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Towards the end of the 19 th century and the early 20 th century, France was the world's largest producer of antimony, especially due to the rich deposits in the Brioude-Massiac area. Even though all the mining and smelting activities are long gone, there are still some remains of those activities. The most original of those is the use of roasting slags as aggregates in former plant walls or industrial building. They are macroscopically characterized by a black or red colour with a vesicular aspect similar to natural pozzolanas. Common petrography and mineralogy tools have been used to characterize those slags: optical mineralogy, scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-EDS) and X-ray diffraction (XRD). To gain an insight into their mineral complexity, a QEMSCAN map has been produced. The mineralogy is typical of high temperature slags: cristobalite, quartz, mullite, fayalite-forsterite series and spinel. The antimony content is quite high, up to seven percent, under the form of various antimony oxides and native antimony.

INTRODUCTION

The circular economy concept is currently popular but this concept was efficient way long before it was named. One can mention, for example in cementitious materials, the very early use of slags (1865) in blended Portland cements [START_REF] Trout | 1 -The History of Calcareous Cements[END_REF] , and even earlier, the re-use of demolition wastes in the Roman empire [START_REF] Barker | The demolition, salvage, and recycling industry in Imperial Rome[END_REF] .

Mining and metallurgy have for a long time produced various types of wastes, some of them having been stock piled, some others re-used. This second option helped to limit environmental concerns such as the leaching of toxic elements from slag heaps [START_REF] Ettler | Primary phases and natural weathering of old lead-zinc pyrometallurgical slag from Příbram, Czech Republic[END_REF][START_REF] Ettler | Natural alteration products of sulphide mattes from primary lead smelting[END_REF] The mining of antimony in the French Massif Central has a very long history, dating probably from the Roman times although they mined veins for Pb, in which Sb was a secondary product. In the early nineteenth century, France was the first Sb producer in the world [START_REF] Guiollard | L'industrie minière de l'antimoine et du tungstène : émergence, prospérité et disparition des exploitations de France métropolitaine aux XIXe et XX siècles[END_REF] ; the Brioude-Massiac district [START_REF] Grenier | Notice sur l'antimoine. Ses mines d'Auvergne -Son emploi[END_REF][START_REF] Roger | Sur la minéralogie et le mode de gisement des filons à antimoine du district de Brioude-Massiac (Haute-Loire, Cantal), Massif central français[END_REF][START_REF] Bril | Conditions de stabilité des sulfures dans les filons de haute température du district de Brioude-Massiac (Massif Central français)[END_REF][START_REF] Bril | Ages K/Ar des minéralisations de Brioude-Massiac (W-Au-As-Sb; Pb-Zn), Pontgibaud (Pb-Ag; Sn), et Labessette (As-Pb-Sb-Au): Place de ces districts dans l'évolution géotectonique du Massif central français[END_REF][START_REF] Forestier | La famille Chatillon: exploitation et métallurgie de l'antimoine[END_REF] (Figure 1), which is the topic of the present study, was accounting for the main part of this production. Many mines and several smelting sites were present.

The pyrometallurgy of antimony depends on the ore grade [START_REF] Anderson | The metallurgy of antimony[END_REF] but will consist generally of an oxide volatilization followed by reduction in the presence of a flux. In the Brioude-Massiac area, it is known that scoria were re-introduced at various steps of the process, probably to ensure a better recovery from the antimony ore. The use of wastes and by-products as aggregates in concrete, or in building materials as a whole is widespread. Slags and scoria have been used since at least the 1850's, their use in compressed bricks being even earlier during the eighteenth century [START_REF] Letté | Dictionnaire historique de la sidérurgie française[END_REF] , showing an interest in circular economy, although the term was not coined at that time. Concrete made with slag aggregates has quickly been known for its ability to exhibit similar mechanical properties to the ones made with regular aggregates, but being lighter [START_REF] Rabut | Les bétons légers et les records de hauteur des barrages[END_REF] .

The present paper documents the mineralogy and microstructure of slags from former Sb ore processing plants, locally used as aggregates in walls. This kind of waste is barely described in the literature [START_REF] Courtin-Nomade | Weathering of Sb-rich mining and smelting residues: Insight in solid speciation and soil bacteria toxicity[END_REF][START_REF] Sh | Solubility, toxicity and sorption of antimony from smelter release[END_REF][START_REF] Hauptmann | Archaeometallurgy -Materials Science Aspects[END_REF] , hence, the present contribution aims at their preliminary characterization. Indeed, in an ever-growing environmental concern, it is worth improving the knowledge of such wastes which might be potentially hazardous. Moreover, from a purely analytical point of view, the SEM-EDS analysis of Sb within materials containing Ca is difficult due to the overlap of some transition lines 17 -accepted for publication in 'Journal of Microscopy EMABM 2024 special issue' .

MATERIALS AND METHODS

Fieldwork was carried out in May 2021 and led to the discovery of the waste-made-walls (Table 1), accounting for the willingness to carry out this study using a classical petrographic approach. Thin sections and polished cross sections were produced according to regular methods involving sample embedding, thinning and polishing using adequate water-free lubricants whenever necessary [START_REF] Humphries | The preparation of thin sections of rocks, minerals, and ceramics[END_REF][START_REF] Thiéry | The good, the bad and the ugly polishing: Effect of abrasive size on standardless EDS analysis of Portland cement clinker's calcium silicates[END_REF] . Optical microscopy was carried out on a Leica DMRXP microscope and a Zeiss AxioZoom. Scanning electron microscopy was carried out using a Hitachi S-4300SE/N SEM working in high vacuum mode, coupled to a Thermoscientific Ultradry EDX SDD detector. The chemical composition was determined by X-ray fluorescence (XRF) using a S4-Pioneer equipped with 4 KW generator and Rh anode. XRD was carried out on a Bruker D2 diffractometer with a Cu cathode and a Lynxeye detector.

Sample

The mineralogy of a polished mount of slag material was analysed using a QEMSCAN ® 4300 [START_REF] Gottlieb | Using quantitative electron microscopy for process mineralogy applications[END_REF][START_REF] Pirrie | Rapid quantitative mineral and phase analysis using automated scanning electron microscopy (QemSCAN); potential applications in forensic geoscience[END_REF][START_REF] Rollinson | Characterisation of non-sulphide zinc deposits using QEMSCAN®[END_REF][START_REF] Goodall | The use of QEMSCAN and diagnostic leaching in the characterisation of visible gold in complex ores[END_REF] at Camborne School of Mines, University of Exeter, UK. Sample measurement and data processing used the software packages iMeasure version 4.2SR1 and iDiscover 4.2SR1 and 4.3. The samples were carbon coated to 25nm thickness prior to analysis using an Agar automatic carbon coater. The analysis used the default settings of 25kV, 5nA, a 1000 X-ray count rate per pixel, a WD of around 22mm under high vacuum and beam calibration every 30 minutes.

Fieldscan measurement mode was used to examine the samples at a 10 micron X-ray pixel resolution and 1500 micron squared field size (x 46 magnification). The measurement area was 27mm diameter for each sample. For further details of the measurement mode see Pirrie & Rollinson [START_REF] Pirrie | Unlocking the applications of automated mineral analysis[END_REF] . After the sample data were collected, data processing and database development was required due to the samples being of a non-standard nature, i.e. not rock or soil samples. This involved adding and improving SIP (database) categories to match the chemical phases/groups present in the samples. Data collection and processing followed in house QC/QA procedures.

RESULTS

Several walls (Figure 2) have been identified in Brioude, close to the former smelters which have since been demolished, in Babory-de-Blesle, where the plants (Figure 2a) have also been demolished, and in Terret where a small abandoned furnace is still standing. In all cases, the walls have a very typical aspect in which aggregates are standing out; their content is very high comparatively to the binder (Figure 2b). The exact age of the structure is not known exactly, but the Terret mine is known to have worked in 1900; the Babory and Brioude smelters date back from ca. 1890. 

Note to the publisher: 2 columns width.

Geochemistry

It is important to note the extreme heterogeneity of those samples (see below), as well as the fact that they still contain some remains of ore. Hence, the chemical analysis reflects the bulk of the sample, not the slag in itself. The samples from Brioude and Terret ( 

Babory

In Babory (Figure 2a), slags are characterized by the presence of cristobalite as exemplified by XRD (Figure 4). This is the main phase with quartz. Magnetite and mullite are present to a small extent. A spinel phase, most probably hercynite, is present. However, considering the abundance of cristobalite and quartz, as well as the possible overlaps with peaks from other phases, XRD does not yield a complete insight of the mineralogical content of the sample. The microstructure (Figure 3 a&b) reveals a highly porous and heterogeneous materialit characterizes samples from all localities. Clasts of cristobalite are embedded in a brown glassy matrix in which spinel is crystallized, most often as dendrites.

Brioude

Samples from this locality are very similar with the ones from Terret (see below). They are typically very porous. In terms of shape and colour, macroscopically (Figure 2c), they are black, brown, red, sometimes with a thin crust exhibiting a shiny lustre. Within the microstructure, cristobalite, with a typical tile texture [START_REF] Insley | Microscopy of Ceramics and Cements, Including Glasses[END_REF] , can be seen as rounded clasts surrounded by tridymite needles in the glassy matrix (Figure 3c&d). Rounded native Sb blebs up to more than 500 micrometers across (i.e. visible by the naked eye as shiny, metallic particles) are present within a glassy matrix. In the glass, silicates are sometimes present. The glass in itself contains an important amount of minute Fe-Sb oxides/sulphides, which can be seen easily under the SEM (Figure 5b). 

Terret

Contrarily to other localities in which spinel has been observed as dendrites, in Terret it forms myriads of perfectly octahedral crystals a few micrometers across (rarely more, up to 8-10 micrometers) highlighting the flow texture (Figure 3 e&f). A QEMSCAN mineral map carried out on a sample (Figure 6) highlights the overall texture, namely, clasts of SiO 2 polymorphs surrounded by a glassy matrix. Mg-Fe silicates (namely fayalite-forsterite series), which are common in slags [START_REF] Adediran | Mineralogy and glass content of Fe-rich fayalite slag size fractions and their effect on alkali activation and leaching of heavy metals[END_REF] and in extreme conditions thermal metamorphism which is not unlike smelting, such as for example in burning coal heaps [START_REF] Sokol | Fayalite and kirschsteinite solid solutions in melts from burned spoil-heaps, South Urals, Russia[END_REF] , form prismatic needles in the melt matrix. The latter has compositional variations (Figure 5b) and is characterized by a complex chemistry (Figure 7). Mostly siliceous, it contains also Al, Mg, K, Ca, Na, Fe, Ti and S. 

CONCLUSIONS AND PERSPECTIVES

The present characterization of slags from Sb metallurgy (oxide volatilization process) used as aggregates in walls offers conclusions both from the purely analytical, characterization point of view as well as regarding the knowledge of the metallurgical process.

These complex, highly heterogeneous materials should to be studied at different scales.

QEMSCAN is a powerful tool to give the general insight of the sample (Figure 6) and to decipher its overall structure. However, the 10 microns resolution used in this study and limitations of the method were insufficient to characterise the more complex features, such as subtle chemical variations in the glass (Figure 5). Optical microscopy and SEM showed that the glassy areas are extremely rich in various inclusions, such as spinel or various metallic sulphides/oxides as well as native Sb. The very small size of those inclusions (Figure 5b)

indicate that a great care must be taken during microanalysis, since the presence of metallic particles (Fe, Sb) smaller than one micrometer in diameter (Figure 9) within the glass will account for an over-estimation of those elements, since they will be included in the interaction zone. Furthermore, although this is quite specific to Sb-bearing materials, the Sb-Ca line overlap 17, accepted for publication in EMABM 2024 special issue makes any EDS analysis difficult, hence, any conclusion on any phase containing those two elements simultaneously has to be taken with great care. In modern days circular economy, an analogue of those materials can be found in municipal solid waste incineration (MSWI) residues [START_REF] Chen | A review on the utilization of municipal solid waste incineration (MSWI) bottom ash as a mineral resource for construction materials[END_REF] . Indeed, in terms of microstructure, the presence of high-temperature phases within glass, with metallic inclusions and dendritic spinel, is very similar to what has been described in such materials [START_REF] Wei | Mineralogical characterization of municipal solid waste incineration bottom ash with an emphasis on heavy metal-bearing phases[END_REF] . It is interesting to note that in MSWI residues, the leaching of antimony has been described as a potential source of troubles regarding their re-use [START_REF] Cornelis | Antimony leaching from uncarbonated and carbonated MSWI bottom ash[END_REF] .

Beyond building materials, the characterization of those aggregates has also given some insights into the historical metallurgy of antimony. The presence of cristobalite, for example, indicate that the ore had been smelted to a temperature above 1500°C. The high content in Sb (Table 2) accounts for a limited efficiency of the industrial process.

Finally, the abundance of native antimony blebs and tiny inclusions within a glassy matrix, as exemplified in a sample from Brioude (Figure 5), makes the sample as an interesting analogue for waste encapsulation in glass, as it has already been described for slags from the iron metallurgy [START_REF] Carlier | L'altération naturelle des scories de la métallurgie ancienne : un analogue de déchets vitrifiés[END_REF] . Further studies of the slags from the present study would benefit from their environmental behaviour study.

Figure 1 .
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 1 Reference samples and their location for the present study.

		Locality	Coordinates
	Bab	Babory	45.30931, 3.18643
	B1, B2	Brioude	45.30225, 3.37701
	T1, T2	Terret	45.28677, 3.16404

Table 2

 2 in which the SO 3 content is the highest (37.72 %), which might indicate a sample in which the metallurgical process was not efficient enough to remove stibnite. Fe content ranges from 3.79 to 8.29 % and is related to the presence of iron sulphides, both from the initial ore or phases with uneven stoichiometries resulting from the high temperature process.

	) are rich in

This is in good agreement with the quartz-rich ore which has been processed. Al 2 O 3 content ranges from 6.38 to 11.19 %. The Sb 2 O 3 content varies drastically from one sample to another, from less than 1% to 7.57 % -it is worth noting that the latter value corresponds to the sample

Table 2 .

 2 XRF results for Brioude and Terret samples. Data in percent.

ACKNOWLEDGEMENTS

Gavyn Rollinson, Violeta Ramos and Jens Andersen acknowledge the European cross-border cooperation program INTERREG VA France (Channel) -England co-funded by the European Regional Development Fund for the financial support of the project MARINEFF (project 162). QEMSCAN is a registered trademark of FEI Corporation (now part of ThermoFisher Scientific).

sample. Calcite surrounds the sample at some points, corresponding to remnants of the binder. Note to the publisher: 2 columns width.

Figure 7. SEM-EDS typical spectra for glass from a Brioude sample and location of the analytical spot (SEM BSE image). Note to the publisher: 1 column width.

Insights on the binder

Macroscopically, the binder is very clear, almost white at some places (Figure 2). Under the microscope, in thin section (Figure 8), the interface between the paste and the slag is very sharp, the aggregate is not unbound, as also exemplified by a SEM micrograph (Figure 8d). Under crossed polarizers, the paste shows the typical colours and aspect of calcite, indicating either the carbonation of the paste or the nature of the binder, namely a lime-based one.

However, some typical Portland cement particles (Figure 8c) are also present, but to a small extent. Hence, considering the overall aspect of the paste, which is very dense and poorly porous (Figure 8d), it is more likely to consider that those walls were made by a mixture of lime and a slight amount of Portland cement.