				Be	0.03 0.00 0.99 1.40 1.92 0.23 0.11
				Rb	b.d.l. 0.00 0.09 b.d.l. 0.09 0.17 1.03
				Sr	1	0	47	31	26		16	19
				Cs	b.d.l. 0.00 b.d.l. 0.04 0.09 0.05 0.84
				Ba	0	0	5	5	3		2		4
				V	690	27	417	433	697	96	64
				Co	59	1	12	13	15		6		5
				Ni	277	7	414 1315 962	31	157
				Cu	2	0	59	136	214	8	18
				Zn	34	2	341 2617 1476 91	114
				Ga	14	1	29	59	56		4	11
				Zr	1	0	44	63	61		8	12
				Nb	0.02 0.00 0.63 0.84 0.58 0.10 0.07
				Hf	b.d.l. 0.01 1.39 1.48 2.16 0.40 1.02
				Ta	0.00 0.00 0.01 0.01 0.03 0.02 0.02
				Th	0.02 0.00 0.71 0.37 0.50 0.25 0.14
				U	0.01 0.00 0.25 0.63 0.47 0.07 0.15
				La	0.51 0.04 8.40 4.52 6.61 2.95 1.28
				Ce	1.75 0.17 43.00 25.63 31.84 18.11 8.23
				Pr	0.13 0.01 2.71 1.59 2.28 1.03 0.45
				Nd	0.67 0.06 13.74 8.70 13.08 5.26 2.16
				Sm	0.19 0.01 3.98 3.32 4.11 0.92 0.25
				Eu	0.05 0.00 1.26 0.90 1.38 0.38 0.21
				Gd	0.15 0.01 3.57 3.13 4.43 1.33 0.58
	Spot SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3 Tb 0.02 0.00 0.55 0.51 0.71 0.14 0.08 Dy 0.06 0.01 3.19 2.80 4.55 0.61 0.12	Sc	Total
		wt%		Ho Er	0.01 0.00 0.74 0.61 0.85 0.15 0.06 0.07 0.00 1.58 1.84 2.30 0.27 0.27	ppm
	1	0.08	1.03	0.17 91.98 3.24 Tm 0.01 0.00 0.20 0.19 0.34 0.03 0.02 0.07 0.80 0.02 0.00 0.01	0.03 b.d.l.	32	97.24
	2	0.01	0.10	0.18 100.00 3.11 Yb b.d.l. 0.01 1.15 1.75 2.15 0.32 0.24 0.03 0.14 0.02 b.1	103.70
	3	0.03	0.07	0.02 99.67 3.11 Lu 0.00 0.00 0.18 0.26 0.35 0.05 0.02 0.03 0.15 0.01 b.d.l. 0.01 b.d.l. 0.01	30	103.24
	4	0.04	0.19	0.26 103.17 0.92 Y 0	0.04 0	0.30 19	0.02 b.d.l. 0.00 21 28 4	2	0.01	0.01	13	105.20
	5	0.09	1.87	1.30 92.21 3.37 Sc 19	0.17 1	0.93 630 1342 1600 106 0.03 b.d.l. 0.03 311	0.03	0.00	11	99.99
	6	6.69	1.61	2.11 81.37 0.08	1.29	0.35	0.22 b.d.l. 0.00		0.10	0.00	527	93.59
	7	5.79	1.42	2.45 69.89 0.23	0.89	0.31	0.31	0.05	0.01		0.04	0.01	581	81.51
	8 9 Table H.12: Trace-element concentrations of selected spots measured by LA-ICPMS on a thin 5.84 1.76 4.73 64.50 0.66 0.35 0.42 0.18 b.d.l. 0.01 0.08 0.02 1680 78.77 6.00 0.90 4.52 61.52 0.52 0.37 0.56 0.14 0.01 b.d.l. 0.07 0.02 1435 74.95 10 5.63 1.60 5.30 66.25 1.23 0.10 0.39 0.11 b.d.l. 0.02 0.08 0.01 2270 81.01 section from the sample JSD2-125 (b.d.l.: below detection limit). The numbers correspond to
	11 12 the spots on the AsB image (Figure H.6). 5.90 2.70 5.46 73.90 1.08 0.12 40.05 0.45 30.01 23.01 0.05 0.45	0.36 0.15	0.11 b.d.l. 0.01 0.15 0.01 0.04		0.08 0.00	0.03 2552 90.17 0.00 423 94.43
	13	6.78	1.65	3.54 67.36 0.02	1.39	0.15	0.20 b.d.l. 0.03		0.01	0.00	430	81.11
	14	8.52	1.20	6.05 53.62 0.04	0.62	0.12	0.15 b.d.l. 0.00		0.04	0.00	381	70.38
	15	12.07 1.48	7.52 73.52 0.09	0.77	0.25	0.15	0.02 b.d.l. 0.03 b.d.l. 399	95.75
	16	36.76 0.20 27.78 8.66	0.04	0.11	0.24	0.17	0.05	0.03		0.00	0.00	371	74.03
	17	42.21 0.08 32.89 3.77	0.02	0.02	0.24	0.16	0.03	0.04 b.d.l. 0.00	364	79.43
	18	38.91 0.05 31.14 2.88	0.01	0.01	0.25	0.18	0.04	0.03		0.03 b.d.l. 298	73.58
	19	35.61 0.45 28.95 16.59 0.02	0.35	0.21	0.16	0.02	0.03		0.03 b.d.l. 548	82.41
	20	21.35 1.07 16.94 47.18 b.d.l. 0.82	0.22	0.19	0.05	0.02		0.02	0.01	389	87.89

d.l. b.d.l. b.d.l. b.d.l.

Samples from the Lateritic Gravel JSD1-006

  

	M. Chassé				Processes of Scandium Enrichment			2017
																		. 0.15
	Ba	1	13	2	1	11	11	3	4	13	1		1 13 14	45	12	6	5	33
	V Co	1362 307 1682 2259 1346 1495 1235 959 2523 241 111 41 139 161 18 50 76 8 23 3 10 11	12	91 1	2072 321 206 461 795 90 11 5 14 25
	Ni	447	80	679 736 281 842 2327 182 262	45		24	1186 185	60	302 312
	Cu Zn Ga Zr Nb Hf Ta Th	6 387 358 26 20 29 4 15 0.02 0.09 0.02 b.d.l. 0.15 0.21 0.06 0.12 0.51 0.04 0.10 2.61 0.45 0.22 0.37 0.99 6 3 128 297 401 100 579 41 23 596 108 50 119 126 73 920 150 751 861 114 246 40 18 463 102 40 9 129 111 32 26 49 48 43 18 81 10 9 150 30 13 43 8 59 5 4 71 87 81 29 143 12 9 237 32 10 45 101 6 7 5 3 4 0.12 0.66 0.21 0.13 3.16 3.27 3.47 1.18 5.49 0.54 0.32 7.52 0.72 0.17 1.25 2.78 0.00 0.01 0.01 b.d.l. 0.06 0.02 0.02 0.05 0.14 0.00 0.01 0.20 0.03 0.03 b.d.l. 0.12 16 0.08 0.39 0.14 0.04 1.94 2.59 2.70 1.09 3.10 0.21 0.12 7.53 1.16 0.20 0.76 3.37 1 17 2 15 18
	U	0.03 0.11 0.05 0.05 1.46 1.74 3.68 0.42 2.55 0.39 0.22 3.58 1.12 0.22 1.23 1.32
	La	0.73 1.24 0.08 0.69 8.29 14.54 14.44 2.16 8.17 0.99 0.83 22.17 8.25 1.61 3.06 5.08
	Ce	1.08 3.37 0.99 1.59 13.67 35.06 8.63 6.63 15.17 1.29 2.42 111.0613.11 5.16 7.13 751.94
	Pr Nd	0.28 0.68 0.03 0.13 3.60 6.99 8.43 1.26 5.41 0.60 0.38 7.35 2.31 0.59 1.33 2.25 1.83 3.47 0.19 0.37 17.79 37.70 45.24 6.22 26.15 2.09 1.89 29.38 5.99 3.32 7.94 10.46 19
	Sm	0.25 1.01 0.05 0.28 5.15 12.87 21.39 2.76 9.27 0.92 0.40 12.28 2.49 0.18 1.67 3.78
	Eu	0.11 0.36 0.02 0.02 1.70 4.96 7.93 0.89 2.94 0.41 0.16 3.57 0.57 0.09 0.57 1.53
	Gd	0.25 1.37 0.14 0.12 4.00 12.79 21.15 2.17 9.24 0.78 0.45 11.22 1.79 0.72 2.61 4.39
	Tb	0.05 0.20 0.01 0.02 0.72 3.04 4.94 0.44 1.58 0.07 0.06 2.08 0.17 b.d.l. 0.25 0.55
	Dy	0.36 0.75 0.05 0.13 3.82 19.37 32.45 3.08 7.21 0.72 0.29 11.74 1.78 0.23 2.63 4.49
	Ho	0.07 0.20 0.01 0.01 0.81 3.90 6.70 0.55 1.58 0.08 0.06 2.13 0.32 0.10 0.37 1.08
	Er	0.12 0.29 0.05 0.05 1.92 11.69 20.43 1.78 4.02 0.16 0.37 5.89 0.64 0.13 1.62 3.31
	Tm	0.02 0.06 0.01 b.d.l. 0.30 2.14 3.74 0.31 0.51 0.03 0.01 0.92 0.11 0.03 0.15 0.22
	Yb	0.10 0.42 0.03 0.10 1.93 19.72 37.18 2.55 4.67 0.32 0.35 6.33 0.57 0.48 0.97 1.55
	Lu	0.03 0.07 0.00 b.d.l. 0.31 3.00 5.34 0.32 0.48 0.03 0.02 1.05 0.22 0.06 0.06 0.27
	Y	1	3	0	0	11	45	84	8	21	2		1		50	5	2	11	19
	Sc	19	35	18	9	305 507 791 152 833	73		38	972 149	54	233 358
	Table H.15: Trace-element concentrations of selected spots measured by LA-ICPMS on a thin
	section from the sample JSD2-040 (b.d.l.: below detection limit). The numbers correspond to
	the spots on the AsB image (Figure H.8).										

Table H .

 H 16: Major-element and Sc concentrations of selected spots measured by EMP on a thin section from the sample JSD1-006 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image (Figure H.9).

					Spot	1	3	5	7	8	19		
					Element ppm							
					Li	0.07 0.53 4.91 1.00 0.47 0.22		
					Be	0.18 0.18 0.43 b.d.l. b.d.l. b.d.l.		
					Rb	0.08 0.18 1.37 204.35 b.d.l. 0.03		
					Sr	5	9	21	b.d.l. 1	1566		
					Cs	0.03 0.04 0.24 b.d.l. b.d.l. b.d.l.		
					Ba	15	23	22	b.d.l. 0	311945		
					V	488	207	911	18	1299	4		
					Co	41	11	17	29	83	17		
					Ni	105	61	133	101	100	2		
					Cu	20	12	66	37	0	1		
					Zn	10	15	25	1	25	255		
					Ga	58	50	42	b.d.l. 10	0		
					Zr	61	66	131	4	1	1		
					Nb	3.78 5.71 17.06 9.00 0.01 0.02		
					Hf	1.95 2.17 3.57 b.d.l. 0.03 0.05		
					Ta	0.18 0.51 0.84 b.d.l. 0.00 0.01		
					Th	4.73 3.25 5.63 b.d.l. 0.01 0.03		
					U	0.50 0.91 1.03 b.d.l. 0.00 0.00		
					La	1.47 1.16 4.80 0.05 0.01 1.28		
					Ce	7.60 3.50 7.08 0.09 0.09 0.05		
					Pr	0.56 0.40 1.30 0.06 0.01 0.01		
					Nd	2.86 1.86 6.84 b.d.l. b.d.l. 0.40		
					Sm	0.70 0.65 2.41 2.57 0.01 0.20		
					Eu	0.19 0.19 0.52 b.d.l. b.d.l. 12.62		
					Gd	0.54 0.32 1.00 7.10 b.d.l. 31.64		
					Tb	0.15 0.09 0.26 0.09 b.d.l. b.d.l.		
					Dy	0.70 0.56 1.11 0.36 0.02 b.d.l.		
					Ho	0.13 0.14 0.22 b.d.l. b.d.l. b.d.l.		
					Er	0.35 0.23 0.71 0.17 0.01 b.d.l.		
	Spot SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3 Tm 0.05 0.05 0.06 0.06 b.d.l. 0.00 Yb 0.25 0.28 0.65 27.63 b.d.l. b.d.l.	Sc	Total
	1 2	wt% 0.46 1.32	2.37 1.44	Lu 3.65 92.00 0.09 0.05 0.04 0.12 b.d.l. b.d.l. b.d.l. 0.05 0.24 0.04 b.d.l. 0.02 Y 2 2 4 1 0 5 4.14 89.32 0.33 b.d.l. 0.20 0.07 0.01 0.02 Sc 72 55 151 1 5 2	0.02 0.02	0.01 0.05	ppm 106 134	99.11 97.14
	3	1.52	4.20	3.56 81.22 0.33 b.d.l. 0.20	0.08	0.04	0.01	0.00	0.02	151	91.36
	4	3.77 21.97 4.96 63.93 0.29	0.04	0.23	0.14	0.03	0.01	0.03	0.05	273	95.90
	5	11.39 3.07 24.09 48.09 0.25	0.02	0.25	0.14	0.17	0.02	0.06	0.04	239	87.93
	7	94.83 0.02	0.06	0.29 b.d.l. 0.00	0.00	0.03	0.07	0.08 b.d.l. 0.02 b.d.l. 95.36
	8	0.06	2.32	0.45 98.62 0.09	0.21	0.24	0.03	0.00	0.01	0.02	0.01 b.d.l. 102.54
	9	0.01 51.94 b.d.l. 47.84 b.d.l. 4.01	0.21	0.02 b.d.l. 0.02 b.d.l. 0.02	90	103.53
	10	0.23 99.91 b.d.l. 1.18	0.03 b.d.l. b.d.l. 0.09	0.01	0.02	0.00	0.00	46	100.39
	11	0.60	2.84	3.40 88.09 0.14	0.08	0.22	0.02	0.01	0.00	0.03	0.01	73	95.56
	12	7.15	3.32 28.02 52.98 0.20	0.04	0.18	0.15	0.14	0.03	0.04	0.07	240	92.64
	13	100.06 0.02	0.00	0.42	0.04 b.43
	14	7.45	3.28 31.29 32.90 0.23	0.03	0.29	0.10	0.09	0.02	0.03	0.04	199	75.95
	15	0.05 57.97 b.d.l.3 34.61 0.00	1.82	5.15	0.04	0.00 b.d.l. b.d.l. b.d.l. 113	99.44
	16	4.97	3.00	6.07 71.54 0.34 b.d.l. 0.16	0.12	0.06	0.01	0.02	0.02	185	86.62
	17	13.91 3.08 23.37 44.70 0.16 b.d.l. 0.20	0.14	0.11	0.02	0.03	0.02	207	85.95
	18	0.08	0.00	0.75	0.39	0.01	0.03 b.d.l. 0.02	0.12	0.02	0.01 25.97 b.d.l. 107.06
	19	0.07	0.00	0.81	0.03 b.d.l. 0.00	0.01	0.03	0.14	0.00	0.00 25.72 b.d.l. 103.91

d.l. b.d.l. 0.00 0.00 0.01 b.d.l. b.d.l. b.d.l. 100.

Table H .

 H 18: Major-element and Sc concentrations of selected spots measured by EMP on a thin section from the sample JSD2-000 (b.d.l.: below detection limit). The numbers correspond to the spots on the AsB image(Figure H.10).

	M. Chassé		Processes of Scandium Enrichment			2017
	Spot SiO2 TiO2 Al2O3 Fe2O3 Cr2O3 MnO MgO CaO Na2O K2O P2O5 SO3	Sc	Total
		wt%											ppm
	1	3.47 13.39 13.21 59.73 0.73	0.18	0.16	0.06	0.00	0.02	0.10	0.09	995	91.55
	2	2.48	2.53	9.90 69.27 0.82	0.25	0.18	0.03 b.d.l. b.d.l. 0.13	0.06	941	86.06
	3	0.04 b.d.l. 71.08 0.20 b.d.l. 0.02	0.00	0.01	0.00 b.d.l. 0.02	0.01	57	71.41
	4	4.48	2.95 38.21 47.24 1.38 b.d.l. 0.13	0.06	0.01	0.00	0.14	0.13	876	95.01
	5	0.31	2.30	1.54 91.63 0.06	0.77	0.69	0.03 b.d.l. 0.01	0.03	0.05	138	97.62
	6	1.27	2.08	5.68 83.77 0.27	1.06	0.12	0.02 b.d.l. 0.00	0.11	0.15	477	94.89
	7	1.23	3.52 17.64 51.30 0.10	0.69	0.08	0.05	0.03	0.01	0.20	0.09	401	75.20
	8 9 Table H.19: Trace-element concentrations of selected spots measured by LA-ICPMS on a thin 0.10 3.21 0.40 92.46 0.31 0.16 0.34 b.0.00 38 97.41 0.03 19.41 b.d.l. 38.51 0.10 2.82 0.28 0.01 b.d.l. 0.00 0.00 0.02 93 60.60 10 2.32 2.00 10.95 70.95 0.78 1.00 0.20 0.04 0.00 0.01 0.10 0.07 750 88.80 section from the sample JSD2-000 (b.d.l.: below detection limit). The numbers correspond to
	11 12 the spots on the AsB image (Figure H.10). 3.54 0.76 8.03 71.62 1.00 0.19 13.92 0.11 30.38 1.16 0.04 32.58 0.13 0.22	0.03 0.07	0.03 0.03	0.01 0.03	0.20 0.01	0.08 1115 86.01 0.04 1615 80.44
	13	16.76 0.05 27.55 0.71	0.03 29.72 0.16	0.08	0.05	0.05	0.02	0.03	724	76.90
	14	9.88	0.06 11.42 1.19	0.01 36.25 0.09	0.16	0.18	0.09 b.d.l. 0.02	282	64.74
	15	2.63	2.89 25.32 55.62 0.49	1.34	0.16	0.04 b.d.l. 0.00	0.08	0.08	994	89.03

d.l. b.d.l. b.d.l. b.d.l.

Comparison of Analyses to Reference Values for the Selected Standards

  

	Element SRM610 NIST	GeoReM 𝜎	NIST SRM612	GeoReM 𝜎	BCR-2G	GeoReM 𝜎	LCR-1		𝜎
	ppm	n = 36		n = 10			n = 10			n = 10		
	Li	485.1	468.0 7.06	42.1	40.2	1.02	10.4	9.0	0.35	b.d.l.	n.d.	n.d.
	Be	461.8	476.0 15.13	38.8	37.5	0.75	2.3	2.3	0.06	b.d.l.	n.d.	n.d.
	Rb	431.6	425.7 5.09	32.1	31.4	0.59	52.2	47.0	1.90	b.d.l.	n.d.	n.d.
	Sr	506.4	515.5 13.43	76.1	78.4	1.46	328.1	342.0 11.75	b.d.l.	n.d.	n.d.
	Cs	361.7	366.0 4.91	41.6	42.7	1.28	1.2	1.2	0.05	b.d.l.	n.d.	n.d.
	Ba	431.4	452.0 10.73	37.7	39.3	1.07	660.8	683.0 23.56	b.d.l.	n.d.	n.d.
	Ti	447.3	452.0 19.92	42.2	44.0	2.68	14310.8 14100.0 620.96 15977	17986 669
	V	442.2	450.0 4.02	38.1	38.8	0.80	447.4	425.0 13.95 2126.8	2436.0 54.03
	Cr	400.4	408.0 10.53	35.8	36.4	2.28	15.2	17.0	1.47	319166	n.d.	12024
	Mn	435.0	444.0 7.15	37.3	38.7	0.87	1594.5	1550.0 34.55	1867	1899	50.5
	Co	400.4	410.0 10.18	34.2	35.5	0.92	39.4	38.0	1.39	239	236	6.7
	Ni	435.2	458.7 15.01	36.6	38.8	1.50	12.6	13.0	0.76	1197	1129	35.7
	Cu	432.1	441.0 10.90	36.8	37.8	1.69	18.4	21.0	0.96	30.7	n.d.	1.30
	Zn	444.5	460.0 24.62	37.7	39.1	1.63	174.1	125.0 10.07	750	702	38.7
	Ga	436.1	433.0 5.05	36.8	36.9	0.89	24.5	23.0	0.73	39.8	40.3	1.47
	Zr	455.2	448.0 23.80	38.9	37.9	2.15	172.8	184.0 10.00	3.3	n.d.	0.29
	Nb	449.2	465.0 43.43	37.9	38.9	3.99	12.9	12.5	1.40	b.d.l.	n.d.	n.d.
	Hf	430.0	435.0 19.48	36.1	36.7	2.25	4.8	4.8	0.62	b.d.l.	n.d.	n.d.
	Ta	413.4	446.0 53.28	34.6	37.6	5.04	0.7	0.8	0.10	b.d.l.	n.d.	n.d.
	Th	458.3	457.2 21.51	37.6	37.8	1.70	5.7	5.9	0.27	b.d.l.	n.d.	n.d.
	U	465.6	461.5 17.17	38.1	37.4	2.01	1.8	1.7	0.13	b.d.l.	n.d.	n.d.
	La	449.1	440.0 22.20	36.8	36.0	1.63	24.7	24.7	1.10	b.d.l.	n.d.	n.d.
	Ce	444.8	453.0 18.81	38.2	38.4	1.65	52.1	53.3	1.83	b.d.l.	n.d.	n.d.
	Pr	440.9	448.0 19.99	37.6	37.9	2.10	6.5	6.7	0.36	b.d.l.	n.d.	n.d.
	Nd	437.3	430.0 12.36	36.3	35.5	1.33	28.0	28.9	1.09	b.d.l.	n.d.	n.d.
	Sm	454.3	453.0 6.74	37.7	37.7	1.06	6.3	6.6	0.28	b.d.l.	n.d.	n.d.
	Eu	458.2	447.0 5.12	35.8	35.6	0.70	2.0	2.0	0.08	b.d.l.	n.d.	n.d.
	Gd	433.7	449.0 29.06	35.5	37.3	1.31	5.8	6.7	0.48	b.d.l.	n.d.	n.d.
	Tb	442.0	437.0 5.14	36.3	37.6	0.69	0.9	1.0	0.04	b.d.l.	n.d.	n.d.
	Dy	435.1	437.0 12.72	34.5	35.5	1.46	5.8	6.4	0.24	b.d.l.	n.d.	n.d.
	Ho	457.4	449.0 12.21	37.5	38.3	1.23	1.2	1.3	0.07	b.d.l.	n.d.	n.d.
	Er	437.9	455.0 17.52	36.1	38.0	2.05	3.2	3.7	0.21	b.d.l.	n.d.	n.d.
	Tm	431.1	435.0 16.07	35.6	36.8	1.83	0.5	0.5	0.04	b.d.l.	n.d.	n.d.
	Yb	467.8	450.0 9.57	38.6	39.2	1.04	3.2	3.4	0.19	b.d.l.	n.d.	n.d.
	Lu	445.0	439.0 15.22	36.4	37.0	1.56	0.5	0.5	0.03	b.d.l.	n.d.	n.d.
	Y	462.3	462.0 18.95	38.2	38.3	1.77	30.8	35.0	1.61	b.d.l.	n.d.	n.d.
	Sc	443.5	455.0 5.16	41.2	39.9	2.14	34.4	33.0	1.88	3.0	3.5	0.37
	Table H.20: Average trace-element concentrations (n: number of analyses) and standard devia-
	tion (𝜎) of reference materials measured by ICP-MS during the LA-ICPMS analyses. Preferred
	GeoReM values are given for comparison (after						

  anomalously high Sc concentration in the parent rock, (2) long time scales of alteration in stable tectonic environment and (3) lateritic conditions during weathering, allowing the trapping of Sc by Fe oxides. Variable, mottled with green, orange, red, purple, brown and black spots Granular; medium to fine grains (<0.002 mm -3 mm); dominated by a red-brown finely grained matrix (50 % -80 %), probably a mixture of Fe oxides and oxyhydroxides, common green clayey areas becoming accessory in the upper parts (_20 % -<1 %), two types of veins, filled-in by a black fine-grained matrix, possibly Mn oxides or by a white homogeneous matrix, possibly calcite; important interstitial porosity with fractures. Clay texture; dominant clay matrix (_70 %), possibly smectite, minor fine grained orange areas (<10 %) possibly clays coated with Fe oxides and oxyhydroxides, accessory crystalline black areas (<5 %), remnants of primary pyroxenes; probably important porosity but pores are not visible. Saprolite 21.5 m -27.6 m Green to light green-grey mottled with orange and black spots Crystalline to granular; medium to fine grains (<0.002 mm -3 mm); dominated by green clay minerals (>70 %), possibly smectite, with accessory remnants of black crystals (<5 %) identified as pyroxenes and minor rust-coloured areas (<10 %) formed by weathered crystals covered by Fe oxides; limited interstitial porosity increasing in the upper levels. Saprolite 27.6 m -29.2 m Dark brown-grey with light green to green brown fractures Mesh texture with filled-in fractures; rare sandy grains (<5 %) in a dominant serpentinized groundmass (C90 %), fractures filled with clay fibres, probably serpentines; low porosity except in fractures.

	Geochemical Perspectives Letters	Letter	Letter	Geochemical Perspectives Letters
	Horizon	Depth	Colour	Fabric and/or texture
	Transitional laterite	18.7 m -20.5 m		
	Transitional laterite	20.5 m -21.5 m	Green-grey mottled with orange and black	
			spots	
	SI-5				SI-6

Table S - 3

 S3 Sc concentration (in ppm) at each metre of the 26 vertical aircore drillings performed in the Syerston-Flemington area.

Table S -

 S 

	Geochemical Perspectives Letters					Letter	Letter				Geochemical Perspectives Letters
	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)
	SY34-9-10	874	SY35-9-10		SY36-9-10	361	SY37-9-10	318	SY38-9-10	507				
	SY34-10-11	796	SY35-10-11		SY36-10-11	324	SY37-10-11	331	SY38-10-11	519				
	SY34-11-12	565	SY35-11-12		SY36-11-12	300	SY37-11-12	409	SY38-11-12	578				
	SY34-12-13	502	SY35-12-13		SY36-12-13	349	SY37-12-13	506	SY38-12-13	547				
	SY34-13-14	505	SY35-13-14		SY36-13-14	353	SY37-13-14	438	SY38-13-14	438				
	SY34-14-15	410	SY35-14-15		SY36-14-15	362	SY37-14-15	446	SY38-14-15	392				
	SY34-15-16	322	SY35-15-16		SY36-15-16	255	SY37-15-16	507	SY38-15-16	439				
	SY34-16-17	226	SY35-16-17		SY36-16-17	160	SY37-16-17	606	SY38-16-17	445				
	SY34-17-18	200	SY35-17-18		SY36-17-18	181	SY37-17-18	514	SY38-17-18	455				
	SY34-18-19	266	SY35-18-19		SY36-18-19	283	SY37-18-19	808	SY38-18-19	385				
	SY34-19-20	174	SY35-19-20		SY36-19-20	354	SY37-19-20	661	SY38-19-20	267				
	SY34-20-21	128	SY35-20-21		SY36-20-21	298	SY37-20-21	449	SY38-20-21	268				
			SY35-21-22		SY36-21-22	274	SY37-21-22	281	SY38-21-22	222				
			SY35-22-23		SY36-22-23	268	SY37-22-23	440	SY38-22-23	140				
			SY35-23-24		SY36-23-24	128	SY37-23-24	155	SY38-23-24	117				

2 cont. Geochem. Persp. Let. (2017) 3, 105-114 | doi: 10.7185/geochemlet.1711 Geochem. Persp. Let. (2017) 3, 105-114 | doi: 10.7185/geochemlet.1711 SI-7 SI-8

Table S -

 S 

	Geochemical Perspectives Letters					Letter	Letter				Geochemical Perspectives Letters
	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)	Drill hole-depth (m)	Sc (ppm)
	SY48-6-7	264	SY49-6-7	116	SY50-6-7	245	SY51-6-7	425	SY52-6-7	108	SY53-6-7	479	SY54-6-7	212
	SY48-7-8	335	SY49-7-8	118	SY50-7-8	274	SY51-7-8	327	SY52-7-8	121	SY53-7-8	400	SY54-7-8	247
	SY48-8-9	416	SY49-8-9	133	SY50-8-9	277	SY51-8-9	347	SY52-8-9	115	SY53-8-9	510	SY54-8-9	251
	SY48-9-10	427	SY49-9-10	156	SY50-9-10	212	SY51-9-10	386	SY52-9-10	142	SY53-9-10	574	SY54-9-10	308
	SY48-10-11	486	SY49-10-11	155	SY50-10-11	278	SY51-10-11	522	SY52-10-11	166	SY53-10-11	466	SY54-10-11	416
	SY48-11-12	480	SY49-11-12	144	SY50-11-12	282	SY51-11-12	371	SY52-11-12	213	SY53-11-12	597	SY54-11-12	433
	SY48-12-13	427	SY49-12-13	163	SY50-12-13	349	SY51-12-13	456	SY52-12-13	265	SY53-12-13	656	SY54-12-13	275
	SY48-13-14	500	SY49-13-14	187	SY50-13-14	341	SY51-13-14	365	SY52-13-14	393	SY53-13-14	671	SY54-13-14	264
	SY48-14-15	552	SY49-14-15	236	SY50-14-15	472	SY51-14-15	384	SY52-14-15	431	SY53-14-15	968	SY54-14-15	225
	SY48-15-16	612	SY49-15-16	351	SY50-15-16	502	SY51-15-16	470	SY52-15-16	499	SY53-15-16	531	SY54-15-16	369
	SY48-16-17	672	SY49-16-17	400	SY50-16-17	600	SY51-16-17	475	SY52-16-17	561	SY53-16-17	348	SY54-16-17	400
	SY48-17-18	659	SY49-17-18	451	SY50-17-18	513	SY51-17-18	614	SY52-17-18	650	SY53-17-18	321	SY54-17-18	360
	SY48-18-19	582	SY49-18-19	353	SY50-18-19	404	SY51-18-19	533	SY52-18-19	611	SY53-18-19	232	SY54-18-19	419
	SY48-19-20	513	SY49-19-20	338	SY50-19-20	228	SY51-19-20	540	SY52-19-20	455	SY53-19-20	256	SY54-19-20	354
	SY48-20-21	376	SY49-20-21	217	SY50-20-21	322	SY51-20-21	600	SY52-20-21	449	SY53-20-21	315	SY54-20-21	400
	SY48-21-22	316	SY49-21-22	143	SY50-21-22	332	SY51-21-22	480	SY52-21-22	340	SY53-21-22	274	SY54-21-22	494
	SY48-22-23	318	SY49-22-23	114	SY50-22-23	309	SY51-22-23	396	SY52-22-23	316	SY53-22-23	258	SY54-22-23	313
			SY49-23-24	89	SY50-23-24	277	SY51-23-24	290	SY52-23-24	314	SY53-23-24	191	SY54-23-24	263
					SY50-24-25	217	SY51-24-25	213	SY52-24-25	307	SY53-24-25	105	SY54-24-25	234
					SY50-25-26	213	SY51-25-26	295	SY52-25-26	140			SY54-25-26	281
					SY50-26-27	159	SY51-26-27	192	SY52-26-27	107			SY54-26-27	268
					SY50-27-28	178	SY51-27-28	133					SY54-27-28	266
					SY50-28-29	137							SY54-28-29	289
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	SY55-6-7	429	SY56-6-7	475	SY57-6-7	594	SY58-6-7	243	SY59-6-7	110
	SY55-7-8	358	SY56-7-8	432	SY57-7-8	673	SY58-7-8	257	SY59-7-8	108
	SY55-8-9	379	SY56-8-9	488	SY57-8-9	783	SY58-8-9	298	SY59-8-9	104
	SY55-9-10	244	SY56-9-10	500	SY57-9-10	899	SY58-9-10	315	SY59-9-10	101
	SY55-10-11	161	SY56-10-11	543	SY57-10-11	617	SY58-10-11	327	SY59-10-11	109
	SY55-11-12	120	SY56-11-12	508	SY57-11-12	214	SY58-11-12	329	SY59-11-12	120
			SY56-12-13	375	SY57-12-13	153	SY58-12-13	384	SY59-12-13	133
			SY56-13-14	411	SY57-13-14	118	SY58-13-14	500	SY59-13-14	161
			SY56-14-15	426	SY57-14-15	110	SY58-14-15	558	SY59-14-15	150
			SY56-15-16	471			SY58-15-16	688	SY59-15-16	148
			SY56-16-17	314			SY58-16-17	444	SY59-16-17	133
			SY56-17-18	214			SY58-17-18	195	SY59-17-18	130
			SY56-18-19	230			SY58-18-19	133	SY59-18-19	130
			SY56-19-20	192			SY58-19-20	99	SY59-19-20	137
			SY56-20-21	119			SY58-20-21	104	SY59-20-21	187
									SY59-21-22	252
									SY59-22-23	228
									SY59-23-24	149
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Table S - 4

 S4 Nature and proportion of the phases identified for each sample (b.d.l: below detection limit using Rietveld refinement but present in the sample, abs.: absent from the sample).

	Core	Sample Name	Depth (m) Kaolinite	Al-rich goethite	Haematite Maghemite	Gibbsite	Quartz	Anatase	Calcite	Dolomite	Lithiophorite
	JSD-002	jsd2_096	9.6	59	25	12	1	abs.	abs.		abs.	abs.	1
	JSD-002	jsd2_100	10.0	28	40	28	1	abs.	abs.		abs.	abs.	1
	JSD-002	jsd2_107	10.7	35	31	31	1	abs.	abs.		abs.	0	abs.
	JSD-002	jsd2_110	11.0	44	17	34	2	abs.	abs.		abs.	1	abs.
	JSD-002	jsd2_117	11.7	42	24	29	2	abs.	abs.		abs.	1	abs.
	JSD-002	jsd2_120	12.0	26	24	36	10	abs.	abs.		abs.	3	abs.
	JSD-002	jsd2_125	12.5	33	27	36	2	abs.	abs.		abs.	0	abs.
	JSD-002	jsd2_130	13.0	32	26	37	3	abs.	abs.		abs.	abs.	abs.
	Core JSD-002	Sample Name jsd2_140	Depth (m) Kaolinite 14.0 39	Al-rich goethite 20	Haematite Maghemite 36 2	Gibbsite abs.	Quartz abs.	Anatase	Calcite abs.	Dolomite 1	Lithiophorite abs.
	JSD-001 JSD-002	jsd1_115 jsd2_145	11.5 14.5	abs. 42	54 24	30 31	1 1	13 abs.	abs. abs.	1	abs. abs.	1 abs.	abs. abs.
	JSD-001 JSD-002	jsd1_121 jsd2_150	12.1 15.0	abs. 38	51 18	33 38	1 3	13 abs.	abs. abs.	1	abs. abs.	2 1	abs. abs.
	JSD-001 JSD-002	jsd1_125 jsd2_160	12.5 16.0	abs. 41	47 16	34 38	1 3	17 abs.	abs. abs.	1	abs. abs.	abs. 0	abs. abs.
	JSD-001 JSD-002	jsd1_130 jsd2_165	13.0 16.5	abs. 36	50 29	28 31	1 3	20 abs.	abs. abs.	1	abs. abs.	abs. abs.	abs. abs.
	JSD-001 JSD-002	jsd1_135 jsd2_170	13.5 17.0	abs. 31	52 29	26 36	1 2	21 abs.	abs. abs.	b.d.l.	abs. abs.	abs. abs.	abs. abs.
	JSD-001 JSD-002	jsd1_140 jsd2_175	14.0 17.5	abs. 22	47 24	27 50	1 2	25 abs.	abs. abs.	b.d.l.	abs. abs.	abs. abs.	abs. abs.
	JSD-001 JSD-002	jsd1_144 jsd2_180	14.4 18.0	1 29	45 29	23 38	1 2	29 abs.	abs. abs.	1	abs. 0	abs. abs.	abs. abs.
	JSD-001 JSD-002	jsd1_149 jsd2_185	14.9 18.5	22 20	49 44	27 31	1 3	abs. abs.	abs. abs.	2	abs. abs.	abs. abs.	abs. abs.
	JSD-001 JSD-002	jsd1_154 jsd2_190	15.4 19.0	6 28	48 34	29 34	1 3	15 abs.	abs. abs.	1	abs. abs.	abs. abs.	abs. abs.
	JSD-001 JSD-002	jsd1_160 jsd2_195	16.0 19.5	23 34	52 19	23 42	b.d.l. 3	abs. abs.	abs. abs.	2	abs. abs.	abs. abs.	abs. abs.
	JSD-001	jsd1_164 Average	16.4	33 25.6	45 33.5	29 32.2	1 2.5	abs. 4.1	abs. 0	2 1.6	abs. 0	abs. 0.4	abs. 0.1
	JSD-001	jsd1_169	16.9	42	30	23	1	abs.	abs.	3	abs.	abs.	abs.
	JSD-001	jsd1_174	17.4	43	28	22	4	abs.	abs.	3	abs.	abs.	abs.
	JSD-001	jsd1_176	17.6	6	17	60	16	abs.	b.d.l.	1	abs.	abs.	abs.
	JSD-001	jsd1_180	18.0	38	22	33	5	abs.	b.d.l.	2	abs.	abs.	abs.
	JSD-001	jsd1_184	18.4	9	48	37	6	abs.	b.d.l.	1	abs.	abs.	abs.
	JSD-002	jsd2_083	8.3	28	31	34	2	abs.	abs.	1	abs.	4	abs.
	JSD-002	jsd2_089	8.9	36	34	27	1	abs.	abs.	2	abs.	abs.	abs.
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Table S -5

 S Bulk geochemical analyses for major and minor elements along with Sc and the rare earth elements.

	Core	Sample Name	Depth (m)

SiO 2 (wt. %) TiO 2 (wt. %) Al 2 O 3 (wt. %) Fe 2 O 3 (wt. %) Cr 2 O 3 (wt. %) MnO (wt. %) NiO (wt. %) MgO (wt. %) CaO (wt. %) BaO (wt. %) Na 2 O (wt. %) K 2 O (wt. %) P 2 O 5 (wt. %) SO 3 (wt. %) L.O.I. (wt. %)

  

	Geochemical Perspectives Letters						Letter	Letter							Geochemical Perspectives Letters
	Core	Sample Name	Depth (m)	SiO 2 (wt. %)	TiO 2 (wt. %)	Al 2 O 3 (wt. %)	Fe 2 O 3 (wt. %)	Cr 2 O 3 (wt. %)	MnO (wt. %)	NiO (wt. %)	MgO (wt. %)	CaO (wt. %)	BaO (wt. %)	Na 2 O (wt. %)	K 2 O (wt. %)	P 2 O 5 (wt. %)	SO 3 (wt. %)	L.O.I. (wt. %)	Total (wt. %)
	JSD-001 jsd1_149	14.9	14.53	1.62	15.82	52.61	0.41	0.16	0.08	0.21	0.08	0.00	0.10	-0.01	0.03	0.05	14.00	99.69
	JSD-001 jsd1_154	15.4	8.35	1.84	17.00	55.01	0.35	0.22	0.07	0.46	0.09	-0.01	0.09	-0.01	0.04	0.07	15.60	99.16
	JSD-001 jsd1_160	16.0	16.07	1.65	16.88	48.76	0.31	0.19	0.08	0.23	0.08	-0.00	0.11	-0.01	0.04	0.05	14.46	98.90
	JSD-001 jsd1_164	16.4	17.88	1.70	17.45	47.51	0.32	0.17	0.07	0.28	0.10	-0.01	0.18	-0.00	0.02	0.05	13.24	98.97
	JSD-001 jsd1_169	16.9	24.57	1.32	20.34	37.88	0.24	0.13	0.05	0.26	0.11	0.01	0.12	0.00	0.02	0.03	14.69	99.76
	JSD-001 jsd1_174	17.4	21.89	1.19	17.71	44.87	0.23	0.20	0.04	0.27	0.12	-0.00	0.14	-0.00	0.02	0.04	11.94	98.65
	JSD-001 jsd1_176	17.6	4.59	0.39	3.78	83.90	0.10	0.62	0.06	0.21	0.08	0.01	0.09	-0.01	0.01	0.02	4.81	98.66
	JSD-001 jsd1_180	18.0	17.98	1.17	14.95	52.25	0.15	0.47	0.05	0.25	0.15	0.00	0.11	-0.00	0.04	0.02	11.17	98.76
	JSD-001 jsd1_184	18.4	4.77	0.55	5.53	76.62	0.21	0.42	0.20	0.34	0.09	0.01	0.16	-0.01	0.03	0.07	8.54	97.52
	JSD-002 jsd2_083	8.3	17.37	1.53	15.42	48.03	0.20	0.84	0.06	0.96	1.35	0.01	0.06	0.00	0.02	0.00	13.41	99.26
	JSD-002 jsd2_089	8.9	18.37	1.55	17.27	47.20	0.19	1.16	0.06	0.23	0.17	0.01	0.09	-0.00	0.02	0.01	13.21	99.52
	JSD-002 jsd2_096	9.6	24.98	1.08	22.60	33.13	0.15	1.62	0.10	0.21	0.12	0.04	0.07	-0.00	0.02	-0.00	14.92	99.04
	JSD-002 jsd2_100	10.0	15.23	1.64	14.28	52.20	0.19	1.55	0.13	0.24	0.14	0.03	0.05	-0.00	0.03	-0.00	13.03	98.75
	JSD-002 jsd2_107	10.7	17.79	1.59	15.35	50.32	0.16	0.75	0.06	0.28	0.24	0.01	0.06	-0.00	0.03	-0.00	12.70	99.32
	JSD-002 jsd2_110	11.0	20.41	1.40	16.06	47.78	0.11	0.61	0.04	0.33	0.51	0.00	0.06	-0.00	0.03	-0.01	12.02	99.34
	JSD-002 jsd2_117	11.7	20.08	1.27	16.50	47.49	0.20	0.54	0.06	0.29	0.32	0.01	0.06	0.00	0.03	-0.00	12.83	99.68
	JSD-002 jsd2_120	12.0	12.68	0.84	10.25	61.98	0.16	0.57	0.06	0.83	1.15	0.04	0.05	-0.00	0.03	-0.00	10.70	99.34
	JSD-002 jsd2_125	12.5	16.87	1.51	13.47	54.18	0.44	0.43	0.06	0.23	0.22	0.02	0.05	-0.00	0.03	-0.01	11.93	99.43
	JSD-002 jsd2_130	13.0	17.20	1.37	13.46	52.70	0.50	1.05	0.07	0.20	0.20	0.01	0.06	0.00	0.02	-0.01	12.30	99.12
	JSD-002 jsd2_140	14.0	17.92	1.45	14.17	52.17	0.19	0.35	0.04	0.35	0.56	0.01	0.10	-0.00	0.06	-0.01	12.43	Total (wt. %) 99.79
	JSD-001 jsd1_115 JSD-002 jsd2_145	11.5 14.5	3.41 17.49	2.25 1.47	17.69 12.99	59.69 48.27	0.40 0.29	0.15 0.42	0.04 0.05	0.38 0.16	0.19 0.19	-0.01 0.01	0.09 0.02	-0.01 0.00	0.06 0.02	0.12 -0.01	14.45 11.61	98.90 92.98
	JSD-001 jsd1_121 JSD-002 jsd2_150	12.1 15.0	3.10 17.12	2.19 1.44	17.36 13.31	59.09 51.26	0.39 0.35	0.17 0.98	0.05 0.11	0.68 0.40	0.59 0.41	0.00 0.05	0.12 0.04	-0.01 -0.00	0.06 0.01	0.12 -0.01	15.37 12.58	99.27 98.05
	JSD-001 jsd1_125 JSD-002 jsd2_160	12.5 16.0	4.60 18.84	1.83 1.48	17.03 14.41	57.42 50.82	0.33 0.16	0.21 0.41	0.06 0.05	0.40 0.33	0.12 0.48	-0.01 0.02	0.10 0.03	-0.01 -0.01	0.03 0.04	0.09 -0.01	15.42 11.59	97.63 98.65
	JSD-001 jsd1_130 JSD-002 jsd2_165	13.0 16.5	3.30 17.84	2.04 1.48	17.25 13.61	60.28 52.30	0.34 0.20	0.21 0.42	0.05 0.10	0.32 0.28	0.08 0.19	-0.01 -0.00	0.02 0.07	-0.01 -0.01	0.05 0.05	0.10 -0.01	14.77 12.65	98.77 99.16
	JSD-001 jsd1_135 JSD-002 jsd2_170	13.5 17.0	3.51 17.28	1.85 1.26	17.21 12.75	59.38 45.81	0.34 0.12	0.23 0.41	0.07 0.08	0.41 0.24	0.07 0.20	-0.02 0.01	0.06 0.04	-0.01 -0.00	0.03 0.03	0.10 -0.01	15.57 12.89	98.81 91.11
	JSD-001 jsd1_140 JSD-002 jsd2_175	14.0 17.5	4.95 16.47	1.79 1.58	18.30 11.62	57.00 53.52	0.33 0.16	0.21 2.24	0.07 0.10	0.44 0.22	0.08 0.28	0.00 0.02	0.10 0.02	-0.01 -0.00	0.03 0.05	0.09 -0.01	15.76 12.23	99.13 98.50
	JSD-001 jsd1_144 JSD-002 jsd2_180	14.4 18.0	6.20 18.28	1.46 1.56	19.97 13.07	45.10 50.49	0.27 0.61	0.16 0.06	0.05 0.07	0.52 0.27	0.20 0.87	-0.02 -0.00	0.04 0.02	-0.01 0.00	0.03 0.05	0.07 -0.01	17.21 13.04	91.26 98.35
	JSD-002 jsd2_185	18.5	16.61	1.60	13.22	52.40	0.43	0.14	0.09	0.29	0.21	0.00	0.05	0.00	0.04	-0.01	13.28	98.34
	SI-21																		SI-22
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	Core	Sample Name	Depth (m)	SiO 2 (wt. %)	TiO 2 (wt. %)	Al 2 O 3 (wt. %)	Fe 2 O 3 (wt. %)	Cr 2 O 3 (wt. %)	MnO (wt. %)	NiO (wt. %)	MgO (wt. %)	CaO (wt. %)	BaO (wt. %)	Na 2 O (wt. %)	K 2 O (wt. %)	P 2 O 5 (wt. %)	SO 3 (wt. %)	L.O.I. (wt. %)	Total (wt. %)
	JSD-002 jsd2_190	19.0	15.53	1.49	12.35	54.40	0.57	0.12	0.12	0.39	0.17	0.02	0.08	-0.01	0.03	-0.01	13.13	98.36
	JSD-002 jsd2_195	19.5	20.91	1.48	13.35	48.85	0.10	0.64	0.08	0.34	0.26	-0.01	0.09	0.00	0.02	-0.01	12.59	98.69
		Error (wt. %)	0.10	0.01	0.02	0.11	0.05	0.00	0.05	0.01	0.02	0.00	0.01	0.00	0.00	0.00	0.36	
		Saprolite (average) 49.99	0.27	2.32	8.31	0.26	0.17	0.05	14.66	19.45	-0.01	0.21	-0.01	0.00	-0.01	4.64	100.31
	Core	Sample Name	Depth (m)	La (ppm)	Ce (ppm)	Pr (ppm)	Nd (ppm)	Sm (ppm)	Eu (ppm)	Gd (ppm)	Tb (ppm)	Dy (ppm)	Ho (ppm)	Er (ppm)	Yb (ppm)	Lu (ppm)	Y (ppm)	Sc (ppm)	
	JSD-001 jsd1_115	11.5	11.3	50.9	4.2	19.3	6.2	1.7	5.6	0.9	5.3	1.0	2.9	3.2	0.5	23.9	526.7	
	JSD-001 jsd1_121	12.1	6.0	47.7	2.2	10.5	3.5	1.0	3.2	0.5	3.1	0.6	1.7	1.9	0.3	11.6	461.2	
	JSD-001 jsd1_125	12.5	12.0	152.7	5.4	24.5	8.7	2.4	7.2	1.2	7.2	1.4	3.9	4.7	0.7	20.1	542.6	
	JSD-001 jsd1_130	13.0	11.3	234.9	4.7	21.3	7.1	2.0	6.3	1.1	6.1	1.2	3.4	3.8	0.6	21.0	533.8	
	JSD-001 jsd1_135	13.5	8.1	183.4	4.1	18.6	6.9	1.9	5.7	1.0	5.8	1.1	3.1	3.9	0.6	12.9	539.8	
	JSD-001 jsd1_140	14.0	6.8	66.2	3.1	14.0	5.2	1.4	4.1	0.7	4.2	0.8	2.2	2.7	0.4	11.4	495.8	
	JSD-001 jsd1_144	14.4	9.5	77.5	4.5	20.4	7.6	2.0	6.1	1.1	6.3	1.2	3.4	4.3	0.6	17.4	547.9	
	JSD-001 jsd1_149	14.9	25.3	56.2	10.8	48.9	15.1	3.9	11.6	1.8	9.7	1.8	5.0	4.8	0.7	24.8	375.2	
	JSD-001 jsd1_154	15.4	17.0	62.6	5.9	28.5	9.5	2.6	8.4	1.3	7.2	1.4	3.9	3.7	0.5	31.0	573.8	
	JSD-001 jsd1_160	16.0	26.1	124.8	11.3	53.8	16.8	4.6	13.7	2.2	11.9	2.2	6.0	6.2	0.9	32.9	635.9	
	JSD-001 jsd1_164	16.4	27.9	138.9	12.0	54.9	15.7	4.4	13.9	2.2	12.1	2.2	6.0	6.0	0.9	32.7	654.8	
	JSD-001 jsd1_169	16.9	29.5	234.2	11.7	52.7	12.1	3.3	10.6	1.6	8.1	1.5	3.9	3.4	0.5	24.8	465.5	
	JSD-001 jsd1_174	17.4	22.9	116.9	8.7	38.5	8.9	2.6	9.2	1.4	7.5	1.4	3.8	3.3	0.5	25.8	358.3	
	JSD-001 jsd1_176	17.6	33.9	138.8	10.4	45.3	10.5	3.1	11.1	1.6	8.6	1.7	4.5	3.8	0.6	30.5	251.6	
	JSD-001 jsd1_180	18.0	25.1	71.5	8.6	36.6	8.6	2.5	8.9	1.3	7.1	1.3	3.5	3.0	0.4	23.0	360.5	
	JSD-001 jsd1_184	18.4	28.5	38.3	7.7	34.9	8.7	2.7	12.2	1.7	9.8	2.1	5.7	4.2	0.7	47.0	584.7	
	JSD-002 jsd2_083	8.3	24.6	77.1	7.1	31.6	6.7	1.9	7.5	1.0	5.2	1.1	2.8	1.9	0.3	32.0	507.7	
	JSD-002 jsd2_089	8.9	23.4	155.4	6.1	27.1	5.5	1.6	6.1	0.8	3.9	0.8	1.9	1.2	0.2	17.9	296.3	
	JSD-002 jsd2_096	9.6	18.2	320.2	4.8	21.5	4.8	1.4	5.6	0.8	3.9	0.8	2.0	1.3	0.2	16.8	281.8	
	JSD-002 jsd2_100	10.0	13.0	61.0	4.1	19.4	4.9	1.5	5.8	0.8	4.6	0.9	2.5	1.9	0.3	28.4	531.3	
	JSD-002 jsd2_107	10.7	7.5	39.6	2.4	11.0	2.8	0.8	3.4	0.5	2.7	0.6	1.4	1.1	0.2	19.6	513.7	
	JSD-002 jsd2_110	11.0	9.8	59.2	3.2	14.3	3.5	1.0	3.6	0.5	2.8	0.5	1.4	1.2	0.2	15.7	331.1	
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Table S -

 S 

	Geochemical Perspectives Letters Geochemical Perspectives Letters						Letter Letter	Letter Letter							Geochemical Perspectives Letters Geochemical Perspectives Letters
	Core	Sample Name	Depth (m)	La (ppm)	Ce (ppm)	Pr (ppm)	Nd (ppm)	Sm (ppm)	Eu (ppm)	Gd (ppm)	Tb (ppm)	Dy (ppm)	Ho (ppm)	Er (ppm)	Yb (ppm)	Lu (ppm)	Y (ppm)	Sc (ppm)
	JSD-002 jsd2_117	11.7	12.4	90.1	4.0	18.4	4.6	1.3	4.8	0.7	3.9	0.7	2.0	1.7	0.2	15.9	468.0
	JSD-002 jsd2_120	12.0	10.6	66.5	3.9	18.6	5.6	1.7	6.1	0.9	5.3	1.1	2.9	2.8	0.4	27.7	582.4
	JSD-002 jsd2_125	12.5	5.2	21.0	2.0	9.5	2.7	0.8	2.8	0.4	2.4	0.5	1.3	1.0	0.2	15.6	749.6
	JSD-002 jsd2_130	13.0	8.8	71.2	2.8	12.5	3.1	0.9	3.0	0.4	2.1	0.4	1.0	0.8	0.1	9.6	290.0
	JSD-002 jsd2_140	14.0	5.9	29.0	2.4	11.3	3.3	1.0	3.5	0.5	3.1	0.6	1.7	1.5	0.2	17.4	574.9
	JSD-002 jsd2_145	14.5	4.2	18.8	1.6	7.9	2.2	0.6	2.2	0.3	1.7	0.3	0.9	0.7	0.1	8.6	331.5
	JSD-002 jsd2_150	15.0	8.9	55.9	3.0	13.5	3.5	1.1	3.3	0.5	2.6	0.5	1.3	1.0	0.1	12.3	600.3
	JSD-002 jsd2_160	16.0	5.1	11.9	2.3	10.6	3.2	0.9	2.7	0.4	2.4	0.4	1.2	1.3	0.2	7.9	375.2
	JSD-002 jsd2_165	16.5	8.4	15.6	3.6	18.3	6.0	1.8	6.1	1.0	6.0	1.2	3.3	3.7	0.6	16.2	538.1
	JSD-002 jsd2_170	17.0	11.6	18.6	4.3	20.6	6.5	2.0	6.7	1.1	6.5	1.3	3.7	4.3	0.7	22.0	593.0
	JSD-002 jsd2_175	17.5	20.9	61.5	6.4	29.8	8.1	2.3	7.5	1.1	6.2	1.2	3.2	3.0	0.4	21.9	342.0
	JSD-002 jsd2_180	18.0	12.3	3.8	5.1	24.8	7.5	2.2	7.6	1.2	6.9	1.3	3.7	3.7	0.6	24.8	669.3
	JSD-002 jsd2_185	18.5	6.0	5.6	3.3	16.9	5.4	1.6	5.3	0.9	5.0	0.9	2.5	2.4	0.4	14.6	492.4
	JSD-002 jsd2_190	19.0	8.3	5.4	4.4	22.9	7.3	2.3	7.7	1.2	7.2	1.4	3.7	3.3	0.5	23.2	636.3
	JSD-002 jsd2_195	19.5	21.8	20.2	9.0	44.9	11.6	3.3	10.7	1.5	8.2	1.6	4.0	3.2	0.4	28.4	260.9
		Error (ppm)	0.3	1.7	0.2	0.5	0.2	0.0	0.1	0.0	0.1	0.0	0.1	0.1	0.0	0.5	8.0
		Saprolite (average)	5.7	5.9	2.2	10.6	2.7	0.8	2.8	0.4	2.1	0.4	1.1	0.8	0.1	11.9	99.4
		Enrichment factor	2.6	13.7	2.5	2.4	2.6	2.6	2.4	2.6	2.7	2.7	2.8	3.4	3.6	1.8	4.9
		(JSD-001)																
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Table S -

 S 6 Median, mean and standard deviation of Si, Ti, Fe, Al, analytical total and Sc concentrations in the different grain types distinguished by SEM imaging, EMP and cluster analysis.

	Grain type	Num. Obs.	SiO 2 (wt. %) Median Mean Std. Dev. Median Mean Std. Dev. TiO 2 (wt. %)	Al 2 O 3 (wt. %) Median Mean Std. Dev.	Fe 2 O 3 (wt. %) Median Mean Std. Dev.	Sc (ppm) Median Mean	Std. Dev.	Total (wt. %) Std. Median Mean Dev.
	Fe-rich oxyhydroxide	43	4.30	4.50	1.06	1.72	1.76	0.75	6.27 6.58 2.16 70.56 68.10 8.84 1190 1339 351 85.49 83.01 9.01
	Fe-rich oxide	16	0.07	0.25	0.67	1.24	1.28	1.02	0.31 0.48 0.51 95.61 95.93 3.25	201	195	85 100.34 100.45 2.41
	Ti-rich oxide	3	0.05	0.04	0.02	57.38	62.63	11.50	-1.23 -1.27 0.12 41.75 37.22 9.77	102	92	50 104.96 104.16 2.10
	Al-rich oxyhydroxide	7	3.67	5.50	5.16	1.05	1.02	0.70	52.30 48.28 8.26 19.65 15.84 10.72 336	271	161 68.49 71.64 12.38
	Quartz	4	99.13	98.58	2.80	0.02	0.02	0.00	0.04 0.04 0.04 0.39 0.37 0.06	-2	-0	10	99.61 99.08 2.75
	High-Sc matrix	31	4.43	5.02	3.19	1.88	2.23	1.40	7.13 9.05 7.39 61.52 65.28 12.44 640	658	107 85.61 83.45 8.81
	Kaolinite-rich matrix	9	38.91	36.30	9.97	0.08	0.32	0.42	31.14 30.26 7.67 3.77 12.33 14.64 364	408	139 82.41 80.01 6.45
	Low-Sc matrix	12	2.73	5.54	6.02	1.79	1.91	0.60	6.42 7.30 4.31 76.05 70.53 13.62 391	382	83	90.48 86.59 8.93

  of Scandium Enrichment 2017 Puziewicz, J., Koepke, J., Grégoire, M., Ntaflos, T. & Matusiak-Małek, M. (2011) Lithospheric Mantle Modification During Cenozoic Rifting in Central Europe: Evidence from the Ksieȩginki Nephelinite (SW Poland) Xenolith Suite. Journal of Petrology 52, 2107-2145.

Kolbeckite had been discovered earlier, under the name of eggonite, but has not been described before 1926 and identified as a Sc mineral before 1959[START_REF] Hey | Eggonite (kolbeckite, sterrettite), ScPO 4 .2H 2[END_REF].

The others Sc mineral recognised by the IMA have been discovered in meteorites, especially the Allende meteorite.

The yearly consumption is estimated to be between 10 and 15 t in

(U.S. Geological Survey, 2017f).

More generally, [X]𝑖 stands for the concentration of the element X in the material i (i can be grt: garnet, ol: olivine, opx: orthopyroxene, cpx: clinopyroxene, WR: whole rock).

(Sr/Yb) N has been preferred to (La/Yb) N as it gives a better distinction between the different processes thanks to the lower correlation existing between Sr, a large-ion lithophile element (LILE) and Yb, a REE, compared to La and Yb, both REE.

The Panthalassic ocean is the ancestral Pacific ocean.

The maximum median temperature is the maximum of the median daily temperatures recorded.

Anomalous development of warm ocean waters in the central and east-central equatorial Pacific, accompanied by high air pressures in the western Pacific, near Western Australia.

The symbol K corresponds to the principal quantum number of the core electron excited: a 1s core electron. Excitation of

2s and 2p electrons occur at an L-edge and so on.
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Conditions and Processes of Formation of Lateritic Profiles Processes Forming High-Grade Lateritic Scandium Deposits Processes Forming High-Grade Lateritic Scandium Deposits Figure 5.2.9: Evolution of the concentrations in selected metals of economic interest (V, Ga, La, Yb and Sc) along the JSD-001 lateritic profile.
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Figure 5.2.10: Evolution of the concentrations in selected rare metals (V, Ga, La, Yb and Sc) along the JSD-002 lateritic profile.

Conclusion

Appendix A

Constitution of the Database of Scandium Analyses in Mantle Materials

Constitution of the Database of Scandium Analyses in Mantle Materials [START_REF] Gibson | Melt Depletion and Enrichment Beneath the Western Kaapvaal Craton: Evidence from Finsch Peridotite Xenoliths[END_REF] Africa South Africa Finsh kimberlite [START_REF] Giuliani | Mantle Oddities: a Sulphate Fluid Preserved in a MARID Xenolith from the Bultfontein Kimberlite (Kimberley, South Africa)[END_REF] Africa South Africa Bultfontein kimberlite [START_REF] Glaser | Trace Element Compositions of Minerals in Garnet and Spinel Peridotite Xenoliths from the Vitim Volcanic Field, Transbaikalia, Eastern Siberia[END_REF] Asia Russia Vitim volcanic field González-Jiménez et al.

(2014) Europe Spain Calatrava Volcanic Province [START_REF] Gorring | Carbonatite Metasomatized Peridotite Xenoliths from Southern Patagonia: Implications for Lithospheric Processes and Neogene Plateau Magmatism[END_REF] South America Argentina Patagonian Plateau lavas Grégoire et al. (2000a) Europe France Kerguelen Islands Grégoire et al. (2000b) Europe France Kerguelen Islands Grégoire et al. (2001b) Oceania Papua New Guinea Lihir [START_REF] Grégoire | Trace Element Geochemistry of Phlogopite-Rich Mafic Mantle Xenoliths: Their Classification and Their Relationship to Phlogopite-Bearing Peridotites and Kimberlites Revisited[END_REF] Africa South Africa Kimberley kimberlite [START_REF] Grégoire | Spinel Lherzolite Xenoliths from the Premier Kimberlite (Kaapvaal Craton, South Africa): Nature and Evolution of the Shallow Upper Mantle Beneath the Bushveld Complex[END_REF] Africa South Africa Premier kimberlite [START_REF] Griffin | Coupling, Decoupling and Metasomatism: Evolution of Crust-Mantle Relationships Beneath NW Spitsbergen[END_REF] Europe Norway Svalbard Halama et al. (2005) North America Greenland Gronnedal-Ika complex [START_REF] Hao | Recognizing Juvenile and Relict Lithospheric Mantle Beneath the North China Craton: Combined Analysis of H 2 O, Major and Trace Elements and Sr-Nd Isotope Compositions of Clinopyroxenes[END_REF] Asia China Hebei province [START_REF] Harvey | Unravelling the Effects of Melt Depletion and Secondary Infiltration on Mantle Re-Os Isotopes Beneath the French Massif Central[END_REF] Europe France Deves volcanic field [START_REF] Harvey | Deciphering the Trace Element Characteristics in Kilbourne Hole Peridotite Xenoliths: Melt-Rock Interaction and Metasomatism Beneath the Rio Grande Rift, SW USA[END_REF] North America United States Kilbourne hole [START_REF] Haslam | The Crystallization of Intermediate and Acid Magmas at Ben Nevis, Scotland[END_REF] Europe Great Britain Ben Nevis igneous complex [START_REF] Hauri | Constraints on Melt Migration from Mantle Plumes: a Trace Element Study of Peridotitic Xenoliths from Savai'i, Western Samoa[END_REF] Oceania Samoan Islands Savai'i island [START_REF] He | Multiple Exsolutions in a Rare Clinopyroxene Megacryst from the Hannuoba Basalt, North China: Implications for Subducted Slab-Related Crustal Thickening and Recycling[END_REF] Asia China Hebei province [START_REF] Ho | Sr-Nd Isotope and Geochemical Evidence for the Origin of Clinopyroxene, Amphibole, and Mica Megacrysts in Alkali Basaltic Rocks from Southeastern China and Penghu Islands[END_REF] Asia China Fujian province [START_REF] Ho | Sr-Nd Isotope and Geochemical Evidence for the Origin of Clinopyroxene, Amphibole, and Mica Megacrysts in Alkali Basaltic Rocks from Southeastern China and Penghu Islands[END_REF] Asia China Hainan province [START_REF] Ho | Sr-Nd Isotope and Geochemical Evidence for the Origin of Clinopyroxene, Amphibole, and Mica Megacrysts in Alkali Basaltic Rocks from Southeastern China and Penghu Islands[END_REF] Asia China Penghu islands [START_REF] Ho | Sr-Nd Isotope and Geochemical Evidence for the Origin of Clinopyroxene, Amphibole, and Mica Megacrysts in Alkali Basaltic Rocks from Southeastern China and Penghu Islands[END_REF] Asia China Taiwan island [START_REF] Ho | Sr-Nd Isotope and Geochemical Evidence for the Origin of Clinopyroxene, Amphibole, and Mica Megacrysts in Alkali Basaltic Rocks from Southeastern China and Penghu Islands[END_REF] Asia China Zehjiang province Ho et al. (2000a) Asia China Hebei province Howarth et 

Construction of the Melting Models

Construction of the Melting Models

The evolution of the concentration of the element of interest in a given phase of the residual solid has also been obtained from these models. In the case of batch melting, the liquid is in equilibrium with the solid. The concentration of the element in the phase of interest, j, is given by the definition of the partition coefficient:

In the case of fractional melting, the infinitesimal fraction of liquid produced at the moment of extraction is in equilibrium with the residual solid. The equation C.18 can be used with [X] 𝑙 , the concentration of the element of interest in the infinitesimal fraction of liquid at the moment of extraction.

Appendix D

Photographs of the Drill Cores and Samples

M. Chassé

Processes of Scandium Enrichment 2017 Photographs of the Drill Cores and Samples aerospace and automotive industries. In solid oxide fuel cells, the addition of Sc to the electrolyte improves conductivity and lowers the operating temperature, extending fuel cell life.

Despite a crustal abundance of ca. 22 ppm [START_REF] Rudnick | Composition of the Continental Crust[END_REF], comparable to common elements such as copper or lead, current Sc production is limited to 10 t to 15 t per year (U.S. Geological Survey, 2016). The large ratio of ionic radius to charge of Sc 3+ hinders the concentration of scandium during most geochemical processes (Samson and Chassé, 2016). A notable exception concerns lateritic deposits developed over ultramafic-mafic rocks where Sc concentrations up to 100 ppm make it a potential by-product (Aiglsperger et al., 2016;Maulana et al., 2016). Recently, lateritic deposits with Sc concentrations high enough to mine as a primary product have been reported in Eastern Australia [START_REF] Jaireth | Geological Setting and Resources of the Major Rare-Earth-Element Deposits in Australia[END_REF]. Among these, the Syerston-Flemington deposit contains about 1350 t of Sc at an average concentration of 434 ppm Sc (Pursell, 2016), providing a century-long resource at the present levels of world consumption.

We present the first data on Sc speciation in lateritic deposits by combining quantitative mineralogy, geochemical analysis and X-ray absorption near-edge structure (XANES) spectroscopy on drill-core samples from the lateritic profile of the Syerston-Flemington deposit. The results explain the geochemical conditions required to form such exceptional Sc concentrations and improve our understanding of the geochemical behaviour of this under-explored element.

Geological Context

In Eastern Australia, lateritic profiles developed under seasonally dry humid tropical climatic conditions that resulted in intensive weathering during the Tertiary; the present occurrences are often erosional remnants of fossil laterite [START_REF] Milnes | Petrology and Mineralogy of 'Laterites' in Southern and Eastern Australia and Southern Africa[END_REF]. The Syerston-Flemington deposit (Fig. 1a andTable S-1) is part of the lateritic cover developed over the Tout complex, an ultramafic-mafic 'Alaskan-type' intrusive complex in the Lachlan Fold Belt (Johan et al., 1989). Scandium anomalies have been found over a body of nearly pure clinopyroxenite (Fig. S-1), with Sc concentrations (ca. 80 ppm; Table S-3) twice as high as those in typical mantle clinopyroxenites (Samson and Chassé, 2016). Similar concentrations (60 ppm to 80 ppm) occur in other 'Alaskan-type' clinopyroxenites (Burg et al., 2009) and in clinopyroxenes from ocean-island basalts (Dorais, 2015). This suggests the accumulation of clinopyroxene in subvolcanic feeder conduits during fractional crystallisation of a mantle-derived melt. Anomalies of Sc concentration in the parent rock result from specific conditions of formation and are not shared by all ultramafic-mafic bedrocks. Scandium (Sc) has unique properties, highly valued for many applications. Future supply is expected to rely on unusually high-grade (up to 1000 ppm) lateritic Sc ores discovered in Eastern Australia. To understand the origin of such exceptional concentrations, we investigated Sc speciation in one of these deposits. The major factors are unusually high concentrations in the parent rock together with lateritic weathering over long time scales in a stable tectonic context. At microscopic and atomic scales, by combining X-ray absorption near-edge structure spectroscopy, X-ray diffraction and microscopic and chemical analyses, we show that Sc-rich volumes are associated with iron oxides. In particular, Sc adsorbed on goethite accounts for ca. 80 % of the Sc budget in our samples. The remaining Sc is incorporated in the crystal structure of haematite, substituting for Fe 3+ . Scandium grades reflect the high capacity of goethite to adsorb this element. In contrast, the influence of haematite is limited by the low levels of Sc that its structure can incorporate. These crystal-chemical controls play a major role in lateritic Sc deposits developed over ultramafic-mafic rocks.

Additional Information

Supplementary Information accompanies this letter at www.geochemicalperspectivesletters.org/article1711 
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Glossary

Unless stated otherwise, the definitions reflects a choice of the author in the definition best fitting the use of the word along the thesis. Some of the definitions are modified and adapted from [START_REF] Aleva | Laterites -Concepts[END_REF] and [START_REF] Eggleton | The Regolith Glossary, Surficial Geology, Soils and Landscapes[END_REF].

• Absolute enrichment: chemical, physical or biological addition of material or elements in a given volume or structure, such as a part of an alteration profile. It leads to an increasing concentration of the elements in solution or contained in the added material.

• 'Alaskan-type' complex: ultramafic complexes exhibiting a concentric zoning with, from the center to the outer edge, all or part of the following rock series: dunite, wehrlite, olivine clinopyroxenite, clinopyroxenite, hornblende clinopyroxenite, hornblendite and gabbro. They are considered to be formed by fractional crystallisation of a basaltic magma.

For more details, see section 4.1.2.

• Alteration: all the processes modifying the chemical composition, physical properties, in particular the crystallography, of a mineral. When applied to a rock, it designates the processes modifying its chemical composition, physical properties or its mineral assemblage.

• Base metal: metal commonly found in nature, used at a large scale in a wide range of industrial and commercial products including Fe, Al, Cu, Pb, Ni, Sn and Zn.

• Basement: rocks located below a sedimentary cover.

• Boninite: fine-grained igneous rock, it is a magmatic product of subduction-related magmatism, formed in back-arc basins at the start of subduction. It is considered to be the result of partial melting of a depleted oceanic mantle lithosphere.

• By-product: accessory metal or mineral product recovered during the processing of the ore, not necessarily intended and not economically required for the exploitation.

• Carapace: lower zone of the lateritic duricrust composed of a soft mass of pisoids and nodules cemented by a matrix of iron oxides, oxyhydroxides and kaolinite.

• Carbonatite: alkaline igneous rock containing more than 50 % carbonate minerals.

• Cementation front: a transformation front, marking the development of a cementation by oxides and oxyhydroxides of Fe, Al, Mn, Si or Ca and Mg carbonates. In lateritic profiles it is the boundary between the mottled zone and the lateritic duricrust.
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• Diorite: coarse-grained intermediate igneous rock dominated by plagioclase and one or more mafic minerals, usually hornblende, biotite or pyroxene. It can be found in a wide range of tectonic contexts.

• Dunite: ultramafic coarse-grained igneous rock dominated by olivine, typically with a modal olivine content higher than 90 wt%. It is considered to be the residue of extraction of basaltic melts after high degrees of partial melting. It can also occur as a cumulate in layered intrusion.

• Eclogite: high-pressure, coarse-grained metamorphic rock dominated by garnet and clinopyroxene. It is considered to be the result of high-pressure metamorphism of basaltic oceanic crust.

• Energy mineral: mineral used to generate energy captured when they are burned.

• Erosion: all of the processing leading to the loosening and transport of materials of the Earth's crust by natural agents.

• Fabric: arrangement of the elements (crystal, grains, pores. . . ) constituting a rock.

• Felsic rock: igneous or meta-igneous rock rich in silica ( 63 wt%) and aluminum and poor in magnesium, iron and calcium ( 15 wt%) and dominated by feldspars and quartz.

Typical examples include granites and rhyolites. Sedimentary and meta-sedimentary rocks will be associated with felsic rock in this study.

• Ferricrete: hard material, indurated by in-situ cementation of the regolith by Fe oxides and oxyhydroxides. It can be synonymous of cuirasse or lateritic duricrust but the definition is broader. The induration can, indeed, affect any type of initial regolith.

• Fertile: material unaffected by partial melting, a part of the mantle is considered as fertile when its composition is close to the composition of the primitive mantle.

• Fractional crystallisation: process of crystallisation and segregation of minerals precipitating from a magma with a different composition.

• Garnierite: green pockets and veins found in the saprolite zone of lateritic profiles developed over ultramafic rocks. They are composed of a mixture of fine-grained, poorly crystalline Ni-rich magnesium phyllosilicates. They are part of Mg-Ni series of solid solutions among the mineral groups serpentine, talc, chlorite or sepiolite.

• Geomorphology: study of the origin and evolution of Earth's landforms.

• Harzburgite: peridotite containing mainly olivine and orthopyroxene, it is generally the result of more than 10 % partial fusion of a lherzolite, followed by the extraction of the basaltic liquid.

• Hydrometallurgy: metallurgical techniques of extraction of metals from their ore involving the use of aqueous chemistry.
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• Major element: element whose presence define the material considered, its concentration is typically above 1 wt%.

• Matrix: finer-grained mass of material wherein larger grains, crystals or clasts are embedded.

• Mid-ocean-ridge basalt: fine-grained mafic igneous rock, formed by eruption of mafic melt on mid-ocean ridges.

• Mineral: inorganic or organic chemical compound with a given chemical formula, a crystalline structure or at least a short-range (a few atoms) structural order, formed, at least partly, by geological processes.

• Mineral resources: any non-living but naturally occurring material, found on or in the Earth's crust for which a use has been found by human societies.

• Meta-analysis: statistical analysis combining the results of many scientific studies.

• Metal: chemical element with peculiar chemical and physical properties, among which, high thermal and electrical conductivity, malleability, fusibility, ductility and ability to form alloys.

• Metasomatism: chemical modification of a material resulting from the action of a fluid in hydrothermal context or at higher temperatures.

• Minor element: element whose concentration is higher than the one of a trace element but inferior to the one of a major element, typically between 0.1 wt% and 1 wt%.

• Monzonite: coarse-grained igneous rock with less than 20 wt% quartz and similar proportions of alkali and plagioclase feldspar. It is usually formed in subduction or orogenic contexts.

• Mottled zone: any zone of a weathering profile showing mottles. In a lateritic profile, this zone marks the transition between the plasmic zone and the lateritic duricrust.

• Nodule: piece of regolith different from its immediate environment. They have commonly a smooth shape with a cortex and a uniform inside but may have a central nucleus or cavity.

• Ocean-island basalt: fine-grained mafic igneous rock, formed by eruption of mafic melt away from tectonic plate boundaries, on volcanic islands typically associated with hot spots.

• Orthopyroxenite: pyroxenite dominated by orthopyroxene, typically with a modal orthopyroxene content higher than 90 wt%.

• Oxygen fugacity: effective partial pressure of oxygen in a given environment, thus taking into account the non-ideal character of the gas.

• Partial melting: melting of a portion of a solid.

Glossary

• Partition coefficient: ratio of concentration of an element between a given mineral phase and the melt in equilibrium with it.

• Pedoplasmation front: transformation front marking the limit from which the lithic fabric of the parent rock is no more visible, it commonly implies no or little chemical reworking.

In a lateritic profile, it forms the boundary between the saprolite and the plasmic zone.

• Peridotite: ultramafic coarse-grained igneous rock dominated by olivine and pyroxenes, it is the major lithotype of the Earth's mantle.

• Physiography: study of the physical patterns and processes of the Earth.

• Pisolith: spherical or ellipsoidal concretion with a size included between 2 mm and 64 mm. Most pisolith have an outer cortex but the concentric internal structure is not always present.

• Placer: deposit formed by the accumulation of ore minerals in alluvial sediments.

• Plasmic zone: part of a weathering profile where clays (plasma) are the main component.

No lithic fabric nor secondary structures are present. Some major structural features might be preserved such as veins or lithological contacts. In a lateritic profile, it is located above the saprock and below the mottled zone.

• Precious metal: metal among the rarest in nature, with high economic value, used mainly as an investment commodity, but also in small quantity in industrial and technological applications as well as in ornament. Au, Ag, Pt, Pd, Rh are usually considered as precious metals.

• Primitive mantle (or pyrolitic mantle): hypothetical reservoir with the composition of the Earth's crust and mantle taken together. This composition is supposed to be the one of the mantle after the formation of the Earth's core but before the differentiation of the Earth's crust and upper mantle.

• Pyrometallurgy: metallurgical techniques of extraction of metals from their ore involving the use of high temperatures.

• Pyroxenite: mafic coarse-grained igneous rock essentially composed of pyroxenes, typically with a modal pyroxene content higher than 60 wt%, it is considered to be the result of the crystallisation of partial melts. It can also occur as a cumulate in layered intrusion.

• Rare metal: metal with a low crustal abundance or rarely concentrated by geological processes, used in small quantities, generally as a dopant in alloys or glasses, in a variety of application in high technology and 'green' technology products.

• Rare earth element: one of a set of seventeen chemical elements in the periodic table, specifically the fifteen lanthanides, as well as scandium and yttrium [START_REF] Damhus | Nomenclature of Inorganic Chemistry: IUPAC Recommendations[END_REF].

• Redox: conditions of oxidation of a system.
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The chemical formula of the minerals appearing in the thesis are summarized below. In addition, general formula and/or general description is given for groups or subgroups of minerals.

• Actinolite: Ca 2 (Mg,Fe 2+ ) 5 Si 8 O 22 (OH) 2 .

• Albite: NaAlSi 3 O 8 .

• Amphibole: group of inosilicate minerals with the general formula AX 2 Z 5 ((Si,Al,Ti)

with A = , Na, K, Ca or Pb 2+ , X = Li, Na, Mg, Fe 2+ , Mn 2+ or Ca and Y = Li, Na, Mg, Fe 2+ , Mn 2+ , Zn, Co, Ni, Al, Fe 3+ , Cr 3+ , Mn 3+ , V 3+ , Ti or Zr.

• Anatase: TiO 2 .

• Andradite: Ca 3 Fe 2 (SiO 4 ) 3 .

• Apatite: Ca 5 (PO 4 ) 3 (OH,F,Cl).

• Asbolane: (Ni,Co) 𝑥 Mn 4+ (O,OH) 4 • nH 2 O.

• Augite: (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al) 2 O 6 .

• Barite: BaSO 4 .

• Bastnäsite: family of three carbonate-fluoride minerals, bastnäsite-(Ce), (Ce,La)(CO 3 )F, bastnäsite-(La), (La,Ce)(CO 3 )F and bastnäsite-(Y), (Y,Ce)(CO 3 )F.

• Bazzite: Be 3 Sc 2 (Si 6 O 18 ).

• Biotite: K(Mg,Fe 2+ ) 3 AlSi 3 O 10 (OH,F) 2 .

• Boehmite: 𝛾-AlO(OH).

• Calcite: CaCO 3 .

• Cascandite: Ca(Sc,Fe 3+ Si 3 O 8 OH.

• Cassiterite: SnO 2 .

• Chalcedony: cryptocrystalline form of quartz.

• Chlorite: group of micaceous phyllosilicate minerals with the general formula A 5-6 T 4 Z 18 , with A = Al, Fe 2+ , Fe 3+ , Li, Mg, Mn or Ni, T = Al, Fe 3+ or Si and Z = O or OH.
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• Clinopyroxene: subgroup of monoclinic pyroxene minerals.

• Columbite: solid solution series between columbite-(Fe), FeNb 2 O 6 and columbite-(Mn), MnNb 2 O 6 .

• Corundum: Al 2 O 3 .

• Cristobalite: SiO 2 .

• Davisite: CaScAlSiO 6 .

• Diaspore: 𝛼-AlO(OH).

• Dickite: polymorph of kaolinite, Al 2 Si 2 O 5 (OH) 4 ).

• Diopside: CaMgSi 2 O 6 .

• Dolomite: CaMg(CO 3 ) 2 .

• Eringaite: Ca 3 Sc 2 (SiO 4 ) 3 .

• Euxenite-(Y): (Y,Ca,Ce)(Nb,Ta,Ti) 2 O 6 ).

• Fayalite: Fe 2 SiO 4 .

• Feldspar: group of minerals in the composition KAlSi

• Ferroactinolite: Ca 2 Fe 5 Si 8 O 22 (OH) 2 .

• Fluoroapatite: Ca 5 (PO 4 ) 3 F.

• Gadolinite-(Y): Y 2 Fe 2+ Be 2 Si 2 O 10 .

• Garnet: supergroup of minerals including all isostructural minerals with the general formula X 3 Y 2 (Z𝜑 4 ) 3 where X, Y and Z refer to dodecahedral, octahedral and tetrahedral sites respectively and 𝜑 is O, OH or F.

• Gibbsite: 𝛾-Al(OH) 3 .

• Goethite: 𝛼-FeO(OH).

• Grossular: Ca 3 Al 2 (SiO 4 ) 3 .

• Halloysite: polymorph of kaolinite, Al 2 Si 2 O 5 (OH) 4 , two forms exist, the less hydrous 7 Å and the more hydrous 10 Å.

• Heftetjernite: ScTaO 4 .

• Hematite: 𝛼-Fe 2 O 3 .

• Hornblende: solid solution series between magnesio-hornblende and ferro-hornblende with

• Ilmenite: FeTiO 3 .
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• Ixiolite: (Ta,Nb,Sn,Fe,Mn)O 2 .

• Jervisite: (Na,Ca,Fe 2+ )(Mg,Sc,Fe 2+ )Si 2 O 6 .

• Juonniite: CaMgSc(PO 4 ) 2 (OH) • 4H 2 O.

• Kaolinite: Al 2 Si 2 O 5 (OH) 4 .

• Kenomagnetite: solid solution series between magnetite and maghemite.

• Kolbeckite:

• Labradorite: (Ca,Na)(Si,Al) 4 O 8 .

• Lithiophorite: (Al,Li)Mn 4+ O 2 (OH) 2 .

• Maghemite: 𝛾-Fe 2 O 3 .

• Magnetite:

• Mica: group of phyllosilicote minerals with the general formula XY 2-3 Z 4 O 10 (OH,F) 2 , with X = K or Na, Y = Al, Mg, Fe 2+ or Li and Z = Si, Al or Fe 3+ .

• Molybdenite: MoS 2 .

• Monazite: the most common member, monazite-(Ce) has the following formula: (Ce,La,Nd,Th)PO 4 , monazite-(La), monazite-(Nd) and monazite-(Sm) also exists.

• Montmorillonite: (Na,Ca)

• Nacrite: polymorph of kaolinite, Al 2 Si 2 O 5 (OH) 4 .

• Oftedalite: (Sc,Ca,Mn 2+ )2K(Be,Al) 3 Si 12 O 30 .

• Olivine: (Mg,Fe 2+ ) 2 SiO 4 .

• Opal: amorphous mineral with the general formula SiO 2 • nH 2 O.

• Opal-CT: opal made of clusters of stacking cristobalite and tridymite.

• Orthoclase: KAlSi 3 O 8 .

• Orthopyroxene: subgroup of orthorhombic pyroxene minerals.

• Perrierite: solid solutions series between perrierite-(Ce) and perrierite-(La) with the formula (Ce,La,Ca) 4 (Fe 2+ ,Mg) 2 (Ti,Fe 3+ ) 3 Si 4 O 22 .

• Perthite: intergrowth of two feldspar, potassium-rich feldspar (KAlSi 3 O 8 ) and sodium-rich
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• Plagioclase: (Na,Ca)(Si,Al) 4 O 8 .

• Pretulite: ScPO 4 .

• Pyrochlore: (Ca,Na) 2 Nb 2 O 6 (OH,F).

• Pyrope: Mg 3 Al 2 (SiO 4 ) 3 .

• Pyroxenes: group of inosilicate minerals with the general formula XY(Si,Al) 2 O 6 with X = Mg, Fe 2+ , Mn, Li, Ca or Na and Y = Al, Fe 3+ , Ti 4+ , Cr, V, Ti 3+ , Zr, Sc, Zn, Mg, Fe 2+

or Mn.

• Quartz: SiO 2 .

• Rhabdophane: group of REE-bearing phosphates, rhabdophane-(Ce):

• Rutile: TiO 2 .

• Saponite: Ca 0.26 (Mg,Fe)

• Scandia: Sc 2 O 3 .

• Scandiobabingtonite: Ca 2 (Fe 2+ ,Mn)ScSi 5 O 14 (OH).

• Scapolite: solid solutions series between marialite (3NaAlSi • Thortveitite: (Sc,Y) 2 Si 2 O 7 .

• Titanomagnetite: solid solution between magnetite and ulvospinel (Fe 2+ 2 TiO 4 ).

• Todorokite: (Mn 2+ ,Ca,Na,K)(Mn 4+ ,Mn 2+ ,Mg) 6 O 12 • 3H 2 O.

• Tremolite: Ca 2 (Mg 1-𝑥 Fe 𝑥 ) 5 Si 8 O 22 (OH) 2 , with x < 0.1.

• Tridymite: SiO 2 .

• Vanadite: Pb 5 (VO 4 ) 3 Cl.
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List of Abbreviations

• AMG: Australian Map Grid.

• ANOVA: Analysis of Variance.

• ARC: Australian Research Council.

• BC: Before Christ.

• BIF: Banded Iron Formation.

• BP: Before Present.

• BRICS: Brazil, Russia, India, China and South Africa.

• Calif.: California.

• CAMPARIS: Centre d'analyse des minéraux de Paris.

• CCFS: ARC Centre of Excellence for Core to Crust Fluid Systems.

• Colo.: Colorado.

• Cpx: Clinopyroxene.

• CRT: Cathode Ray Tube.

• DCB: Dithionite-Citrate-Bicarbonate.

• EC: European Commission.

• EM: Expectation-Maximization.

• EMP: Electron Microprobe.

• EU: European Union.

• EXAFS: Extended X-ray Absorption Fine Structure.

• FMQ: Fayalite-Magnetite-Quartz buffer.

• f O 2 : oxygen fugacity.

• FRTE: First-Row Transition Elements.

List of Abbreviations

• GAU: Geochemical Analysis Unit.

• GEMOC: ARC National Key Centre for Geochemical Evolution and Metallogeny of Continents.

• GEOROC: Geochemistry of Rocks of the Oceans and Continents.

• GMM: Gaussian Mixture Model.

• Grt: garnet.

• HPAL: High-Pressure Acid Leaching.

• HREE: Heavy Rare Earth Elements.

• ICP-MS: Inductively Coupled Plasma Mass Spectrometry.

• ICT: Information and Communications Technology.

• IGCP: International Geoscience Program, formerly International Geological Cooperation

Program.

• IQR: Interquartile Range.

• IMA: International Mineralogical Association.

• IMPMC: Institut de minéralogie, de physique des matériaux et de cosmochimie.

• IUGS: International Union of Geological Sciences.

• IUPAC: International Union of Pure and Applied Chemistry.

• JSD: Jervois Syerston Drilling.

• LA-ICPMS: Laser-Ablation Inductively Coupled Plasma Mass Spectrometry.

• LIF: lithium fluoride.

• LREE: Light Rare Earth Elements.

• MC: Medcouple.

• Mont.: Montana.

• MORB: Mid-Ocean-Ridge Basalt.

• MREE: Medium (or Mid) Rare Earth Elements.

• NASA: National Aeronautics and Space Administration.

• NGO: Non-Governmental Organization.

• NT: Northern Territory.

• OIB: Ocean-Island Basalt.
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• Ol: Olivine.

• Opx: Orthopyroxene.

• P 𝐵𝐾𝑁 [START_REF] Brey | Geothermobarometry in Four-Phase Lherzolites II. New Thermobarometers, and Practical Assessment of Existing Thermobarometers[END_REF] barometer.

• PC: Principal Component.

• PCA: Principal Component Analysis.

• PET: Pentaerythritol.

• PGE: Platinum Group Elements.

• Okla.: Oklahoma.

• Qld: Queensland.

• REE: Rare earth elements.

• Res: residue of melting.

• ROS: Regression on Order Statistics.

• ScSZ: scandium-stabilized zirconia.

• SEM: Scanning Electron Microscopy.

• SLN: Société Le Nickel.

• SOFC: Solid Oxide Fuel Cell.

• T 𝐵𝐾𝑁 [START_REF] Brey | Geothermobarometry in Four-Phase Lherzolites II. New Thermobarometers, and Practical Assessment of Existing Thermobarometers[END_REF] thermometer.

• T 𝑁 𝑖 : nickel thermometer [START_REF] Ryan | Garnet Geotherms: Pressure-Temperature Data from Cr-Pyrope Garnet Xenocrysts in Volcanic Rocks[END_REF].

• TAP: Thallium Acid Phtalate.

• TEM: Transmission Electron Microscopy.

• UNESCO: United Nation Educational, Scientific and Cultural Organization.

• USD: United States dollar.

• USSR: Union of Soviet Socialist Republics.

• US: United States of America.

• USD: United States Dollar.

• Vic.: Victoria.

• WA: Western Australia.

• WDS: Wavelength Dispersive Spectrometer.

List of Abbreviations

• WR: Whole Rock.

• WTO: World Trade Organization.

• XANES: X-ray Absorption Near-Edge Structure.

• XAS: X-ray Absorption Spectroscopy.

• XRD: X-Ray Diffraction.

• XRF: X-Ray Fluorescence.

• YSZ: yttrium-stabilized zirconia.

List of Chemical Elements by Symbol

Symbol