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Résumé

Les activités minicres et métallurgiques sont parmi les activités industrielles les plus impactantes
pour 'environnement et les organismes vivants. Pour transformer une roche minéralisée en métal
plusieurs étapes industrielles (minéralurgie puis métallurgie) sont nécessaires, qui produisent
chacune d’'importantes quantités de déchets généralement porteurs d’éléments traces métalliques
(ETM) potentiellement toxiques (Pb, Sb). Le panel des ressources internationales du programme
des Nations Unis souligne I'important héritage environnemental des nombreux sites miniers
anciens et abandonnées a travers le monde (van der Voet et al, 2013). Les différentes
problématiques environnementales et sanitaires soulevées par ’héritage minier dans de nombreux
pays, comme la France, représentent une opportunité pour mieux appréhender les effets a long
terme de ses activités sur 'environnement.

Des centaines d’anciennes mines ont été exploitées par le passé dans les Alpes. Toutes ont été
fermées et abandonnées entre le XIX® et le XX° siécles, laissant des déchets miniers et
métallurgiques abandonnés en surface. La mine de Pb-Ag de Peisey-Nancroix (Savoie) fat I'une
des plus importantes mines régionales entre XVII® et le XIX" si¢cles. Les activités minicres et
métallurgiques ont laissé sur place d’importantes quantités de roches stériles toujours riches en
minerai et des scories métallurgiques enrichies en ETM. Des fumées pyrométallurgiques ont
¢galement été émises dans Patmosphere pendant la pyrométallurgie. Cette these vise a évaluer la
contamination engendrée par la dispersion des déchets dans ’environnement, la part de chacune
des sources a la contamination et leur remobilisation potentielle depuis 200 ans. La mise en place
d’une approche source-puits, multi-compartiments, multi-scalaire, basée sur la caractérisation des
sources de la contamination (roches minéralisées, scories et fumées métallurgiques) et des puits
potentiels de la contamination (sols, sédiments lacustres, eaux et sédiments de riviere) combinée a
des analyses géochimiques, minéralogiques, sédimentologiques et isotopiques (Pb-Sb) a permis
d’évaluer I’héritage a long-terme des activités minicres et métallurgiques passées. L’étude des sols
en aval de la zone de stockage de déchets révele une contamination extréme en plomb (Pb) et
modérée en antimoine (Sb) en surface, mais un transfert limité en profondeur. Les isotopes de Sb
identifient les scories comme étant la principale source de contamination des sols sur le site. Les
sédiments de riviere et les eaux a proximité du site minier montrent un enrichissement rapidement
dilué par le régime torrentiel du Ponturin. Les sédiments lacustres du lac de La Plagne, situé¢ 7 km
en amont, enregistrent une contamination par les fumées pyrométallurgiques pendant la période
d’activité de la mine 5 fois supérieure a la période pré-mine. Les sols du bassin versant du lac
montrent toujours la persistance de ce Pb anthropique portant la signature du minerai local.
Iérosion de ces sols depuis 200 ans contribue a remobiliser ce Pb anthropique vers I’aval : une
petite partie du Pb anthropique remobilisé est piégé dans le lac de La Plagne, alors que la majorité
est évacuée dans le Ponturin par I'exutoire du lac.

Cette étude montre la persistance et la remobilisation des ETM liés aux anciennes activités minieres
et métallurgiques. Les inventaires de Pb anthropiques générés demeurent assez importants pour
que la trace laissée par ces activités soit mesurable sur le long terme, plusieurs si¢cles apres Iarrét
des activités.



Abstract

Mining and metallurgical activities are among the industrial activities that have the greatest impact
on the environment and living organisms. In order to transform a mineralized rock into metal,
several industrial steps are necessary and produce large quantities of wastes, generally carrying
potentially toxic trace metals. In this respect, the United Nations International Resource Panel
recalls that many old and abandoned mining sites have left a serious environmental legacy
throughout the world (van der Voet et al.,, 2013). The various environmental and health issues
raised by the mining legacy in many countries, such as in France, represent an opportunity to better
understand the long-term effects of these activities on the environment.

Hundreds of former mines were exploited in the French Alps, which closed down between the 19*
and the 20" centuries, leaving mining and metallurgical waste heaps abandoned on the surface. The
Pb-Ag mine of Peisey-Nancroix (Savoy) was one of the most important regional mines between
the 17" and 19" centuries. Ore processing and metallurgical activities have left on site large
quantities of ore-bearing waste rocks and metal-rich metallurgical slags. Pyrometallurgical fumes
were also emitted into the atmosphere. This thesis aimed to assess the contamination generated by
the dispersion of these wastes in the environment, the contribution of each source to the
contamination and their potential remobilisation. The implementation of a source-sink, multi-
compartments, and multi-scalar approach, based on the characterisation of the sources of the
contamination (ore-bearing rocks, metallurgical slags and fumes) and the potential sinks of the
contamination (soils, lake sediments, waters and river sediments), combined with geochemical,
mineralogical, sedimentological and isotopic (Pb-Sb) methods, allowed evaluating the long-term
legacy of past mining and metallurgical activities. The study of surface soils downstream of the
waste storage area reveals extreme lead (Pb) and moderate antimony (Sb) contamination in the
upper most horizons, with limited transfer in depth. Sb isotopes identified slags as the main source
of soil contamination at the site. River sediments and waters collected in the vicinity of the mine
site show enrichment that is rapidly diluted by the torrential regime of the river. The sediments of
Lake La Plagne, located 7 km upstream, show a contamination from the pyrometallurgical fumes
during the period of mine activity 5 times higher than during the pre-mine period. The soils of the
lake catchment show the persistence of this anthropogenic Pb, with the signature of the local ore.
For 200 years, the soil erosion contributes to remobilize this anthropogenic Pb downbhill: only a
small part of this anthropogenic Pb is being caught into the lake, whereas most of it is being
evacuated downstream by the river.

This study shows the persistence and remobilisation of trace metals related to past mining and
metallurgical activities. The anthropogenic Pb inventories generated remain large enough for the
mining legacy to be measurable over the long term, even centuries after the activities have ceased.
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CHAPITRE 1|La mine de Pb-Ag de Peisey-Nancroix

Chapitre 1 |  Introduction générale : La mine
et ses impacts environnementaux sur la zone
critique

Les activités minicres et métallurgiques sont parmi les activités humaines les plus déléteres pour
Ienvironnement (Hudson-Edwards, 2016; Hudson-Edwards et al., 2011; Dudka and Adriano,
1997; Thornton, 1996) par la dégradation des habitats, par la modification de la circulation des eaux
souterraines et par la contamination des sols, des eaux et des sédiments fluviaux et lacustres liée au
stockage de déchets en surface et a I’émission de gaz et particules fines lors du traitement
pyrométallurgique. En France, plusieurs études soulignent la présence de contamination en
éléments traces métalliques (ETM) autour de sites miniers récemment fermés. L’ancienne mine
d’or et d’arsenic de Salsigne (Aude) a généré la contamination des nappes souterraines en arsenic,
entrainant celles des sols par infiltration et irrigation (Khaska et al., 2018). En Guyane, I'orpaillage
illégal de l'or conduit a une augmentation de la concentration en mercure des poissons, et 7 fine
chez les populations autochtones (Maury-Brachet et al., 2020). Ces activités peuvent donc étre

nocives pour les écosystemes et les populations vivants sur d’anciens territoires miniers.

Malgré des impacts environnementaux et sanitaires avérés, les activités minicres et métallurgiques
demeurent actuellement inévitables pour subvenir a des besoins individuels et collectifs toujours
croissants en maticres premicres minérales (métaux, minéraux industriels, sable, etc.). En effet,
malgré une part de plus en plus importante du recyclage des métaux, celui-ci reste insuffisant pour
subvenir aux besoins (Christmann, 2018). Si I'exploitation de nouvelles mines semble donc
inéluctable, il apparait nécessaire pour les mines du futur de limiter les impacts sociaux et
environnementaux sur ensemble du cycle minier, depuis Pexploration jusqu’a la gestion de
I'apres-mine. Pour mieux appréhender héritage laissé par les mines, il est nécessaire de connaitre
les impacts environnementaux a (tres) long-terme des exploitations minicres et des traitements
métallurgiques des minerais. L’étude des impacts environnementaux associés a des mines anciennes
et abandonnées depuis plusieurs siecles permettrait de mieux appréhender les questions de
contamination de la zone critique, de rémanence et de remobilisation des ETM sur le temps long,
et ainsi de pouvoir anticiper au mieux les impacts des futures exploitations minicres sur les

territoires.
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1.1  Les ressources minérales et leur exploitation au cours du temps

1.1.1  Les ressources minérales au fil du temps

La valeur d’une ressource repose sur 'utilité qui en est faite par les sociétés. Une ressource minérale
est la concentration ou la présence d’une substance solide au sein de la croute terrestre qui présente
un intérét économique. Son intérét économique repose sur la forme, la teneur et la quantité de la
ressource minérale qui la rend rentable (Jébrak and Marcoux, 2008). L’usage des métaux et minerais
a varié d’un continent a 'autre de méme qu’entre les pays (Table 1-1). En Europe, il est tout de
méme possible d’établir de grandes périodes chronologiques. Dés le Néolithique (a partir du VI
millénaire avant notre ¢re), 'usage du cuivre natif se développe a travers le continent pour la
réalisation d’outils (Killick and Fenn, 2012). La métallurgie apparait peu de temps apres. L’Age du
Bronze (a partir du I1I° millénaire avant notre ¢re) voit 'avenement de cet alliage de cuivre et d’étain
pour la fabrication d’armes et de parures. A I’Age du Fer (I* millénaire avant notre ¢re), les sociétés
développent l'art de la forge pour créer une kyrielle d’outils destinés aux domaines du transport, de
la construction ou de 'armement. Les métaux, dit nobles ont été exploités des les premieres sociétés
mais c’est seulement durant ce dernier millénaire avant notre ere que leur utilisation explosa pour
battre monnaie. La péninsule ibérique constituait alors trés probablement la plus grande zone de
richesses minérales en Europe occidentale (Craddock, 2009). On y exploitait principalement
I'argent sous forme de jarosite et de minerai de plomb argentifere. Dés IAntiquité (I s. av. J.C. —
Ves.ap. J.C)), le plomb est parmi les métaux les plus utilisés par les Romains, qu’ils utilisent pour
leur monnaie (galéne argentifére) mais aussi pour 'acheminement de eau ou I'armement par
exemple. L’argent issu de la galéne argentifere est récupéré pour la monnaie. Ainsi au fil des siecles,
les besoins économiques et sociétaux ont évolué favorisant ’exploitation d’un métal a la faveur
d’un autre. Aujourd’hui, presque tous les éléments du tableau périodique ont une utilité industrielle,

que ce soit dans 'industrie aéronautique, hi-tech, ou autre'.

1.1.2 Evolution de la nature des minerais exploités

Le minerai se réfere aux especes minérales porteuses de substances utiles. Ainsi, la galene (PbS) est
considérée comme étant le principal minerai de plomb. Dans une roche minéralisée, le minerai est
associé a d’autres minéraux n’ayant aucune valeur économique qui constituent la gangne de la

minéralisation (p. ex., cristaux de quartz auxquels est associé 'or natif). Les géologues miniers

1 Se référer au site internet www.clements.wlonk.com/FElementsTable.html pour plus de détails.
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appellent minerai la roche constituée de la gangue et des minéraux porteurs des métaux (minerai),
ce qui peut amener a une certaine confusion. Nous utiliserons donc dans ce manuscrit le terme de
minerai pour désigner uniquement les minéraux porteurs des métaux d’intéréts et le terme de roche

minéralisée pour désigner 'assemblage gangue + minerai.

Table 1-1 : Dates approximatives du début des ages des métaux dans les différentes régions du monde (années av.
J.C., hormis indication contraire ; d’apres Tylecote, 2002)

Earl Middle /L. Earl R L
Archaeological ages  Chalcolithic ary iddle/Late ary oman ate
Bronze Bronze Iron Iron Iron
Nati
Metal ages : Vel Smelted Early Bronze Full Bronze
copper  copper
Anatolia
Troad 5000 3000 2000 1000 30
Egypt
Palestine 3500 2900 1900 1000 100
Mesopotamia 7000 4000 3500 2800 1200  AD 100
Aegean 3300 2500 2000 1000 150
Italy 3000 2000 1200 800 250
Iberia 3000 1500 1000 700 200
SE Europe 5000 4500 3000 1500 700 AD 100
NW Europe 2200 1800 1200 500 50 AD 400
E Europe and Russia 2200 1500 700 400 -
Far East 1500 1300 700 -
West Aftrica 500 -
Eas.t Africa 900 AD 1
(Nubia, Sudan)
South America AD 700 AD 1000 AD 1400 - -
North America 4000

1 .
earliest known use of

Initialement, les métaux ont été exploités sous forme d’éléments natifs (Cu, Ag), qui sont les plus
faciles a exploiter et qui sont les plus rentables car contenant un unique élément chimique
métallique (Table 1-1). Ces types de gisements étant aujourd’hui appauvris, on exploite désormais
plutot des minéraux porteurs de Iélément dintérét: p.ex. pour largent, la freibergite
([Ag,Cu,Fe]i2[Sb,As]4S15; 40% d’Ag) ou la galéene argentifere (jusqu'a quelques pourcents d'Ag,
Bertauts et al., 2022).

Dans les roches minéralisées comme dans le minerai, le métal d’intérét est généralement associé a
un cortege métallique qui a souvent été délaissé car, au moment de sa récupération, (i) il n’est pas

valorisable économiquement (teneurs trop faibles), (if) 'intérét pour le métal n’est pas connu, ou
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(iii) les techniques de récupération sont inexistantes. Un minerai métallique en tant que tel n’est pas
une substance directement utilisable : seul le métal 'est. Il convient donc de séparer le minéral
d’intérét (minerai) de sa gangue (procédés minéralurgiques) puis de séparer le métal d’intérét des
autres éléments chimiques (procédés métallurgiques). Ainsi, la nature des roches minéralisées a
évolué au cours du temps, passant de roches contenant des métaux natifs a des roches de moins
en moins concentrées en métaux, nécessitant des développements technologiques constants, que

ce soit pour Pextraction du minerai ou pour les procédés minéralurgiques et métallurgiques.

La teneur en métal d’une minéralisation correspond a la masse de métal divisée par la masse de
roche minéralisée, exprimée en pourcents. On définit la fenenr de conpure comme la teneur maximale
en métal pour laquelle 'exploitation devient rentable (Lottermoser, 2010). Au fil du temps, la teneur
de coupure a diminué au gré des développements technologiques et des cotts de production.
Aujourd’hui, elle peut varier annuellement en fonction de I’évolution des marchés financiers et de
la rentabilit¢é de la production. Les réserves minérales correspondent a la partie économique
exploitable des ressources minérales, exprimées en tonnes de métal (Jébrak and Marcoux, 2008).
L’estimation des réserves est directement liée a la teneur de coupure : plus la teneur de coupure est

basse, plus les réserves seront élevées.

1.1.3 Evolution des techniques de traitement du minerai

Les techniques de traitement du minerai sont devenues de plus en plus efficaces récupérant une
part toujours plus importante de métal. Parallelement a la diminution des teneurs observée dans
les gisements actuels, les techniques de traitement du minerai ont permis d’accéder a ces faibles
teneurs. La teneur de coupure a diminué conjointement a la teneur des gisements. La plus grande
mine d’argent actuelle, la mine de Polkowice-Sieroszowice (Pologne), extrait 40g d’Ag par tonne
de roche cuprifere. La récupération de ces teneurs repose sur un broyage micrométrique du minerai
(<75 um; Wills and Finch, 2016). Avant I’électrification des installations minéralurgiques et
métallurgiques, seuls des moyens mécaniques permettaient d’exploiter des gisements argentiferes
d’une teneur pouvant atteindre alors 750 g/t d’Ag au XIX¢ siecle (Tylecote, 2002). Aujourd’hui,
nous pouvons noter aussi le développement du recyclage (mine secondaire) a partir des objets
manufacturés de la mine primaire, qui représente actuellement 60% de la production de Pb (Wills

and Finch, 2016).
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1.2 L’activité miniére et la production de déchets

Reprenant la définition de Lottermoser (2010), les déchets de la mine regroupent les déchets
produits lors des activités mini¢res d’extraction, du traitement du minerai et de la métallurgie. Ces

déchets peuvent étre solides, liquides ou gazeux.

1.2.1 De la prospection a la découverte d’un gisement

Jusqu’au Moyen-Age, exploitation de minerai était généralement le fruit de découverte de filons
minéralisés affleurant en surface, et qui se poursuivaient en galeries sous la surface, pour les
gisements les plus riches. Ces traces d’exploitation sont parfois encore visibles dans le paysage
(Figure 1.1). Au Moyen-Age, on exploite de nouveau des gisements déja connus ou exploités durant

I’Antiquité.

Figure 1.1: Ancienne tranchée d’exploitation de minerai de Pb-Ag en lisiere du lac Blanc d’Huez (mine du Lac Blanc,
Isere ; © Cliché de Muriel Raveton, LECA), exploitée pendant le XII¢ et XIVe siecles (Peloux et al., 2015).

A partir du XIX siecle sont mises en place des techniques de prospection minéralogique. Lors de
la ruée vers l'or du continent américain, les orpailleurs étaient a la recherche d’or alluvionnaire issu
de I’érosion de gisements affleurants, et remontaient ensuite les rivieres pour trouver les filons a
exploiter. Toujours en cours aujourd’hui, la prospection géochimique se base sur la présence
d’anomalies géochimiques en surface, résultant de I’érosion ou de laltération chimique de la
minéralisation affleurante comme souterraine (Figure 1.2). Plusieurs exemples de littérature

documentent I'enrichissement naturel des sols de surface par I'altération de la zone minéralisée (par
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ex. Galan et al., 2008; Morin et al., 2001). Désormais, la prospection géochimique consiste a
analyser des sédiments de riviere ou des sols dans la région ciblée et a comparer leurs teneurs avec
celle du fond (pédo-)géochimique local: des teneurs supérieures a celles du fond
(pédo)géochimique local matérialisent une anomalie positive pouvant étre liée a la présence d’une
minéralisation d’intérét potentiellement économique. Aujourd’hui, des techniques de prospection
géophysiques sont également réalisées, afin de sonder le sous-sol a la recherche d’anomalies

magnétiques, de résistivité électrique, de densité, etc. (Jébrak and Marcoux, 2008).

nappe.
phreatique \
& = dispersion zone de mélange

. .
0% valatils ¥ mécanique
e dis&)ersion filon

g

romorphique

Figure 1.2 : Formation d’une anomalie géochimique en conditions de surface : la zone minéralisée (en gris), est
oxydée au voisinage de la surface. Une partie des éléments est lessivée et dispersée par la nappe phréatique, formant
une anomalie hydrogéochimique. Le pompage de I’eau par la végétation conduit a des enrichissements
biogéochimiques. En surface, les particules sont dispersées dans les sols sous forme particulaire et peuvent étre
transportées dans les vallons ou leur accumulation engendrera des anomalies dans les sédiments (d’apres Jébrak and
Marcoux, 2008).

1.2.2 DL’extraction du minerai

L’extraction du minerai consiste a excaver en surface le minerai du sous-sol. Les débuts de
I'extraction miniére ont eu lieu en surface ou une multitude de fosses se juxtaposaient pour extraire
le filon affleurant (Gargon, 1995). Ce n’est qu’au début du I* millénaire av. J.C. que les avancées
en mécanique et en hydraulique ont permis le développement de galeries de plusieurs centaines de
metres sous la nappe phréatique par pompage des eaux (Craddock, 2009). On peut noter aussi qu’a
partir du XVII siecle, 'usage de la poudre dans les mines a supplanté les techniques d’abatage par

le feu et 'usage d’outils en fer facilitant extraction du minerai (Ancel et Py, 2008).
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Au Moyen-Age, les techniques d’extraction du minerai sont restées identiques, avec le
développement de réseaux de galeries souterraines. Apres des centaines d'années voire des
millénaires d'exploitation, les ressources minérales métalliques considérées aujourd’hui comme peu
profondes (<500 m), s'épuisent progressivement. Il existerait actuellement au moins 112 mines
dans le monde dont la profondeur d'exploitation est supérieure a 1000 m (Li and Cai, 2021). Dans
le cas des mines a ciel ouvert, 'emprise au sol tend également a s’accélérer depuis plusieurs

décennies pour des fosses dépassant le kilometre de diametre.

La principale source de déchets produits lors de extraction de roches minéralisées est la roche dite
« stérile ». 11 s’agit de matériaux rocheux contenant peu ou pas de minerai, considérés comme stériles
si leur teneur en métaux est inférieure a la teneur de coupure. Dans le cas, d’exploitations en fosse,
a ciel ouvert, la couverture du sol et les déblais de roches, issus du décapage de 'emprise de la zone

minéralisée en surface, représentent également de larges volumes de déchets.

1.2.3 Le traitement minéralurgique du minerai

Le traitement minéralurgique vise a séparer le minerai de la roche encaissante et de la gangue afin
de produire un concentré de minerai (phases métalliques). Le traitement minéralurgique est encore
aujourd’hui réalisé sur le site d’extraction afin de réduire le volume de matériel a transporter avant
le traitement métallurgique. A I'époque romaine, les mineurs utilisent des outils en fer et en acier
(pics, marteaux, coins, etc.), qui sont plus résistants que les outils en bronze, pour concasser les
roches minéralisées et le minerai. Craddock (2009) mentionne également I'utilisation de marteaux
a bascule, probablement actionnés par l'eau, pour broyer les roches minéralisées a une taille
centimétrique. A partir du XVI¢ siecle, ’'emploi du bocard - moulin a pilons actionné par I'eau -
s’est généralisé dans le travail des mines (Figure 1.3) L’alimentation électrique a remplacé eau au

début du XX siecle (Lynch et Rowland, 2005).

A Tlissue du broyage, le minerai de taille réduite est ensuite séparé de la gangue par des techniques
de lavage, qui utilisent la différence de densité des particules : les particules les moins denses (stériles
et gangue) sont entrainées par I’eau pour ne garder que les minéraux les plus denses (minerai). Des
vestiges de laveries antiques sont encore visibles dans les célebres mines grecques argentiferes du
Laurion (Craddock, 2009). Au début du XX siecle, différentes techniques de séparation du minerai
voient le jour, telles que la séparation par processus magnétiques et électrostatiques, qui s’ajoutent
a la séparation gravitaire (Lottermoser, 2010). Le développement de la flottation, a la fin du XIX®

siecle a permis de récupérer des phases métalliques finement disséminées (Lynch et Rowland,
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2005). Ainsi, 'amélioration des performances du traitement minéralurgique a permis d’exploiter au
cours des XX¢ et XXI° siecles, des minerais de moins en moins riches, généralement sous forme
disséminée. I’exploitation de ces gisements, autrefois délaissés pour raisons technologiques, a
provoqué 'augmentation du tonnage de roches minéralisées a traiter, générant de plus en plus de

déchets.

A K’

=3

triage mécaniqu décantation
L |
i >
extr;ctr'on tamisage ~ broyage enrichissement  filtrage et séchage
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Figure 1.3 : Comparaison des techniques de concassage utilisées au cours du temps pour le traitement minéralurgique
du minerai illustré étape du broyage. A) Schéma résumant les étapes actuelles du traitement du minerai (Poulard et
al,, 2017). B) Bocard du XVIe¢ siécle formé de pilons actionnés par un arbre a cames actionné par une roue
hydraulique (Agricola, 1556). C) Concasseur a boulets de la mine de Pb-Zn-Ag de Tighza (Maroc). D) Boulets extrait
du concasseur servant a concasser le minerai. © Clichés de Magali Rossi (EDYTEM).

Les déchets minéralurgiques, appelés aussi résidus miniers ou faz/ings en anglais sont essentiellement
constitués de particules plus ou moins fines de roches encaissantes et de minéraux de gangue, qui

peuvent encore contenir un peu de minerai et d’autres minéraux métalliques sans intéréts
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économiques présents dans la minéralisation. Ces déchets sont traditionnellement stockés en
surface. Historiquement, du fait de l'utilisation de I’énergie hydraulique pour la séparation, une

partie de ces déchets était transportée et évacuée par les cours d’eaux adjacents.

1.2.4 Le traitement métallurgique du minerai

L’ensemble des procédés de fabrication des métaux correspond au traitement métallurgique du
minerai. Ces procédés sont divisés en deux grandes catégories, la pyrométallurgie et
I’hydrométallurgie. La pyromeétallurgie correspond a la destruction de la structure cristalline du minerai
par une chauffe a haute température (Lottermoser, 2010). Une premiere phase de chauffe, le gri/lage,
permet la transformation des sulfures en oxydes (700 °C pour la galene) : la galene (PbS) est alors
transformée en litharge ou massicot (PbO). Lors de la fusion oxydative du minerai (850 °C pour la
galéne), les éléments métalliques sont réduits en gouttelettes fondues de métal, ou d’un composé
intermédiaire, se séparant du bain silicaté qui est moins dense. Dans le cas du plomb, une étape
supplémentaire, appelée coupellation, permet la séparation de 'argent du plomb. Une étape de
raffinage est souvent nécessaire pour enlever les métaux présents en impuretés. L’hydromeétallurgie
utilise des solvants chimiques qui vont casser la structure cristalline des minerais pour libérer le
métal d’intérét sous forme ionique ou de complexes en solution. L’exemple le plus connu est la
lixiviation des minerais auriféres a partir d’une solution de cyanure de sodium. Les techniques
d’hydrométallurgie s’étant développées tardivement, a la fin du XIX® siecle (Habashi, 2005), nous
nous focaliserons ici sur les techniques de pyrométallurgie qui étaient trés largement majoritaires

jusqu’a XX“siecle.

II est admis que jusqu’a Antiquité de simples fosses enfouies de 1 a 2 meétres de profondeur
faisaient office de fourneau et permettaient de récupérer le cuivre, le plomb ou largent. Le
développement au Moyen Age de soufflets a eau a permis une évolution vers des fourneaux plus
larges. Au XVIII® siecle, la méthode anglaise utilisant le four a réverbére remplace la méthode
allemande utilisant des demi-hauts fourneaux, qui n’utilisent plus les soufflets (Garcon, 1995;

Tylecote, 2002).

Les déchets pyrométallurgiques, appelés scories, correspondent aux roches issues de la vitrification
des minéraux silicatés fondus. Il est courant de retrouver sur les sites miniers historiques des haldes
a scories, puisque le minerai était généralement fondu sur place. Cependant, les méthodes passées
étaient bien moins efficaces pour récupérer le métal d’intérét (Hudson-Edwards, 2016), ce qui a

engendré la production de déchets plus enrichis en ETM qu’aujourd’hui. Par ailleurs, le procédé
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était optimisé pour récupérer le métal d’intérét et non les co-produits également contenus dans le
minerai. Ces co-éléments se retrouvent donc essentiellement piégés dans les scories. Enfin, les
processus de pyrométallurgie émettent dans 'atmosphere des aérosols riches en soufre et en ETM

lotrs de la combustion du minerai.

1.2.5 La fermeture et ’aprés-mine

Entre la fin du XIX“et le XX° si¢cles, I'activité miniere décline en Europe, laissant de nombreuses
mines abandonnées (Figure 1.4). Certains propriétaires ayant disparu ou bien fait faillite, la gestion
des anciens sites miniers incombe dorénavant a I'Etat, qui est alors le garant des dommages causés
par Tactivité de l'exploitant. Des mouvements de terrain causés par effondrement de galeries
souterraines, a la fin des années 1990, marquent le début de la gestion de 'apres-mine en France.
Les problémes souterrains engendrés par la présence de galeries non travaillées et de circulation
des eaux souterraines s’ajoutent a ceux de surface liés au stockage des déchets miniers et
métallurgiques. Etant encore parfois riches en ETM, leur mise en sécurité treés limitée conduit a la
contamination diffuse en métaux des sols, des sédiments et des eaux sur le long terme (aspects sur
lesquels se focalisera cette these) et potentiellement des écosystemes (Leblanc et al., 2000; Camizuli
et al., 2018; Kifbek et al., 2019). Enfin, 'impact environnemental attribué a ’émission de fumées

métallurgiques a souvent été négligé.
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Figure 1.4 : A) Carte des gisements, gites et indices en France. B) Carte des anciennes mines et exploitation en France
(modifié d’apres le BRGM, www.brgm.fr)
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Ainsi, cet héritage minier entralne la modification des écosystémes terrestres et aquatiques a
différentes échelles spatiales et a plus ou moins long terme (Hudson-Edwards et al., 2011).
Iévaluation et la gestion de cet héritage minier plusieurs centaines a milliers d’années apres Iarrét
des activités minieres et métallurgiques représente une problématique globale, car tous les pays ont

ou bien ont connu une industrie miniere (Hudson-Edwards, 2016).

1.3 Les déchets miniers, sources de contaminations métalliques dans
Penvironnement

La mine génére de vastes quantités de déchets (Allan, 1997) représentant un des principaux flux de
déchets mondiaux (Hudson-Edwards et al., 2011), qui recouvreraient au total une surface d’environ
1000 000 km* (Lottermoser, 2010). Le volume de déchets des sites historiques représente une
faible part de ce total en comparaison de celui produit par les mines actuelles. Toutefois, leur
gestion demeure problématique du fait de leur plus forte teneur en ETM (Lottermoser, 2010;
Hudson-Edwards, 2016). Nous discuterons ci-dessous du potentiel de contamination des déchets
miniers et métallurgiques (haldes a scories et roches stériles) abandonnés depuis plus d’un siecle,

ainsi que des fumées produites durant la pyrométallurgie.

1.3.1 Les éléments traces métalliques (ETM)

Le groupe des éléments traces regroupe les éléments concentrés a I’état de traces (< 0.1 % ou <
1000 mg.kg") dans les différents compartiments de 'environnement, se différenciant par leur
teneur des 12 éléments majeurs, exprimés en pourcents (O, Si, Al, K, Na, Na, Mg, Fe, Ti, H, P,
Mn). Dans la suite de la thése, 'usage du terme ETM inclura aussi bien le groupe des métaux (p.ex.,

Pb, Cd, Hg, Cr, Co, Cu, Mn, Ni) que celui des métalloides (p.ex. As et Sb).

Tous les ETM ne sont pas intrinsequement toxiques ; certains comme le Cu et le Zn sont des
¢léments essentiels au bon fonctionnement des plantes (Adriano, 2001). Les ETM sont considérés
comme potentiellement toxiques des lors que leur concentration dépasse le seuil de ce qui est
considéré tolérable pour les organismes vivants de chacun des compartiments de la zone critique.
On parle alors d’éléments traces potentiellement toxiques (ETPT ; p.ex., Pb, As, Sb). La spéciation
des éléments, c’est-a-dire leur forme chimique, joue un réle crucial dans la toxicité de I'élément et
influence aussi sa mobilité et sa biodisponibilité (Semple et al., 2004; Rao et al., 2008). Dans le cadre
de cette these, nous nous focaliserons sur la dispersion dans 'environnement du plomb, considéré

comme l'un des ETM a risque pour la santé humaine parmi les 9 éléments proposées par
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I’Académie des Sciences (1998), et de I'antimoine, considéré comme un contaminant émergent

(Shotyk et al., 2005; Herath et al., 2017).

1.3.1.1 Le plomb (Pb) dans ['environnement

Le plomb est un élément qui n’est ni essentiel ni bénéfique pour les organismes vivants (Alloway,
2013). La valeur moyenne du Pb dans la croite continentale est de 17 mg.kg " (Rudnick and Gao,
2003). Dans les roches crustales, le plomb est présent essentiellement dans les feldspaths
potassiques et les plagioclases, en remplacement du potassium (Heinrichs et al., 1980). Les
principaux minéraux porteurs de Pb dans les zones minéralisées sont la galéne (PbS) et la cérusite
(PbCOs3; Jébrak et Marcoux, 2008). Baize (2000) définit une gamme de concentrations en Pb pour
les sols frangais comprise entre 23 et 49 mg.kg'(médiane = 34 mgkg'), suggérant un léger
enrichissement dans les sols par rapport au sous-sol. Au niveau européen, la valeur médiane des
sols en Pb est de 23 + 57 mg.kg" (Salminen et al., 2005). Le Canada propose une valeur guide de
70 mg.kg" Pb pour les sols agticoles visant a protéger la qualité des sols. Dans le cas spécifique
d’un sous-sol minéralisé, le sol se retrouve également enrichi par le métal sous-jacent (Figure 2) :
dans le cadre d’une forte anomalie, il peut atteindre des valeurs comprises entre 100 et 3000 mg.kg '
(Baize, 2000). C’est pourquoi, il est recommandé de définir le fond pédo-géochimique local avant
toute évaluation d’une contamination métallique ; c.-a-d. de définir la concentration en ETM du
sol issu des processus géologiques et pédologiques, en dehors de tout apport anthropique (Baize,
1997). Pout les sédiments de riviere, la teneur médiane observée est de 21 mg.kg' Pb (+ 207) pour
une gamme de teneurs plus étendue que celle des sols (Salminen et al., 2005). Des valeurs guides
pour les ETM ont été mises en place pour suivre la qualité des sédiments de riviere en France. Sont
considérés de bonne qualité, les sédiments ayant des valeurs en Pb inférieures 2 100 mg.kg
(MacDonald et al., 2000; JORF, 2006). A partir de 170 mg.kg' Pb, des effets toxiques sur les
organismes aquatiques sont possibles (MacDonald et al., 2000). Pour les eaux, TOMS définit une
limite de potabilité égale a 0.01 mg. L' ou 10 pg.." (Ineris, 2020; Wotld Health Organization,
2022). Le transfert de Pb du sol vers les plantes est généralement limité, a exception des sols tres
contaminés (Adriano, 2001). Néanmoins, il peut facilement étre assimilé par voie respiratoire ou

digestive entrainant des anémies (saturnismes) ou dégénérescence nerveuse.

1.3.1.2 L'antimoine (Sb) dans l'environnement

I’antimoine est un élément qui n’est ni essentiel ni bénéfique pour les organismes vivants (Alloway,

2013) et dont I'intérét a augmenté ses dernicres années car il est lié a la pollution industrielle. La
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valeur moyenne de Sb dans la croite continentale est de 0.4 mg.kg"' (Rudnick and Gao, 2003). La
stibnite (SbsS3) est le principal minerai d’antimoine, qui s’oxyde en valentinite (SboO4; Alloway,
2013). Toutefois, les minéraux porteurs de Sb les plus fréquemment observés dans les zones
minéralisées sont la tétraédrite-freibergite-tennantite ((Cu,Fe)12SbaSi3, (Ag,Cu,Fe)12(Sb,As)4S1s,
(Cu,Fe)12As4813), et la bournonite (PbCuSbS; Paktunc, 1999). Dans les sols, les teneurs en Sb sont
généralement équivalentes a celles observées dans les roches ; les sols européens présentent une
valeur médiane de 0.6 + 2 mg.kg" (Salminen et al., 2005). Le Canada propose une valeur guide de
20 mg.kg" Sb pour les sols agricoles, ce qui correspond aux valeurs maximums observées en
Europe (30 mg.kg"; Salminen et al., 2005). Pour les sédiments de riviere, des teneurs médianes
équivalentes sont observées (0.6 + 2 mg.kg', max. = 34 mg.kg", Salminen et al., 2005). Pour les
eaux, POMS définit une limite de potabilité¢ de 20 pg.l.' (World Health Organization, 2022).
L’antimoine est considéré comme un élément peu mobile dans les sols alors que les formes solubles

dans P’eau sont considérées relativement mobiles (Resongles et al., 2015; Ettler et al., 2010).

1.3.2 Les différents modes de transfert des ETM dans la zone critique

1.3.2.1 Transport particulaire des ETM

Les particules de déchets miniers et métallurgiques, stockées en surface, sont soumises aux agents
de transport, tels que les eaux de ruissellement, le vent ou la gravité, qui sont susceptibles de les
déplacer vers les compartiments terrestres et aquatiques (Figure 1.2 et Figure 1.5). I’absence de
confinement des déchets miniers historiques provoque leur dispersion le long des riviéres, et ce
processus peut perdurer sur plusieurs centaines d’années (MacKenzie et Pulford, 2002; Camizuli et
al., 2021). Les rivicres situées a proximité d’anciens site miniers et métallurgiques concentrent
généralement les ETM sous forme particulaire dans la fraction fine des sédiments (<53 pm; Pulford
et al., 2009). Ainsi, les sols et les sédiments de riviere sont des proxys idéaux pour étudier la

dispersion des particules porteuses ’ETM (Hudson-Edwards, 2003; Macklin et al., 2000).

1.3.2.2 Transport en solution des E'TM

Une fois stockés en surface, les déchets porteurs de sulfures s’oxydent au contact de 'oxygene de
Iair et des eaux de ruissellement. Cette oxydation libére des ions H™ dans les eaux de ruissellement
etles acidifient (Evangelou and Zhang, 1995). Ce phénomene, appelé drainage minier acide, déclenche
la mise en solution par lixiviation d’ETM potentiellement toxiques vers les écosystemes (Akcil and

Koldas, 2006). La présence de roches carbonatées peut neutraliser I'acidification des eaux (pH

31



CHAPITRE 1|La mine de Pb-Ag de Peisey-Nancroix

neutre) ; on patle alors de drainage minier neutre, qui est aussi associé a la lixiviation des métaux
(INAP, 2009). Par leur nature « artificielle », les scories métallurgiques sont aussi réactives que les
roches stériles (Ettler and Johan, 2014; Yin et al., 2017). Les eaux de surface emportées vers le
réseau hydrographique sont le principal vecteur de transport des ETM issus de la lixiviation des
déchets miniers et métallurgiques solides abandonnés en surface. Les eaux de ruissellement des sols
transportent et dispersent des ions métalliques susceptibles de précipiter ou d’étre adsorbés au
cours de leur transfert (Figure 1.5), sous des changements physico-chimiques appropriés, et
peuvent migrer vers les eaux de surface et vers les nappes phréatiques en profondeur (Khaska et

al., 2018).

Fumées pyrométallurgiques

- Processus de transfert des ETM
el Tramslocation de particule
~ Lixiviation -precipitation

Lixiviati plion
Transfert a érique

Figure 1.5: Schéma d’un site minier et métallurgique mettant en évidence les sources, les puits et les principaux
modes de transferts des ETM dans les différents compartiments de la zone critique.

1.3.2.3 Transport atmosphérique

Dans les environnements arides et/ou désertiques, 'envol de particules fines de déchets miniers
est couramment observé, transportant ces poussieres sur quelques kilometres (Csavina et al., 2012;
Ettler et al., 2019; Mihaljevi¢ et al., 2019). Lors de la pyrométallurgie, les fumées émises dans
I'atmosphére peuvent étre transportées sur plusieurs milliers de kilometres (Hong et al., 1994); la
proportion d’ETM diminuant depuis la source d’émission (Cloquet et al., 2006a). Le principal gaz

¢émis lors de la fusion du minerai est le dioxyde de souffre (H.S) dégagé par 'oxydation des sulfures
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et provoquant des pluies acides (Leverington and Schindler, 2018). Ce dégagement s’accompagne
de phases micrométriques porteuses de métaux susceptibles d’étre transportées sous forme
d’aérosols au-dela du site de la fonderie (Figure 1.5, Zdanowicz et al., 2006). Lors de la fusion de
minerai plombifére, '’émission de particules tres fines (< 5um) de PbO et PbSOy a été observée
(Sobanska et al., 1999). La mise en place des filtres en sortie des cheminées a réduit

significativement la quantité de métaux émis dans 'atmosphere (Shotyk et al., 2016).

1.3.2.4 La remobilisation des ETM dans environnement

Outre les transferts d’ETM qui ont lieu pendant les activités minic¢res et métallurgiques et qui sont
beaucoup documentés (Mackay et al., 2013), les questions de remobilisation sur le long terme
restent moins bien comprises. Des études récentes ont montré la remobilisation de contaminants
historiques récents (quelques décennies) dans 'environnement, comme la remobilisation du Pb des
essences plombée accentuée par 'urbanisation (Resongles et al., 2021) ou encore de contaminants
organiques mis a nu lors des changements d’usage des sols (Sabatier et al., 2014; Mottes et al., 2022).
Dans le cas de contaminations métalliques plus anciennes (> 50 ans), notre compréhension reste
partielle. Lorsqu’elles existent, ces études se concentrent sur la remobilisation de particules
détritiques de déchets lors d’évenement de fortes intensités tels que des crues (Delplace et al., 2022).
Cependant la compréhension de la remobilisation des contaminants atmosphériques anciens (> 50

ans) est limitée (Yang et al., 2002b; Bacardit and Camarero, 2010).

Les archives environnementales, comme les carottes de sédiments lacustres ou de toutrbe, sont de
bons enregistreurs de la contamination ambiante ou historique (Boyle et al., 2015). Les systemes
lacustres enregistrent également les différents processus physico-chimiques a I’échelle du bassin
versant, tels que 'augmentation de I’érosion des sols li¢ a des changements d’usage (Bajard et al.,
2018), montrant le potentiel de remobilisation des contaminants sur le long terme (Hansson et al.,

2017).

1.3.3 Les contaminations en ETM anthropiques de la zone critique

De nombreuses études portent sur les contaminations métalliques liées aux exploitations minicres
et a la métallurgie, que cela concerne les mines actuelles ou les mines anciennes. Des teneurs élevées
en Pb (jusqua 2 wt. %) ont été mesurées dans des sols a proximité d’une fonderie récemment
fermée (Kiibek et al., 2019); des sédiments de rivieres contaminés jusqu’a plusieurs dizaines de km

en aval de la mine témoignent de la persistance de Zn, Cu et Pb rémanent (Galan et al., 2003) ; des
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eaux enrichies en ETM analysées en sorties d’exhaures contribuent a la contamination (Elbaz-
Poulichet et al., 2017) et des sédiments lacustres et tourbes ont enregistré les différentes périodes
de contamination par pyrométallurgie en Europe (Shotyk et al., 1998; Brinnvall et al., 2001;
Martinez Cortizas et al., 2016). Ainsi, dans tous les compartiments de la zone critique?, les ETM
sont potentiellement transférés vers les organismes vivants terrestres (p ex. chez les vers de terre
ou dans les olives, Mariet et al., 2020; Antoniadis et al., 2022) ou aquatiques (Hansson et al., 2019)
avec de potentiels effets déléteres (Monna et al., 2011; Camizuli et al., 2018). Ainsi c’est 'ensemble
de la zone critique qui est contaminée par les ETM issus d’activités minicres et métallurgiques
passées ou actuelles. Cette fine couche superficielle a I’échelle terrestre, qui est critique pour le
vivant (Brantley et al., 2007), peut étre pergue comme un weathering engine ou reactor (Anderson et al.,
2007) qui va mettre en mouvement les ETM par différents processus. Pour mesurer 'impact des
différents forcages anthropiques exercés sur la zone critique, dont les activités minieres et
métallurgiques, Brantley et al. (2007) rappellent 'importance d’étudier les processus a différentes

¢échelles spatiales et temporelles.

1.4  Problématiques de la thése et cadre méthodologique

1.41 Problématique

L’impact sociétal et environnemental de I'industrie miniére est aujourd’hui beaucoup questionné et
remis en question (Forget, 2015; Flexer et al.,, 2018; Le Berre et Bretesché, 2020). En France
notamment, la volonté politique de réouverture de mines se heurte a une tres forte contestation
qui a abouti a ’'abandon de plusieurs projets d’exploration. Cette contestation repose notamment
sur une gestion environnementale désastreuse voire inexistante par le passé, qui a été a I'origine de
pollutions importantes (Grimaldi et al., 2015; Khaska et al., 2018). L’exploitation potentielle de
ressources minérales en France et en Europe sera conditionnée par la prise en compte des impacts
sanitaires et environnementaux. Grace a 'important héritage minier frangais (Figure 1.4) vieux de

20 a plus de 150 ans, il est possible d’évaluer I'impact environnemental des mines abandonnées sur

2 La Zone Critique désigne la pellicule la plus externe de la planéte Terre, celle qui est le siége d’interactions chimiques
entre Dair, I'eau et les roches. C’est un milieu poreux issu de la transformation des minéraux au contact de I'oxygene,
du CO; et de I'eau a la surface de la Terre. Elle est le siege de la vie et I’habitat de 'espece humaine. Elle est donc
critique au sens physique du terme car c’est une des interfaces de la plancte, mais aussi car c’est la que se forme et
évolue la ressource en eau et en sol, et que les sociétés humaines cultivent et stockent leurs déchets. Définition de
I’Obsetvatoire de la Zone Critique (OZCAR), www.ozcar-ti.org/la-zone-critique.
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le long terme (> 100 ans), ce qui apparait nécessaire pour mieux anticiper et limiter les impacts

environnementaux des futures exploitations minieres.

En effet, la présence de contaminants métalliques dans l'environnement et leur remobilisation a
long terme se pose, méme plusieurs siccles apres Iarrét des activités miniéres et métallurgiques.
Outre les retombées atmosphériques liées a la métallurgie, les déchets miniers et métallurgiques
sont souvent encore riches en ETM. Ces ETM, qui sont potentiellement toxiques pour les
¢écosystemes (notamment Pb et Sb) sont susceptibles d’étre libérés par I’érosion et I'altération
météorique et transférés dans la zone critique, ou ils peuvent s’accumuler et étre transférés dans les
organismes vivants (Hansson et al., 2019; Mariet et al., 2020; Antoniadis et al., 2022). Il est donc
crucial d’avoir une meilleure compréhension des modalités de transferts des ETM et de connaitre
les processus physiques et chimiques entrainant leur remobilisation. Cela permettra (i) d’obtenir
l'ordre de grandeur spatial, temporel et « quantitatif » (flux, stock) de leur transfert a long terme ;
(if) d’atténuer leurs effets et leur dispersion actuelle ; et (iii) de mieux anticiper la contamination par

les déchets miniers et métallurgiques des futures exploitations.

De trées nombreuses études s’attachent a évaluer la contamination par des moyens géochimiques,
majoritairement d’un point de vue de la concentration en ETM (p.ex., Ettler, 2016). Bien que cela
demeure indispensable, ces méthodes sont limitées pour comprendre la complexité d’une
contamination engendrée par des activités minieres et métallurgiques. Si la spatialisation de la
dispersion des éléments dans 'environnement est une premicre étape pour comprendre I’étendue
de la contamination depuis sa source, elle ne renseigne pas sur les processus dynamiques ayant
abouti a cette contamination, ni sur le potentiel de remobilisation des contaminants. Ainsi, malgré
de nombreuses études portant sur la caractérisation des contaminations en ETM autour de sites
miniers et plus largement sur la caractérisation de I’héritage minier, de nombreuses questions

demeurent :

1) Quelle est la part de la contamination naturelle et celle de 1a contamination anthropique
dans la contamination identifiée ? La présence d’une minéralisation induit une anomalie
géochimique d’étendue variable. Toutefois, excavation de roches minéralisées et leur stockage en
surface entraine une contamination supplémentaire d’origine anthropique, a priori nettement plus
importante. ’héritage environnemental de la mine porte donc uniquement sur la contamination
anthropique, et non sur la contamination naturelle. La distinction entre contamination
naturelle et anthropique est un point qui est généralement peu discuté dans la littérature,

mais qui est important pour la gestion de Paprés-mine : en effet, il n’est pas réaliste de tenter
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de décontaminer un site au-dela de sa contamination naturelle. Outre la caractérisation globale de
la contamination, déterminer la part de la contamination naturelle revient a caractériser 1’état

environnemental initial du site.

2) Quelles est la part des différentes sources ’ETM dans la contamination anthropique ?
La contamination anthropique peut avoir plusieurs origines : les déchets d’excavation minicre
(roches encaissantes plus ou moins minéralisées), les déchets minéralurgiques (souvent évacués par
les rivieres pour les mines anciennes), les déchets métallurgiques solides (les scories) et les fumées
métallurgiques. En fonction des processus de transfert des ETM dominants, la spéciation des ETM
et donc leur potentielle remobilisation et biodisponibilité variera. Une bonne connaissance de la
part des différentes sources de contamination permettra une meilleure gestion des déchets
de la mine et la mise en place de stratégies adaptées de limitation de la dispersion des
ETM. Or, la distinction entre contamination anthropique issue des roches stériles, des scories ou

des fumées métallurgiques reste peu documentée.

3) Quels sont les flux et les stocks de contaminants anthropiques issus des différents
modes de transfert des ETM pendant et aprés les activités miniéres et métallurgiques ? La
plupart des études portent sur un voire deux compartiments de la zone critique, permettant alors
de caractériser un a deux modes de transfert et une seule source de contamination. Peu d’études
envisagent la caractérisation de tous les compartiments susceptibles d’étre contaminés a différentes
échelles spatiales et temporelles. Or, une approche intégrée est nécessaire pour établir des flux et
des stocks de contaminants afin de comparer la part des différents processus de transfert mis en
jeu. En particulier, les transferts atmosphériques liés aux émissions métallurgiques restent

encore sous quantifiés au-dela de Pattestation d’une contamination.

4) Quelles sont les relations entre mobilité et biodisponibilité des ETM et la minéralogie
des phases porteuses ? De manicre générale, la mobilité et la biodisponibilité des ETM est
appréhendée a partir d’essais de lixiviation. Toutefois, ces essais réalisés en laboratoire sont des
modeles et permettent de comparer des échantillons entre eux, mais les résultats obtenus sont
difficilement transposables au milieu naturel. L’étude de la spéciation des ETM a partir de la
minéralogie des phases porteuses des ETM permet de discuter de leur solubilité et
renseigne ainsi sur la mobilité et la biodisponibilité des métaux dans chaque compartiment
étudié. La nature des phases porteuses peut également renseigner sur les processus impliqués dans

les transferts des métaux depuis les zones de stockages des déchets vers les compartiments de la
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zone critique. Pour cela, I’étude minéralogique des sources de la contamination en amont de celle

des compartiments contaminés s’avere nécessaire.

Cette theése a pour ambition de répondre a 'ensemble de ces questions, a partir de I’étude de la
dispersion a long-terme des ETM dans les différents compartiments de la zone critique,
considérés comme des puits pour les ETM. Elle vise notamment a caractériser et tenter de
quantifier (i) les modes de transfert des ETM et leur contribution a la contamination anthropique
a différentes échelles spatiales, (ii) leur possible remobilisation et transferts entre compartiments,
et (iii) la contribution de chaque type de déchets miniers et/ou métallurgiques a la contamination
anthropique. Dans ce but, une approche multi-compartiments (sols, sédiments de riviere,
sédiment lacustres et eaux) et multi-échelles spatiales (du site au bassin versant) a été conduite

(Figure 1.5) autour de la mine de Pb-Ag de Peisey-Nancroix (Savoie, XVII*-XIX" si¢cle).

1.4.2 Approche et mise en ceuvre

Pour appréhender les trajectoires spatiales et temporelles des ETM générés par des activités
minieres et métallurgiques, une approche source-puits est mise en ceuvre intégrant 'ensemble
des compartiments de la zone critique (Figure 1.6). Les sources regroupent ici les roches stériles
(déchets d’extraction), ainsi que les scories et les fumées pyrométallurgigues (déchets métallurgiques). Les
sols constituent le compartiment le plus proximal aux sources de contaminations, ou les ETM sont
susceptibles d’étre dispersés par transferts particulaire, en solution et aérien. Ainsi, I’étude des sols
de surface et des horizons profonds peut permettre de confronter les trois modes de dispersion
des métaux. Les eaux de riviéres proches du site minier sont susceptibles de contenir des ETM sous
forme ionique et les sédiments de riviere vont accumuler des particules issues du transport détritique
des déchets solides, notamment du minerai. A Vinverse, les sédiments lacustres d’un lac situé en amont
du site minier représentent 'objet idéal pour tracer uniquement le transfert atmosphérique des
ETM sous forme d’aérosols émis par traitement pyrométallurgique du minerai. Une telle approche
multi-compartiments, induit donc également une dimension multi-échelles spatiales et
temporelles. 1’¢étude multi-scalaire permettra d’appréhender les différents modes de transferts et
I'impact des différentes sources de contamination. La dimension temporelle sera appréhendée a
travers la caractérisation des remobilisations et la quantification des flux ’ETM pendant et apres

les activités minieres (notamment pour les émissions atmosphériques).
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Processus de
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versant versant et plus

Figure 1.6 : Schéma synthétique de 'approche multi-compartiment et multi-scalaire mise en ceuvre dans cette these,
résumant les principaux modes de transferts des ETM depuis la soutce de contamination vers les zones puits que
sont les différents compartiments de la zone critique.

Pour caractériser les contaminations en ETM, tenter de quantifier la part de contamination
naturelle vs anthropique, quantifier les éventuelles remobilisations et dans la mesure du possible la
part de chaque source dans la contamination anthropique, des observations et analyses
minéralogiques, sédimentologiques, géochimiques et isotopiques (Pb, Sb) ont été conduites sur
chaque source de contaminant et chaque puits. Ces données permettront également d’identifier et
de pondérer la contribution de chacun des processus de transfert des ETM a I’échelle du bassin

versant.

1.5  Organisation du manuscrit

Ce manuscrit se divise en 7 chapitres.

Les deux premiers chapitres de la thése présentent le contexte général de la these. Le chapitre 1
présente le cycle minier, les déchets miniers et métallurgiques générés qui sont sources de
contaminants métalliques, ainsi que les modes de dispersion de ces contaminants. II détaille la
problématique et I'approche méthodologique mise en ccuvre dans le cadre de cette these. Le
chapitre 2 présente le site minier de Pb-Ag de Peisey-Nancroix (Savoie, XVII*-XIX® siecle). 1
présente également le contexte géographique, géologique et historique du site minier, et expose
comment ce site apparait comme idéal pour étudier héritage environnemental a long terme des

exploitations minieres.
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Les trois chapitres suivants compilent les résultats de la thése autour d’articles publiés (chapitre 3),
soumis (chapitre 4) ou sur le point d’étre soumis (chapitre 5), rédigés en anglais. Le chapitre 3
présente les travaux réalisés sur la dispersion de la contamination en ETM a I’échelle du site minier,
a partir de I’étude de sols de surface situés a proximité immédiate et en aval de la zone de stockage
des déchets. Le chapitre 4 vise a caractériser la contamination rémanente liée a 'émission de
fumées lors du traitement du minerai par pyrométallurgie et enregistrée dans le lac de La Plagne
(situé 7 km en amont du site minier, sous le vent) et dans les sols de son bassin versant. Il discutera
¢galement des processus de remobilisation des ETM depuis leur dépotil y a plus de 200 ans. Enfin
le chapitre 5 utilise le couplage de deux systemes isotopiques (Pb, Sb) pour déterminer (i) la part
de la contamination naturelle vs la contamination anthropique, et (ii) la contribution de chaque
source de déchets métallurgiques dans la contamination anthropique, et ce pour chaque

compartiment de la zone critique étudié.

Le chapitre 6 vise a estimer I'inventaire de Pb anthropique des sols de surface du site minier et du
bassin versant du Lac de La Plagne, accumulé a Iéchelle du bassin versant a partir des fumées
atmosphériques (contamination pendant et apres la période d’exploitation) et de la remobilisation

des déchets miniers (contamination post-mine).
Enfin, le chapitre 7 fait la synthése de ce travail de thése avant d’en présenter les perspectives.

Ce travail de these est le fruit d’un travail collaboratif dont les principales collaborations sont
présentées en ANNEXE A.

39



CHAPITRE 1|La mine de Pb-Ag de Peisey-Nancroix

40



Chapitre 2 |

La mine de Pb-Ag de

Peisey-Nancroix (Savoie)







CHAPITRE 2|La mine de Pb-Ag de Peisey-Nancroix

Chapitre 2 | La mine de Pb-Ag de Peisey-
Nancroix (Savoie)

Aujourd’hui, Iextraction de métaux est limitée en France métropolitaine; seules deux mines de
bauxite (Hérault) et une mine d’¢étain-tantale-niobium (Allier) sont exploitées sur le territoire.
Toutefois, la France fut un pays minier important pendant plus de 2500 ans. Entre le XVII* et XIX*
siccles, les efforts industriels ont porté sur le plomb et 'argent, car la France n’était pas dotée de
ressources en cuivre suffisantes (Garcon, 1995). La relance miniere du début du XVIII® siecle voit
apparaitre une répartition selon un axe est-ouest des exploitations minieres, de la Bretagne jusqu’au
Dauphiné, en passant par les Cévennes. Bien qu’alors non rattachée a la France, la Savoie’ voit

¢galement un regain de ses activités minieres durant cette période.

Dans les six départements des Alpes francaises (Alpes-Maritimes, Alpes de Haute-Provence,
Hautes-Alpes, Isere, Savoie et Haute-Savoie), le BRGM a recensé 116 mines et 248 indices et gites
métalliferes, dont 59 mines et 97 gites et indices de Pb-Zn-Ag. Les travaux archéologiques
indiquent une exploitation du cuivre dés le Néolithique et considérent que I'argent ait pu étre
exploité des la période romaine a la mine de La Plagne (Savoie; Meloux, 1975). La plupart de ces
gites ont été exploités de maniere industrielle a partir du XVIII® siecle, avant de fermer
progressivement a partir de la fin du XIX® siecle du fait de I'épuisement des ressources et de la
baisse de rentabilité face a la découverte de nouveaux types de gisements de classe mondiale plus
faciles a exploiter. La mine de Pb-Ag de Macot-La Plagne (Savoie) fut la derniere a fermer en 1973,

au profit du développement d’une station de sports d’hiver (Rossi et al., 2017).

Ainsi, des centaines de sites miniers abandonnés, depuis 50 ans voire plus de 150 ans, sont dispersés
sur 'ensemble du territoire alpin, dont les résidus miniers (minerais abandonnés et déchets
métallurgiques) constituent de possibles sources de contaminations métalliques actuelles. Ce travail
de these se focalise sur 'un des principaux sites miniers des Alpes francaises, la mine de Pb-Ag de

Peisey-Nancroix (Savoie; Meloux, 1975).

3 La Savoie a été rattachée une premicére fois a la France de 1792 a 1815, ou elle est rendue a I’état Sarde. Les Etats de
Savoie ont ensuite été rattachés a la France le 24 mars 1860 (Traité de Turin).

43



CHAPITRE 2|Ia mine de Pb-Ag de Peisey-Nancroix

2.1 Contexte géographique

I’ancienne mine de Peisey-Nancroix est située dans la vallée du Ponturin, dans les Alpes du Nord
francaises, a 1550 metres d’altitude (Figure 2.1A). Localis¢é a 3 km en amont du village de
Peisey-Nancroix, le site minier et métallurgique est facilement accessible par la route
départementale qui meéne au fond de la vallée (voie sans issue). Le climat est de type montagnard
avec une température annuelle de 1.4°C et des précipitations annuelles de 1380 mm. La neige
recouvre le site du mois de novembre au mois d’avril. Le site minier est situé en bordure d’une
forét de mélezes, recouvrant les déchets miniers et les sols environnants d’un épais tapis d’aiguilles.
Le site se situe a I'interface entre un écosysteme forestier, caractérisé par une densité importante
de mélézes et un systeme prairial utilisé pour alimenter en foin des exploitations agricoles

environnantes. Il est longé au nord-ouest par le ruisseau de I’Arc qui se jette dans le Ponturin, qui

lui-méme longe le site au nord (Figure 2.1B).
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Figure 2.1 : Cartes de localisation de la mine de Pb-Ag de Peisey-Nancroix (Savoie, France). A) Localisation du
village de Peisey-Nancroix dans les Alpes francaises. B) Vue photographique partielle du bassin versant de la vallée
du Ponturin avec en téte de bassin le lac de la Plagne, et 7 km en contre-bas 'emprise du site minier et métallurgique
de la mine de Pb-Ag de Peisey-Nancroix (rectangle blanc). C) Organisation de l'ancien site minier et des
infrastructures encore présentes aujourd’hui, réparties entre le site de traitement du minerai (Ore processing site - O.P.)
au nord et le site de fusion du minerai (Ore smelting site - O.S.) au sud-est, ou se trouvent les déchets miniers (waste
rock heap) et métallurgiques (slag heap).

Les vestiges de I'exploitation de la mine de Peisey-Nancroix sont toujours visibles (Figure 2.2). Les
sentiers autrefois utilisés pour 'acheminent du minerai sont toujours utilisés comme chemin de

randonnée et sentier de découverte de I’histoire et des techniques de 'exploitation miniére

44



CHAPITRE 2|Ia mine de Pb-Ag de Peisey-Nancroix

Figure 2.2 : Planche photographique détaillant 'environnement du site minier et métallurgique de Peisey-Nancroix.
A) Vue distante sur les anciennes batiments de la mine et la zone prairial en contrebas B) Anciennes ruines de la
fonderie C) Haldes de roches stériles recouvertes par un épais couvert d’épine de résineux. D) Haldes de scorie. E)
Echantillon de roche stérile toujours richement minéralisé. G) Halde de roche stérile secondaire en rive droite du
Ponturin. H) Ancienne galerie d’exploration dont 'entrée est bétonnée avec écoulement d’eau ©. Echantillons de
scotie prélevé sur la halde de scorie © Magali Rossi. © Estelle Camizuli © Gaél Monvoisin.
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(extraction) et des traitements du minerai (minéralurgie et pyrométallurgie). Les galeries
souterraines sont aujourd’hui effondrées ou murées et non accessibles (Figure 2.3). Les vestiges de
la fonderie perdurent et témoignent de la présence de plusieurs types de hauts-fourneaux
permettant la fusion du minerai. Les tas de déchets d’extraction et de déchets métallurgiques sont
reconnaissables dans le paysage et forment deux barrieres naturelles entre le flanc de la montagne
et la prairie située en contre-bas. Le tas de déchets d’extraction se site a proximité immédiate du

ruisseau de I’Arc. Le tas de scories se situe juste en aval des déchets d’extraction (Figure 2.1C).
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Figure 2.3: Plan général de la mine royale de Peisey en 1864 (Comm. Pers. R. Durand)

2.2 Contexte géologique

La mine de Pb-Ag de Peisey-Nancroix se situe dans les Alpes occidentales internes, le long du
Front Briangonnais interne (FIB), qui permet le chevauchement du domaine Briangonnais interne
sur le domaine Briangonnais externe (Figure 2.4A). Le socle du Briangonnais externe est recouvert
par une couverture sédimentaire permo-triasique représentée par l'empilement de schistes,
quartzites, calcaires et dolomies (Figure 2.4B). Il présente un métamorphisme alpin de faible degré,
passant du facies des schistes verts inférieurs au facies des schistes verts supérieurs (Bertauts et al.,
2022). Le FIB se matérialise sur le terrain par la présence d'évaporites du Trias, principalement du
gypse et des cargneules. Les cargneules sont des dolomies triasiques qui ont été bréchifiées et
partiellement dissoutes au cours de 'orogenése alpine par des fluides riches en sulfates dérivés du
gypse. Le gisement de Pb-Ag de Peisey-Nancroix est encaissé dans la couverture sédimentaire du

Briangonnais externe, et en particulier dans des quartzites du Trias, des schistes séricitiques et des
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quartzites du Permien situés au mur du FIB (Figure 2.4B). En surface les installations de traitement
du minerai et les installations métallurgiques ont été construites en bordure d'un cone de déjection
torrentielle qui contient des roches du socle Varisque et des cargneules. Un éboulis de cargneules

est intercalé dans ce cone, du coté ouest du site minier (Figure 2.4C).
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Figure 2.4 : A) Schéma structural des Alpes occidentales avec un carré représentant la localisation de la carte B
(d'apres Bertauts et al., 2022). B) Carte géologique de la zone Brianconnaise située entre les massifs de la Lauziére et
de la Vanoise modifiée d'aprés la carte géologique de Motders (1 :50 000) : MP : Macét-la Plagne ; PN : Peisey-
Nancroix ; PF : Front Pennique ; BF : Front Brianconnais ; IBF : Front du Brianconnais Interne. (d'aprés Bertauts et
al,, 2022). C) Carte géologique de la mine de Pb-Ag de Peisey-Nancroix et de ses environs (Guillevic et al., 2023).
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Une étude menée par Bertauts et al. (2022) détaille les conditions de P-T-t de mise en place de la
minéralisation ainsi que sa paragénese. La minéralisation s’est formée au cours de I'orogénese
alpine, il y a environ 35 Ma lors du chevauchement du Brianconnais interne sur le Briangonnais
externe (Figure 2.4B). Le minerai se caractérise par la présence de galéne (PbS) massive et
disséminée, considérée comme argentifere, associée a de la tétraédrite ((Cu,Fe)12SbaSis) et de la

pyrite (FeS), dans une gangue riche en quartz ou en barytine.

La galene (PbS) présente de faibles teneurs en Ag (<540 ppm) et en Sb (<700 ppm). La tétraédrite
est présente en intercroissance ou en (micro)inclusions dans la galéne. Le contenu en Sb, As et Ag
de la tétraédrite montre une solution solide avec la tennantite ((Cu,Fe)12SbsSi5) et la freibergite
((Ag,Cu,Fe)12(Sb,As)4S13). La tétraédrite - riche en arsenic — contient jusqu’a 6 wt. % Ag (Bertauts
et al., 2022). Des quantités variables de chalcopyrite (CuFeS), d'arsénopyrite (FeAsS), de sphalérite

(ZnS) et de bournonite (PbCuSbS) sont également observées dans la paragenése principale.

2.3  Contexte historique

Le gisement de Pb-Ag de Peisey-Nancroix a été exploité de maniere (pré)industrielle entre 1734 et
1865 (Figure 2.5), bien qu’elle fit exploitée antérieurement de maniere artisanale. En effet, des
archives rapportent des conflits entre paysans mineurs des 1644 (Barbier, 1875). C’est pourtant en

1734 que commence I'exploitation préindustrielle du gisement par une succession de compagnies

miniéres.
: ; 1Tt Pb 5760, Ph 491 Pb 23 2134t Ph 3897 t. Ph 910 t. Pb 23
Production [ i | 131 Ag 331 Ag 0.1t Ag ‘ | 5t Ag | | 9t Ag | [ 21 Ag
- . Cie.
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' et Capson Cic An;,]als>C|e Savoya>:ﬁmqm P francais Sarde sal:'::sl;z:ne .
1644 1714 1734 1745 1760 1792 1802 1813 1814 1852 1865
iz £f ¢
25 g E]
1734 2%
s " 1824
Exploitation Période de fusion du minerai (90 ans) Afiniti :
« industrielle » Abandon de.ﬁl'llt]f de la fonderle
de Peisey-Nancroix

Période d’extraction (130 ans) Fermeture
1865

[ ] Etat sarde (Duché de Savoie) [ ] Gouvernement Frangais

Figure 2.5 : Frise chronologique de 'exploitation de la mine de Peisey-Nancroix entre le XVII¢ et le XIXe¢ siecle,
montrant les différentes exploitants successifs ainsi que les tonnages extraits.
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Cette chronologie reflete bien la chronologie nationale de grande reprise entre 1730 et 1740 décrite
par Garcon (1995). La mine de Peisey-Nancroix fait partie de la cinquantaine de mines dite
polymétalliques qui étaient en activité sur Pactuel territoire frangais. Au XVIII* siecle, la mine de
Peisey-Nancroix fait tout de méme figure d’exception car peu de mines sont exploitées au-dela de
la dizaine d’année par manque de ressource (Garcon, 1995). Le gisement a produit 21 500t Pb et
52 t Ag sur une période d’au moins 130 ans (Figure 2.5; Meloux, 1975). Garcon et al. (1995)
rapporte une mise en place de I'exploitation laborieuse, lorsqu’en 1740 deux personnes seulement
y travaillent. La premiere compagnie industrielle d’origine anglaise lance réellement ’exploitation
en 1734. La fusion du minerai par la méthode allemande (demi- haut fourneaux) débute et se
poursuit jusqu’en 1760, produisant pres de 9000 tonnes d’équivalent de Pb et 13 t. d’argent. C’est
alors la période la plus productrice a la mine de Peisey-Nancroix. Entre 1760 et 1792, la production
reste importante malgré un déclin a partir de 1775, du fait de 'épuisement des réserves (Barbier,
1875). Entre temps, la méthode anglaise remplace la méthode allemande en utilisant le four a
réverbere pour faire fondre le minerai (Figure 2.2). Pendant ce premier demi-siecle d’exploitation,

des témoignages attestent de la toxicité liée a la présence de la mine et en particulier de la fonderie :

« Elles [les fabrigues] forment un brouillard plus épats qui n’altére pas moins la santé que les fruits de la terre »

(Archives du Département de la Savoie - ADS C7, griefs formulés par la commune de Peisey contre la compagnie

qui exploita les mines de plomb argentifere 20 juillet 1764).

Parmi les employés de la mine, des fondeurs et des affineurs tombent malades, de méme que le
directeur en 1763 qui doit se rendre a Geneve pour se faire soigner (Clary et al., 1995). Le rejet
d'acide sulfureux dans l'atmosphere reste probablement la source de pollution principale et a fait

craindre a ce voyageur de respirer :

« l'air infecté par les vapeurs d'arsenic qu'exchalent les fonderies»
(ADS - E. fonds J. Cochon).

La Révolution francaise stoppe les activités de 1792 et 1802. En 1802, la mine devient propriété
nationale de France. L’arrivée de lingénieur Schreiber améliore grandement les techniques
d’extraction et de fusion du minerai. En raison du manque de bois dans la vallée, la fonderie est
progressivement déplacée a Conflans, a proximité d’Albertville, 2 60 km en aval en suivant la vallée
de I'Isére (30 km a vol d’oiseau) ; la fonderie cessera d’étre utilisée en 1824. Le minerai a donc été
fondu sur le site minier pendant environ 90 ans. Néanmoins la mine continuera d’extraire du

minerai jusqu’en 1865 pour une production inférieure a 1000 t de plomb.
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24 La mine de Peisey-Nancroix, le site idéal pour une étude multi-
compartiments a différentes échelles

Par sa localisation dans un vallée d’altitude reculée dans les Alpes, le site minier de Pb-Ag de Peisey-
Nancroix constitue un site atelier unique pour étudier ’héritage environnemental sur le long terme

d’une exploitation miniere dans un milieu sensible (milieu montagnard).

1. Toutes les étapes du cycle minier, de exploitation au traitement métallurgique, se trouvent
sur une zone limitée géographiquement (< 1 km?), ce qui permet d’étudier les différents
modes de dispersion des ETM.

. Le site est abandonné depuis plus de 150 ans (1865).

ii.  Le site est demeuré en I'état depuis larrét de l'exploitation en 1865 Depuis 150 ans,
Panthropisation y est tres limitée : pastoralisme et fauche des prairies situées en aval du site

en été, parc accrobranche sur le site de traitement du minerai, et ski de fond en hiver.

Ainsi, le site a été intégralement préservé depuis plus de 150 ans : on trouve encore des hauts-
fourneaux et les stocks de déchets miniers (> 150 ans) et métallurgiques (> 200 ans) laissés a
I’'abandon et non remaniés (Figure 2.2). Par ailleurs, bien que les galeries ne soient plus accessibles,
une halde contenant de la minéralisation est présente a 'entrée d’une galerie en rive droite du
Ponturin, permettant ainsi d’étudier la minéralisation (Figure 2.2G & H). Trois sorties d’exhaures
sont accessibles (2 galeries en rive droite du Ponturin et 1 galerie sortant au niveau du site de lavage
du minerai ; O.P sur la Figure 2.1B) qui permettront le prélevement de sédiments et d’eaux

directement issus de la mine.

Deux rivicres longent le site minier (’Arc et le Ponturin Figure 2.1A) ce qui permettra d’étudier le
transfert particulaire des déchets situés a proximité, alors que la présence du lac de La Plagne, situé
en amont et sous le vent permettra d’étudier les seules retombées atmosphériques issues de la
pyrométallurgie. Enfin, bien que situé a 1550 m d’altitude, le site est accessible toute I'année car il

est situé au départ des pistes de ski de fond (la route est fermée a partir du site minier).
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Chapitre 3 | Modes de dispersion du Pb dans

les sols miniers

Ce chapitre se concentre sur I’étude des sols de surface (0-20 cm) en aval de la zone de stockage
des déchets miniers et métallurgiques. Les travaux présentés visent a caractériser les différents
modes de dispersion des déchets depuis la zone de stockage vers les sols (transport particulaire et
lixiviation uniquement, car il n’est pas possible d’évaluer ici les transferts atmophériques) et a
¢évaluer la mobilité des phases porteuses en ETM des sols a court terme et sur le long-terme. Les

matériels supplémentaires de ce chapitre sont disponibles en fin de chapitre et sont signalés par un

S.
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Abstract

Over the last millennia, mining and smelting activities have produced large amounts of mine and
metallurgical wastes that remain enriched in potentially toxic trace elements (PTE). A spatial
distribution of Pb content was coupled to mineralogical observations and single extraction tests to
characterise the Pb contamination legacy and Pb dispersion trajectories in an ancient mining and
smelting site that has been abandoned for approximatively 200 years. In the Peisey-Nancroix Pb-
Ag mine (Savoy, France), extreme anthropogenic Pb contamination is located close to the slag
heaps and along ore and slag transport paths. The contamination gradient is restricted to a few
hundred metres downhill, down to background Pb values. The Pb-bearing phases change along
the contamination gradient. The most contaminated soils contain significant amounts of galena
and slags that are more or less weathered into pyromorphite and cerussite. Pb-bearing Mn (hydr-
)oxides are the most stable and ubiquitous forms of Pb, which proportions increase downgradient.
Despite the presence of some stable Pb-bearing phases (pyromorphite, Pb-bearing Mn (hydr-

)oxides), extraction tests indicate that a small proportion of Pb may still be mobile over time.

3.1 Introduction

Since the beginning of metallurgy, the exploitation of geological resources has been one of the
most significant human activities releasing metals into the environment. Over the last millennia,
mining and smelting activities have produced large amounts of mine wastes (waste dumps and
tailings) and metallurgical wastes (slags and fumes) that remain enriched in potentially toxic trace
elements (PTE; e.g., Pb, Sb, As, Cd, Cu and Zn). These wastes are sources of contamination, from
which PTE are dispersed into the environment through different mechanisms. Ore smelting
activities produce atmospheric particles carrying PTE over several tens of kilometres (Zdanowicz
et al., 2006; Navel et al., 2015) to thousands of kilometres (Hong et al., 1994; Doucet and Carignan,
2001; Cloquet et al., 2006b, 2015). Old mining and metallurgical wastes are usually abandoned on
soils without any protection and therefore are subjected to weathering. Particles of wastes can be
transported by wind, gravity, runoff water or even by anthropogenic transport. Weathering of
mining and metallurgical wastes may induce the transfer of PTE within runoff water and soils as
free ions or complexes. Overall, these remobilisation processes lead to the release of PTE to the
environment for centuries or even millennia after mining and smelting have ceased (e.g., Gatuszka
et al.,, 2015; Hansson et al., 2017; Camizuli et al., 2021), making the metal contamination legacy an

environmental issue that requires attention in many places in the world (van der Voet et al., 2013).
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Among PTE, lead (Pb) is considered one of the most toxic elements in the environment (Alloway,
2013). Its toxicity depends on its mobility and reactivity between abiotic compartments and biota
(bioavailability). The soil is one of the environmental compartments most affected by mining and
metallurgical wastes as it is the closest sink to the wastes. Very high metal contents in soils are often
measured in the vicinity of former smelters and former mines (Ettler, 2016; Cortada et al., 2018;
Kiibek et al., 2019). Soil quality guidelines only consider metal content as a contamination criterion
(e.g., Canadian Environmental Quality Guidelines - CEQG for soils: Pb = 70 mg.kg"; United
States Environmental Protection Agency - US EPA: Pb = 400 mg.kg"). However, metal speciation
is the key parameter for assessing the mobility of metals and their biological harmfulness (Lejon et
al., 2008; Navel et al., 2015; Spadini et al., 2018). Lead speciation is influenced by soil properties

that tend to reduce its transfer (Alloway, 2013), therefore, Pb is generally considered immobile.

To better limit the environmental impacts of future mining activities, it appears necessary to
understand the long-term behaviour of PTE (dispersion and persistence) in the environment by

developing studies on mining sites that have been abandoned for several hundred years.

Thousands of ore deposits have been formed and are located in mountain ranges. In the French
Alps, hundreds of small ore deposits and occurrences have been reported by the French Geological
Survey (BRGM). Environmental contamination related to past mining activities has already been
identified in the French Alps based on records of direct atmospheric fallout deposition from
mining exploitation in lake sediments (Arnaud et al., 2006; Elbaz-Poulichet et al., 2020) and
remobilisation of abandoned mining and metallurgical wastes in river sediments (Camizuli et al.,
2021). While recent studies showed the persistence of PTE contamination in former mining soils
in the Vosges Mountains over hundreds of years (Monna et al., 2011; Mariet et al., 2017), this

contamination has never been studied in alpine soils.

PTE contamination studies have often relied only on geochemical data such as PTE contents,
which are insufficient to encompass their behaviours. Nevertheless, a combination of geochemical,
mineralogical and extraction tests has more widely been used in PTE contamination studies
(Chopin and Alloway, 2007; Swed et al., 2022). However, the spatialisation of these data has rarely
been undertaken and could help to better characterise the PTE dispersion from the sources of
contamination to sinks. This paper aims to characterise the environmental legacy of former mining
and smelting activities in the soils of a mountain mining site abandoned for more than 150 years:

the Pb-Ag mine of Peisey-Nancroix, Savoy, France. A spatial approach, coupling soil properties,
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geochemistry, mineralogical observations, and single extraction tests, allows us to discuss the

mobility, transfer mechanisms and remobilisation of lead in soils for more than 150 years.

3.2 The Pb-Ag mine of Peisey-Nancroix (Savoy, France)

The northern French Alps have been mined for millennia (Judet, 2014; Peloux et al., 2015), with
the 18" and 19" century being the apex of industrial ore extraction in terms of production and
number of sites. Indeed, most of these mines closed between the 19™ and 20® centuries (Judet,
2014) leaving hundreds of uncontrolled contamination spots in the environment. Pb, as a by-
product of silver mining, was the most extracted nonferrous metal in France (Gargon, 1995),
providing large amounts of mining and smelting wastes that were abandoned all over the territory.
The Peisey-Nancroix mining site has a former regional importance, and no anthropization has been
identified since mine closure. The mining site is located in the northern French Alps at 1500 m
a.s.l. on the Vanoise Massif, on the left bank of the Ponturin River (Figure 3.1A). The mean annual
temperature at the site is 1.5 °C and snow covers the area from November to May. The prevailing
wind direction trends from northeast to southwest flowing up the valley. The ore deposit is located
along the Internal Brianconnais Fault (IBF), which allows thrusting of the Internal Briangonnais
on the External Brianconnais. The External Brianconnais is essentially composed of Carboniferous
schists that extend over a few kilometres downstream from the mine site, overlying the Variscan
basement. In the study area, the Internal Brianconnais is composed of various Variscan crystalline
rocks (metagabbros, metabasites, micaschists and gneisses) and Permian micaschists. Some marbles

of unknown age are also present in the area.

The Pb-Ag deposit of Peisey-Nancroix is hosted in Permian schists and Triassic quartzites of the
External Briangonnais unit, which are trapped within the Internal Brianconnais Fault. The IBF is
evidenced by the presence of Triassic dolomites that were brecciated and partly dissolved during
alpine thrusting, called cargneules. The ore consists mainly of galena (PbS) and pyrite (FeS) that
are disseminated or concentrated in veinlets. Silver is hosted in As-rich tetrahedrite
(|Cu,Fe]12SbaS13) that occurs as small inclusions within galena. Bertauts et al. (2022) provide a
thorough description of the ore mineralogy. Galena and Ag-As-rich tetrahedrite were mined
industrially between 1734 and 1866 to produce 22000 t Pb and 52 t Ag (Meloux, 1975). The ore
was smelted on site for 90 years (1745-1824, Barbier, 1875). The ore processing and metallurgical

facilities were built on the edge of an alluvial cone that contains Variscan basement rocks and
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cargneules. A cargneule scree is intercalated in the alluvial cone on the western side of the mine

site (Figure 3.1B).
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Figure 3.1 : A) Location map of Peisey-Nancroix in the northern French Alps; B) Geological map of the Peisey-
Nancroix Pb-Ag mine and its surroundings; C) Organisation of the old mine site, and infrastructures still present
today divided between the ore-processing site (O.P.) to the north and the ore-smelting (O.S.) site to the southeast,
where waste rock heaps and slag heaps are located.
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At the beginning of the exploitation, the ore was crushed, ground, and washed near the
metallurgical and ore smelting site (O.S. site), immediately next to the mine entrance and the Arc
stream (Figure 3.1C). Soon, ore processing was moved further north to the ore-processing site
(O.P. site) to take advantage of greater hydraulic power. A dewatering gallery allowed groundwater
evacuation, aeration and ore transport directly to the O.P. site (Barbier, 1875). The crushed ore
was then transported from the ore-processing site to the ore-smelting site by a pathway that is still
visible on the site. Close to the O.S. site, thousands of tons of abandoned waste rocks and smelting

residues (slags) were stored and are still visible (Figure 3.1C).

3.3 Material and methods

3.3.1 Contamination source materials

Slags (n = 3) and waste rocks (n = 3) were sampled randomly on the heaps. Polished thin sections
were made to perform scanning electron microscopy (SEM) observations to identify Pb-bearing
phases. Each sample was analysed for major and trace elements by inductively coupled plasma-
optical-emission-spectrometry (ICP-OES) and inductively coupled plasma-mass-spectrometry
(ICP-MS), respectively, at the Service d’Analyse des Roches et des Minéraux (France, Carignan et
al., 2001).

3.3.2 Soil sampling

With the help of a manual auger, 117 topsoils (0-20 cm) were sampled on a 40x40 metre grid from
the O.S site to the O.P site (Figure 3.2B) to characterise the spatial distribution of the
contamination. These soil samples were air-dried for several days, gently crushed and sieved to 2
mm. The coarse fraction (> 2 mm) was observed under a binocular microscope to study the
translocation of ore (e.g., galena) and slag particles. The fine fraction (< 2 mm) was kept for further
analysis as Pb-bearing phases tend to concentrate in the fine fraction. In addition, a distant topsoil

from waste heaps was sampled 2 km upstream on the same alluvial cone (yellow pentagon on

Figure 3.1B).

3.3.3 Physical and chemical characterisation of soils

Soil properties play an important role in the mobility of Pb. Soil organic matter (SOM) and

carbonate contents were assessed by loss-on-ignition (LOI) using a furnace for the whole soil
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dataset (n = 117). Weight loss after a 550 °C-first and 950 °C-second heating step corresponds to
the SOM and carbonate (%) fractions, respectively (Heiri et al., 2001). Detailed analyses were
performed on 27 soil samples at the French national reference soil laboratory INRAE, France)
including particle size distribution (5 fractions), pH (ISO 10390), cation exchange capacity (CEC),
and exchangeable cation content (ISO 23470, cobaltihexamine method). The SOMsseec and
Carbonatesosoc fractions were compared to the measured equivalent CaCOjs total content (CaCOsr,
ISO 10693, volumetric method), the C total content (Cr, ISO 10694, dry combustion), and the N
total content (N, ISO 13878). The total organic carbon (TOC) and organic matter (OM) contents

were calculated as follows :
(1) TOC = Cp- (CaC0s, * 0.12)
(2) OM = TOC * 1.73

The calculation of an equivalent CaCOsr content by the volumetric method may be improper when
dolomite is predominant (Vuong et al., 2016). However, a comparison of the LOI and dry
combustion methods showed a good linear trend between Carbonatesososc and CaCOsr (R*= 0.83)
and between SOMsssc and OM (R*= 0.95) assessments (Supplementary Matetial Table S1). The
Carbonatesososc and SOMsseec content from the LOI measurements were then used in the following

results as a good estimator for the whole soil dataset.

3.3.4 Quantitative analysis of soils by WDS-XRF

The total Pb content of the soils was assessed by measuring the chemical content with a Brucker
S8 Tiger wavelength dispersive X-ray fluorescence spectrometer (WDS-XRF) equipped with a Rh
anode X-ray tube (1 kW, 50 kV, and 170 mA). A mass of 7 g of the fine fraction of soil (< 2 mm)
was crushed and pressed with 10 % Licowax C powder into 34-mm diameter pellets with a manual
press (at 15 kN.m?). Aliquot duplicates of 12 soil samples were prepared and added to the sample
list (Table S2). A certified standard was introduced at regular interval in the unknown samples list.
The WDS-XRF calibration method included 12 standard samples, with 8 certified standards and 4
internal standards for very high Pb content (Pb content > 1000 mg.kg', Table S3). The soil samples
were analysed under vacuum conditions. The acquisition time of each spectrum was approximately
30 min for 23 elements. Hereafter, major elements (Na,O, MgO, ALOs, SiO,, P,Os, K,O, CaO,

TiO2, MnO, and Fe;O;) are given in weighted percentages (wt. %), and minor and trace elements
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(V, Cr, Co, Ni, Cu, Zn, As, Br, Rb, Zr, Ba, Pb, and Sb) in mg.kg". Details of the method are
available in Table S4.

The Pb Enrichment factor (EFp,) and Pb geoaccumulation index (Igeops) helping to discriminate
anthropogenic from natural geogenic contamination were calculated (Chester and Stoner, 1973;
Reimann and de Caritat, 2005). The EFp, was calculated considering Ti as an immobile element

with a content range close to Pb in contaminated soil (Thiombane et al., 2019):

7i)
Ti)x

(70
Ti/pkg

where M, and Ti, are the concentrations of the element and Ti in the soil sample, while My, and

~

(3) EF =

Tl are their concentrations in the reference soil sample chosen as the local pedo-geochemical
background. The enrichment factor was classified into 7 classes (Table S5). A common approach
to estimate metal enrichment above background is to calculate the geoaccumulation index (Igeo)

as proposed by Miiller (1979). This index is calculated as follows:

4) 1geo = log2((My)/(1.5 * Mpyg))

where M; is the concentration of the element in enriched samples, and My, is the background or
pristine concentration of the element considered. The Factor 1.5 is introduced to minimise the
effect of possible variations in the background values which may be attributed to lithological
variations (Stoffers et al., 1986). Miller (1979) proposed 7 descriptive classes to assess the degree

of metal pollution for increasing Igeo values (Table S5).

3.3.5 Mineralogical characterisation

Quantitative analysis of minerals from 10 soil samples (< 2 mm) was performed in the X-ray
Diffractometry Laboratory of the Institut des Sciences de la Terre of Grenoble (ISTerre, France).
X-Ray Diffraction (XRD) patterns were collected with a Bruker D5000 X-ray diffractometer
equipped with a Sol-XE Si (Li) detector operated at 40kV and 40 mA (Baltic Scientific
Instruments). The Rietveld refinements of diffractograms obtained from disoriented powders of
the bulk samples, were carried out with Profex software (Doebelin and Kleeberg, 2015). The clay
fraction analysis was used to refine the phyllosilicate description, and the diffractograms obtained

were fit with Sybilla software (Aplin et al., 2000).
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The Pb-bearing phases were identified for 19 soils using scanning electron microscopy (SEM)
imaging and semiquantitative analyses at the ISTerre laboratory on an epoxy mounting pad and
with free coated powders, with a Vega3 Tescan equipped with a 30 mm* X-Ray SDD detector
(EDX). Detailed observations were carried out on a smaller scale (hundreds of nanometres to
micrometres) using a SEM-field emission gun (FEG), JEOL IT500HR equipped with an energy
dispersive X-ray spectrometer (EDX) at the Consortium des Moyens Technologiques Communs

(CMTC Grenoble, France).

3.3.6 Single extraction tests

Single extraction tests are one of the few tools available to determine PTE mobilisation in soils
related to metal speciation (Rao et al., 2008). Despite their inherent limitation, they permit us to
generally evaluate the potential mobility (long-term) and the mobile fraction of Pb in soils (Gupta
et al., 1996; Quevauviller, 1998). Such tests were carried out on 21 samples selected according to
their Pb content and soil properties. Three different extractants with increasing extraction power
were used: distilled water, humic acid solution and an ethylene-diamine-tetra-acetic acid (EDTA)
solution. Humic acids are used to mimic both degraded polymerized organic matter in soils (to
which humic acids belong) and dissolved soil organic matter of soil, which are known to have a

high density of reactivity sites similar to that of as humic acids (Causse et al., 2013).

A 2 g mass of soil (< 2 mm) mixed with 20 ml of extractant solution (solid : liquid ratio of 10) was
agitated on a vibrating plate for 48 hours. Humic acid extraction was performed with a 0.1 g.I"!
humic acid solution (Agros organic 50-60 %) and EDTA extraction was performed with a
10 mmol.I" EDTA, 1 M Na-acetate solution yielding a buffering pH of 7 (AFNOR X31-120).
Each extraction was duplicated. Extracts were filtered at 0.45 um and stabilised with 2 % HNO;
before analysis by ICP-AES (Varian 720ES Atomic Emission Spectrometer, IGE, France). ICP-

AES emission at 220,353 nm was used for determination of Pb.

The limit of detection was 0.02 mg.L." (L.O.D. = mean of blanks + 30) and the limit of
quantification was 0.04 mg.L." (L..O.Q. mean of blanks + 100). The mean of the Pb-extracted values
for duplicates was calculated for each sample and used in the results. If a duplicate was below the
L.O.Q, half of the L.O.D. was assigned to the sample. Samples were compared based on the
percentage of Pb extracted (per extractant) as a function of the total Pb content, calculated for each

sample:
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(5) Part of extracted Pb (%) = (extracted Pb)/(total Pb content) = 100

3.3.7 Analytical data treatment

Data analysis was carried out in R (open-source software, http://cran.r-project.org). Despite the

constant sum problem of the compositional data of soil, basic statistics (minimum, percentiles,
maximum, etc.) were calculated for an easier comparison with guidelines. Clr-transformation was
then applied to the geochemical (major, traces and SOM content) dataset to perform statistical
analysis of compositional data. Hierarchical classification following a principal component analysis
(package FactomineR, L.¢ et al., 2008) was performed to distinguish the different soil types in the
study area. All data (geochemistry, mineralogy, extraction tests, etc.) were reported on a GIS

(ArcGiS) to develop a source-to-sink spatial analysis.

3.4 Results

3.4.1 Slags and waste rocks compositions

Table 3-1 provides geochemical compositions of some waste rocks and slags. The analysed waste
rocks contain up to 7.1 wt. % for Pb, 125 mg.kg™ for Zn and 137 mg.kg"' for Sb. The PTE contents
of slags were higher than those of the waste rocks: up to 10.8 wt. % Pb, 5276 mg.kg"' Zn and
1638 mg.kg"' Sb. The Pb-bearing phases observed in the waste rocks are those found in the ore
(Bertauts et al., 2022): galena is largely dominant, and bournonite is locally observed. Because of
weathering of the wastes, galena may slightly be altered into cerussite. In slags, three different Pb-
bearing phases embedded in a Si-Fe-Ca-Ba-Al-rich silicate matrix were evidenced by SEM
observations: (i) Pb-oxides, with different advancement in weathering processes, which had an
ovoid shape of one to several hundred micrometres with a porous rim (Figure 3.2B and Figure
3.2C); (it) millimetric Fe-sulphide containing lead (Figure 3.2C); and (iii) prills that were micrometric
to tens of micrometres (Figure 3.2E). Trace amounts of Pb were also found in the vitreous silicate-

rich matrix (Figure 3.2B).

63



CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

Table 3-1: Major and trace element contents of waste rocks and slags

Unit Waste Rock 1 Waste Rock 2 Waste Rock 3 Slag1 Slag2 Slag 3

SiO, 81.10 84.13 83.02 3872 4255  40.46
ALO; 5.74 0.54 5.86 534 619 622
Fe,O; 111 1.10 1.04 1890 20.60 21.13
MnO 0.08 0.07 0.08 115 129 0.0
MgO 0.97 0.55 0.98 222 237 257
CaO  wt. % 1.42 1.53 1.39 843 893 8.3
Na,O 0.08 0.06 0.08 0.84 101 092
K20 1.94 0.17 1.97 171 189 191
TiO, 0.06 <LD. 0.06 031 035 045
P,Os <LD. 0.20 <LD. 039 040 0.53
CO, 3.73 3.77 2.53 064 067 117
As 31 18 37 31 22 22
cd 3 3 6 02 01 09
Cu 71 2018 87 239 335 143
N—— 12 46 5 21 24 <LD.
Pb 29846 71384 18621 108418 75516 22694
Sb 128 112 137 1638 931 452
Zn 125 111 114 3790 3730 5276

Waste rock 1 : PN17-R-07; Waste rock 2 : PN21-R-05; and Waste rock 3 : PN17-R-07.
Slag 1 :PN21-SCO-01; Slag 2: PN21-SCO-03; and Slag 3 : PN17-R-14.
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Figure 3.2: Reflected light (A) and SEM images (B-K) of primary and secondary Pb-bearing phases identified in the
ore (A), slags (B-C) and soils (D-K). In Pb-bearing primary contamination phases: A) galena (Gn.)-, pyrite (Py.), and
tetrahedrite (T'tr.) from the ore; B) rounded-shaped PbO with empty holes in the centre observed in slags; C) Fe-
sulfides mixed with PbO phases in slags. In weathered Pb-bearing primary contamination phases in soils: D) galena
particles altered into cerussite (cerussite I); E) weathered slag particles with micrometric to tens of micrometres-sized
Pb prills in a Pb-enriched silicate matrix. In secondary reprecipitated Pb-bearing phases in soils: F) cerussite particles
with relict galena (cerussite I); G) reprecipitated cerussite (cerussite 11); H) rounded nanometric aggregate of Pb-
bearing Mn (hydr-)oxides; I) aggregate of Pb-bearing Mn (hydr-)oxides; J) pyromorphite; K) rounded aggregates of
pyromorphite.
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3.4.2 Soil properties

3.4.2.1 Majors elements, carbonates, and soil organic matter content

Based on a principal component analysis (PCA), hierarchical clustering (Figure S1) on principle
components was performed on clr-transformed major element (Na,O, MgO, Al,O3, SiOz, P2Os,
K,O, CaO, TiO,, MnO, and Fe,Os) and soil organic matter (SOMssoec) content datasets (Figure
3.3A). Pb was added as an additional illustrative variable to explain the variability. The PCA allowed
the identification of 3 clusters: highly Pb-contaminated cambisols (Cluster 1), carbonate-rich less-
contaminated cambisols (Cluster 2) and carbonate-poor less-contaminated cambisols (Cluster 3).
Basic statistics (minimum, 10", 25", 50%, 75", 90", IQR, and maximum) for the 3 groups of soils
are presented in Table 3-2. This classification reflects the local geology of the study site, leading to
contrasting soil bedrocks (Figure 3.3B). Carbonate-poor soils (CPS, cluster 3) were developed on
the Nant-Fesson alluvial cone (dark grey in Figure 3.1B) and present a high SiO» content (min.-
max.: 42-70 wt. %; median: 53 wt. %) and a low CaO content (min.-max.: 0.3-12 wt. %; median:
2 wt. %). Carbonate-rich soils (CRS, cluster 2) were developed on top of cargneule screes and led
to a higher CaO content (min.-max.: 11-26 wt. %; median: 17 wt. %). Highly contaminated soils
(HCS, cluster 1) were located at the O.P. site (Samples O1 and Q1), the O.S. site (e.g., Samples D1
and B1), along the former ore transport paths (Sample F3), and a potential waste material storage
area (Sample H7; Figure 3.3B). Among these samples, sample D1, which was collected on a poorly
vegetated slag heap, can be considered as a technosol essentially made of slags. Most of these HCS
are chemically close to CRS. Hence, the hayfields exploited downwards from the waste heaps are
divided into two chemically different soils: CRS to the west and CPS to the east of the site (Figure
3.3B).
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Irrespective of the type of land-use (hayfields or forest cover), the soil organic matter (SOMssoec)
content in the CRS (min.-max.: 4-55 wt. %; median : 17 wt. %, Table 3-2 and Table S1) was twice
as high as that in the CPS (min.-max.: 1-19 wt. %; median: 9 wt. %). Detailed analyses were
performed on selected soil samples (n = 27, Table S6). A slightly higher pH was observed for the
CRS (pH = 7.7) compared to the CPS (pH = 7.0), due to a higher CaCOsr content. The particle
size distribution was similar for all soil samples. The clay fraction represented a minor fraction for

all types of soils, with a content ranging from 5 to 16 %. The content of exchangeable cations was

dominated by Ca and Mg (Ca = 11.3-32.7 cmol" kg, Mg = 0.6-6.7 cmol " kg™).

3.4.2.2 Mineralogy of soils

According to XRD measurements carried out on the fine fraction (n = 10), the CRS was dominated
by dolomite while the CPS was dominated by quartz, plagioclase, and clay minerals such as K-
micas and expanding phyllosilicates (Table S7 and Figure S2). The only oxide identified was
haematite, and its proportion contributed to less than 0.5 % to the total mineral content. With the
exception of Sample P2, which was located on the right bank of the Nant Fesson stream, all
samples were abundant in amorphous phases ranging from 2% to 30 % in the soils. This

amorphous material most likely corresponds to slag fragments, organic matter, or coal.

3.4.3 Pb contamination of soils

3.4.3.1 Definition of the local pedo-geochemical soil backgronnd

To define a reference of Pb in soil, several options were considered: i) an external reference
(continental crust content), ii) the average Pb content of the rocks in the watershed (excluding
mineralized rocks), iif) a deep-horizon soil (45-60 cm) sampled the farthest away from the O.S. site,
near the Ponturin River (sampled between Samples K5 and L6; Figure 3.3B), and iv) a distant soil
(0-20 cm) located 2 km upwards on the same alluvial cone, which was sampled near the active
torrent in order to have the youngest possible soil to avoid the presence of airborne Pb emitted
during smelting. The two soils (deep-horizon soil and distant soil) had a Pb content one order of
magnitude larger than that of the middle continental crust and the local lithologies (Table 3-3). The
distant soil from the alluvial cone was selected as a reference, considering (i) that the comparison
of rocks and soils may not be relevant, and (ii) that a deep-horizon soil near the mine site could be

naturally contaminated by the presence of the ore deposit.
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Table 3-2: Basic statistics of the 3 groups of soil based on PCA and hierarchical clustering (highlyly Pb-contaminated
soil : highlyly Pb-cont.; carbonates-rich soil : carb.rich ; and carbonate-poor soil : carb. poor).

Component Unit Min. Q10 Q25 Q50 (mediane) Q75
All highly carb.  carb. All highly carb.  carb. All highly carb.  carb. All highly carb.  carb. All highly carb.  carb.
data  Pb-cont.!  richl  poorl data  Pb-cont.  rich  poor data  Pb-cont.  rich  poor data  Pb-cont.  rich  poor data  Pb-cont.  rich  poor
Na,O 0,50 0.56 0,50 0,99 0,64 0,65 0,54 1,44 0,95 0,71 0,59 1,56 1,51 0,99 0,67 171 1,75 1,32 0,86 1,95
MgO 1,17 1,17 5,86 1,29 1,84 1,58 7,26 2,17 2,93 1,96 7,68 3,03 3,58 2,55 9,04 3,50 4,22 3,56 10,15 3,70
ALO;y 3,64 3,64 422 12,08 7,60 7,10 4,92 13,88 11,14 8,19 6,23 14,73 14,46 12,15 8,00 15,53 15,63 13,47 9,76 15,98
Si0, 16,89 2443 16,89 41,77 28,15 2895 19,05 48,65 36,91 32,05 21,14 5114 5024 43,19 26,59 5291 5348 46,72 31,34 5572
P,05 0,06 0,12 0,06 0,10 0,13 0,15 0,13 0,12 0,15 0,16 0,16 0,14 0,19 0,22 0,21 0,18 0,24 0,28 0,27 0,22
K,0 wt. %) 0,72 0,72 0,90 2,27 1,44 1,16 1,00 2,44 2,07 1,69 1,26 2,55 2,53 2,09 1,56 2,83 2,98 249 191 3,09
Ca0 033 0.80 10,90 0,33 0.83 1,33 12,10 0,79 1,29 2,06 1294 0.89 2,42 324 17,26 1,68 7,29 5.76 1946 248
TiO, 0,17 023 0,17 041 035 0,28 0,26 0,62 0,50 0,39 031 0,70 0,68 0,56 0,39 0,76 0,78 0,62 0,50 0,80
MnO 0,02 0,07 0,02 0,06 0,06 0,08 0,03 0,07 0,08 0,11 0,03 0,09 0,10 0,12 0,05 0,10 0,11 0,16 0,07 0,11
Fe,03 2,29 329 2,29 3,22 429 3,93 420 4,94 554 4,63 4,69 6,19 6,25 5.55 5.87 6,40 6,78 6,22 6,88 6,82
S.0.M. (Lo1, %) 1,10 9,50 4,20 1,10 5 14,06 12,15 4,08 79 152 13,7 6,42 11,00 18,60 16,70 9,20 15,5 283 24,9 10,67
carb. " 0,50 0,50 5,40 1,30 1,70 1,66 15,05 1,60 1,90 2,30 16,82 1,80 2,60 3,20 22,30 2,20 7,10 6,85 24,18 3,08
Cu 9 26 9 17 22 42 12 23 27 46 19 27 36 83 25 35 47 99 31 40
Zn 35 91 35 71 82 102 56 90 98 178 68 99 116 256 95 114 160 307 127 125
Pb (mgkg-1) 5 1560 141 5 41 3070 488 17 355 5942 752 130 1173 12249 1272 467 4236 18211 3463 1428
Sb 2 4 2 0 2 16 2 2 3 27 2 3 6 67 2 5 20 128 7 10
Component Unit Q90 Maximum IQR Skewness Kurtosis
All highly ~ carb.  carb. Al highly ~ cab.  carb. Al highly ~ cab.  carb. Al highly ~ cab.  carb. Al highly ~ cab.  carb.
data Pb-cont.  rich  poor daa  Pb-cont.  rich  poor daa  Pb-cont.  rich  poor daa  Pb-cont.  rich  poor daa  Pb-comt.  rich  poor
Nax0 210 138 094 232 257 149 108 257 0.80 061 027 039 -0.02 -0.01 050 053 0.8 62 -LI2 016
MgO 8,75 4,53 10,75 4,02 12,52 5,56 12,52 497 1,29 1,60 247 0,66 1,56 0,74 0,07  -076 1,65 -0,33 -0,79 076
AbO3 16,29 14,40 10,32 16,52 19,00 15,55 11,75 19,00 4,49 528 3,53 1,25 -0,99 -0,51 -0,05  -0,39 -0,15 -0,87 -1,36 1,09
S0 56.87 4775 3263 5785 7040 5243 3608 7040 16.57 1467 1020 458 0,71 036 003 086 040 S138 <139 218
P,0s 0,28 0,35 0,31 0,24 0,56 0,56 0,36 029 0,09 0,12 0,10 0,07 1,52 141 -0,08 021 4,74 1,92 -0.87 0,95
KO (Wt %) 318 301 205 322 444 367 226 444 091 079 065 054 025 006 003 141 0.13 -0.36 138 2,69
Ca0 1573 1002 2334 449 2575 1540 2575 1156 6,00 370 652 159 152 141 041 230 127 L14 095 511
TiO> 0,81 0,70 0,51 0,86 0,99 0,75 0,61 0,99 028 0,23 0,18 0,10 0,58 0,32 -0,08  -0,61 0,58 -1,22 1,02 1,17
MnO 014 021 009 012 037 037 009 017 003 006 004 002 240 171 019 039 10.87 298 142152
Fex05 732 708 713 730 8.15 795 767 815 124 159 218 063 0.76 017 050 -LI8 026 074 047 181
S.0.M. woL %) 26,88 41,04 296 1342 553 49,5 553 19,1 7.6 13,1 1120 425 1,88 1,02 1,49 0,26 392 -0,31 2,29 0,09
carb. o 20,30 12,30 2622 427 31,50 12,70 31,50 10,90 5.20 4,55 735 1,28 1,69 1,02 -0,64 246 1,62 -0,46 .28 577
Cu 84 131 45 50 551 551 55 64 20 53 12 13 7,14 373 054 065 6223 1467 -049 020
Zn 262 411 163 148 1202 1202 184 236 63 130 59 26 537 295 045 156 3885 1002 <103 429
Pb (mgkg-1) 13157 34915 6041 2114 37609 37609 6449 5781 3882 12269 2710 1298 2,78 0,88 0,94 2,08 779 -0,41 -079 392
Sb 75 155 16 23 407 407 17 52 17 102 7 6 4,08 1,97 1,05 224 22,29 Sl -0.68 485
1 highly soil (n=27); carbonates-rich soil (n=20); carbonates-poor soil (n=70)

3.4.3.2 Total Pb content of soils

Geochemical maps based on PTE content allow the identification of “hot spots” of contamination
(Rao et al. 2008). Among the PTE analysed (Table 3-2), Pb had the highest values above the
guidelines and references (Table 3-3). The Pb content vatied from < 10 mg.kg' to 3.8 wt. %
(median: 1173 mg.kg"). The high contents of Cu, Zn and Sb wete very localised to the O.S. and
O.P. sites. Therefore, the following study focuses on the Pb distribution. The highest Pb content

was measured in the soils from the O.S. site and along the edge of the forest and hayfield (Figure

3.4A). Downwards from the hayfield slope, the Pb content decreased down to the local pedo-

geochemical background (blue points in Figure 3.4A). The spatial distribution of Pb content in

soils indicated a clear gradient of anthropogenic contamination from the mine site downwards.

Major element and other trace element contents are available in Supplementary Material Table S8.
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Table 3-3: PTE content of site reference soils and rocks and guidelines.

; ; Bl
PTE Site reference (in mg.kg™) Guidelines (in mg.kg )
Dlstar‘lt1 Deep—hprlzon Average watershed Continental CCME4 EUS
topsoil soil! rocks? crust?
Pb 87 123 17 17 70/140 300
Sb 2 5 2 0.4 20 -
Cu 15 34 17 28 63 140
Zn 126 77 94 67 250 300

'n = 2; one soil sampled 2 km upstream of the mining site and one deep horizon soil from the mining site
2n = 34 rocks

3 Rudnick & Gao 2003

4+ CCME (Canadian Council of Ministres of the Environment) 2007

5> EC Ditective 86/278/EEC (Agricultural and after sewage sludge application)

3.4.3.3 Enrichment factor & geoaccumulation index

In comparison to the reference soil content, extreme enrichment (EFp, >> 50 and up to 250) and
extreme contamination were observed near the O.S. and O.P. sites, and between the two sites along
transport paths (Figure 3.4B). There was a rapid decrease in EFp, and Igeop, down to a minor to
moderate enrichment and contamination, respectively (EF <5 and Igeo < 2; Figure 3.4B & C).
No enrichment and contamination were observed in the samples on the right bank of the Nant

Fesson and in the samples the closest to the Ponturin River.
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Figure 3.4: A) Spatial distribution of the total Pb content in soils indicating that Pb content dectreases down to the
local pedo-geochemical background (blue points); B) the Pb enrichment factor and; C) the Pb geoaccumulation
index. Represented in A: waste rock heap (light grey), slag heap (dark grey), former mine and metallurgical buildings
(black), underground dewatering gallery (wide dotted line) and footpath (small dotted line).

3.4.3.4 Pb association with major elements

Overall, the Pb content of the soil had a medium correlation with MnO (> = 0.58, p < 0.001; Table
3-4) and P,Os (r* =0.57, p < 0.001). In detail, carbonate-rich soils (CRS) had a significantly higher
correlation between Pb and MnO than highly contaminated and carbonate-poor soils (HCS and
CPS, respectively). Nevertheless, the HCS and the CRS had a higher average correlation between
Pb and P,Os than CPS. These correlations suggest that Pb in the CRS was mainly associated with
Mn first and P then, whereas it was mostly associated with P in the HCS. In CPS, no strong
correlation between Pb and any major element was observed. The distribution of Pb correlated
well with the distribution of Sb (r* = 0.79, p < 0.001), especially for CRS and CPS, and with SOM
(r* = 0.43, p < 0.001).

Table 3-4: Spearman correlations between the Pb total content and major elements and constituents of soil.

MnO PzOs Sb CarbOl’latCS()soD SOM5500
Group of All Pe'r All Pe.r All Pe.r All Pe'r All Pe'r
" ol soil ol soil ol soil soil ol soil
soil type samples type samples type samples type samples  type samples type
CPS 0.37 0.27 0.93 -0.03 0.33
Pb CRS 0.58 0.82 0.57 0.67 0.79 0.91 -0.08 -0.7 0.43 0.22
HCS 0.44 0.68 0.61 -0.13 -0.07

Statistically significant correlation at probability levels: p<0.05, p<0.01, and p<0.001
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3.4.4 Pb-bearing phases in soils

The mineralogical nature of the Pb-bearing phases was investigated by (i) observation of the coarse
fraction using a binocular microscope (> 2 mm, n = 117) to qualify the presence of slag or ore
mineral particles (e.g., galena) and (i) detailed observations on 19 fine fraction samples (free

powder or pressed pellets) using SEM.
Coarse fraction (> 2 mm)

Qualitative binocular observations on the coarse fraction (small circles in Figure 3.5A) showed the
presence of slag particles in the soils in the vicinity of the O.S. site and along the ore transport
pathways. This observation was confirmed by the presence of slag particles in the fine fraction
(large circles in Figure 3.5A). Fewer slag particles were observed downwards in the coarse fraction,

suggesting a lower proportion or the absence of them in the fine fraction.
Fine fraction (< 2 mm)

SEM observations allowed the identification of many phases that were not identified by XRD
because they were not abundant enough (< 0.1 %). The Pb-bearing phases observed by SEM and
their spatial distribution in the fine fraction of soils are shown in Figure 3.2 and Figure 3.5,
respectively. Typical EDS spectra are presented in Figure S3 in the supplementary material.
Galena particles were observed only in the soils sampled in the vicinity of the waste heaps or along
the former transport path between the O.S. and O.P. sites (Figure 3.5A). They most likely fell from
the heaps by gravity or due to human transport from the O.P. site to the O.S. site for smelting.
SEM observations indicated a widespread distribution of Pb-rich slags and a restricted dispersion
of galena (Figure 3.5A), in agreement with qualitative observations on the coarse fraction. This
result indicates that slag particles were the first primary contamination sources of PTE in soils.
Most of the galena particles in the soils have been weathered to a secondary reprecipitated mineral
(Figure 3.2D). The pseudomorphosis of galena to cerussite, called cerussite I, is recognisable by its
tens of micrometres size and its preserved shape of vuggy-faced galena (Figure 3.2D & F). Cerussite
I was observed in the most Pb-contaminated soils. The vuggy aspect of these large cerussite
particles was evidenced by ongoing alteration and dissolution of Pb, which may be partly
transported in solution. Cerussite has also been observed in less contaminated samples (Figure
3.5B). This cerussite 1I was not well crystallised and had a smaller-size and a filamentous structure,
suggesting a leaching-reprecipitation mechanism (Figure 3.2G). Cerussite was the only Pb-bearing

mineral identified by XRD (< 0.1 %)j; it was only identified in three samples located at the O.S. site
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or along the ore transport pathway between the O.S. and O.P. sites (Table S7). Slag fragments were

also often associated with cerussite at their edges.

Figure 3.5: Spatial distribution of the Pb-bearing phases based on mineralogical observations: A-primaty
contamination phases (slags and ore particles) observed in soils based on binocular (> 2 mm, n = 117)) and SEM
(<2 mm, n = 19) observations. B- the Pb-bearing secondary phases observed in soils, based on SEM (< 2 mm)
observations only (n = 19).

In addition to cerussite II, Ca-rich pyromorphite (Pbs(PO,)s(Cl, OH, F)) was observed at the O.S.
site or along the former transport path (Figure 3.5B), either as tens of micrometres-sized fibrous
shapes or as micrometric rounded grains (Figure 3.2] & K).

The most ubiquitous Pb-bearing phases were the Pb-bearing Mn (hydr-)oxides (Figure 3.5B). Pb
can either be adsorbed at the surface of the Mn (hydr-)oxides or included in the crystal lattice to
form Pb-Mn (hydr-)oxides through Pb**<>Mn’* substitution. SEM spectra and semiquantitative
analysis (Figure S3) indicated that the Pb stoichiometric part in the total phases is commonly several
tens of percents. Such high Pb content suggest the occurrence of Pb**¢>Mn’" substitution rather

than Pb-adsorption. A significant consistent C peak was associated with Pb-bearing Mn
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(hyds- )oxides in EDX analyses, suggesting an association of these (hydr-)oxides with carbonates
and/or organic matter. Downwards from the slope, mineralogical observations tended to indicate
a higher occurrence of rounded micrometric to tens of micrometres-sized aggregates of Pb-bearing
Mn (hydr-)oxides (Figure 3.2H & I) at the expense of Pb-bearing slags and galena particles. A
minor proportion of Pb-bearing Fe-Mn (hydr-)oxides and Fe (hydr-)oxides with traces of Pb were
also observed. Such Fe-rich phases likely derived from the alteration of pyrite.

Due to SEM-EDX detection limits and the very small amount of Pb adsorbed, it was very difficult
to identify sorbed phases using SEM. However, Pb associated with clays and organic matter could
occasionally be identified (Figure 3.5B), based on the presence of a fairly small Pb peak observed
in the SEM-EDX spectra (Figure S3). Because of its very low content, Pb is likely adsorbed on

these phases.

3.4.5 Pb single extraction tests

The amount of Pb extracted by distilled water, humic acid and EDTA versus the total Pb content
of the soil measured by WDS-XRF is shown in Figure 6. The total Pb content of soils and Pb-
extracted by water, humic acid and EDTA showed a good linear trend (respectively r* = 0.93,
> = 0.75, and r* = 0.91, respectively). The higher the total Pb content of the soil was, the higher
the amount of Pb extracted. Samples with a low Pb content extracted less Pb than highly
contaminated samples in proportion to the total Pb content. This was visually observable because
the three overall slopes established by the amount of Pb extracted from water, humic acid, and
EDTA were steeper than the slope established by the total Pb content (Figure 3.6). Therefore, the
percentage of extracted Pb relative to the total Pb content (see Equation 5) is presented in Figure
7 to spatially visualise the distribution of extracted Pb fraction. Water-extracted Pb quantities from

5 samples and humic acid-extracted Pb quantities from 3 samples were below the detection limit

(Table S9).
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Figure 3.6: Graph of the amount of extracted Pb (mg.kg) using 3 extractants (distilled water, humic acid, and

EDTA) as a function of the total soil Pb content (mg.kg!) on a logarithmic scale.

3.4.5.1 Water extraction

The measurable water-extracted Pb quantities varied from 0.1 to 42 mg Pb kg'. The highly
contaminated soil E3 had the highest extracted Pb content, followed by the highly contaminated
soils B2A and D3 (downhill slag heap), which also presented very high water soluble Pb contents
of 40 and 35 mg Pb kg, respectively. The water-extracted Pb represented 0.02 to 0.25 % of the

total Pb content of the soil samples (Figure 3.7).

3.4.5.2 Humic acid extraction

The measurable humic acid-extracted Pb quantities vatied from 0.1 to 197 mg Pb kg'. The highly
contaminated soil B2A had the highest Pb content of humic acid-extracted Pb. Humic acid-
extracted Pb quantities were 2 to 5 times higher than water-extracted Pb quantities (Figure 3.6). Pb
extracted by humic acid represented 0.02 to 1 % of the total Pb content of the soil samples (Figure

3.7).
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Figure 3.7: Spatial distribution of the fraction of extracted Pb (%) for each extractant: distilled water (in black circles),
humic acid (in white circles) and EDTA (in grey circles). The 3 extraction groups were distinguished according to the
amount of extracted Pb with distilled water and EDTA, the Pb contamination (EFpy,) and the proximity of the slag
heap (see text).
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3.4.5.3 EDTA extraction

EDTA-extracted Pb quantities were much higher, varying from 45 to 25 423 mg Pb kg'. They
were equivalent to the total Pb content of most of the highly contaminated samples (Figure 3.0),
with the exception of the most contaminated soil D3, which contains the most slag and coal
particles and therefore less accessible Pb. Pb extracted by EDTA represented 49 to 120 % of the
total Pb content of the soil samples (Table S9). EDTA extractant is known to often leach a higher
Pb content than the total Pb content (Sterckeman et al., 1996). These samples were fixed at 100 %

in Figure 3.7 (Samples G3, G5, L2 and O1).

3.4.5.4 Data comparison

The soil samples were divided into 3 groups according to the total Pb content, the amount of Pb
extracted by water and EDTA and the distance to the slag heaps (Table 3-5). The Group 1 samples
had no or low Pb contamination (blue circles in Figure 3.7). They were characterised by a
nonquantifiable water extraction of Pb and a low EDTA extraction of Pb (< 60 %). These samples
were disconnected from the waste heaps downslope (H11; K9; and G8) or upstream of the ore
transport pathway (K1). The Group 2 samples were moderately contaminated with Pb and
characterised by low water extraction of Pb and median EDTA extraction of Pb (yellow circle in
Figure 3.7). These samples were far away from mining and metallurgical wastes. The Group 3
samples were highly contaminated and characterised by high Pb water extraction and high Pb
EDTA extraction (red circle in Figure 3.7). These samples were close to or in the immediate vicinity

of mining and metallurgical wastes.

3.5 Discussion

Geochemical analyses provide evidence of extreme Pb contamination in the soils that is restricted
to the ancient mining and smelting site of Peisey-Nancroix. The most contaminated soils are
localised along anthropogenic features, close to the slag heaps and along the transport pathway and
dewatering gallery that connect the O.P. site to the O.S. site. Such a spatial distribution provides

evidence of the anthropogenic origin of the contamination there.
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3.5.1 Remobilisation and long-term mobility of Pb

3.5.1.1 Mobility of Pb

Water is considered to be a weak acid extractant that allows the determination of the water-soluble
metal fraction, considered the most mobile fraction (Rao et al., 2008). No water-extractable Pb
fraction was measured in the samples of extraction Group 1 (Figure 3.7), which corresponds to
control samples due to their disconnection from the sources of contamination (slag heaps and
transport pathways). Such a low Pb mobility suggests the absence of water-soluble phases, which
corroborates the presence of only Pb-bearing Mn and Fe (hydr-)oxides in these samples (Figure
3.5B). In contrast, the most contaminated soils in Group 3 samples had a high amount of
water-extracted Pb, which still represents a small proportion of the total Pb content (Figure 3.7).
Pb water-extracted quantities tended to decrease in soils downgradient and represented a smaller

extracted fraction of the total Pb content (Group 2 samples).

Table 3-5: Classification of samples in groups of Pb extraction variability

Distance Pb Potential
Slope from I Pb mobility orenta Samples
sources  Contamination mobilisation
EFp, Distlled 1, mic acid EDTA
water
Non
. Non quantifiable Low G8, H11, K1 (EFp, = 5),
Group 1 Offslope  Distal EF <4 quantifiable  to low (< 60 %) K9
(> 0.20 %)
Non
. quantifiable Low Median (60 B4 (EFp, = 2), K4, K5,
Group 2 Downslope  Distal 4 <EF <40 0 low (< 0.20 %) t0 80 %) M3, M5, P2
(<0.10 %)
. . . AA1,B2A,D3,E3,G3
. High High High , A T i
Group 3 Downslope Proximal EF > 40 (> 0.10 %) (> 0.20 %) (> 80 %) G5, H5, 13, 1.2, N4

(EFp, = 10), O1

The water-soluble fraction was generally defined as easily exchangeable Pb and bound to
carbonates and/or organic matter (Sahuquillo et al., 2003). Cetussite was the most abundant Pb-
bearing mineral in the highly contaminated samples, with slag particles (by relative proportion and
by preferential weathering phase of galena and PbO in slags, Figure 3.5). Cerussite is known to be
insoluble in pure water at neutral to alkaline pH (Keim and Markl, 2015). However, one can

consider the soil organic matter as a competitive ligand to cerussite conducting to Pb partial
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extraction in solution, under in-situ conditions. Water extraction tends also to leach the not easily
observable Pb adsorbed phases, which is suggested by the good correlation between TOC and
water Pb extracted (r = 0.63, p < 0.05, Table 3-6). The decrease in Pb mobility is associated with a

decrease in Pb contamination in the soils, reflecting a redistribution of the Pb-bearing phases.

Table 3-6: Spearman correlation coefficients between extracted Pb and soil properties (n = 20).

pH TOC CEC CaCOsr Mne Caec Pbiow

Pbiotal 0.12 079 0.7 049 012 062 1
Pbaistilwater -0.08 0.63 0.55 033 025 043 0.93
Pbhumaca  -0.10 0.61 050 026  0.20 0.38 0.92
Pbepra  0.08 0.74 0.64 045 0.11 0.53 0.98

ex. exchangeable cation
Statistically significant correlation at probability levels: p<0.05, p<0.01, and p<0.001

3.5.1.2 Potentially mobilisable Pb

EDTA is a strong complexing agent that acts as a metal extractant. It is often used to estimate the
potentially mobilisable pool of metals (Cappuyns, 2012) bound to soil organic matter (SOM) and
carbonate complexes. EDTA-extraction tests of Group 1 samples showed the smallest fraction of
Pb extracted by EDTA of all samples tested. Group 1 samples were uncontaminated or minimally
contaminated, with less than 100 mg.kg" Pb, which is insignificant in the long-term. In contrast,
the samples in Group 3 had an EDTA-extracted Pb content between 80 to 100 % of the total Pb
content. This result suggests that the Pb content of the Pb-bearing phases is mobilisable in the
long-term and represents a potential source of Pb in soil solution. However, the EDTA-extractable
Pb fraction decreased rapidly downgradient indicating a greater proportion of less mobilisable Pb-
bearing minerals downgradient (Group 2 Samples M5 and K5; Figure 3.7). Ostergren et al. (1999)
showed that EDTA successfully dissolved strongly bound surface Pb complexes and EDTA-
soluble phases as carbonates and pootly crystalline Fe (hydr-)oxides. There was an evolution of the
chemical form of Pb from waste heaps to downgradient: Pb water soluble forms (weakly bound)
disappeared for the benefit of a higher proportion of more stable phases (Pb-bearing Mn (hydr-
)oxides), leading to a less mobile Pb down the slope. However, EDTA extraction tests suggest that

an important pool of Pb, stocked in the most stable phases, could be mobilised in the long-term.

3.5.2 Pb dispersion processes in soils
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Two Pb dispersion processes were identified by combining mineralogical observations,
geochemical contents and leaching tests: particulate translocation of the Pb-bearing primary
contamination phases and Pb leaching of the primary contamination phases leading to

reprecipitated or adsorbed Pb.

3.5.2.1 Translocation of particles

The most contaminated soils provided evidence of the presence of significant amounts of galena
and slag particles, which are weathered in soils. A few dropped galena were identified in the fine
fraction of highly contaminated soils and in soils along former transport paths. No coarse (> 2 mm)
or fine (< 2 mm) galena particles were observed in soils down to the O.S. site. In contrast, slag
particles were more widespread in the coarse and fine fractions of soils. Nevertheless, qualitative
mineralogical observations indicated their scarcer proportion downwards in both the fine fraction

and coatse fractions.

The extensive dispersion of slags can be explained by the natural translocation of small slag
particles, by the reuse of slags for roasting the ore and the reuse of slags for construction (path,
roads, etc.). Particulate translocation of Pb-bearing slag fragments significantly contributed to the

Pb contamination in the soils due to their high Pb content (several wt. %).

3.5.2.2 Leaching processes
3.5.2.2.a. Leaching-reprecipitation processes

The dispersion and weathering of Pb-bearing galena particles or slag phases in soils represents a
source of Pb, which can be leached and reprecipitated. These primary Pb-bearing phases were
transformed into secondary Pb-bearing reprecipitated phases: cerussite, pyromorphite and Pb-
bearing Mn (hydr-)oxides.

Cerussite I was mainly observed in the most contaminated samples, located along the transport
path and the dewatering gallery, between the O.S and O.P. sites. Galena particles are directly altered
into cerussite (cerussite I) in carbonate-rich alkaline environments (Bao et al., 2021), which is
consistent with our observations. Cerussite I has a porous layer on its faces that accelerates galena
dissolution and releases Pb*" into the pore waters (Lara et al., 2011). The released Pb** is likely to

be reprecipitated further into cerussite II.

The restricted presence of Ca-rich pyromorphite in highly contaminated soils supports the

significant correlation between Pb and P in these soils (Table 3-4). Pyromorphite is commonly
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observed in Pb-contaminated soils (Cotter-Howells and Thornton, 1991). It is considered a long-
term host for Pb or a mature alteration product of Pb (Davis et al., 1993) and as the most insoluble
secondary form of Pb in soils under a wide range of environmental conditions (Nriagu, 1974;
Hettiarachchi et al., 2000; Morin et al., 2001). The substitution of Ca®>" for Pb*" accentuates the
insoluble character of pyromorphite (solid solution, Cotter-Howells et al., 1994). Therefore, the
Ca-rich pyromorphite observed at the site is considered to be highly insoluble (Figure S2). The
source of P must be very localised within the highly contaminated soils as no pyromorphite was
observed in the hayfields despite fertiliser application. The presence of monazite, xenotime and
apatite in the ore (Bertauts et al., 2022) may be the main source of phosphorus as well as the P-
enriched slags (Table 3-1). It can be assumed that pyromorphite crystallises as long as Pb is leached
out and P is available (Buatier et al., 2001).

Pb-bearing Mn (hydr-)oxides, based on mineralogical observations, were the most ubiquitous Pb-
bearing phases observed in soils and the dominant Pb-bearing phase observed downgradient.
Mineralogical observations tended to show a decrease in cerussite and pyromorphite downgradient
in favour of a greater proportion of Pb-bearing Mn (hydr-)oxides. It is widely known that Mn-
(hydr-)oxides and Fe-(hydr-)oxides have a high capacity to retain PTE in the environment and are
considered also as a mature alteration phase (Davis et al.,, 1993). The characteristics of the Pb-
bearing Mn (hydr-)oxides suggest leaching of the Pb-bearing slag or galena particles, solute

transport and reprecipitation.
3.5.2.2.b. Leaching-adsorption processes

Few Pb-adsorbed phases were observed knowing the limits of the SEM to identify such phases
with a low to a very low Pb content using backscattered electrons. The observed spatial distribution
of Pb-adsorbed on clays and organic matter (Figure 3.5B) is likely not representative of their real
distribution because of the high difficulty to identify these phases using SEM. Despite this
difficulty, these phases play an important role in the mobility of Pb, as they can represent up to

50 % of the Pb-bearing phases in mining and smelting areas(Brown et al., 1999).

3.5.3 The airborne portion of the Pb contamination

Pb-rich atmospheric fallout was most likely been deposited on site during smelting. However, no
Pb enrichment was evidenced among the farthest samples from the O.S. and O.P. sites (Figure
3.4A), suggesting that the part of airborne lead contamination was negligible. Considering that

smelter fumes can be transported over several kilometres to thousands of kilometres (Hong et al,,
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1994; Doucet and Carignan, 2001; Zdanowicz et al., 2006; Cloquet et al., 2006b, 2015), it is
necessary to obtain samples from a few kilometres downwind to characterise airborne Pb
contamination. Lake sediment cores were sampled in La Plagne Lake (7 km upstream of the mining
site) together with soils from its watershed in order to quantify the contamination contribution of
the atmospheric deposition to the total Pb contamination observed at the site in soils (Guillevic et

al. submitted).

3.6 Conclusion

This study shows the persistence of a 200 years Pb contamination in the vicinity of the Peisey-
Nancroix Pb-Ag mine (Savoy, France). Severe anthropogenic Pb contamination is localised in soils
around the former mining and smelting sites: it is restricted to anthropogenic features (slag heaps,
former transport path and dewatering gallery) and decreases rapidly, in a few hundreds of metres
in soils downwards. Slag particles are most likely the main source of Pb contamination, especially

particles dispersed by anthropogenic transport between the O.P and O.S sites.

Coupling mineralogical observations and extraction tests suggests a rearrangement of Pb-bearing
phases from labile to more stable phases downgradient. The highest contaminated soils account
for a higher proportion of water-soluble and less stable Pb-bearing phases, as Pb-carbonates and
Pb-adsorbed phases tend to decrease downgradient for the benefit of a higher proportion of Pb-
bearing Mn (hydr-)oxides which are more stable. A form of Pb stabilisation is set up by moving
away from the sources of contamination. This study contributes to a better understanding of the
long-term dispersion of Pb due to mining activities. Evaluation of the mining legacy in soils and its
memory effects should involve mineralogical characterisation in addition to leaching tests, in order
to assess the Pb mobility/stability. Such knowledge is necessary to establish mitigation strategies

that limit PTE migration in the different environmental compartments.
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Table S1. Comparison between carbonates and soil organic matter (n=27).

Loss on Ignition Dry combustion (INRAE)
Sample Name| SOMssosc  Carbonatesgsgsc| CaCOsr Cr TOC Organic matter
Unit wt. % wt. % glkg wt. % gkg wt. % gkg wt. % gkg wt. %
PN20-G3 15,2 2,1 3 03 61 6,1 60,88 6,1 105 10,5
PN20-K5 11,7 2,5 3 03 43,99 44 43,63 44 75,5 7,6
PN20-P2 7,7 1,7 3 03 59,45 59 59,09 59 102 10,2
PN20-B4 12,4 2 8 0,8 51,15 5,1 50,19 5,0 86,8 8,7
PN20-13 15,2 2,6 8 0,8 60,97 6,1 60,01 6,0 104 10,4
PN20-E3 15,5 23 11 1,1 80,24 8,0 78,92 79 137 13,7
PN20-B2A 27,6 3 13 1,3 150,49 15,0 148,93 14,9 258 25,8
PN20-D3 34,9 33 13 1,3 172,60 17,3 171,04 17,1 296 29,6
PN20-H11 10,1 32 17 1,7 42,32 42 40,28 4,0 69,7 7,0
PN20-K9 7,7 24 21 2,1 31,65 32 29,13 29 50,4 5,0
PN20-01 24 32 24 24 124,10 12,4 121,22 12,1 210 21,0
PN20-G8 74 32 33 33 30,99 3,1 27,03 2,7 46,8 4,7
PN20-L2 18,9 10,3 75 75 100,59 10,1 91,59 9,2 158 15,8
PN20-M3 12,8 16,2 87 8,7 90,59 9,1 80,15 8,0 139 13,9
PN20-AAl 20,3 12,3 249 24,9 107,25 10,7 77,37 7,7 134 13,4
PN20-K1 12,3 31,5 253 25,3 140,51 14,1 110,15 11,0 191 19,1
PN20-G5 10,6 24 0.5' 0,05 43,61 44 43,61 44 75.4 7,5
PN20-H5 11,8 1,8 0.5' 0,05 44,23 44 44,23 44 76,5 7,7
PN20-M5 11 1,9 0.5' 0,05 36,15 3,6 36,15 3,6 62,5 6,3
PN20-N4 11 1,9 0.5' 0,05 40,50 4,1 40,5 4,1 70,1 7,0
PN20-K3 13,7 20,3 94 9,4 108,37 10,8 97,09 9,7 168 16,8
PN20-K4 14,2 25,5 201 20,1 129,00 12,9 104,88 10,5 181 18,1
PN20-12 13,7 15,3 78 7.8 93,91 9,4 84,55 8,5 146 14,6
PN20-C4A 15,9 57 78 7.8 101,10 10,1 91,74 92 159 15,9
PN20-16 9,3 2 4 0.4 35,54 3,6 35,06 35 60,6 6,1
PN20-J6 10 1,6 0.5' 0,05 3543 35 35,40 35 61,2 6,1
PN20-K6 9,7 2.4 0.5' 0,05 37,77 3.8 37,77 3,7 65,3 6,5
! Limit of detection <1 g/kg replaced by 0.5 g/kg for graphical display
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Table S2. Duplicates of soil samples measured by WDS-XRF.

ID  Sample Name Na,0 MgO Al,0; SiO, P,0s K,O CaO TiO, MnO Fe,0, V. _C Co Ni_ Cu Zn As Br Rb  Sr  7Zr Ba Pb Sb
Unit wt. % mg/kg
1 PN20-D3-1 0,74 1,77 643 29,1 041 09 292 03 028 474 51 337 9 522 551 496 80299 36,2 64,5 315 103 10348 35807.8 154
PN20-D3-2 0,74 1,78 645 294 041 091 291 03 029 476 51,3 32,5 9,5 43,7 549 494 78575 345 62,7 316 100 10572 355024 154
2 PN20-O1-2 1,24 241 12,3 447 017 229 3,19 053 0,12 551 76,5 56,9 14 46,9 94 368 9116 17,9 984 211 131 2346 132942 59,1
PN20-O1-1 1,32 2,55 12,3 47,1 0,17 228 324 054 0,12 5,55 78 609 13,7 41 839 354 5757 16,6 938 212 139 2736 12949,8 59,6
3 PN20-12-1 0,6 7,05 234 029 16 7,14 046 009 529 65,8 59,9 12,9 29,5 49,1 227 1914,1 29,7 97,3 531 122 2724 74451 223
PN20-J2-2 0,59 3,11 7,14 23 029 16 7,18 046 009 533 67,3 61,5 14,6 334 528 231 19082 27,3 939 530 122 2786 72719 227
4 PN20-M2-2 0,88 9,66 324 031 183 12,7 0,51 0,08 6,75 62,5 412 20 143 556 185 10982 17,1 76,8 237 115 1297 60264 17,2
PN20-M2-1 0,87 7,45 949 323 031 18 128 05 008 6,73 62 432 209 12,6 547 184 10989 202 78,6 236 117 1291 6002,7 159
5 PN20-H3-2 1,46 3,63 156 49,7 023 299 083 0,74 0,13 6,24 113 75 153 574 51 184 1149 97 103 77,1 157 1630 58013 39,9
PN20-H3-1 1,45 3,64 156 49,6 023 3,01 084 075 0,13 6,23 113 814 152 512 50 181 1226 87 102 76,5 161 1578 5781,1 39,5
6 PN20-12-2 098 7,31 11,7 36,1 025 226 109 0,57 0,09 7,62 71,1 46,5 21,9 26,1 464 154 6851 174 85 225 120 1642 44739 172
PN20-12-1 0,98 7,29 11,8 36,1 025 2,26 109 0,57 0,09 7,59 71,7 474 22,5 27,5 448 156 6843 157 855 228 120 1674 44729 17
7 PN20-B3B 1,42 3,87 13,7 46,6 0,15 281 3,15 0,71 0,08 6,59 99,5 66,5 17,8 41,3 41,1 133 1765 83 955 96,7 174 1173 31946 144
PN20-B3B-2 147 3,86 13,7 47 0,115 283 3,11 0,71 0,08 6,58 988 66,2 18,5 492 435 133 1626 58 928 958 168 1138 31677 129
3 PN20-FI-1 099 1,81 19 57,1 0,1 444 033 062 0,17 39 832 61,7 68 21,5 17,1 80,6 0 57 178 37,3 291 2396 16012 22,8
PN20-F1-2 099 1,84 19,1 574 0,1 447 032 0,62 0,117 394 828 62 7,7 18,6 172 81,6 0 46 180 38 289 2402 1579.8 26,9
9 PN20-G4-2 1,57 3,62 16,5 52,5 021 3,15 0,79 0,77 0,11 6,13 115 81,6 16,3 562 412 117 4,7 6,8 107 574 177 9264 1209,1 10,5
PN20-G4-1 1,56 3,63 164 524 021 3,15 0,78 0,76 0,11 6,14 116 794 156 59,6 39,1 114 62 42 110 584 176 9268 11729 93
10 PN20-L1-1 0,57 9,79 522 19,1 0,16 1,11 194 029 003 43 32,7 332 137 0 19 563 2052 122 53 312 70,9 2595 6535 0
PN20-L1-2 0,57 9,82 529 19,1 0,16 1,12 194 029 003 4,31 338 30 138 0 20 604 2065 133 544 311 70,5 2662 6502 0
1 PN20-Q2-2 2,37 153 55,1 023 248 1,72 096 0,11 6,79 130 654 17,5 33,7 312 126 43 32 748 929 212 6402 3695 33
PN20-Q2-1 2,32 288 151 542 022 246 1,69 095 011 68 129 66,7 18,1 33,7 304 124 89 0 769 934 213 626,1 3562 54
12 PN20-K1-1 0,54 12,5 475 169 008 09 256 024 002 3,78 234 198 156 0 9,1 351 66 43 389 381 57,7 2004 1408 0
PN20-K1-2 0,54 124 465 166 008 0.88 258 023 0.02 3,71 231 21,7 132 0 96 35 63,1 32 371 382 552 2023 131.6 0

Table S3.

used for WDS-XRF calibration method.

Standard type Na;O ~ MgO  ALO; SiO, P,0s SOs Cl K0 Ca0 TiO, MnO _ Fe;Os COx
Unit wt. %
NCS_DC71303  external certified 4,05 2,81 16,56 59,68 0,34 0,0275 0,023 35 4,72 0,77 0,094 6,06 0,15
NCS_DC71304  external certified 2,11 525 14,14 35,69 0,028 0,92 0,006 0,15 9,86 7,69 0,193 24,75 0,12
NCS_DC71305  external certified 2,57 0,16 12,96 72,78 0,045 00225 0,002 543 0,59 0.3 0,14 321 0,52
NCS_DC71306  external certified 0,03 21,8 0,1 0,62 0,006 0,0275 0,012 0,038 30,02 0,015 0,01 0,21 46,77
NCS_DC73051  external certified 1,32 2,17 13,24 63,16 0,25 0,0664  0,0106 2,31 3,13 0,89 0,0981 5.4 7,62
NCS_DC73054  external certified 1,26 1,34 14,49 67,33 0,07 0,0192  0,0034 2,07 1,09 0,77 0,1085 5,52 5.6
NCS_DC73304  external certified 0,061 0,082 3,52 90,36 0,22 0,2147  0,0044 0,65 03 0,26 0,02 322 11
CRM 4322-88  exteral certified 3,81 0,07 153 70,8 0,006  0,3496 na 3,32 0,76 0,012 0,014 2 1,7
NCS_DC71301  external certified 7,16 0,65 17,72 54,48 0,018 0,275 0,059 7,48 1,39 0,48 0,12 6,04 -
MESS-4 external certified 1,69 2,61 14,94 59,47 0,24 0,3945 1,31 2,86 1,83 0,64 0,0384 542 6,55
PN17_SOL06 internal' 2,16 3,16 14,73 50,95 0,26 0,1498 T 2,61 0,93 0,76 0,11 6,48 17,38
PN17_SOL02 internal 2,18 3,38 13,91 51,2 0,22 0,1498 T 2,59 2,07 0,7 0,09 5,76 17,05
PN17_SOL04 internal' 1,39 3,67 11,81 43,81 0,08 0,1498 T 2,69 7.82 0,56 0,08 4,63 22,62
PN19_SOL06 internal 1.65 2,65 1244 4761 0.23 T T 2,26 1.84 059 0,133 5.66 22,63
Standard type v Cr Co Ni Cu Zn As Br Rb Sr Zr Ba Pb Sb TOTAL
Unit mg/kg wt. %
NCS_DC71303  external certified 104 38 16 24 9 85 04 0,3 70 1198 224 1901 20 0.6 99,15
NCS_DC71304  external certified 768 14 93 69 28 118 0,2 0.3 5 612 29 86 5 T 101,09
NCS_DC71305  external certified 4 7 2 64 11 86 0,7 0.3 213 43 403 506 33 04 98,87
NCS_DC71306  external certified 2 3 4 241 30 12 0,2 0.8 1 27 3 44 4 T 99,7
NCS_DC73051  external certified 105 80 16 38 35 96 9 7 105 132 235 506 32 1,2 99,84
NCS_DC73054  external certified 97 79 17 37 26 64 13 3 108 114 270 574 26 1,1 99.81
NCS_DC73304  external certified 33 20 6 17 19 20 9 T 29 58 214 142 8 0.6 100,08
CRM 4322-88 external certified 2,5 45 15 7 22 2000 na na 1500 140 70 50 90 30 -
NCS_DC71301  external certified 179 39 4,59 1,75 11,8 112 6,27 1,21 130 1160 1540 251 196 0,15 99,95
MESS-4 external certified 216 94 13 43 33 147 22 60 180 132 96 920 22 L1 98,19
PN17_SOL06 internal’ 106 77 17 35 57 219 41 T 93 73 176 1608 6019 623 100,54
PN17_SOL02 internal 98 68 15 33 37 17 30 T 84 62 143 584 1300 185 99,56
PN17_SOL04 internal 80 65 13 29 111,9 126 31 T 91 114 139 1789 2514 12,9 99,82
PN19_SOL06 internal 94 71 154 32,5 829 273.8 40,1 T 84,5 114 134 4058 13881 93,9 99,59

! internal standards correspond to Pb high-contaminated soils measured by ICP-MS at the Service d'Analyses de Roches et Minéraux (Nancy, France)

Majors and traces element contents of certified and internal standards
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

Table S4. Parameters of the WDS-XRF method (Internal calibration name
: GEO_PP_34mm_2021).

A- Machine parameters for rays

Element Line  Na Kal MgKal AlKol SiKal PKal K Kol CaKal TiKal MnKal Fe Kal PbLB1 Sb Kal
Line energy (keV) 4 041 1253 1487 1,74 2014 3314 3,692 4511 5899 6404 12,61 4,026
X-raytube (kV) 30 30 30 30 30 50 50 50 50 50 50 50
X-ray tube (mA) 33 33 20 20 33 20 10 20 20 10 20 20
Collimator 023 023 023 023 023 046 023 046 023 023 046 0,23
Detector FPC FPC FPC FPC FPC FPC FPC FPC  Sci Sci Sci Sci
Analysing crystal ~ XS-55 XS-55 PET  PET XS-Ge-CLIF-200 LIF-200 LIF-200 LIF-200 LIF-200 LIF200 LIF200
Peak (20) 24,647 20,393 144,62 109,01 141 136,55 1132 86,096 62,937 57,483 28,26 13,419

B- Calibration method parameters

Na,0O MgO ALO; SiO, P,0s K,O CaO TiO, MnO Fe,03
wt. % wt.% wt. % wt.% wt.% wt.% wt % wt% wt% wt %

Numbers of 12 12 12 12 11 12 12 12 12 11
standards
Min 0,03% 008% 0,10% 0,62% 001% 004% 030% 001% 100 021%
Max 405% 21,80% 16,56% 90,36% 0,34% 543% 30,02% 7,69% 0,19% 24.75%

Standard deviation 0,28% 0,19% 091% 2,62% 0,02% 0,13% 0,47% 0,04% 60 041%
? 0,932 0,999 0966 0986 0983 0992 0,997 1,000 0,986 0,996

Limit of detection 48 35 69 124 5 13 19 9 5 25

v Cr Co Ni Cu Zn As Br Rb St Zr Ba Pb Sb
mg/lkg mghkg mgkg mghkg mghkg mgkg mghkg mghkg mghkg mghkg mghkg mghkg mgkg mghkg

Numbers of 11 10 11 9 11 11 5 7 11 2 11 12 12 9
standards
Min 2 3 2 17 9 12 9 0 1 27 3 44 4 0
Max 768 94 93 241 112 274 41 60 213 1198 403 4057 139% 94
Standard deviation 8 2 2 7 4 7 4 0 3 9 9 66,7 82,6 2
2 0,999 0,996 0996 00990 0,981 0991 0,892 1,000 00998 0,999 0,994 0,997 1,000 0,995
Limit of detection 1 2 1 7 3 3 1 3 2 1 1 13 9 3
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

Table S5: Classification of the enrichment factor (EF, Chester and Stoner 1973;
Reimann and de Caritat 2005) and the geoaccumulation index (Igeo, Miiller et al.
1979).

EF Characterisation of the Igeo Characterisation of the
Classification contamination classification contamination
<1 no enrichment <0 uncontaminated

. . uncontaminated to moderatel
1<EF<3 minor enrichment 0<Igeo<1 Y

contaminated
3<EF<5 moderate enrichment 1< Igeo <2 moderately contaminated
S<EE<10 modera.te to severe 2< ey <3 moderately Fo strongly
enrichment contaminated
10<EF<25 severe enrichment 3< Igeo <4 strongly contaminated

strongly to extremely

25<EF<50 very severe enrichment | 4< I, <5 .
contaminated

EF>50 extreme enrichment Lo >5 extremely contaminated

Table S6: Physical and chemical properties of soils (n=27).

Particle size distribution (without decarbom:\tion)2
Sample . 1 . _— . .
Name Soil type pH Effectif CEC Clays Fine silt Coarse silt Fine sand Coarse sand
(0 to 0,002 mm) (0,002 to 0,02 mm) (0,02 to 0,05 mm) (0,05 to 0,2 mm) (0,2 to 2,0 mm)
Unit cmol+/kg gkg gkg gkg g/kg g/kg
PN-AAl high-contaminated soil 7,6 28,46 107 215 141 123 414
PN-B2A high-contaminated soil 6,97 28,76 96 182 149 188 385
PN-B4 carbonates-poor soil 743 17,67 68 214 135 135 448
PN-D3 high-contaminated soil 6,63 42,58 97 263 222 170 248
PN-E3 high-contaminated soil 6,45 16,73 91 241 187 234 247
PN-G3 high-contaminated soil 6,5 21,82 140 351 169 129 211
PN-G5 carbonates-poor soil 6,22 16,59 108 348 149 133 262
PN-G8 carbonates-poor soil 7,8 12,92 80 269 136 136 379
PN-H11 carbonates-poor soil 7,45 16,53 125 318 163 146 248
PN-H5 carbonates-poor soil 6,24 16,58 158 365 165 145 167
PN-I3 high-contaminated soil 7,11 25,99 132 324 158 170 216
PN-K1 carbonates-rich soil 7,76 25,78 102 305 228 140 225
PN-K5 carbonates-poor soil 7,07 20,51 138 304 134 123 301
PN-K9 carbonates-poor soil 7,76 13,27 100 250 123 134 393
PN-L2 high-contaminated soil 7,55 31,15 132 328 242 179 119
PN-M3 carbonates-rich soil 7,69 24,50 151 335 209 161 144
PN-M5 carbonates-poor soil 6,15 15,45 165 350 146 107 232
PN-N4 carbonates-poor soil 6,38 16,48 161 347 146 103 243
PN-O1 high-contaminated soil 743 19,37 49 201 177 214 359
PN-P2 carbonates-poor soil 7,17 12,53 67 267 160 172 334
PN-K3 carbonates-rich soil 7,65 25,22 126 377 210 128 159
PN-K4 carbonates-rich soil 7,66 26,99 128 348 212 133 179
PN-I2 carbonates-rich soil 7,67 26,33 104 399 242 160 95
PN-C4A  high-contaminated soil 7,79 22,02 78 229 161 174 358
PN-I6 carbonates-poor soil 7,02 14,19 76 288 184 169 283
PN-J6 carbonates-poor soil 6,37 14,87 128 342 153 126 251
PN-K6 carbonates-poor soil 6,36 15,89 149 321 133 123 274
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

Total limestone (CaCO3y), Total Carbone organic (COT), Total Nitrogen (N1) 3

Measured Calculated
Sample Name Nitrogen total Carbonates total Carbone total Toclal bOrga:uc CN Orean 5
arbone rganic matter
(NT) (CaCOs7) (&) (TOC)
Unit gkg gkg gkg gkg gkg gkg
PN-AAL 4,27 249 107,25 71,37 18,10 134
PN-B2A 5,04 13 150,49 148,93 29,60 258
PN-B4 3,76 8 51,15 50,19 13,30 86,8
PN-D3 6,17 13 172,60 171,04 27,70 296
PN-E3 4,39 11 80,24 78,92 18,00 137
PN-G3 5,36 3 61,24 60,88 11,40 105
PN-G5 4,10 <1 43,61 43,61 10,60 754
PN-G8 2,66 33 30,99 27,03 10,20 46,8
PN-HI11 3,75 17 42,32 40,28 10,70 69,7
PN-H5 4,09 <1 44,23 44,23 10,80 76,5
PN-I3 6,05 8 60,97 60,01 9,91 104
PN-K1 2,74 253 140,51 110,15 40,20 191
PN-K5 4,76 3 43,99 43,63 9,17 75,5
PN-K9 2,91 21 31,65 29,13 10,00 50,4
PN-L2 6,44 75 100,59 91,59 14,20 158
PN-M3 545 87 90,59 80,15 14,70 139
PN-M5 3,94 <1 36,15 36,15 9,17 62,5
PN-N4 4,22 <1 40,50 40,50 9,60 70,1
PN-O1 2,52 24 124,10 121,22 48,20 210
PN-P2 2,83 3 59,45 59,09 20,90 102
PN-K3 542 94 108,37 97,09 17,90 168
PN-K4 6,29 201 129,00 104,88 16,70 181
PN-12 5,41 78 93,91 84,55 15,60 146
PN-C4A 2,85 78 101,10 91,74 32,20 159
PN-16 2,97 4 35,54 35,06 11,80 60,6
PN-J6 3,69 <1 35,43 35,40 9,58 61,2
PN-K6 4,12 <1 37,77 37,77 9,16 65,3
E ble cobaltik Al, Ca, Fe, Mg, Mn, K, Na (ICl’-AES/EAF)6
Aluminium (Al) Calcium (Ca) Iron (Fe) M: ium (Mg) M: (Mn) Potassium (K)  Sodium (Na)
Unit cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg cmol+/kg
PN-AA1 0,02 30,31 0,01 0,84 0,01 0,21 0,01
PN-B2A <0,02 25,39 <0,005 2,25 0,02 0,13 0,01
PN-B4 0,02 15,02 0,01 3,04 0,01 0,23 0,03
PN-D3 0,04 32,62 0,02 6,70 0,07 0,08 <0,0050
PN-E3 <0,02 12,55 0,01 1,96 0,04 0,06 0,01
PN-G3 <0,02 16,94 0,01 3,37 0,03 0,13 0,01
PN-G5 <0,02 13,19 <0,005 2,34 0,04 0,13 0,03
PN-G8 <0,02 13,47 <0,005 0,81 <0,005 0,08 0,02
PN-H11 <0,02 15,94 <0,005 1,15 <0,005 0,26 0,02
PN-H5 0,03 13,60 0,01 1,97 0,07 0,07 0,05
PN-13 <0,02 21,41 0,01 3,62 0,01 0,15 0,03
PN-K1 <0,02 21,23 <0,005 4,32 <0,005 0,08 0,01
PN-K5 0,02 16,56 0,01 3,47 0,01 0,12 0,04
PN-K9 0,02 13,13 0,01 0,87 <0,005 0,17 0,07
PN-L2 0,03 24,00 0,01 6,40 <0,005 0,11 0,03
PN-M3 <0,02 20,59 0,01 4,63 0,01 0,12 0,04
PN-M5 0,02 12,23 <0,005 3,06 0,05 0,11 0,11
PN-N4 0,03 14,05 0,01 2,42 0,05 0,11 0,07
PN-O1 <0,02 17,28 <0,005 1,84 0,01 0,29 0,01
PN-P2 <0,02 11,29 0,01 1,42 0,01 0,10 0,01
PN-K3 0,06 21,53 0,01 3,53 <0.005 0,12 0,02
PN-K4 <0.02 25,33 <0.005 2,70 <0.005 0,25 0,06
PN-12 <0.02 22,73 <0.005 3,30 <0.005 0,11 0,02
PN-C4A <0.02 21,05 <0.005 0,62 <0.005 0,08 0,01
PN-I6 <0.02 11,18 0,01 1,78 0,02 0,08 0,05
PN-J6 <0.02 11,11 <0.005 1,98 0,08 0,12 0,03
PN-K6 <0.02 11,67 <0.005 2,36 0,12 0,38 0,01

"NF ISO 10390 (pH)
2 NF X 31-107 (Particle size distribution)

 NF ISO 10693 (CaCO3r), NF ISO 10694 (C)and NF ISO 13878 (Nt)

4 TOC=Cr-(0.12*CaCO3r)
> Organic matter = TOC*1.73
®NF ISO 23470 (Exchangeable cobaltihexammine Al, Ca, Fe, Mg,

Mn, K, Na)
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Echantillon Type_sol Quartz_Plagioclase Dolomite _Calcite Barite Rutile  Hematite Amphibole Cerussite Chlorite  K-mica Na-Mica _ Talc _ VermiculiteMica-Exp. Amorphous TOTAL
H5 carbonates-poor soil 20.6 19.3 0.6 - - 09 0.3 - - 13.7 27.1 Tr. 3.1 0.9 7.6 6 100
K5 carbonates-poor soil 23.7 16.4 1.3 - 0.1 1 0.1 - - 12.2 26.6 Tr. 3.4 1.3 6.6 75 100
P2 carbonates-poor soil 26.8 24.4 12 - - 0.6 0.5 0.6 - 13.1 22 Tr. 0.7 0.3 9.8 0 100
K1 carbonates-rich soil 59 3.2 65.5 10.3 - 0.2 0.1 - - 32 9 Tr. 0.2 0.1 - 2.3 100
M3 carbonates-rich soil 14.1 11.4 31.9 0.5 - 0.8 0.4 - - 7.6 18.7 Tr. 0.3 0.3 8 5.9 100
D3 high-contaminated soil 29 10.3 43 - 1.7 0.2 0.1 - - 4.8 8.8 Tr. 0.5 0.1 10.3 30.1 100
E3 high-contaminated soil ~ 27.6 16.1 3.7 - 1.1 0.7 0.2 - 1.1 9.8 21.2 Tr. 1.8 0.3 8.3 8.1 100
3 high-contaminated soil ~ 22.9 16.5 1.7 0.7 0.2 12 0.1 - - 12.4 29.2 Tr. 4.5 0.5 - 10.2 100
L2 high-contaminated soil ~ 18.4 12.4 19.6 - 0.2 0.5 0.3 - 0.4 7.3 20.2 Tr. 0.5 0.2 10 10.1 100
o1 high-contaminated soil ~ 22.7 11.3 4.6 1.2 0.6 0.8 0.4 - 0.8 7 17.7 Tr. 1.5 0.1 - 31.3 100

slag heap technosol 28.2 - - - 1.8 - - - - - 9.3 - - - - 60.2 100

The uncertainty on the relative proportions of the different phases is in the order of +1-2% (5% for the amorphous contribution).
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

Table S8 : Major and trace elements contents of soils by WDS-XRF.

ID SampkName Name NORTH EAST Group of soil Na,O MgO ALO3 SiO, P05 K;O CaO TiO, MnO Fe,0;

wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. %
1 PN20-Al Al 45,5237 6,784458 high-contaminated topsoil 0,67 2,20 8,28 39,48 0,56 1,62 582 0,27 0,12 3,29
2 PN20-A2 A2 455238 6,78471 carbonates-poor soil 1,44 3,64 12,66 44,66 0,16 2,51 7,29 0,64 0,07 7,11
3 PN20-A3 A3 455237 6,785298 carbonates-poor soil 1,33 433 12,66 41,77 0,15 2,60 7,09 0,65 0,08 7,62
4 PN20-A4 A4 455237 6,785716 carbonates-poor soil 1,51 3,67 13,92 47,22 0,17 2,74 4,13 0,71 0,09 6,88
5 PN20-AA1 AAl 45523 6,783879 high-contaminated topsoil 0,92 2,10 12,15 34,39 0,12 2,14 15,40 0,60 0,07 791
6 PN20-AA2 AA2 455232 6,784102 high-contaminated topsoil 0,99 238 13,18 37,09 0,13 2,38 14,91 0,62 0,08 7,95
7 PN20-B1 Bl 45,5242 6,78439 high-contaminated topsoil 0,69 1,82 7,70 32,00 0,30 1,75 3,27 0,38 0,11 4,43
8 PN20-B2A B2A 45,5242 6,784665 high-contaminated topsoil 0,64 1,17 8,56 41,37 0,41 1,63 2,79 0,26 0,20 3,80
9 PN20-B2B B2B 45,5242 6,784739 high-contaminated topsoil 0,95 1,61 13,37 52,43 0,19 2,98 2,89 0,42 0,15 3,96
10~ PN20-B3A B3A 45,5242 6,785299 high-contaminated topsoil 0,56 1,30 7,92 29,69 0,27 2,04 4,79 0,38 0,24 4,53
11 PN20-B3B B3B 45,5242 6,785353 high-contaminated topsoil 1,42 3,87 13,70 46,55 0,15 2,81 3,15 0,71 0,08 6,59
12 PN20-B4 B4 45,5241 6,785824 carbonates-poor soil 2,13 293 14,38 50,46 0,26 2,34 2,32 0,92 0,11 7,08
13 PN20-C1 C1 45,5245 6,783952 high-contaminated topsoil 0,89 2,77 15,55 46,60 0,15 3,67 4,57 0,62 0,12 5.54
14 PN20-C2 C2 455245 6,784321 carbonates-poor soil 1,33 449 12,46 44,40 0,12 2,52 11,52 0,60 0,08 7,86
15 PN20-C3 C3 45,5244 6,784759 high-contaminated topsoil 1,31 2,55 11,48 44,37 0,16 2,08 2,14 0,50 0,16 5,21
16 PN20-C4A C4A 45,5244 6,785243 high-contaminated topsoil 1,37 3,63 12,67 45,38 0,16 2,43 6,41 0,60 0,10 6,81
17~ PN20-C4B C4B 45,5245 6,785393 carbonates-poor soil 1,52 4,66 13,26 47,03 0,14 2,67 8,97 0,64 0,07 7,73
18 PN20-C5 C5 45,5244 6,785794 carbonates-poor soil 1,45 497 13,32 46,62 0,10 2,72 11,56 0,63 0,07 8,15
19 PN20-D1 D1 45,5249 6,783834 high-contaminated topsoil 0,66 1,54 3,64 28,78 0,30 0,72 4,38 0,23 0,37 7.48
20 PN20-D2 D2 455248 6,784362 high-contaminated topsoil 0,96 1,80 8,10 29,82 0,31 1,27 2,49 0,39 0,17 4,40
21 PN20-D3 D3 455249 6,784807 high-contaminated topsoil 0,74 1,77 6,43 29,06 0,41 0,90 2,92 0,30 0,28 4,74
22 PN20-D4 D4 455248 6,785356 carbonates-poor soil 1,52 3,60 13,49 46,60 0,19 2,67 4,27 0,68 0,09 6,83
23 PN20-D5 D5 455249 6,785871 carbonates-poor soil 1,89 3.81 14,66 53,44 0,13 2,77 3,80 0,68 0,07 6,58
24 PN20-E1 El 45,5253 6,783182 high-contaminated topsoil 0,71 3,84 13,58 43,19 0,16 3,52 5,70 0,56 0,12 5,18
25 PN20-E2 E2 45,5255 6,783811 high-contaminated topsoil 1,39 3,50 14,36 46,84 0,18 2,51 0,96 0,69 0,13 5,83
26 PN20-E3 E3 45,5252 6,784374 high-contaminated topsoil 1,31 2,96 12,26 44,90 0,23 2,09 1,45 0,58 0,15 5,06
27 PN20-E4 E4 45,5252 6,784909 carbonates-poor soil 1,65 422 14,05 49,40 0,15 2,62 7,63 0,67 0,09 7,54
28 PN20-E5 ES 45,5251 6,785366 carbonates-poor soil 1,70 3,70 14,37 51,55 0,19 2,77 2,48 0,70 0,09 6,25
29 PN20-E6 E6 45,5252 6,785833 carbonates-poor soil 1,68 3,64 14,88 51,55 0,16 2,91 2,05 0,74 0,08 6,22
30 PN20-F1 Fl1 45,5258 6,782196 carbonates-poor soil 0,99 1,81 19,00 57,13 0,10 4,44 0,33 0,62 0,17 3,90
31 PN20-F2 F2 45,5257 6,782752 carbonates-poor soil 1,40 1,29 15,61 53,11 0,19 4,32 0,86 0,41 0,08 3,65
32 PN20-F3 F3 45,5256 6,783269 high-contaminated topsoil 1,05 2,24 10,25 32,09 0,23 1,92 1,97 0,62 0,11 6,05
33 PN20-F4 F4 45,5255 6,783774 high-contaminated topsoil 1,49 321 15,40 47,88 0,22 2,53 0,80 0,75 0,12 6,19
34 PN20-F5 F5 45,5256 6,784268 carbonates-poor soil 1,78 3,49 16,14 52,69 0,21 2,78 0,88 0,78 0,11 6,48
35 PN20-F6 F6 45,5255 6,784752 carbonates-poor soil 1,58 3,72 16,51 51,65 0,21 3,14 1,47 0,81 0,12 6,75
36 PN20-F7 F7 45,5256 6,785286 carbonates-poor soil 1,83 3,68 15,46 52,89 0,18 2,85 1,29 0,75 0,09 6,24
37 PN20-F8 F8 45,5255 6,785719 carbonates-poor soil 2,08 322 15,56 55,08 0,11 2,62 1,89 0,80 0,10 6,60
38 PN20-G1 Gl 45,526 6,781721 carbonates-rich soil 0,54 9,15 578 18,98 0,16 1,14 19,62 0,30 0,03 4,57
39 PN20-G2 G2 45,526  6,782355 carbonates-rich soil 0,63 6,99 9,69 29,37 0,21 2,02 13,43 0,44 0,09 5,80
40 PN20-G3 G3 45,5259 6,782753 high-contaminated topsoil 1,34 3,24 14,10 47,23 0,26 2,46 1,16 0,67 0,17 5,89
41 PN20-G4 G4 455259 6,783243 carbonates-poor soil 1,56 3,63 16,39 52,41 0,21 3,15 0,78 0,76 0,11 6,14
42 PN20-G5 G5 45,5258 6,783758 carbonates-poor soil 1,65 3,58 15,82 5115 0,19 2,80 0,91 0,80 0,12 6,30
43 PN20-G6 G6 45,5259 6,784272 carbonates-poor soil 1,71 3,65 16,27 52,93 0,25 3,00 0,83 0,80 0,11 6,33
44 PN20-G7 G7 455259 6,78482 carbonates-poor soil 1,66 3,39 14,60 48,81 0,27 2,69 1,38 0,74 0,10 6,23
45 PN20-G8 G8 45,5259 6,785388 carbonates-poor soil 1,83 3,70 15,62 54,29 0,15 2,92 2,90 0,74 0,07 6,75
46 PN20-HI1 HI1 45,5264 6,781825 carbonates-rich soil 0,62 5,86 8,54 25,95 0,19 1,81 11,69 0,47 0,06 593
47 PN20-HI0 HI0 455262 6,78636 carbonates-poor soil 191 1,86 15,65 63,84 0,11 3,22 3,35 0,62 0,07 4,94
48 PN20-HI1 HI1 455262 6,786901 carbonates-poor soil 1,74 3,05 15,52 50,24 0,27 2,80 2,75 0,87 0,11 7,30
49 PN20-H2 H2 455263 6,782363 high-contaminated topsoil 0,70 248 6,19 28,76 0,27 1,00 555 0,29 0,19 3,89
50 PN20-H3 H3 455263 6,78279 carbonates-poor soil 1,45 3,64 15,64 49,57 0,23 3,01 0,84 0,75 0,13 6,23
51 PN20-H4 H4 455263 6,783292 carbonates-poor soil 1,75 3,74 16,60 53,73 0,17 3,03 0,96 0,81 0,11 6,40
52 PN20-H5 H5 455263 6,783804 carbonates-poor soil 1,49 3,61 15,86 49,33 0,21 2,83 0.83 0,80 0,11 6,36
53 PN20-H6 H6 45,5264 6,784337 carbonates-poor soil 1,69 3,70 16,79 52,31 0,23 3,13 0,76 0,83 0,11 6,56
54 PN20-H7 H7 455263 6,784822 high-contaminated topsoil 1,29 2,63 13,09 48,47 0,19 2,40 1,66 0,57 0,15 515
55 PN20-H8 H8 455263 6,785358 carbonates-poor soil 1,95 3,52 15,27 5348 0,18 2,83 1,78 0,75 0,09 6,34
56 PN20-H9 H9 455262 6,785552 carbonates-poor soil 2,33 2,99 14,76 56,63 0,17 2,34 1,97 0,77 0,10 6,58
57 PN20-T1 1 45,5267 6,781813 carbonates-rich soil 0,58 10,61 6,38 21,12 0,14 1,29 19,61 0,32 0,03 4,74
58 PN20-110 110 45,5266 6,786412 carbonates-poor soil 1,97 2,20 15,49 59,90 0,12 3,09 4,14 0,70 0,08 5,78
59 PN20-I11 111 45,5266 6,786893 carbonates-poor soil 2,01 2,71 15,80 52,71 0,22 2,27 1,30 0,99 0,12 7,09
60 PN20-12 2 45,5267 6,782318 carbonates-rich soil 0,98 7,29 11,75 36,08 0,25 2,26 10,90 0,57 0,09 7,59
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D SampleName v Cr Co Ni Cu Zn As Br Rb Sr 7 Ba Pb Sh SOM _ Carbonates _ TOTAL __ EFp, _ EFpy(T) _lgeops
mghkg  mghg  mghg mghks  mghg  mgkg  mghg  mgkg  mghg  mgkg  mgkg  mghg  mgkg  mghg wi. % wi. % wi. %

1 PN20-AL 3 33 8 114 102 332 4227 28 74 352 107 11237 34319 114 - - - 387 17 8
2 PN20-A2 81 58 21 2 31 96 62 5 80 12 139 700 567 2 15 7 103 6 8 2
3 PN20-A3 83 54 23 34 38 91 76 6 85 105 142 614 515 1 19 7 104 5 7 2
4 PN20-A4 98 66 20 41 3 101 78 6 90 77 155 622 1345 2 15 4 101 13 17 3
5 PN20-AAL 68 52 25 31 44 103 1192 10 96 241 109 640 7211 4 20 12 109 63 106 6
6 PN20-AA2 7 53 27 2 43 95 976 12 95 232 112 611 6942 5 15 12 108 61 98 6
7 PN20-BI 57 58 9 “ 84 219 2248 27 92 534 144 4120 11965 53 46 2 102 109 274 7
8 PN20-B2A 51 40 8 41 17 312 2651 28 85 325 114 9482 25584 158 2 3 95 252 852 8
9 PN20-B2B 61 42 8 20 60 25 0 11 13 235 156 6442 13467 116 15 4 99 100 280 7
10 PN20-B3A 60 51 15 31 166 165 358 12 91 1324 212 12488 1560 77 50 3 106 14 36 4
1 PN20-B3B 100 67 18 41 41 133 177 8 96 97 174 173 3195 14 17 3 100 2 39 5
12 PN20-B4 465 21 35 30 124 23 2 76 95 197 572 173 4 12 2 97 2 2 0
13 PN20-C1 82 69 14 28 28 91 154 13 142 85 198 1881 2825 18 19 4 104 17 40 4
14 PN20-C2 70 44 25 20 28 120 197 6 71 150 120 1283 2559 9 8 10 104 30 37 4
15 PN20-C3 77 55 13 50 95 303 1061 21 86 192 130 5034 14771 149 23 3 97 144 259 7
16 PN20-C4A 80 50 20 34 45 198 271 9 78 147 134 2802 4198 27 16 6 102 45 61 5
17 PN20-C4B 77 48 24 26 32 88 45 3 77 116 136 683 501 2 10 8 104 5 7 2
18 PN20-CS 7 43 2 12 24 79 57 3 74 131 129 607 721 2 5 1 105 8 10 2
19 PN20-DI 75 38 2 16 109 1202 4607 14 43 1105 114 50752 20471 407 12 -1 67 398 773 7
20 PN20-D2 61 47 9 62 152 344 8160 39 81 31 18 5895 37609 190 36 2 9% 387 848 8
21 PN20-D3 51 34 9 52 551 496 8030 36 65 315 103 10348 35808 154 35 3 91 465 1053 8
2 PN20-D4 92 63 19 43 38 114 47 7 88 89 150 642 466 4 17 4 101 4 6 2
2 PN20-DS 92 60 19 43 30 9% 12 3 80 80 148 578 354 4 6 4 98 4 5 1
24 PN20-E1 73 55 14 % 2 100 304 13 135 116 170 1306 3545 17 19 7 103 2 56 5
25 PN20-E2 107 76 13 62 83 217 653 15 94 114 152 215 13954 134 16 2 95 124 177 7
26 PN20-E3 87 56 11 48 92 296 1525 24 83 186 136 4740 22668 129 16 2 92 28 341 7
27 PN20-E4 82 50 23 27 36 160 61 6 78 122 143 1472 2040 12 6 7 102 2 27 4
28 PN20-ES 9 65 16 48 37 19 16 6 87 77 151 1071 1810 10 13 3 101 18 23 4
29 PN20-E6 s 72 16 43 34 100 19 5 95 64 175 627 728 6 12 2 9 6 9 2
30 PN20-F1 83 62 7 2 17 81 0 6 178 37 291 2396 1601 23 10 2 100 8 23 4
31 PN20-F2 46 31 6 7 30 103 16 3 169 51 208 955 269 5 17 2 100 1 6 1
32 PN20-F3 91 70 14 57 57 184 557 12 97 24 174 1040 2883 18 45 1 103 25 41 4
33 PN20-F4 [ER ) 14 58 73 184 341 13 95 84 161 1480 9132 67 13 2 9% 81 107 6
34 PN20-F5 [SEA T 17 53 37 126 0 3 93 62 165 838 1456 1 9 2 97 13 16 3
35 PN20-F6 121 82 18 51 45 148 13 4 104 7 169 1155 1966 18 10 2 99 16 21 4
36 PN20-F7 o 74 16 54 36 12 6 4 85 63 165 618 841 5 10 2 97 8 10 3
37 PN20-F§ 68 18 46 32 103 14 3 78 75 181 597 127 4 7 2 98 1 1 0
38 PN20-G1 32 27 14 0 19 60 381 16 60 339 72 356 1249 0 26 23 110 18 37 3
39 PN20-G2 54 38 18 6 30 19 1324 18 90 264 18 1749 6385 10 2 18 110 60 127 6
40 PN20-G3 103 70 15 50 53 258 532 14 90 104 147 2510 2249 74 15 2 95 115 161 7
41 PN20-G4 e 79 16 60 39 114 6 4 110 58 176 927 173 9 10 2 97 9 13 3
o) PN20-GS n s 17 53 53 143 26 5 95 75 170 1207 3809 32 1 2 97 34 2 5
43 PN20-G6 ns 82 16 50 44 125 8 2 95 59 169 791 693 6 9 2 97 6 8 2
44 PN20-G7 0773 16 70 63 150 125 11 89 7 166 808 4068 26 15 2 97 38 48 5
45 PN20-G8 10268 20 46 34 101 15 5 88 95 158 582 130 4 7 3 100 1 2 0
46 PN20-HI 62 46 17 13 31 100 404 19 96 207 106 431 1641 3 38 13 12 14 31 4
47 PN20-HI10 75 46 14 15 23 71 2 0 112 120 183 598 10 3 2 3 101 0 0 -4
48 PN20-HI1 s 69 20 37 27 144 23 4 97 116 200 698 93 5 10 3 98 1 1 0
49 PN20-H2 47 33 7 38 106 511 8453 42 68 425 101 11328 37295 128 29 7 91 460 121 8
50 PN20-H3 [EER 15 51 50 181 123 9 102 7 161 1578 5781 40 13 2 97 48 68 5
51 PN20-H4 nr7 16 53 38 108 13 0 96 59 179 678 25 7 8 2 97 2 2 1
52 PN20-HS 19 80 17 68 64 175 107 10 97 67 178 1163 4236 44 12 2 96 37 46 5
53 PN20-H6 22 85 17 58 47 124 16 4 100 60 178 75 436 8 9 2 97 4 5 2
54 PN20-H7 86 61 ] 48 93 277 487 15 90 162 140 3826 15951 99 15 2 95 149 25 7
55 PN20-H8 07 72 17 60 38 105 13 5 86 70 176 607 311 4 9 2 9% 3 4 1
56 PN20-H9 107 63 19 36 27 98 17 0 71 89 180 522 35 1 6 2 97 0 0 -2
57 PN20-11 35 28 14 0 21 66 430 15 59 317 73 312 1516 0 20 25 110 21 42 4
58 PN20-110 86 47 17 18 2 87 11 0 107 136 194 604 18 2 2 4 100 0 0 3
59 PN20-111 134 66 19 35 2 116 19 2 86 87 24 656 106 3 9 1 95 1 1 0
60 PN20-12 7 47 23 2 45 156 684 16 86 228 120 1674 4473 17 14 15 108 “ 68 5
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

ID  SampleName NORTH EAST Group of soil Na,O MgO ALO3 SiO, P,0s K;O CaO TiO, MnO Fe;03
61 PN20-13 45,526691  6,7828366 high-contaminated topsoil 1,33 4,04 14,46 47,66 0,29 3,05 1,84 0,71 0,13 6,25
62 PN20-14 45,526703  6,78334713 carbonates-poor soil 1,56 3,38 16,07 53,11 0,22 3,18 0,89 0,73 0,10 577
63 PN20-15 45,52668  6,7838645 carbonates-poor soil 1,59 3,60 15,78 51,09 0,25 2,90 0,89 0,79 0,11 6,42
64 PN20-16 45,52668 6,78431273 carbonates-poor soil 1,79 3,47 15,17 53,58 0,19 2,75 1,03 0,71 0,11 5.84
65 PN20-17 45,526661  6,7849226 carbonates-poor soil 1,63 3,80 15,99 52,85 0,15 3,10 0,86 0,80 0,11 6,19
66 PN20-18 45,526596  6,78534222 carbonates-poor soil 2,29 3,14 15,28 56,14 0,14 2,51 2,11 0,81 0,10 6,66
67 PN20-19 45,526615 6,78567362 carbonates-poor soil 2,38 3,08 14,79 55,43 0,14 2,27 3,92 0,79 0,10 735
68 PN20-J1 45,527145 6,78125238 carbonates-rich soil 0,60 9,63 6,45 21,14 0,17 1,31 18,43 0,34 0,04 4,99
69 PN20-J10  45,527123 6,78571081 carbonates-poor soil 2,24 2,78 14,88 56,69 0,12 2,45 1,49 0,78 0,10 6,24
70 PN20-K10  45,527309 6,78542233 high-contaminated topsoil 2,39 3,13 15,54 57,43 0,13 2,48 2,38 0,81 0,10 6,89
71 PN20-J2C  45,527107 6,78182507 carbonates-rich soil 0,63 525 755 24,43 0,22 1,51 11,31 0,41 0,10 572
72 PN20-J3 45,527092  6,7823267 carbonates-poor soil 091 7,49 9,98 31,78 0,34 1,92 13,00 0,51 0,08 6,87
73 PN20-J4 45,527042  6,78286505 carbonates-poor soil 1,67 3,75 16,33 52,64 0,22 2,98 0,83 0,79 0,10 6,40
74 PN20-J5 45,52705 6,78335333 carbonates-poor soil 1,71 3,54 16,20 53,57 0,20 2,89 0,97 0,78 0,10 6,18
75 PN20-J6 45,527058 6,78385067 carbonates-poor soil 1,55 3,40 15,64 51,59 0,24 2,83 0,74 0,76 0,13 6,12
76 PN20-J7 45,526993  6,78440046 carbonates-poor soil 1,69 3,73 17,02 53,84 0,16 3,04 0,60 0,84 0,12 6,49
71 PN20-J8 45,527008 6,78492212 carbonates-poor soil 1,94 3,11 14,71 51,70 0,23 2,53 1,68 0,76 0,09 6,34
78 PN20-J9 45,52697  6,78540707 carbonates-rich soil 2,34 2,77 14,82 56,41 0,14 2,34 1,48 0,80 0,10 6,28
79 PN20-K1 45,527634  6,780828 carbonates-poor soil 0,54 12,52 4,75 16,89 0,08 0,90 25,61 0,24 0,02 3,78
80 PN20-K2 45,527462  6,7813502 carbonates-rich soil 0,64 11,37 4,94 21,11 0,13 1,00 23,09 0,27 0,03 4,24
81 PN20-K3 45,527466 6,78191948 carbonates-rich soil 0.85 8,71 10,01 31,19 0,25 1,90 14,49 0,49 0,07 6,90
82 PN20-K4 45,527481 6,78239441 carbonates-rich soil 0,70 10,37 7,63 24,75 0,29 1,49 19,28 0,37 0,04 561
83 PN20-K5 45,527378 6,78281927 carbonates-poor soil 1,44 4,32 1543 50,86 0,24 3,24 1,26 0,75 0,11 6,22
84 PN20-K6 45,527431 6,78340912 carbonates-poor soil 1,54 3,69 15,78 52,57 0,24 3,18 0,79 0,76 0,11 6,12
85 PN20-K7 45,527363  6,7838769 carbonates-poor soil 1,95 1,82 14,05 65,02 0,14 3,21 2,42 0,58 0,07 4,29
86 PN20-K8 45,527275  6,78461981 carbonates-poor soil 1,71 3,44 15,02 51,14 0,16 2,84 3,14 0,72 0,09 6,54
87 PN20-K9 45,527321 6,78501034 carbonates-poor soil 1,92 3,48 15,63 54,00 0,17 2,79 1,92 0,77 0,08 6,42
88 PN20-L1 45,527813  6,78081989 carbonates-rich soil 0,57 9,79 522 19,06 0,16 1,11 19,41 0,29 0,03 4,30
89 PN20-L2 45,527805 6,78138351 high-contaminated topsoil 1,04 5,40 11,14 36,91 0,22 2,01 7,58 0,58 0,11 6,78
90 PN20-L3 45,527763  6,78182983 carbonates-rich soil 0.83 7,88 10,21 32,33 0,36 2,05 12,52 0,50 0,09 691
91 PN20-14 45,527752  6,78237534 carbonates-rich soil 0,74 10,68 8,12 27,23 0,27 1,62 17,77 0,40 0,05 595
92 PN20-L5 45,527752  6,7828579 carbonates-poor soil 1,76 4,00 15,82 55,27 0,18 3,11 1,08 0,74 0,09 6,19
93 PN20-L6 45,527725 6,78322744 carbonates-poor soil 1,62 3,92 16,69 53,47 0,20 3,15 0,71 0,81 0,10 6,27
94 PN20-L7 45,527794  6,78403759 carbonates-poor soil 1,72 3,51 15,97 52,14 0,29 3,04 0,87 0,79 0,10 6,27
95 PN20-L8 45,527687 6,78439188 carbonates-poor soil 2,06 1,73 14,20 67,83 0,12 3,37 1,94 0,58 0,06 4,17
96 PN20-L9 45,527695 6,78498125 carbonates-poor soil 2,51 3,06 15,20 56,65 0,17 247 2,16 0,92 0,10 7,16
97 PN20-M1 45,528023 6,78072071 carbonates-rich soil 0,60 8,80 6,78 21,52 0,18 1,38 16,74 0,36 0,04 525
98 PN20-M2  45,528126 6,78135824 carbonates-rich soil 0,87 745 949 32,30 0,31 1,80 12,75 0,50 0,08 6,73
99 PN20-M3  45,528126 6,78187466 carbonates-rich soil 1,08 71,75 11,32 35,36 0,24 2,07 12,15 0,61 0,07 7,67
100 PN20-M4  45,528141 6,78240013 carbonates-rich soil 0,75 10,07 7.88 25,49 0,26 1,49 19,01 0,39 0,05 6,00
101 PN20-M5  45,528198 6,78288889 carbonates-poor soil 1,56 3,80 16,36 51,45 0,21 3,14 0,78 0,81 0,11 6,52
102 PN20-M6  45,528111 6,78342104 carbonates-poor soil 1,64 1,91 15,84 60,47 0,25 3,66 1,78 0,57 0,08 4,49
103 PN20-N1 45,528568 6,78099394 carbonates-rich soil 0,50 8,92 422 29,29 0,06 1,01 25,75 0,17 0,02 2,29
104 PN20-N2 45,528549 6,78141499 carbonates-poor soil 1,30 3,08 16,96 57,25 0,16 4,06 1,57 0,64 0,11 5,16
105 PN20-N3 45,528542  6,78188038 carbonates-rich soil 0,94 9,94 945 30,46 0,21 1,65 16,23 0,50 0,06 7,07
106 PN20-N4 45,528496  6,78241921 carbonates-poor soil 1,60 3,59 16,32 50,80 0,24 2,88 0,83 0,80 0,11 6,63
107 PN20-N5 45,528442  6,78289986 carbonates-poor soil 1,89 344 16,02 57,73 0,14 3,09 2,17 0,71 0,10 6,07
108 PN20-O1 45,528938 6,78106165 high-contaminated topsoil 1,32 2,55 12,28 47,05 0,17 2,28 3,24 0,54 0,12 5.55
109 PN20-02 45,528901  6,7814483 carbonates-poor soil 1,39 2,50 16,64 55,82 0,13 3,86 1,92 0,70 0,10 4,94
110 PN20-03 45,528767 6,78195667 carbonates-poor soil 1,66 1,37 12,08 70,40 0,22 2,85 1,13 0,47 0,09 322
111 PN20-04 45,528778 6,78239012 carbonates-poor soil 1,74 4,53 14,18 50,08 0,15 241 6,46 0,73 0,08 7.5
112 PN20-P1 45,529469  6,780996 carbonates-poor soil 2,08 3,03 15,11 52,63 0,21 2,53 1,68 0,88 0,11 6,93
113 PN20-P2 45,529423  6,781454 carbonates-poor soil 2,15 2,99 15,36 53,55 0,20 2,54 1,53 0,86 0,12 6,77
114 PN20-P3 45,529232  6,781889 carbonates-poor soil 2,49 3,11 15,63 58,96 0,12 247 2,46 0,82 0,10 6,90
115 PN20-P4 45,528667  6,782272 carbonates-poor soil 2,57 3,01 14,72 57,16 0,14 2,36 2,54 0,90 0,11 7,17
116 PN20-Q1 45,529221 6,77973843 high-contaminated topsoil 1,22 5,56 10,91 43,88 0,16 2,08 9,32 0,52 0,08 591
117 PN20-Q2 45,529537 6,77989626 carbonates-poor soil 2,32 2,88 15,13 54,15 0,22 2,46 1,69 0,95 0,11 6,80
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

D SampleName v Cr Co Ni Cu n As Br Rb Sr Zr Ba Pb Sh SOM Carbonates  TOTAL _ EFp,  EFpy (Ti) Igeops
61 105 71 16 48 47 171 205 12 105 84 163 1615 4942 33 15 3 98 39 61 5
62 106 76 15 47 41 109 0 6 107 59 181 1143 1572 15 11 2 98 12 19 4
63 116 80 16 60 51 135 24 5 97 62 175 837 1587 13 12 2 97 14 18 4
64 106 70 15 54 57 165 0 6 84 102 162 2311 5760 52 9 2 97 57 71 5
65 119 79 16 54 37 111 13 5 98 59 175 776 413 6 10 2 98 4 5 2
66 12 65 19 2 26 99 17 0 74 83 182 533 8 0 6 2 97 0 0 -4
67 103 61 2 37 26 97 18 0 65 123 177 554 24 2 5 3 98 0 0 -2
68 PN20-11 37 31 16 0 19 69 320 12 62 305 77 332 1102 0 24 23 111 15 29 3
69 PN20-J10 108 70 18 43 23 91 19 1 73 84 194 514 0 3 7 2 9% 0 0 <LD
70 PN20-K10 12 69 20 2 26 99 18 1 74 102 186 538 0 2 4 3 98 0 0

71 PN20-12C 56 46 15 7 44 256 2171 25 80 276 101 3994 8649 26 38 13 110 91 183 6
72 PN20-J3 60 39 20 21 47 161 1218 17 82 277 115 1599 6449 14 55 5 135 66 111 6
73 PN20-J4 116 79 16 55 41 118 12 4 96 59 170 684 611 4 10 2 97 5 7 2
74 115 78 16 53 39 116 0 5 94 61 171 800 997 8 9 2 97 9 11 3
75 114 85 16 56 51 155 5 8 96 67 164 1442 4720 32 10 2 95 41 55 5
76 126 83 17 58 43 130 0 2 100 61 182 1287 1904 20 7 2 96 16 20 4
77 106 71 17 49 42 124 17 5 81 8 181 687 867 10 10 2 96 9 10 3
78 111 72 17 2 20 95 17 2 2 86 187 526 42 1 7 2 9% 0 0 -2
79 23 20 16 0 9 35 66 4 39 381 58 200 141 0 12 32 109 3 5 0
80 26 20 14 0 12 51 156 6 41 353 66 31 503 0 15 27 110 10 16 2
81 58 38 2 1 34 149 616 16 78 247 104 1436 3126 6 14 20 109 34 57 5
82 40 31 18 0 26 88 331 17 66 320 82 542 1296 0 14 26 111 17 31 3
83 12 79 16 62 36 114 25 5 107 60 169 658 661 7 12 3 98 5 8 2
84 113 78 16 51 37 116 0 5 106 57 165 842 1696 12 10 2 97 13 20 4
85 68 45 10 11 18 77 11 0 104 89 198 494 31 2 3 2 9 0 0 -2
86 98 72 19 48 42 123 23 5 85 90 158 1334 1539 16 10 3 9 15 19 4
87 109 80 17 46 35 105 14 3 84 68 166 584 203 5 8 2 97 2 2 1
88 33 33 14 0 19 56 205 12 53 312 71 260 654 0 28 23 111 10 20 2
89 77 51 20 38 95 267 2145 27 89 211 129 2378 15037 51 19 10 103 141 229 7
90 63 45 21 15 40 182 919 2 88 246 106 2149 5021 16 19 17 110 48 89 5
91 45 29 18 0 28 s 423 14 70 296 88 913 1810 1 15 24 12 2 40 4
92 12 74 17 51 33 108 2 6 100 58 165 608 381 6 9 2 100 3 5 2
93 120 83 17 59 2 s 11 1 100 56 183 675 357 6 8 2 97 3 4 1
94 17 80 17 54 40 120 15 3 98 58 173 741 609 4 1 2 98 5 7 2
95 69 44 10 18 19 76 2 1 106 69 202 462 13 3 1 2 9 0 0 -3
96 124 64 21 33 27 114 18 0 74 100 194 543 10 4 4 2 97 0 0 -4
97 44 38 16 0 23 84 353 14 65 271 82 357 1249 0 29 20 111 16 30 3
98 62 43 21 13 55 184 1099 20 79 236 17 1291 6003 16 18 16 108 64 105 6
99 72 42 23 10 29 109 121 9 80 206 137 679 615 1 13 16 108 6 9 2
100 42 32 20 0 21 77 215 9 65 318 84 538 785 0 15 24 111 10 18 3
101 122 82 17 57 39 119 21 4 108 56 176 718 365 8 11 2 9% 3 4 1
102 72 51 10 24 26 100 4 0 130 78 185 636 131 5 8 2 101 1 2 0
103 16 14 9 0 9 95 94 12 37 749 81 750 355 0 4 26 103 8 18 1
104 83 56 13 24 28 136 8 2 153 58 190 718 147 4 6 3 9 1 2 0
105 56 36 2 1 25 96 250 8 67 249 107 795 1151 0 1 22 109 14 20 3
106 121 88 17 60 52 125 26 1 98 61 169 751 855 7 1 2 97 7 9 3
107 101 69 17 48 34 95 0 0 93 81 161 668 227 4 5 3 9 2 3 1
108 78 61 14 41 84 354 576 17 94 212 139 2736 12950 60 24 3 104 116 212 7
109 91 67 13 24 23 236 0 3 141 83 231 1216 2064 26 10 3 101 12 26 4
110 57 69 7 13 22 96 5 3 107 55 177 479 40 4 5 1 100 0 1 -2
111 93 57 23 31 35 106 26 3 75 112 158 682 313 4 6 8 102 3 4 1
12 123 74 20 38 35 136 12 6 79 89 203 683 626 6 8 2 95 7 6 2
113 121 71 19 38 31 125 9 2 78 88 199 701 468 5 8 2 96 5 5 2
114 12 67 20 2 23 93 15 0 70 98 185 560 13 2 2 3 98 0 0 -3
115 119 61 20 25 2 102 15 1 66 104 190 531 60 1 3 2 9% 1 1 -1
116 PN20-Q1 64 44 18 2 62 283 880 14 80 243 126 2509 11525 48 10 13 103 121 196 6
17 PN20-Q2 129 67 18 34 30 124 9 0 77 93 213 626 356 5 15 1 103 4 3 1

Table S9 : Single extraction test results

extractions on soil samples (n=21).

from distilled water, humic acid and EDTA

SampleName Total Pbt Pbyaer Extracted Pbwaer  Part_Extracted Pbyuer — Measured Pbhumic Pbuumic __ Part_| Pbhumic Pbepra Pbepra _ Part | Pbepra
Unit mg/k g/l mg/kg % me/k mg/k % mg/k mg/k %

PN20_AAL 7211 104 1144 0,16 153 1535 021 161 724771 100,51
PN20_B2A 25584 362 3981 0,16 189 197,11 077 155 2423741 94,74
PN20_B4 173 <L.D' N.Q N.Q 0.01* 0,10 006 059 131,73 76,14
PN20_D3 35808 629 3457 0,10 098 100,31 028 142 24127,17 67,38
PN20_E3 22667 384 4221 019 128 135,55 060 146 2542326 112,16
PN20_G3 12249 2,74 30,19 025 1224 12236 1,00 0,79 1465099 119,61
PN20_G5 3808 088 9,70 025 220 205 058 094 419848 11025
PN20_G8 130 <L.D' N.Q N.Q <L.D' N.Q N.Q 032 7041 54,16
PN20_H11 93 <L.D' N.Q N.Q 0.01° 0,10 o011 020 4545 4887
PN20_H5 4236 073 798 0,19 126 12,58 030 096 425203 100,38
PN20_13 4942 056 6,18 013 095 948 019 L12 497045 100,58
PN20_K1 141 <L.D' N.Q N.Q <L.D' N.Q N.Q 033 7383 5236
PN20_K4 1296 0,09 098 0,08 022 224 017 024 104802 80.87
PN20_K5 661 0.01° o011 0,02 0,10 1,00 015 1,14 508,94 76,99
PN20_K9 203 <L.D' N.Q N.Q <L.p! N.Q N.Q 052 12233 60.26
PN20_L2 15037 1,68 1847 0,12 736 73,59 049 097 17043,55 11334
PN20_M3 615 0.01° o011 0,02 0.01° 0,10 002 1,01 450,56 7326
PN20_M5 364 0.01° 011 003 004 044 014 114 24833 68.22
PN20_N4 855 0,08 086 0,10 021 2,14 025 177 75029 8775
PN20_O1 12950 074 8,12 0,06 420 203 032 083 14516,15 11209
PN20_P2 468 0.01% 0,11 0,02 0,06 0,63 0,13 1,57 356,63 76,20

'Pb measured in solution is under the detection limit of 0.02 mg.kg'I

*Pb measured in solution is under the quantification limit of 0.04 mg.kg", Pb measured values replaced by the half of the detection limit
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

Figure S1 : Hierarchical clustering on soil samples (n=117) to identify 3 main soil

types : A) Hierarchical tree; B) Inertia; C) Representation of the clusters.
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Figure S2 : XRD patterns for the three soil types.
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CHAPITRE 3| Modes de dispersion du Pb dans les sols miniers

Figure S2 : SEM-EDX spectra of Pb-bearing phases.
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Mn-Fe-Pb (hydr-)oxides

Elt Ligne Int Erreur P% A%
C Ka 202 8.7234 1745 44.7
o Ka 438 8.7234 17.38 3341
Mn Ka 47.7 2.0119 14.83 83
Fe Ka 102 2,0119 3.76 207
Pb Ma 105 8.7234  30.09 447

(Gold coating. pressed pellet. Ref. PN20-G3-Z3-1)

Elt Ligne Int Erreur P% A%
c Ka 434 49773 3127 55.83
o Ka 59.1 49773 2467 33.06
Mn Ka 229 0.7105 692 27
Fe Ka 122 0.7105 438 1.68
Pb Ma 1063  7.8294  26.86 278

(Carbon coating. pressed pellet. Ref. PN20-L2-Z7-3)

Pb adsorbed on coal

Elt Ligne Int Erreur P% A%
C Ka 544 5.0582 5161 79,72
o Ka 132 5.0582 11.6 13.45
Ca Ka 195 10195 4.21 195
Au Ma 612 5.0582 21.14 199
Pb Ma 13 5.0582 5.92 0,53

(Gold coating. pressed pellet. Ref. PN17-SOL03-Z6-4)
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Pb adsorbed on organic-matter
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(Carbon coating, free powder, Ref. PN19-SOL06-14)
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Chapitre 4 | Héritage a long-terme des fumées
pyrométallurgiques

Ce chapitre se concentre sur ’étude des sédiments lacustres du lac de le La Plagne, situé 7 km en
amont du site minier, et sur les sols de son bassin versant. Les travaux présentés visent a caractériser
I’héritage métallurgique laissé par les fumées pyrométallurgiques lors du traitement du minerai de
la mine de Pb-Ag de Piesey-Nancroix. Les matériels supplémentaires de ce chapitre sont

disponibles en fin de chapitre et sont signalés par un S.
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Abstract

The mining and smelting of ores have led to global contamination, with ancient metal
contamination evidenced by environmental archives recording fallout deposited on lake and
terrestrial surfaces. Even after anthropogenic activities stop, soil continues to scavenge metal-
bearing fallout, contributing to persistent metal contamination in a catchment. To assess the
delayed response of contamination in a mountainous catchment, lake sediments and soils were
collected 7 km upward a 200-year-old historic mine. The Pb-Ag mine of Peisey-Nancroix was
operated between the 17" and19™ with documented smelting period of 90 years. Pb contamination
was identified during the smelting period using dating techniques on lake sediments, and Pb
isotopes confirmed the Pb local ore origin (*"Pb/*"Pb = 1.173; **Pb/**Pb = 2.094) as well as the
ongoing remobilization of anthropogenic lead in the environment. Despite metallurgical Pb
transfer decreases over time in La Plagne lake sediment, the catchment soils still contain significant
stocks of anthropogenic Pb (54-89 %). Small topographic sinks revealed contamination disparities
in superficial soils. Measurements showed the contamination of 80 years of Pb smelting emissions
affecting different compartments of the environment and their lagged response to the

contamination.
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41 Introduction

The mining industry associated with ore smelting is one of these industries that threatens Earth’s
ecosystems (Thienpont et al., 2016; Mariet et al., 2017; Camizuli et al., 2018; Hansson et al., 2019)
through the dispersion of metal-bearing particles into all compartments of the environment
(Nriagu and Pacyna, 1988; Hong et al., 1994; Renberg et al., 1994). Numerous studies have
investigated the soil contamination in close vicinity of smelting waste storage areas (e.g., Kiibek et
al., 2016). However, a substantial amount of particles is also emitted toward the atmosphere during
smelting operations. While most of this atmospheric contamination falls out in the vicinity of the
smelters (Doucet and Carignan, 2001; Cloquet et al., 2006b) an important part of it may spread
much further (Hong et al., 1994; Brinnvall et al., 1997). One way to track both the spatial
distribution and the timing of past pollution is the use of sedimentary archives, such as lake
sediments (Arnaud et al., 2004; Sabatier et al., 2014), peatbogs (Shotyk et al., 1998; Martinez-
Cortizas et al, 1999; De Vleeschouwer et al, 2007) or ice cores (Rosman et al., 2000).
Environmental archives have been widely used for decades to evidence such a contamination from
a regional to a global scale within a long-term perspective (e.g., Mariet et al., 2018). It has been
hence shown that global lead contamination occurred as eatly as during the Antiquity period,
(Shotyk et al., 1998; Brinnvall et al., 2001) while the oldest evidence of metals contamination was
dated 4 500 years ago (Leblanc et al., 2000). During the historic period, the Middle Age was also a
period of widespread metal contamination in Europe, and the eatliest evidence was found to
originate from Germany (Brinnvall et al., 1999). It was hence possible to establish a worldwide

history of metal contamination (Shotyk et al., 1998; Renberg et al., 2001).

However, this wide picture does not provide any information about the present-day dispersion and
remobilisation within the environment of ancient metal contaminations. Mining legacy is of great
concern hundreds to thousands of years after activities stop (Hansson et al., 2017; Le Roux et al.,

2020, Corella et al., 2021) and remains harmful to biota (Monna et al., 2011; Camizuli et al., 2018).

Lake sediments may integrate both direct fall-outs and catchment-derived fluxes of contaminating
metals. However, even when the primary flux has ceased, contaminants stocked in soils can be
remobilised by physical erosion and/or runoff waters, and thus enter the recording system (i.e., the
lake). Although soil represents the largest reservoir of airborne contaminants (e.g., Nriagu and
Pacyna, 1988; Pacyna and Pacyna, 2001), very little is known about the remobilisation of metals
after they originally fell out on soils. The storage of trace elements within soil has the potential to

act as a delayed and persistent source of contamination. (Yang et al., 2002a; Bacardit and Camarero,
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2010; Rose et al., 2012; Hansson et al., 2017, 2019). At the scale of a catchment area, this should
induce a lag between metal fall-outs into a catchment and their downstream transfer to a lake basin

were they could be stored.

In this paper we aim to test the hypothesis that metal release continues to occur upstream of a
historic mining area even nearly 200 years after the cessation of any metallurgical activity. The lack
of data on the duration of mining activities(e.g., Gabrieli and Barbante, 2014 in Roman times)
makes it difficult to assess the potential time-lag between metal emission, deposition,
remobilisation and finally storage in a given lake catchment area. To do so, we attempted to
determine the timing of contaminant remobilisation in the context of a well-known historical
mining activity that took place in a small valley in the French Alps, between the 17" and 19"
centuries. Moreover, the long-term environmental legacy of ancient mining activities is still poorly
documented (Camizuli et al., 2014, 2018; Wiklund et al., 2020) and remote areas such as high
mountain catchments are favourable for studying activities far from any urban centre and from
other sources of anthropogenic contaminants (Monna et al., 2011; Hansson et al., 2019). To
contribute at filling that gap, here we identified Pb contamination sources using Pb isotopes,
quantified Pb contamination over time, compared it to the regional signal, and finally connected

recent post-smelting Pb fluxes from soils to lake sediments, which is rarely undertaken.

4.2  Study area

The Peisey-Nancroix Pb-Ag mine is located at 1 500 m a.s.l. in the Ponturin Valley, in the northern
French Alps (Savoy; Figure 4.1). The first written evidence of ore extraction at the Peisey-Nancroix
mine and subsequent smelting on site was dated back to the mid-17" century (1644 CE; Barbier,
1875). However, industrial installations were implemented in the mid-18" century (1734 CE), and
the mine was operated until 1866. During this industrial period, 21 500 t Pb and 53 t Ag were
extracted. For at least 80 years (1745-1824), galena (PbS) and Ag-rich tetrahedrite ((Cu,
Fe)12(Sb,As,Ag)sS13) ore was smelted on site with great variability in ore production over decades
(Table S1). All supplementary tables, text and figures are referenced with an S. For pre-industrial
(17" century) and industrial (18" and 19" centuries) times, historical archives, written by mining
engineers, are available. They provide information on the amount of ore extracted and smelted, on
the smelting techniques used, and on the spatial distribution of the mining and smelting
infrastructures. Ore smelting began to decline in 1813 CE when smelting facilities were relocated

in the city of Albertville (Figure 4.1B), 35 km as the crow flies, from Peisey-Nancroix village (65
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km down valley) and was then definitively abandoned in 1824 CE. Local contamination of the

surrounding hayfields has been engendered by 200-hundred years of mining and smelting waste

storage on the surface (Guillevic et al., 2023).

“Lake

Al i LLa Plagne
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I Mafic rocks
I Schists
Sedimentary cover
Dolomite and cargneules
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[ Black shale

Alpine thrust zone

[ Cargneule ) :’; > 0 500 1000 m
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Figure 4.1 : Location maps of the study area. A) Map of France indicating the study area; B) Location of the lakes of
La Plagne and Anterne in the northern French Alps, 56 km apart; C) Location of the Peisey-Nancroix mining and
smelting areas and of Lake La Plagne along the Ponturin catchment; D) Geological map of the Lake La Plagne
catchment, showing the location of the soil samples.
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To study atmospheric contaminant emissions during smelting and their subsequent deposition and
transfers, Lake ILa Plagne and its catchment were selected because the lake is located in the upper
valley of the Ponturin River, 7 km downwind and upwards of the former Pb-Ag mining and
smelting site (Figure 4.1C). Lake La Plagne, located at 2100 m a.s.l. in the Vanoise massif
corresponds to a catchment of 1742 ha with a maximum altitude of 3100 m (Figure 4.1D). The
upper valley is only accessible by foot, and only pastoral activities are known in the area. The
bedrock of the catchment consists of metamorphic rocks of the Variscan basement (intermediate
to mafic compositions) and carbonate rocks (marble, dolomite and alpine dedolomitised breccia
called “cargneules”) from the Mesozoic sedimentary cover (Figure 4.1D). A large part of the area
is covered by screes and tills. The alpine meadows are covered with Rumex alpina, Nardus stricta,
Vaccinium vitis-idea, Achillea millefolium and Sempervivum montanum. The waterways upstream of the 19
m-deep Lake La Plagne cross basement rocks into a peaty-like delta system. The Ponturin River
runs from the outlet of the lake northwards before bordering the ancient Pb-Ag mining and

smelting site of Peisey-Nancroix, 7 km downstream.

4.3 Materials

4.3.1 Lake sediments

With the help of a UWITEC gravity corer hammering from a small boat, 5 sediment cores, PLG-
01 IGSN: TOAE0000000343; 1.52 m), PLG-02 IGSN: TOAE0000000344; 2.25 m), PLG-03
(IGSN: TOAE0000000345; 1.06 m), PLG-04 (IGSN: TOAE0000000347; 0.95 cm), and PLG-05
(IGSN: TOAE0000000349; 2.14 cm), were collected in the centre of Lake La Plagne (N
45°29°2.709”; E 6°50729.667”, Figure 4.1D) in July 2019. Detailed fieldwork information can be

found at https://www.cybercarotheque.fr/index.phprmission=PLAGNE. At the laboratory, each

core was split into two halves, one of them was used for the following analyses.

4.3.2 Surface and subsurface soil samples

A total of 13 surface soil samples were collected with a manual auger at a depth of 0-20 cm along
two altitudinal transects in the lake catchment (Figure 4.1D). Transect A (n=5) follows a
southwestern direction from the west of the lake: samples Al (2170 m), A2 (2177 m), A3 (2330
m), A4 (2402 m), and A5 (2447 m). Transect B (n=0) points towards the southeast from the
northern side of the lake: samples B1 (2153 m), B2 (2170 m), B3 (2227 m), B4 (2264 m), B5 (2314

m), and B6 (2336 m). Sample B7 (2190 m) was collected between these two transects, and sample
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B8 (2149 m) was collected in the lake delta. Additionally, two soil profiles were dug at the top of
each transect (A5 and B0) to retrieve samples from different soil horizons. Soil samples were air-

dried for a few days and sieved to 2 mm before analyses.

4.4 Methods

4.4.1 High-resolution elemental EDS-XRF analyses

After visual logging and photographing, the relative major (Al, Si, K, Ca, Mg, Ti, Mn, Fe) and trace
(Zn, Pb, As, Rb, Sr, Zr) element contents were measured along the lake sediment core by energy
dispersive spectrometer-X-ray fluorescence (EDS-XRF) using the AVAATECH Core scanner at
the EDYTEM laboratory. A continuous 1-mm step measurement was performed on a PLG-03
one-half core with multiple runs at 10 kV and 0.2 mA during 15 s, allowing the detection of
lightweight elements, and a second run at 30 kV at 0.15 mA during 20 s to detect heavy elements.
In order to discriminate As and Pb, which suffer from peak overlap, peak intensities were calculated
using only Pb_LB and As_Ka. Argon was also analysed and used as an element control for the
homogeneity of the core. Hierarchical clustering on principal component analysis (PCA) of major
elements was applied to compare visual logging to geochemical units of lake sediment using the
multivariate analysis package FactoMineR (Lé et al., 2008) in R statistical software (R Core Team,
2022).

4.4.2 Carbonates and organic matter content

The determination of the organic matter and carbonate contents of the lake sediments was
performed by loss on ignition (LOI) on discrete samples from PLG-03 following the method by
Heiri et al. (2001). The weight loss was measured after a first heating step at 550°C (LLOIss0),
providing an assessment of the organic matter content within lake sediments, and after a second
heating step at 950°C (LOloso), used as a proxy of the carbonate content.

The carbon total content (inorganic and organic fraction, Cr) of the fine fraction of soils was
measured by dry combustion (ISO 10694), and the CaCOs total content (CaCOs, ISO 10693) was
measured by the volumetric method at the French national reference soil laboratory (INRAE,
France). Based on the Crand CaCO; contents, the total organic carbon (TOC, TOC = Cr— CaCO;s
*0.12) and the soil organic matter (OM, OM = TOC*1.7) were calculated. The pH of the soil

samples was also measured.
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4.4.3 Major and trace element contents, and enrichment factor (EF)

Following the routine analysis of Carignan et al. (2001), soils (< 2 mm; n= 13) and lake sediment
samples (n=0606) were analysed for 54 elements after lithium tetraborate fusion using ICP-OES
1Cap6500 (major elements) and ICP-MS iCap(Q) (trace elements) at the Service d’Analyse de Roches
et Minéraux (SARM-CNRS, Nancy, France). Total concentration uncertainties were about 1% for
major elements and between 5% and 10% for trace elements, depending on concentration levels.
Reference materials and blanks were prepared along with the samples. Lake sediment sampling
along the core was performed approximatively at each cm according to facies changes for a total
of 66 samples for a 106 cm core (PLG-03). Sampling was spaced to avoid thick instantaneous
events identified during logging, such as event deposits that were considered instantaneous deposits
and non-representative of continuous sedimentation (Arnaud et al., 2002; Sabatier et al., 2022). In

this paper, major and trace element contents are presented as the median * standard deviation.

For both soil and lake sediments, the enrichment factor (EF) of potentially toxic trace elements
(PTEs) was calculated to quantify the PTE contamination in comparison to a reference

background:

M1y
M,)SAMPLE

(22
M2/ gke

EFy, = equation (1)

where M; is the Pb or As content of the sample and of the reference background (BKG), and M.
is the content of a selected “conservative” element in soil and lake sediments that has exclusively
a lithogenic origin (Reimann and de Caritat, 2000) and has a content on the same order of
magnitude as the studied PTE. Both Rb and Th were tested as conservative lithogenic elements

for the calculus of the EF. The classification of EF is presented in Table S2.

4.4.4 Pb isotopes

A selection of lake sediment (n = 9) and all soil samples (surface and subsurface horizons, n = 20)
were analysed for Pb isotopic composition (***Pb, **Pb, *’Pb and **Pb) using a Thermo Fischer
Multicollector (MC-ICP-MS) Neptune Plus at the SARM-CNRS laboratory. After digestion, the
samples are placed on an ion exchange resin to chemically separate the mineral matrix. Lake

sediment samples were chosen before the sampling of the continuous 66 discrete samples based

on the Pb and As peaks identified on the EDS-XRF profiles. Two samples (85-86 cm and 103-
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104 c¢m) presenting the lowest Pb and As abundances were chosen to define the local background

1sotopic composition.

In-situ Pb isotope measurements were performed on 10 to 20 individual galena crystals of two ore-
bearing samples collected on the waste heaps to determine the local ore signature. Measurements
were performed at the CRPG-CNRS (Nancy, France) using the 1270 ion microprobe in

monocollection mode to a mass resolution of 4000, following Deloule et al. (1980).

4.4.5 Short-lived radionuclides (**Pb, *"Cs, *’Am)

The activities of natural short-lived radionuclides *'’Pb, **Ra and 'Be and artificial radionuclides
*Am and "Cs in lake sediment samples were measured at the Laboratoire Souterrain de Modane
(LSM, France) on EDYTEM-operated low background SAGe well detectors (Reyss et al., 1995).
For each sample, the excess *''Pb (*'"Pb.) activities were calculated as the difference between the
total ?''Pb and **Ra activities. The first 30 cm of lake sediments from the PLLG-03 core were
sampled according to lithological variations. Using a small cylinder (3 cm’), the dry bulk density
(DBD) was determined by measuring the dry weight for a constant volume of sediment before
analysis. Short-lived radionuclide data were computed with the serac package (Bruel and Sabatier,

2020) in R software (R Core Team, 2022) build an age-depth model for the recent sediments.

4.4.6 “C dating

Organic macroremains were sampled for *C (radiocarbon) dating from cores PLG-01, PLG-03,
PLG-04 and PLG-05, which were correlated thanks to XRF analyses (Figure S1). Despite
difficulties in providing a proper quantity of macroremains, 13 samples were dried at 60°C and sent
to the accelerator mass spectrometer (AMS) of the Poznan Radiocarbon laboratory (Poland) to
measure "*C. The radiocarbon ages were calibrated with the Intcal20 calibration curve (Reimer,
2020) using the clam package (Blaauw, 2010) in R software (R Core Team, 2022) to construct a

single age-depth model correlated with short-lived radionuclide measurements (*'"Pb, '*’Cs, *' Am).

4.4.7 Anthropogenic Pb (Pbanru) and accumulation rate (ARp,_ants)

Two methods were used to measure the anthropogenic Pb (Pbanrn) of lake sediment (and soils):
elemental and isotopic methods. First, we considered the total Pb content of one sample as the
sum between the lithogenic background Pb and the anthropogenic Pb contents: Pbrora. =

Pbgkct Pbantn; which allowed us to calculate :
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_ Pbggg .
Pbynrn = Pbrorar — | RbroraL * Rb equation (3)
BKG

Second, the calculation of Pbaxrn was also isotopically determined using a two end-member mixing
model, where the mean of the two deepest lake sediments represents the lithogenic background
end-member (85-86 cm and 103-104 cm):

pp206 pp206

(Pb207)sample B <szm)BKG.

Pbanra = PbroraL * (szoe) (szoe)
Pb2%7 local_ore Pb2%7 BKG

equation(4)

The accumulation rate of anthropogenic Pb (ARp,_anta) represents the annual flux of
anthropogenic Pb per m® It was calculated in lake sediments to evaluate (i) changes in metal
accumulation along the sediment core, and (ii) to compare the Lake La Plagne accumulation rate
to regional fluxes that were estimated at Lake Anterne (Figure 4.1B) during the same time period.
The ARp,_anth (in mg.m™y™") was calculated according to equation (2):

ARpp ,yry = SR * DBD * Pbyyry equation (2)

where SR is the sedimentation rate (or accumulation rate, in mm.y"') obtained from the age-depth
model, DBD is the dry bulk density (in g.cm™) and Pbaxri corresponds to the anthropogenic Pb
content (in mg.kg™). Details on the DBD calculation of lake sediments and the fine fraction of soil

(< 2 mm) are presented in Text S1.

4.4.8 Inventory calculations

4.4.8.1 Inventories of anthropogenic Pb (g.77)

The inventory of anthropogenic Pb (Inv.p,) represents the quantity of anthropogenic Pb stored per
area unit in soils or in lake sediments (in g.m™). For lake sediments, it is possible to calculate the
total amount of metal accumulated for a given surface area (here, the area of the sediment core,

Inv.ph_ake_sed) following equation (5):

n

n
INV.pp, e coa = z SR * DBD * Pbyyry = Z ARpp nry €quation (5)

=1 =1

where n is the thickness of the accumulated sediment, which represents a time period using the

age-depth model.
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For soils, the inventory (Inv.py_swi) is calculated following equation (6), with T being the thickness
of the solil to integrate:

Inv.py 5ot =T * DBD * Pbyyry equation (6)

4.4.8.2 Tnventories of *'°Pb,. (Bg.n”)

The larger the catchment area is, the larger the quantity of sediment is, and therefore the larger the
anthropogenic contaminant is supposed to be remobilised (assuming uniform fall-outs). A focus
factor (FF) is calculated to compare inventories of *Pb.. (fine sediment proxy) among lakes:

mv.Pb3°p, ¢

Inv.Ph3° 4o

FF equation (7)

where Inv. Pbg%OPLG is the inventory of *"Pb., in Lake La Plagne (PLG), and Inv. Pbg%OANT the

inventory of *'Pbe in Lake Anterne (ANT). An FF>1 is indicative of net accumulation of
sediment. The FF will help to calculate the difference in anthropogenic Pb accumulated over a
given period of time and calculate the local surplus of anthropogenic Pb (Surplusp, in g.m?)

potentially engendered by smelting activities, following equation (8).
Surplus p, = Inv.pp p1g — FF * Inv.p, anr equation (8)

Lake La Plagne was compared to Lake Anterne (Figure 4.1B) as (i) its relatively small catchment
area (256 ha) makes it a good atmospheric recorder, and (ii) there was no important metallurgical

activity in the 18" and 19" centuries nearby, so that it only recorded the regional atmospheric signal.

4.5 Results

4.5.1 Sedimentology of Lake La Plagne

Pictures of the sediment texture are visible in Figure S1. As it is often the case in alpine lakes, we
identified many event layers interbedded with the continuous sedimentation in PLG-03 sediment
core. These layers show a coarser grain size at the base (normal grading) associated with few
millimetres size organic debris. They present a beige or brown yellowish colour contrasting with
the dark brown facies characterising the continuous sedimentation. A list of the event depths is

reported in Table S3 for each studied core.
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Figure 4.2: Dry bulk density (DBD) and LOIsseec and LOlospec for discrete samples (units %) along the PLG-03 core
as well as major and trace element content profiles measured by EDS-XRF with a 1-mm step (continuous line, in
counts per second); and ICP-OES and ICP-MS contents (diamond, in % or mg.kg™!). Transparent grey rectangles

represent the Ca-rich events and events identified during logging by a higher particle size at the base and by a
different colour.
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The continuous sedimentation presents slight changes over the studied sequence and was thus
divided into 4 units based on XRF logging, LOIlssy and LOlysy data. Unit 1 (6-11 cmy;
25- 45 cm, Figure 4.2) consists of a dark brown silt with LOIss0 up to 8 wt. % (5.1 £ 1.9 wt. %),
which is slightly higher than the other units. The carbonate content estimate based on LOlys is
also the highest among continuous sedimentation units (18.0 = 4.6 wt. %). This induces a lower
DBD (0.8 + 0.2 g.cm”) than for the more silicate-rich units found at depth (Figure 4.2). Only
sediment colour allows us to distinguish Unit 2 (45-64 cm) and Unit 3 (78-87 cm; 99.5-107 cm) as
their LOIsso and LOlos are similar (4.3-4.7 and 9.3-10.6 wt. %, respectively). The slightly lower
organic content of Unit 2 (4.3 = 1.3 wt. %) may be responsible for its greener colour in comparison
to the brown-dark colour of Unit 3 (4.7 £ 1.3 wt. %). Unit 4 (87-99.5 cm) corresponds to laminated

mixing between Unit 2 and Unit 3.

4.5.2 Major elements

4.5.2.1 Lake sediments

Hierarchical clustering on principal components was performed on major elements measured by
EDS-XRF (Si, Al, K, Mg, P, Ca, Ti, Fe, Mn, in cps), which allowed us to identify 3 clusters (Figure
S2). The first dimension (50.73 %) and the second dimension (29.18 %) of the PCA distinguish
carbonate-rich top event layers (cluster 1) and terrigenous continuous sedimentation (clusters 2
and 3). This classification corroborates the total major element contents (Figure 4.2) showing a
lower SiO; content (22.3 £ 9.3 wt. %, n = 16) and a higher CaO content (19.4 * 4.1 wt. %) in the
carbonate-rich events compared to continuous sedimentation (SiO:: 39.3 £ 6.4 wt. %; CaO: 7.9
* 3.3 wt. %, n = 53).

The continuous sedimentation represented by cluster 2 and cluster 3 encompassed the 4 units
identified during logging as well as the deep event layers (64-78 cm; 87-91 cm; 93-95 cm and 98-99
cm). These deep events, which have a geochemical signature similar to continuous sedimentation
(Figure S2), are identified based on their brown-yellowish colour and sandy texture. Unit 2, Unit 3
and Unit 4 present similar major element contents whereas Unit 1 presents higher carbonate

content, thus diluting the silicate signal.
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4.5.2.2 Soils

Most soils from the Lake La Plagne catchment are developed on basement rocks and/or till with
minor proportions of carbonate fragments which are abundant in screes (Figure 4.1D). These soils
can be classified as rankosols with the exception of sample B8, which is a saturated fluviosoil with
the highest CaCOsr content (5 wt. %, Table 4-1). The other surface soils are silty-sandy soils with
no carbonates (< 1 % CaCOsr). The total organic carbon (TOC) content varies from 6 to 12 wt. %.
Superficial soils collected on basement rocks and tills (A2, A4, B1, B3, B4, B5 and B6 ) presented
a higher SiO, content (52.4 * 4.5 wt. %) and a lower CaO and MgO contents (0.7 * 0.5 wt. %; and
2.3 * 0.4wt. %,; respectively) than the soils overlying the cargneules and the carbonate-rich screes
(8102: 43.9 £ 3.5 wt. %; CaO: 1.6 + 2.4 wt. %; MgO: 3.8 = 1.5 wt. %; Al, A3, A5, B2, B7, BS).

Surface soils have heterogeneous pH values ranging between 4.5 and 7.6 (Table 4-1). The most
alkaline soils (pH > 7; samples A1, B2, B7 and B8) are located down the slope or along the slopes
with downhill carbonate rock outcrops. The most acidic soils (pH < 5; samples A2, A4, B4 and
B5) are developed on basement rocks of the catchment. Soil samples A3, A5, B1, B3, and B6

present an intermediate pH.

Table 4-1: Principal soil properties, trace elements and major contents for superficial soil in the surrounding of Lake
La Plagne, divided in two subgroup types according to underlying lithologies

Soil properties Potentially toxic trace elements Majors elements
Sample_Name Lithology pH TOC CaCO; CEC As Cd Cu Pb Sb Zn Si02 AI203 Fe203 MgO CaO

% % mg.kg! wt. %
A2 basement rocks 4,8 6 0,05 8 27,9 0,33 15,3 133 2,36 154 532 134 5,7 2,5 1,3
A4 basement rocks 4,9 8 0,05 7 26,5 025 239 39,1 1,63 78,6 51,6 12,6 6,4 2,1 0,6
B1 basement rocks 5,1 9 0,05 14 12,2 0,29 14,3 76,3 1,84 134 49,0 119 54 2,0 1,2
B3 basement rocks 5,8 9 0,05 21 21,7 0,28 17,5 75,1 6,92 101 50,2 11,9 5,6 2,5 0,8
B4 basement rocks 4,5 6 0,20 7 17,5 0,12 17,7 96,2 4,89 107 58,3 12,2 5,9 2,4 0,1
B5 basement rocks 4,7 7 0,05 8 5,74 0,09 12,9 66,1 1,32 392 67,6 8,7 1,7 1,0 0,1
Bo till 53 7 0,05 14 6,53 0,26 233 102 1,29 102 60,0 10,8 5,1 1,4 0,4
Al carbonates scree 7,3 12 0,05 31 238 043 412 121 3,26 103 40,9 12,5 49 3,2 2,5
A3 carbonates scree 6,6 11 0,05 24 37,5 0,71 20,6 51,3 1,96 99,9 44,7 12,9 3,5 44 1,2
B2 carbonates scree 7,2 10 0,05 31 42,6 039 2506 103 3,96 151 48,1 11,3 4,6 2,6 1,5
B7 carbonates scree 7,7 6 0,90 23 22,6 0,72 15,1 101 5,58 169 49,9 13,6 6,0 41 1,7
B8 carbonates scree 7,5 7 5,00 18 356 0,33 219 66,9 1,99 112 42,5 10,8 44 6,9 7,3
A5 cargneules 56 10 0,05 22 16,0 1,38 19,1 116 2,08 176 43,1 12,0 5,4 3,6 0,7

4.5.3 Trace elements and enrichment factor
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4.5.3.1 Lake sediments

Among the elements of metallurgic interest, Pb and As show clear variations according to XRF
scanning. In contrast, Zn, Cu and Ni display weak and noisy signals. No signal was recorded for
Sb despite the presence of Sb-bearing minerals in the ore. The Pb profile shows three peaks (56.5-
58.3 cm, 82.5-79.5 cm, and 62.5-64.5 cm) interspersed with event layers (in red, Figure 4.2). The As
profile shows 2 peaks (30-31 cm and 27.9-29.3 cm) also interspersed with an event layer.

The total trace element contents in discrete samples confirmed that apart from Pb and As, the
other potentially toxic trace elements (PTE; Ni, Cu, Sb and Zn) do not display any positive
anomaly. The Ni content varied between 12 and 37 mg.kg" (26.7 + 4.5 mg.kg"), the Cu content
varies between 16 and 51 mg.kg' (39.3 + 5.3 mg.kg"), the Zn content varied between 69 and
235 mg.kg"' (182.6 + 28.5 mg.kg") and the Sb content varied between 1.8 and 4.1 mg.kg" (3.0
* 0.4 mgkg"). The total arsenic content confirmed the EDS-XRF data, with the As content
varying from 34.7 to 505 mg.kg" (87.8 + 109.0 mg.kg"). Simultaneously, for the As peaks, an

increase in the organic matter was measured with LOIssec (between 6 and 8 wt. %, Figure 4.2).

The total Pb content varies from 29 to 148 mg.kg" for the continuous sedimentation samples (61.5
+ 30.4 mg.kg', n = 54). The deepest lake sediment samples (85 to 106 cm) present a low Pb
content, which varies between 29 and 38 mg.kg". The highest Pb content was measured between
54 and 85 cm (from 47 to 148 mg.kg"). This confirmed the 3 Pb peaks identified from the EDS-
XRF profile (Figure 4.2). From the top of the core to 54 cm, the total Pb content varies between
29 and 87 mg.kg ™. Noticeably, the total Pb content of one of the top events was very high reaching
a total content of 690 mg.kg"' between 6 and 7 cm (Figure 4.2). This result is very surprising as no
major Pb peak was identified by EDS-XRF at this depth in any core, as it would have been expected
for such a Pb content (Figure S3).

The EFp, was calculated for each lake sediment discrete sample using for reference background
the mean Pb/Rb ratio of the discrete samples collected between 85 and 106 cm (Pb/Rb: 0.32
+ 0.02, n=15), which are considered to represent the local geological background. Element Rb was
chosen over Th as conservative element because the standard error of the mean background ratio
was lower and because Rb was identified with terrigenous fraction (Figure S2). The enrichment
was considered significant for EFp, > 2. Table S4 presents EFpy, values in depth along the sediment
core. From 0 to 55 cm, the EFp, increases from 2 to 4. From 55 to 62 cm, the EFpyis equal to 3,

showing a minor enrichment. From 62 to 81 cm, the EFp, shows a moderate enrichment up to 5.
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As the deeper sediments are used for background and reference values, EFp; is close to 1 between

85 and 106 cm.

4.5.3.2 Soils

The Pb content in supetficial soil samples vaties from 39 to 132 mg.kg"' (96.2 & 28.2 mg.kg ™), with
a high variability depending on the sample location, but no relationships with the underlying
lithologies (Table 4-1 and Figure 4.3). The deepest soil horizons of profiles A5 (ovetlying cargneule
and dolomite) and B6 (developed on basement-rich tills lying over cargneule and dolomitic rocks)
present equivalent Pb/Th ratios. Despite lithological differences, these deepest horizons are used
as background references to calculate enrichment factors in soils as Pb/Th ratio is equivalent
(Pb/Th ~ 2.7). EFp, in soils varies between 2 and 9 (Figure 4.3). Despite Pb enrichment, the PTE
contents (Ni, Cu, As, Sb) of surface soil samples are very low and therefore show no significant
enrichment (Table 4-1). The depth transfer of Pb is limited; only the first two horizons of profiles
A5 and B6 show moderate to severe Pb enrichment whereas the deeper horizons display no

enrichment (Table S5).
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Figure 4.3: Distribution map of sutface soil around Lake La Plagne indicating EFpy, the total Pb content (in mg.kg!)
and the anthropogenic Pb content (Pbantn in mg.kg ). See text for the calculation of Pbanr.
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4.5.4 Pb stable isotopes

4.54.1 Local ore

The local galena displays **Pb/*"Pb ratios of 1.172  0.002 and ***Pb/**Pb ratios of 2.095 + 0.005
(n=29, Table S6) that will be named Pb local ore in the following.

4.54.2 Lake sediments

The two deepest samples of the lake sediment core present a *Pb/*"Pb isotopic ratio of 1.209 and
a “Pb/**Pb isotopic ratio between 2.041 and 2.042 (Table 4-2, Figure 4.4), falling within the range
of the Variscan continental crust (Monna et al., 2000). Hence, these samples may be considered an

uncontaminated local background.

The lake sediment Pb isotopic signatures provide evidence of binary mixing between the local
background and the local Pb ore end-members on a **Pb/*"Pb vs **Pb/**Pb diagram (Figure
4.4). The proportion of anthropogenic Pb calculated from **Pb/*Pb (Pbaxru, equation 4)
decreased from 79-84% at 80 cm depth down to 20-25% at the top of the core (Table S7). The
anthropogenic Pb in the deeper samples at 52 cm, 57.5 cm, 63.5 cm, and 80 cm represents more
than 50 % of the total Pb content (59 %, 66%, 79% and 84%, respectively). Such high proportions
of Pbantn are related to the highest Pb contents (e.g., at 80 cm, Pb = 148 mg.kg™"). Even though
the shallowest samples (7.3 cm, 10 cm and 30.5 cm) only displayed minor enrichment from the
EFp;, calculation, their Pb isotope ratios display significant proportions of anthropic Pb, of 24%,

43% and 50%, respectively.

4.54.3 Soils

The Pb isotope signature of the soil samples (Table 4-2) indicates a binary mixing between the local
Pb-ore and the geochemical background end-members (Figure 4.4), suggesting the persistent
presence of anthropogenic Pb derived from local metallurgy. Samples A3, A5, B3 and B7 have
isotopic signatures close to or in the range of the local background end-member (between 1.195
and 1.209 for **Pb/*"Pb and 2.038 and 2.059 for **Pb/**Pb. Samples A2, A1, B6 and B1 present
isotopic signatures close to the local galena (between 1.177 and 1.180 for **Pb’*""Pb and 2.085 and
2.089 for *Pb/**Pb). Samples A4, B8, B4 and B2 have an intermediate isotopic signature between
the local Pb ore and the geochemical background end-members (between 1.185 and 1.189 for
2Ph/*Pb and 2.069 and 2.078 for **Pb/**Pb). Sample B5 has an isotopic signature similar to the
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Pb local ore. The subsurface soil samples of profile A5 and the deepest soil horizon of B6 show a

more radiogenic signature (**Pb/*'Pb ranging from 1.24-1.29). than the local geochemical

background (Figure 4.4). Such heterogeneity in geogenic signatures made it difficult to calculate

the proportion of anthropogenic Pb in soils from the Pb isotope ratios . However, we attempt to

calculate the anthropogenic Pb part (%) of soil samples using part of equation 4. The fraction of

anthropogenic Pb was calculated according to the different lithologies and compared in the

following with the fraction of anthropogenic Pb calculated from the elemental method (Table S7).

Table 4-2: Pb isotopes (?*Pb, 20°Pb, 207Pb, 208Pb) of lake sediments, superficial and subsurface soils

206Ph /24P

err

207Pp /204P

err

208Pp /204P

err

206Ph /207P

err

208Pb /205P

Sample b (20) b (20) b (20) b (20) b err (20)
7382 cm 18,819 0,001 15,678 0,001 38,617 0,004 1,200 0,00002 2,052 0,00008
10-11 cm 18,699 0,000 15,667 0,001 38,606 0,002 1,193 0,00001 2,065 0,00006
30.5315¢em 18,651 0,001 15,657 0,001 38,545 0,002 1,190 0,00001 2,067 0,00007
52.53 cm 18,608 0,001 15,663 0,001 38,575 0,002 1187 0,00001 2,073 0,00006
Sciﬁfms 57.5585cm 18,562 0,001 15,657 0,001 38,544 0,003 1185 0,00001 2,077 0,00007
635-645cm 18443 0,001 15,648 0,001 38,478 0,002 1178 0,00001 2,086 0,00007
80-81 cm 18,472 0,001 15,651 0,001 38,496 0,003 1,180 0,00002 2,084 0,00005
85-86 cm 18,965 0,001 15,692 0,001 38,714 0,003 1,209 0,00002 2,041 0,00009
103-104 cm 18,972 0,001 15,688 0,001 38,748 0,003 1,209 0,00001 2,042 0,00007
Al 18,443 0,002 15,654 0,002 38,481 0,005 1178 0,00002 2,086 0,00010
A2 18,420 0,001 15,651 0,001 38,473 0,003 1177 0,00002 2,089 0,00008
A3 18,721 0,001 15,665 0,001 38,544 0,003 1,195 0,00002 2,059 0,00007
A4 18,554 0,001 15,662 0,001 38,556 0,004 1185 0,00002 2,078 0,00009
A5 18,731 0,001 15,662 0,001 38,518 0,004 1,196 0,00002 2,056 0,00000
Bl 18,473 0,001 15,656 0,002 38,514 0,004 1,180 0,00003 2,085 0,00010
Superficia
1 soils B2 18,619 0,001 15,661 0,001 38,516 0,003 1,189 0,00002 2,069 0,00008
B3 18,760 0,002 15,669 0,001 38,589 0,004 1,197 0,00003 2,057 0,00010
B4 18,611 0,001 15,661 0,001 38,565 0,004 1,188 0,00003 2,072 0,00010
B5 18,360 0,001 15,645 0,001 38,428 0,004 1174 0,00003 2,093 0,00010
B6 18,472 0,001 15,653 0,001 38,511 0,004 1,180 0,00003 2,085 0,00008
B7 18,955 0,001 15,680 0,001 38,628 0,004 1,209 0,00002 2,038 0,00010
B8 18,564 0,001 15,660 0,001 38,520 0,004 1186 0,00003 2,075 0,00000
A5-H1 18,550 0,002 15,655 0,002 38,478 0,005 1185 0,00002 2,074 0,00008
A5-H2 19,463 0,002 15,697 0,002 38,684 0,005 1,240 0,00003 1,988 0,00010
Soil A5-H3 19,762 0,002 15,711 0,002 38,730 0,005 1258 0,00003 1,960 0,00000
profiles B6-H1 18,421 0,001 15,651 0,001 38,467 0,003 1177 0,00002 2,088 0,00006
B6-H2 18,724 0,002 15,668 0,002 38,690 0,006 1,195 0,00003 2,066 0,00010
B6-H3 18,966 0,001 15,681 0,001 38,852 0,004 1,209 0,00002 2,049 0,00009
B6-H4 20,338 0,001 15,742 0,001 38,700 0,003 1292 0,00002 1,903 0,00008
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Figure 4.4: Pb isotope ratios of soils (surface and subsurface soils) and lake sediments compared to the Pb local ore.

A) 208Pb /205Ph versus 205Pb/207Pb ratios; B) 208Pb/20Pb versus 206Pb/207Pb ratios with subsurface soils in

comparison with more radiogenic cargneule rocks; C) 27Pb/24Pb versus 20°Pb/2%Pb ratios of soil and lake sediment
far from leaded gasoline end-members. The deepest lake sediments are considered representative of the local

isotopic background (see text). Error bars are not larger than point size for the environmental samples.

4.5.5 Age-depth model of lake sediments
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Applying a constant flux-constant sedimentation rate (CFCS) model to an event-free sedimentary
sequence (Bruel and Sabatier, 2020), the *’Pb.. activity profile indicates two distinct periods of
constant accumulation rate (AR; Figure 5): i) AR = 0.99 * 0.3 mm.y" between 0 and 245 mm, and
i) AR = 1.25 + 0.2 mm.y" between 245 and 335 mm. According to the computed age-depth
model, the change in sedimentation rate occurred in 1982 * 10y. The downcore “'Cs activity
profile shows a first small peak at a depth of 104 £ 10 mm and a second peak at 290 = 10 mm,
which are associated with a peak in *Am activity. The uppermost peak is attributed to the
Chernobyl accident in 1986 CE and is in relatively good agreement with *’Pb. derived ages (Figure
4.5 on the right, Appleby et al., 1991). However, the *'’Pb. derived ages are pootly equivalent to
the deepest to the maximum nuclear test fallout in 1963 CE identified from both ’Cs and *'Am
activity peaks. Therefore, ""'Cs and ** Am peaks were used as privileged time-markers for the age-

depth model combining "*C dates (Smith, 2001).
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Figure 4.5: Age-depth model on the continuous sedimentation removed from events based on (from left to right)
210Pb.y activity (mBq.g),!37Cs activity (mBq.g™!), 2! Am activity (mBq.g!) and the age model calculated from 2!%Pb,,
on the real depth. The light grey lines represent the Ca-rich events removed from the age-depth modelling , C:
Chernobyl, NWT: Nuclear Weapon Test

Among the 13 organic macroremains analysed for *C (Table 4-3), 4 dates were removed from the
age model calculation because they were sampled at the base of event deposits and yielded ages
older than the general trend (Figure S4): Poz-121305; Poz-121306; Poz-120585 and Poz-133271
(see position in Figure S2). The Poz-133277 and Poz-144680 dates, which were the shallowest
samples of the core, were also removed from the age model as they provided the oldest calibrated
ages among the dated samples (Table 4-3). Finally, only 4 dates were kept for age-depth modelling,

because Poz120584, Poz133273, and Poz121164 were also too old to fit the general trend of "C
ages and probably correspond to reworked materials. The core depths of the Poz-144609, Poz-
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133272, Poz-133275 and Poz-133276 dates were computed on the master core depth (216 cm)

using the correlation between cores (Figure S2).

Table 4-3: The “C dates collected in Lake Ia Plagne cores (PLG) with depth reported on a unique master core depth
(MCD). Only 4 dates were kept for the age-depth modelling.

Slzr:rif Core g/igtll)l 14C Ages ® (9:5/(1{‘:1)) Status
1 Poz-133277  PLG-05 53,5 2665 £ 35 BP (-897/-791) rejected
2 Poz-144680  PLG-04 56,5 1110 £ 110 BP 678-1157 rejected
3 Poz-121305'  PLG-03 76 510 £ 30 BP 1329-1447 rejected
4 Poz-133271'  PLG-05 76 595 £ 30 BP 1302-1408 rejected
5 Poz-120584  PLG-03 85,5 330 £ 30 BP 1482-1639 rejected
6 Poz-121306'  PLG-03 94 405 £ 30 BP 1436-1621 rejected
7 Poz-120585'  PLG-04 94 175 + 30 BP 1659-1950 rejected
8 Poz-144609  PLG-04 96,3 275 £ 30 BP 1509-1795 kept
9 Poz-133272  PLG-05 147,7 685 £ 30 BP 1271-1387 kept
10 Poz-133273  PLG-05 150,5 1090 £ 70 BP 775-1150 rejected
11 Poz-121164  PLG-01 176,3 1870 £ 30 BP 85-237 rejected
12 Poz-133275  PLG-05 178,5 740 £ 60 BP 1177-1392 kept
13 Poz-133276  PLG-05 211,5 1430 £ 30 BP 585-656 kept

L at the base of event

To produce an age-depth model with radionuclides and radiocarbon ages, a smooth spline model
(smoothing = 0.45, Figure 4.6) was used in the clam package on event-free master core depth (155
cm) (Sabatier et al., 2022). The event spacing of the master core is reported in Table S3. According
to the age-depth model (Figure 4.6), the bottom of the PLG-03 core is dated at 1581 yr cal CE at
106.8 cm (20: 1514-1640). The uncertainties (20) of the age-depth model do not allow to properly
constraint the period of Pb peaks (between 56.5 and 82.5 cm, Figure 2). To improve the model
accuracy around the period of interest (Figure 4.6, dashed gray line), an additional historical date
was implemented in the general model, which corresponds to the beginning of smelting at the
Peisey-Nancroix mining site (1745 £ 1 yr cal CE, at 82 cm). These changes are visible in purple in
Figure 4.6 to produce a second model (in blue). According to the age-depth model, the sediment
accumulation rate (SR) was relatively constant between 0 and 100 cm varying from 1.15 to 1.45

mm.y". Then, it increases in depth until 150 cm to reach 2.08 mm.y.
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Figure 4.6: Age-depth model of the master cote combining '37Cs and 23! Am peaks with *C dates. A first general
model was built with measured data with dark grey showing the confidence interval (26) around the best calibration
date (black line). The second model was built with an additional date indicating the historical beginning of smelting

at the Peisey-Nancroix mining site (1745 £ 1 yr cal CE, at 82 cm).

4.5.6 Anthropogenic Pb inventories

4.5.6.1 Lake sediment anthropogenic Pb inventories

The accumulation rate of anthropogenic Pb (ARp,_anti) Was calculated using both the elemental
method and the isotopic method, based on equation (2) on nine selected samples. Both methods
yielded similar results (Figure 4.7B), which shows the accuracy of the element-based method. We
will thus use element-based ARs in further development of this paper, in order to reconstruct it at

the highest resolution.

From 1593 to 1713 yr cal CE, ARp,_anruis non-significant. The oldest significant rise in ARpy_antn
is dated 1731 CE * 10 yr. It then peaked between 1750 and 1790, i.e. during the oldest activity
period of Peisey-Nancroix metallurgical site (Figure 4.7C). The most recent samples present
ARpy_anrn very close to pre-industrial values, however, several peaks in ARs are observed along the

decreasing trend which followed the closing of Peisey-Nancroix metallurgical site in 1824.
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The two peaks of contamination evidenced both by the core scanner XRF data and computed ARs
seem to mirror the ore production data from the local smelting site characterised by two phases of
activity separated by an industrial pause between 1792 and 1804 (Figure 4.7C). However, one must
remember the age-depth model presents large uncertainties and such an interpretation must be

discussed cautiously.
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Figure 4.7: A) The ratio In(Pb/Rb) from XRF-EDS data according to time (age CE) divided into 3 petiods : pre-
smelting, smelting and post-smelting periods with 206Pb/207Pb ratio of 9 samples along PLG-03; B) Accumulation
rate of anthropogenic Pb (ARpy-anTH) calculated using both the elemental ratio (Rb) and Pb isotopes (equations 3
and 4); C) Historical timeline of the ore production from 1745 to 1865 yr cal CE.
In order to mitigate the effect of age-model uncertainties, we computed contaminating Pb
inventories over large time periods. Indeed, from equation 5, we computed the total inventory of
anthropogenic Pb as well as the inventory during the smelting period (Inv.py smering during 1745-
1824 yr cal CE; i.e. 79 years) and after the smelting period (Inv.pb post-smeting; 1824-2019 yr cal CE; i.e.
195 years), respectively. A total of 19.3 gm™ of Pb due to anthropogenic activities has been

cumulated in PLLG-03 core from 1593 to 2019 yr cal CE; with less than 0.1% accumulated prior to
the period of local smelting activity (1593-1745 yr cal CE).
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During the 79 years of the smelting period (Inv.p, imeiing) a total of 7.8 g of Pb has been accumulated
per m’ at the bottom of the lake, which represents a mean accumulation rate of ca. 98 mg.m™y".
This is comparable to the post-smelting petiod in terms of inventory (10.7 g.m™) although the mean
accumulation rate was slightly lower during this latest period (ca. 55 mg.m™.y"). These inventories

account for 40% and 54% of the total inventory of the core, respectively.

4.5.6.2 Soil anthropogenic Pb inventories

The anthropogenic Pb (Pbaxti) was determined using the elemental method, using Th as the
immobile element. This approach is appropriate because the ratio of Pb/Th remains constant in
the deepest soil horizons whatever their lithology. The anthropogenic contribution of Pb in soils
ranges from 54% to 89% (Figure 4.4). The highest percentages were found in the vicinity of the
(A1; 86%) or within relatively flat areas higher in the catchment area (A2; 89% and B6; 86%), i.e.
in zones of potential accumulation. By contrast the lowest percentages were observed in A3 (54%)
, A4 (65%), and B3 (70%), all located in steep areas, thus more exposed to erosion processes. Based
on equation (6), the inventories of anthropogenic Pb accumulated within a soil thickness of 20 cm
were calculated for each superficial soil sample (Inv. p, ). The Inv. py,_ i of superficial soils varies

from 1.6 to 9.0 g.m™ (4.9% 2.5, Table 4-4).

4.6 Discussion

4.6.1 Recording of local ore smelting activities

In order to test the validity of a local origin for this pollution period, we compared it with similar
data acquired from the sediment of Lake Anterne, which is located in the Aiguilles Rouges massif,
56 km as the crow flies (Massif des Aiguilles Rouges, France, Figure 4.1B). Arnaud et al. (2004)
estimated anthropogenic Pb fluxes since 1725 CE in Lake Anterne sediments. The absence of
significant Pb contamination in Lake Anterne prior at the end of the 19" century, permits to
exclude a regional phase of contamination between 1745 and 1824 and thus reinforce both the
proposed age-model hypothesis and the attribution of the Pb excess to a local contamination.

The focus factor (equation 7) estimated from the *'’Pb., inventories of Lake I.a Plagne and the
Lake Anterne allows us to calculate a surplus of 7.3 g.m” of anthropogenic Pb (equation 8) for
Lake La Plagne (T'able 4-4). Such a value means that Lake La Plagne is enriched 30 times compared

to the regional signal recorded in Lake Anterne during the smelting period at Peisey-Nancroix mine
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site (1745-1824). This confirms that the anthropogenic Pb recorded in Lake La Plagne results from

atmospheric fallouts during smelting rather than from a more regional signal.

Table 4-4: Inventories of anthropogenic Pb and ?!"Pbex

Inv. pp_anth (gm?) Inv. 210Pb
Smelting  Post-smelting Recent Total Bq.m-
Lake La Plagne sed. 7.8 8.5 1.8 19.3 17280
Lake Anterne sed. 0.3 1.9 0.4 2.5 8170
Surplus (FF=2.12) 7.3 4.5 0.8 -
La Plagne soils 4.88 £ 2.5 (1.64-9)

Indeed, during the period of maximum ore production in Peisey-Nancroix, the anthropogenic Pb
accumulation rate (i.e., anthropogenic flux, ARp, anti) reached 183 + 67 mg.m™y". During that
period, the variations in anthropogenic Pb fluxes are consistent with the evolution of the ore
production, from an average ARp,_antnof 113 mg.m™.y" between 1745 and 1792 yr cal CE (n=7)
to an ARp,_anti of 74 mg.m™y" between 1804-1824 yr cal CE (n=5, Figure 4.7).

Anthropogenic Pb fluxes recorded at Lake La Plagne during smelting activities are high and no
such ARpy_anta were recorded during the Roman, Medieval or recent times in the western Alps
(Arnaud et al., 2004; Guyard et al., 2007; Thevenon et al., 2011b, 2011a; Giguet-Covex et al., 2011;
Simonneau et al., 2014; Guédron et al., 2016; Elbaz-Poulichet et al., 2020).The only equivalent
comparison was described by Mihaljevi¢ et al. (2006) at Pfibram, Czech Republic, (19*-20"
centuries), which reached a total Pb flux of ~ 120 mg.m™y" in a peat bog, corresponding to a mass

of 5000 t Pb produced from Pb-ore.

The total amount of anthropogenic Pb accumulated in the Lake La Plagne sediment core
(InV.pb_anen) cotresponds to a total of 19.3 g.m™, exceeding the Pb inventories estimated from various
archives sampled near Pb-Ag mining districts (Yang et al., 2002a; Yang and Rose, 2005; Bacardit
et al., 2012). For example, the Etang de la Gruere (Switzerland, Shotyk et al., 1998) or the Etang
Mott (Spain, Hansson et al., 2017) accumulated less than 9 g.m™ of anthropogenic Pb during
Roman and Medieval times in peat bog. Local industrial contamination may hence contribute to a
much higher Pb load in the environment than both global Roman and medieval contaminations.

Remote mountain areas have the potential to store global, regional, and local contaminations. It

has been shown that mountain soils have an isotopic signature between anthropogenic sources
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driven by industrial emissions and the uncontaminated background (Hernandez et al., 2003; Lahd
Geagea et al., 2008). Present-day remobilisation of past deposited leaded gasoline has also been

identified as a lake contaminant (Bacardit and Camarero, 2010; Hansson et al., 2017).

In this study, the Pb isotopic compositions of lake sediments and catchment soils do not show any
contribution from leaded gasoline or any anthropogenic sources of Pb other than local metallurgy
(Figure 4.4C). In lake sediments, a small Pb peak similar to the one recorded in Lake Anterne was
identified in Lake La Plagne between 1965 and 1975 CE, but no Pb isotope data can confirm the
presence of gasoline Pb. Lake Redo (Central Pyrenees, Spain), which is located between two mining
districts (~20 km apart) operated during the last century, has evidenced no trace of gasoline Pb.
However, in areas previously contaminated by smelting of nearby Pb-ore mines, the signal of Pb
contamination may have been weakened due to the dilution caused by the presence of inherited
Pb for several hundred years. The same seems to have occurred in Lake La Plagne. We could also
hypothesize that very distant mountain catchment areas may thus have been preserved from Pb
fluxes, showing no or minor contribution (Lake La Plagne, this study; Lake Redo, Camarero et al.
1998) in contrast to lakes located closer to urban centres (Lake Anterne, Arnaud et al. 2004, Giguet-

Covex et al. 2011; Lake Lucerne, Thevenon et al. 2011; Lake Robert, Elbaz-Poulichet et al., 2020).

4.6.2 Long persistence of anthropogenic Pb in lake sediments

Unlike other archives, such as ombrotrophic peats that record direct atmospheric deposition, the
accumulation of anthropogenic contaminants in sediments is the sum of the atmospheric
deposition over the lake itself and a fraction of the deposition over the entire catchment area, which
have been remobilized by erosion (Bacardit and Camarero, 2010; Rose et al., 2012). Consequently,
the larger the catchment and the more connected it is to the lake, the higher the contaminant
inventory will be for a similar atmospheric flux.

During the post-smelting period, Inv. p, of Lake La Plagne is 5 times higher than that of Inv. pyin
Lake Anterne (10.5 and 2.2 g.m?, respectively, Table 4-4). A surplus of 5.9 g.m™ of anthropogenic
Pb (+56 % compared to the regional signal) is hence recorded in Lake La Plagne during the post-
smelting period (1824-1999 yr cal CE). However, the difference in ARp, axri between Lake La
Plagne and Lake Anterne tends to decrease (Figure 4.8A) over the most recent period (1970-1999
yr cal CE) with a local surplus of anthropogenic Pb of 0.8 g.m™ These Pb inventories hence
indicate a significant anthropogenic Pb surplus in Lake I.a Plagne since the smelter was shut down

(Figure 4.8B). As no other source of anthropogenic Pb was identified apart from metallurgic
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emissions, these results suggest the presence of a pervasive source of metallurgic Pb in the
catchment area due to the remobilisation of lead fallouts that accumulated in soils during the 76

years of metallurgical activities.
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Figure 4.8: Comparison between Lake La Plagne and Lake Anterne. A) Comparison between ARPb_ANTH of Lake
Anterne and of Lake Plagne; B) Local surplus of PbANTH per m? calculated from ARPb_ANTH subtracted from
the regional signal (2.12*Lake Anterne); C) Cumulated Pb_ANTH through time in both lakes corresponding which

in turn correspond to the total inventory recorded in lakes at the sampling date.

This is confirmed by the Pb isotopic compositions of shallowest sediments, which show a mixing
between the local isotopic background and the local ore, with a remaining contribution of the
anthropogenic lead around 20 to 25% of the total. A small proportion of the Pb emitted during
smelting processes is hence still being eroded from the catchment soils nowadays and transferred
to the lake. Therefore, soils within Lake La Plagne catchment area could be considered as a long-

term, slowly emptying, source of anthropogenic Pb contamination. Such a process has been

suggested by several studies.
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4.6.3 Long-lasting remobilisation of legacy Pb from soil

We evidenced a decreasing trend in anthropogenic Pb fluxes from local inherited smelting
contamination in the sediments of Lake La Plagne which now tends to be negligible
(~20 mg.m >y ', Figure 4.8A). This suggests that less and less anthropogenic Pb have been washed
out from the catchment over time (Figure 4.8B). However, superficial soils from the catchment are
not yet free of local anthropogenic Pb (Figure 4.4). These combined observations suggest that the
most mobile Pb has already been washed out into the lake and that the remaining Pb might be
relatively stable. Further investigations, including mineral phases analyses, should be led to confirm
this hypothesis. The current inventories of anthropogenic Pb in soils seems greatly influenced by
the catchment topography (Figure 4.4). Indeed, we showed the most contaminated soils are located
at the footstep of the catchment atea and/or on the flattest parts of it, where the matter eroded
upstream can accumulate. By contrast, soil samples collected uphill and/or on the steepest slopes
present the lowest Pb-inventories. This confirms our hypothesis of a progressive washing out of

past lead fallout since the end of metallurgical activities, through physical erosion processes.

4.7 Conclusion

This study highlights the importance of a multi-compartment approach to investigate the long-
term persistence and remobilisation of anthropogenic contaminants in the critical zone. In the Lake
La Plagne catchment (northern French Alps), the Pb emitted during smelting in Peisey-Nancroix
(1745-1824) fell out on the lake surface and the surrounding soils. The lake sediments have
recorded this primary anthropogenic contamination, reaching 180 mg.m”.y" during the maximum
production of Pb-ore. Pb isotope ratios and estimated fluxes of anthropogenic Pb in more recent
sediments provide evidence of anthropogenic Pb transfer from the catchment to the lake for almost
the last 200 years. If such transfer decreases over time, the catchment soils still contain significant
stocks of Pb (54-89 %) that is considered as a secondary source of Pb to the environment. This
study illustrates that such legacy contamination stored in soil and then remobilized through soil
erosion have to be considered in contaminant mitigation strategies. Therefore, smelting that
occurred 200 years ago has contributed to increasing the stock of Pb in both soils and lake

sediments in the long-term (several centuries).
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- Une contamination anthropique en Pb vieille de 170 ans dans le
bassin versant du lac de La Plagne.

- La persistance des retombées atmosphériques des anciennes
fonderies de Pb, dominant largement les apports plus récents des
essences plombées.

- La remobilisation de la contamination ancienne au plomb par
1'érosion des sols depuis 200 ans
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Table S1. Lead and silver production of the Peisey-Nancroix mine during the
industrial period (1745-1866) described by Barbier (1875).

Period 1734 1745 1760 1792 1802 1814 1824 1852 1856

(CE) 1745 1760 1792 1802(M 1814 1824 1852 1856 1861 TOTAL
Exploitation English  Savoyard French French Sardinian Sardinian Fregch— Frer.lch—
unknown - . L Sardinian Sardinian
owner company company Government Government administration administration

company company

Lead (t) unknown 8811 5760 49 2134 unknown 3879 550 360 21543

Lead (t.y!) unknown 587 178 6 178 unknown 102 69 90 1211

Silver (kg) unknown 13702 23112 117 4926 unknown 9109 1290 650 52 906

® Low production due to the French Revolution.

@ Smelting essentially moved to Albertville; occasional smelting on site (Barbier 1875)

Table S2. Classification of enrichment factor (EF)

EF Classification Characterisation of the contamination

<1 no enrichment
1<EF<3 minor enrichment
3<EF<5 moderate enrichment
5<EF<10 moderate to severe enrichment
10<EF<25 severe enrichment
25<EF<50 very severe enrichment
EF>50 extreme enrichment
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Figure S1. Cores correlation based on visual logging between PLG-03, PLG-01, PLG-04, PLG-
05 and PLG-02. Colours lines indicate sediment correlation points. Collected samples for 14C and
Pb isotopes are also reported (black, red and grey circles for 14C dates; black diamonds for Pb
isotopes) . The master core (MC) represents the master depth of core used to correlate dates on
one single core.

| @ 2020020208ph amples @) ¢ dates @ rejected events “C dates @ rejected "too old" *C datcsl

MCD PLG-03 PLG-01 PLG-02 PLG-04 PLG-05
0 0 = A
50 50
Poz-133277
Poz- 144680
@
<
w
it
a3ty 3
v &
[Poz-1213054
Poz-120584
Poz-120585
oy (Poz-144609
Pu:-l-lﬁ)
100 100
Poz-133272
lso IW-I.UJ?I 150
Poz-121164
Poz-133275
200 200
-}
%
=
Poz-133276 ‘," ﬂl: L._]IJ
1 ~| E b E B,
8 # 2 1 =
- &) -~ Y
= = £
=5 A -9
@ Y <
a =

131



CHAPITRE 4| Héritage a long-terme des fumées pyrométallurgiques

Text S1. Procedure for dry bulk density (DBD) measurement in lake sediments and
in soils.

The dry bulk density (D.B.D., in g.cm”) is computed as the weight of the soil or lake sediment
sample divided by the volume sample. Two methods were used to calculate the volume of the lake

sediments sampled, depending on the depth.

For the first 50 cm of the lake sediment core, a constant cylinder volume of 3 cm’ (V =
7*%0.8*%0.8*1.5, in cm’) was sampled during short-lived radionuclide sampling. For deeper samples
(50 to 107 cm), a sediment layer (thickness measured) was sampled on all the half-core; the sampled
volume (in cm’) is thus V = 0.5%n*R*h, with h the sample thickness and R the core radius

(R=2.85cm).

The soil was sampled in the field for DBD measurement, using a 5 cm-diameter and 7 cm-long
cylinder (V = 7% 2.5 %2.5 * 7, in cm’). The weight of the dry fine fraction (< 2 mm) was computed

in DBD measurements.
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Table S3. Event depth intervals of the 5 collected cores in Lake La Plagne. Events
less than 5 mm were not reported.

PLG19-03 PLG19-04 PLG19-01 PLG19-02 PLG19-05
ID From_mm To_mm From_mm To_mm From_mm To_mm From_mm To_mm From_mm To_mm
1 4 73 0 88 0 18 0 12 0 59
2 83 98 96 104 - - 24 28 69 74
3 116 248 124 216 65 92 41 59 96 142
4 371 420 301 388 211 247 103 119 299 327
5 591 605 520 546 388 394 206 225 470 525
6 612 620 551 564 411 420 206 225 470 525
7 644 784 589 713 434 404 235 248 575 799
8 873 911 798 832 550 582 - - 884 908
9 929 952 852 886 610 635 - - 930 940
10 - - - - 1021 1044 770 802 1299 1317
1 - - - - 1244 1255 1055 1069 1500 1509
12 - - - - 1346 1368 1139 1160 1591 1631
13 - - - - - - 1301 1313 1793 1811
14 - - - - - - 1449 1470 1979 1992
15 - - - - - - 1560 1565 2107 2119
16 - - - - - - 1821 1836 - -
17 - - - - - - 1868 1886 - -
18 - - - - - - 2041 2050 - -
19 - - - - - - 2065 2083 - -
20 - - - - - - 2116 2128 - -
21 - - - - - - 2144 2200 - -
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Figure S2. Classification of lake sediments based on EDS-XRF core scanner data.
A) PCA graph of variables. B) factor map. C) inertia gain. D) hierarchical clustering.
E ) visualisation of classification along depth, based on geochemical EDS-XRF data
(top) and visual logging (bottom).
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Figure S3. The Pb/Rb ratio from EDS-XRF core scanner data for the 5 lake
sediment cores from La Plagne Lake. The 5 cores indicate a significant Pb peak
around the violet line. Colour lines indicate correlation point between core matching
Figure S1.
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Table S4. Major and trace element and enrichment factor (EF) of discrete lake sediments samples.

Sample Name  Median depth  UnitSed  SiO2 AI203 Fe203 MnO MgO CaO Na20 K20 TiO2 P205

mm %
PLG19-01 4 event 233 9,2 45 0,1 121 176 10 18 0,5 02
PLG19-02 10 event 20,0 78 39 0,1 128 197 08 1.6 04 0.2
PLG19-03 245 event 11,2 40 2,0 0,1 153 255 05 09 02 0,1
PLG19-04 49,5 event 114 39 2,0 0,1 151 254 05 08 02 0,1
PLG19-05 67,5 event 15,5 51 28 0,1 139 230 06 1,1 03 0,1
PLG19-06B 77 continuous 19,9 64 36 0,1 131 207 08 13 04 02
PLG19-07 87 event 24,6 8,6 45 0,1 11,7 177 12 16 0,5 02
PLG19-08 98,5 event 30,2 104 5.7 0,1 100 140 14 19 0,6 0.2
PLG03-10-11 105 continuous 34,7 123 6,6 0,1 90 108 16 23 0,7 0.2
PLG19-09 1105 continuous 31,6 11,7 6.3 0,1 98 129 15 22 06 02
PLGI19-10 138,5 event 12,8 50 2,7 0,1 148 244 05 1,1 03 0,1
PLGI19-11 1835 event 21,9 79 40 0,1 118 196 10 1.5 0,5 02
PLG19-12 2275 event 22,7 83 45 0,1 113 192 1,1 15 0,5 02
PLGI19-13 255,5 continuous 30,7 104 6,8 0,1 93 131 14 20 06 0.2
PLG19-14 268,5 continuous 35,8 120 77 0,1 8,1 9,6 1,7 22 0,7 03
PLGI19-15 2795 continuous 36,3 11,7 88 0,1 78 88 16 22 0,7 03
PLGI19-16 289 continuous 39,3 124 89 0,1 7.1 74 1.8 23 0,7 03
PLG19-17 2985 continuous 38,0 12,5 87 0,1 73 77 1,7 25 0,7 03
PLGI19-18 312 continuous 352 118 74 0,1 89 9.8 15 24 0,7 03
PLG19-19 3225 continuous 33,8 114 6,9 0,1 94 113 15 23 0,7 0.2
PLG19-20 327 event 32,7 109 6,7 0,1 96 114 13 23 06 0.2
PLG19-21 332 continuous 32,8 11,1 6,0 0,1 100 123 14 22 06 02
PLG19-22 3385 continuous 34,3 11,6 69 0,2 94 110 15 24 0,7 02
PLG19-23 3445 continuous 31,7 109 58 0,1 104 129 14 2,1 06 02
PLG19-24 352 continuous 32,1 10,8 56 0,1 102 126 14 22 06 02
PLG19-25 363 continuous 34,0 114 5.5 0,1 96 117 16 23 0,7 0.2
PLG19-26 386,5 event 15,7 59 2.8 0,1 138 227 06 14 03 02
PLG19-27 409,5 event 21,1 74 3,7 0,1 125 197 09 1.6 04 0.2
PLG19-28 420 event 272 9,7 49 02 1.1 159 12 20 0,6 02
PLG19-29 430,5 continuous 32,6 11,7 58 0,2 95 126 16 22 0,7 02
PLG19-30 441 continuous 374 135 72 0,2 8,1 10,1 20 26 09 02
PLG19-31 4545 continuous 45,6 163 89 0,2 56 58 2,6 28 13 02
PLG19-32 469 continuous 44,4 155 82 02 6,2 64 25 27 1,1 02
PLG19-33 430 continuous 44,8 152 78 0.2 6,3 6,8 25 27 1,1 02
PLG19-34 488,5 continuous 432 149 77 0.2 6,5 73 25 26 1,1 02
PLG19-35 498,5 continuous 459 159 83 0,2 57 57 2,7 277 12 02
PLG19-36 525 continuous 46,5 160 85 0,2 55 53 27 277 12 02
PLG19-37 535 continuous 46,7 159 84 0,2 55 54 28 277 12 02
PLG19-38 545 continuous 453 155 82 0.2 6,1 6,2 2,6 27 1,1 02
PLG19-39 555 continuous 44,3 154 8,1 0.2 64 6,4 25 28 1,1 02
PLG19-40 565 continuous 43,7 15,1 8,1 0.2 64 6,4 24 28 1,1 02
PLG19-41 575 continuous 424 14,7 79 0,2 6.8 73 24 277 10 02
PLG19-42 585 continuous 36,0 12,6 6.5 0,1 89 109 19 24 09 02
PLG1903-57.5-58.5 590 continuous 39,5 13,6 7.1 0,1 7.7 89 22 25 09 02
PLG19-43 594 event 249 9,0 46 0,1 118 172 12 19 06 02
PLG19-44 604 continuous 26,1 9,1 47 0,1 1,1 169 14 18 06 02
PLG19-45 615 event 274 9,6 50 0,1 107 162 14 18 0,7 02
PLG19-46 625 continuous 28,1 9,7 49 0,1 106 158 14 19 06 0.2
PLG19-47 633 continuous 37,5 13,1 6,7 0,1 82 1001 20 25 09 02
PLG1903-63.5-64.5 640 continuous 42,7 15,1 79 0,2 6.8 6,8 22 29 10 02
PLG19-48 785 continuous 34,2 120 6,0 0,2 92 11 15 25 0,7 02
PLG19-49 796 continuous 37,6 130 6,8 0.2 85 9,5 18 27 08 02
PLG1903-80-81 805 continuous 39,2 135 6,9 0.2 8,1 88 19 23 03 0.2
PLG19-50 8175 continuous 404 14,1 72 0.2 74 79 2,1 27 09 02
PLG19-51 826 continuous 41,0 140 72 0,2 74 77 2,1 27 09 02
PLG19-52 835 continuous 39,1 13,6 6,7 0,2 83 8,6 19 28 09 02
PLG1903-85-86 855 continuous 35,6 12,6 6.5 0,1 88 103 17 26 08 02
PLG19-53 868 continuous 32,1 120 6,3 0.2 99 122 13 23 06 0.2
PLG19-54 915 continuous 455 155 8,1 0.2 59 6,2 2,6 23 1,1 0.2
PLG19-55 955 event 43,6 15,1 83 03 6,2 6,2 23 29 10 0.2
PLG19-56 965 continuous 44,1 153 85 02 6,1 6,2 25 29 1,1 0.2
PLG19-57 975 continuous 45,7 156 88 03 55 58 28 277 12 02
PLG19-58 985 continuous 42,2 139 70 0,1 6.8 84 25 24 1,1 02
PLG19-59 995 continuous 46,2 15,7 8,1 0,1 57 57 2,6 29 1,1 02
PLG19-60 1005 continuous 41,6 14,1 7.0 02 7.5 74 20 29 09 0.2
PLG19-61 1015 continuous 424 150 74 0.2 7,1 6,7 2,0 30 10 02
PLG19-62 1025 continuous 42,8 147 74 02 6,9 6,3 19 31 09 0.2
PLG19-63 1035 continuous 41,6 14,6 70 0,2 7.7 71 19 30 09 02
PLG19-64 1045 continuous 44,5 156 8,0 03 64 6,0 23 30 1,1 02
PLG19-65 1055 continuous 47,1 169 87 0,2 52 46 24 33 1,1 02
PLG19-66 1065 continuous 424 149 7.7 03 7,0 7,7 23 28 10 02
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Sample Name As Cd Co Cu Ni Pb Sb Zn Th Rb EFp, (Th)  EFp, (Rb) EFg, (Th)  EFg, (Rb)
mg.kg'l mg.kg'l

PLGI19-01 788 0,6 175 412 309 548 28 1482 47 590 3 3 14 1.6
PLG19-02 70,4 0,7 145 336 263 845 2,7 1386 40 513 5 5 1,6 18
PLG19-03 36,3 04 6,2 196 128 2845 18 743 25 283 25 31 1,7 2,1
PLG19-04 353 04 59 162 123 4926 18 68,7 2,1 25,7 52 59 2,1 24
PLG19-05 69.9 04 75 185 159 6898 20 86,3 2,6 33,6 58 64 1.8 20
PLG19-06B 89,3 04 1,1 285 184 294 20 1040 32 411 2 2 1,5 1,6
PLG19-07 83,1 0.5 140 309 267 3555 26 1305 40 529 20 21 1,5 1.6
PLG19-08 1299 06 164 362 287 726 28 1595 46 626 3 4 15 1,5
PLG03-10-11 10L,5 07 254 1099 346 578 30 2275 60 778 2 2 12 13
PLG19-09 10,3 06 220 413 313 683 33 1975 55 76,7 3 3 14 14
PLGI19-10 34,7 04 738 185 150 466 19 98,6 23 355 4 4 1,6 1,3
PLGI9-11 498 0.5 120 304 232 821 25 1488 39 489 5 5 1,5 1,7
PLGI19-12 514 0,6 131 346 223 1789 25 1633 39 522 10 11 1,5 1,6
PLGI19-13 242,107 193 372 291 650 33 1936 5.1 672 3 3 1,6 1.6
PLGI19-14 281,109 216 409 342 1084 39 2258 60 766 4 4 1,6 1,7
PLGI19-15 5046 09 227 410 342 850 38 2128 58 759 3 3 1,6 1,7
PLGI19-16 5026 10 237 414 372 864 41 2345 62 788 3 3 1,6 18
PLGI19-17 4327 10 205 402 322 835 40 2345 6,3 85,7 3 3 1,5 1.6
PLGI19-18 2389 08 182 354 301 815 36 2037 6,1 83,7 3 3 14 1,5
PLGI19-19 1639 06 179 334 254 604 31 1772 55 783 2 2 13 13
PLG19-20 1835 07 175 332 289 626 31 1700 57 782 2 2 13 13
PLGI19-21 1279 06 167 352 308 571 29 1617 56 765 2 2 12 13
PLGI19-22 1818 06 175 332 296 669 31 1640 6,0 81,3 2 3 1,3 13
PLG19-23 1250 06 17,7 362 319 685 33 1531 53 715 3 3 1,5 1.6
PLGI19-24 1203 05 149 332 292 807 31 1497 58 770 3 3 1,3 13
PLG19-25 91,0 0.5 149 297 272 754 28 1540 59 782 3 3 1,1 12
PLG19-26 40,5 03 6,8 165 162 435 2,1 813 32 474 3 3 15 1,5
PLG19-27 69.3 03 100 207 186 519 22 1009 4,1 53,7 3 3 13 14
PLG19-28 75,7 0,5 146 293 252 630 29 1383 50 679 3 3 14 15
PLG19-29 715 0.5 169 343 279 653 30 1639 58 715 2 3 13 13
PLGI19-30 664 0,6 187 349 240 685 30 1933 66 942 2 2 1,1 1,1
PLGI19-31 69,9 06 219 388 244 789 32 2337 70 998 2 2 1,1 1,1
PLG19-32 733 06 21,7 380 284 870 32 2226 69 928 3 3 1,1 12
PLG19-33 64,9 05 194 365 252 786 31 2052 70 963 2 3 1,1 1,1
PLG19-34 59.5 0.5 215 463 258 615 30 1903 6.5 89,7 2 2 1,1 1,1
PLGI19-35 66,1 05 234 481 266 63,1 32 2065 68 956 2 2 1,1 1,1
PLGI19-36 62,9 0.5 218 394 236 587 28 1958 6,3 913 2 2 1,1 1.0
PLG19-37 63,2 04 218 385 223 599 29 1930 64 925 2 2 1,1 1,1
PLG19-38 66,0 04 214 394 228 606 29 1891 64 939 2 2 1,1 1.0
PLG19-39 758 0,5 213 400 231 708 30 1896 6,5 94,1 2 2 1,1 1,1
PLG19-40 878 0.5 215 417 248 934 31 1913 66 958 3 3 1,1 1,1
PLG19-41 71,5 0,5 216 39,7 228 963 30 1967 6,5 91,8 3 3 1,1 1,1
PLG19-42 574 0.5 188 393 230 745 30 1644 6,0 81,8 3 3 12 13
PLG1903-57.5-58.5 61,5 04 198 515 240 738 23 1785 6,0 82,1 3 3 09 1,0
PLG19-43 44,1 04 125 300 17,7 60,7 23 1209 46 615 3 3 12 12
PLG19-44 48,1 04 125 277 161 616 23 1199 43 59,6 3 3 1,3 13
PLG19-45 470 03 136 272 168 652 23 1235 44 614 3 3 13 13
PLG19-46 522 04 140 277 178 799 24 1209 47 64,6 4 4 12 13
PLG19-47 69,9 04 197 364 236 1349 29 1595 6,1 856 5 5 1,1 1,1
PLG1903-63.5-64.5 64,0 04 238 549 290 1433 25 1841 64 910 5 5 09 09
PLG19-48 75,7 0.5 158 400 272 1013 30 1582 64 88,5 3 4 1,1 1,1
PLG19-49 1072 05 203 385 244 1432 29 1669 62 904 5 5 1,1 1,1
PLG1903-80-81 107,7 05 255 51,8 309 1484 28 1814 72 975 4 5 09 1,0
PLGI19-50 10,2 07 203 512 301 624 32 2128 70 915 2 2 1,1 12
PLGI19-51 1148 05 223 444 265 580 30 1792 66 902 2 2 1,1 1,1
PLGI19-52 1047 05 194 448 252 468 32 1697 68 963 2 2 1,1 1,1
PLG1903-85-86 78,0 0,5 192 335 273 308 24 1591 6,3 855 1 1 09 1,0
PLG19-53 64,7 04 215 450 328 305 29 1403 69 960 1 1 1,0 1.0
PLG19-54 585 05 253 433 274 305 28 1880 66 935 1 1 1,0 1,0
PLGI19-55 703 04 221 41,1 256 383 32 1788 70 981 1 1 1,1 1,1
PLGI19-56 639 04 206 410 222 336 30 1818 6,7 96,9 1 1 1,1 1,0
PLG19-57 52,1 0.5 21,1 397 216 323 29 1968 6.5 924 1 1 1,1 1,1
PLG19-58 529 04 168 385 21,7 298 27 1692 6,1 819 1 1 1,1 1,1
PLG19-59 732 0.5 21,5 379 270 316 26 2068 66 978 1 1 1,0 09
PLG19-60 91,8 04 206 352 258 287 26 1726 68 950 1 1 09 09
PLG19-61 96,5 0.5 206 376 281 309 29 1778 6,7 981 1 1 1,0 1.0
PLG19-62 1073 05 21,1 391 290 319 32 1779 73 1045 1 1 1,0 1,0
PLG19-63 974 0.5 20,7 392 303 325 29 1679 7,7 1018 1 1 09 1.0
PLG19-64 99,5 0,5 234 359 280 315 30 1826 70 1013 1 1 1,0 1,0
PLG19-65 722 0.5 245 393 267 341 29 2031 79 1131 1 1 09 09
PLG19-66 589 04 197 348 238 301 27 1736 6,7 95,5 1 1 1,0 09
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Table S5 : Major and trace element of deep horizon soil from profile A5 et profile

Bo.

Potentially toxic trace elements

Majors elements

Sample_Name Lithology As Cd Cu Pb Sb Zn Si02 A1203 Fe203 MgO CaO

mg.kg! wt. %

A5-H1 (0-8 cm)  Cargneule rocks 11,1 0,90 16,0 120 1,67 120 37,45 10,52 4,18 3,07 1,32
A5-H2 (8-17 cm) Cargneule rocks 21,4 0,60 23,6 57,6 2,30 176 50,21 13,94 7,10 4,68 0,61
A5-H3 (17-24 cm) Cargneule rocks 17,7 0,68 26,6 35,5 2,30 106 50,15 13,49 5,69 5,75 2,66
B6-H1 (0-10 cm) Till 5,52 0,36 15,5 124 1,20 121 52,38 9,63 4,41 1,53 0,56
B6-H2 (10-20 cm) Till 8,03 0,17 3506 445 1,64 89,0 0457 11,54 6,37 1,64 0,16
B6-H3 (20-40 cm) Till 8,17 0,20 63,2 25,5 1,42 110 66,85 12,16 6,52 2,12 0,21
B6-H4 (40-60 cm) Cargneule rocks 8,12 0,27 25,1 19,7 1,51 58,2 33,15 9,16 3,10 14,63 12,46
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Table S6. In situ Pb isotopic compositions of galena minerals (local Pb ore).

Sample 206Ph/2MPh  error 27Pb/2%Pb  etror 205Ph/20Ph  etror 27Pb/2%Ph  etror 205Pb/206Ph  etror 206Pb/27Ph  etror
RO5a-1 18.334 0.015 15.682 0.028 38.566 0.027 0.854 0.001 2.102 0.002 1.169 0.003
R05a-2 18.350 0.021 15.677 0.029 38.471 0.094 0.856 0.001 2.104 0.003 1.171 0.003
R05a-3 18.381 0.025 15.714 0.016 38.558 0.055 0.854 0.001 2.097 0.002 1.170 0.002
R05a-4 18.321 0.008 15.607 0.014 38.322 0.049 0.852 0.001 2.090 0.002 1.174 0.001
R05a-5 18.315 0.028 15.607 0.029 38.240 0.094 0.852 0.000 2.092 0.002 1.173 0.003
RO5a-6 18.321 0.012 15.617 0.013 38.316 0.041 0.852 0.000 2.090 0.001 1.173 0.001
R05a-7 18.359 0.025 15.667 0.034 38.448 0.130 0.853 0.001 2.095 0.006 1.172 0.004
R052-8 18.410 0.021 15.714 0.027 38.534 0.087 0.854 0.001 2.093 0.003 1.172 0.003
R05a-9 18.326 0.013 15.649 0.016 38.544 0.181 0.854 0.001 2.082 0.010 1.171 0.002
R052-10 18.325 0.012 15.656 0.016 38.494 0.057 0.854 0.001 2.101 0.002 1.170 0.002
RO5a-11 18.367 0.010 15.688 0.013 38.573 0.042 0.854 0.000 2.100 0.001 1.171 0.001
RO5a-12 18.370 0.012 15.678 0.013 38.491 0.052 0.854 0.000 2.099 0.002 1.172 0.001
R052-13 18.403 0.011 15.701 0.012 38.601 0.048 0.853 0.000 2.096 0.002 1.172 0.001
R05a-14 18.342 0.028 15.627 0.040 38.337 0.118 0.852 0.001 2.090 0.004 1.174 0.004
R05a-15 18.376 0.012 15.703 0.015 38.526 0.042 0.853 0.000 2.095 0.002 1.170 0.002
R05a-16 18.402 0.017 15.682 0.017 38.507 0.084 0.852 0.000 2.094 0.004 1.173 0.002
R05a-17 18.385 0.017 15.710 0.020 38.630 0.054 0.855 0.000 2.103 0.001 1.170 0.002
R052-18 18.408 0.011 15.730 0.015 38.658 0.049 0.854 0.000 2.098 0.002 1.170 0.002
R05a-19 18.376 0.014 15.701 0.013 38.587 0.042 0.855 0.000 2.102 0.001 1.170 0.002
R11-1 18.369 0.024 15.670 0.024 38.495 0.093 0.852 0.000 2.093 0.001 1.172 0.003
R11-2 18.312 0.015 15.623 0.017 38.342 0.048 0.853 0.000 2.094 0.001 1.172 0.002
R11-3 18.380 0.022 15.637 0.028 38.267 0.141 0.852 0.001 2.091 0.003 1.175 0.003
R11-4 18.340 0.012 15.645 0.012 38.394 0.029 0.854 0.000 2.094 0.001 1.172 0.001
R11-5 18.319 0.008 15.626 0.009 38.341 0.031 0.853 0.000 2.092 0.001 1.172 0.001
R11-6 18.297 0.016 15.607 0.016 38.334 0.048 0.853 0.000 2.094 0.001 1.172 0.002
R11-7 18.323 0.009 15.606 0.009 38.310 0.032 0.853 0.000 2.093 0.001 1.174 0.001
R11-8 18.356 0.011 15.645 0.013 38.420 0.023 0.852 0.000 2.094 0.001 1.173 0.001
R11-9 18.325 0.038 15.615 0.046 38.269 0.151 0.853 0.001 2.090 0.003 1.174 0.005
R11-10 18.358 0.009 15.651 0.007 38.411 0.034 0.853 0.000 2.092 0.001 1.173 0.001
Mean 18.353 0.017 15.660 0.019 38.448 0.068 0.853 0.001 2.095 0.002 1.172 0.002
Std. Dev. 0.032 0.007 0.038 0.010 0.121 0.042 0.001 0.000 0.005 0.002 0.002 0.001
Median 18.356 0.014 15.656 0.016 38.471 0.049 0.853 0.000 2.094 0.002 1.172 0.002
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Table S7. Fraction of anthropogenic Pb determined through both isotopic and
elemental methods. In bold text, the use of these methods on soils is consistent based
on one lithological source. When soils are a mixture of two lithological sources,
accurately calculating the fraction of anthropogenic Pb using isotopic methods
becomes challenging.

Fraction of Pb-local ore Fraction of Pb-local Fraction of
Sample Name Type of sample compared to deep lake ore compared to .
sediment (basement) cargneule anthropogenic Pb
206Pp /207Ph 206Pp /207Ph clemental

7.3 cm lake sediments 0,24 - 0,55
10 cm lake sediments 0,43 - 0,56
30.5 cm lake sediments 0,5 - 0,59
52 cm lake sediments 0,59 - 0,52
57.5 cm lake sediments 0,66 - 0,66
63.5 cm lake sediments 0,84 - 0,81
80 cm lake sediments 0,79 - 0,80
A2 soil on basement rocks 0,88 0,96 0,89
A4 soil on basement rocks 0,67 0,89 0,65
B1 soil on basement rocks 0,80 0,93 0,82
B3 soil on basement rocks 0,31 0,77 0,70
B4 soil on basement rocks 0,56 0,86 0,74
B5 soil on basement rocks 0,97 0,99 0,75
B6 soil on till 0,79 0,93 0,86
Al soil on carbonates scree 0,84 0,95 0,86
A3 soil on carbonates scree 0,38 0,79 0,54
A5 soil on cargneule 0,35 0,79 0,80
B2 soil on carbonates scree 0,55 0,85 0,81
B7 soil on carbonates scree -0,01 0,67 0,75
B8 fluviosoil 0,64 0,88 0,77
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Figure $4."C dates collected in Lake La Plagne cores.
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Table S8. Clam input from 14C dates and 137Cs data (1 rejected dates; 2 additional
dates to the fixed model).

1D 14C age (yr) cal_BP (yr) Error (yt)  Depth (mm)
Pb0 NA 2019 1 0
Pb105 NA 1986 5 19
Pb298 NA 1963 5 76
Poz133277! 2665 NA 35 250
Poz144680! 1110 NA 110 280
Poz121305! 510 NA 30 334
Poz133271! 595 NA 30 334
Hist? NA 1745 1 371
Poz120584! 330 NA 30 394
Poz121306! 405 NA 30 439
Poz120585! 175 NA 30 439
Poz144609 275 NA 30 449
Poz133272 685 NA 30 965
Poz133273! 1090 NA 70 991
Poz121164! 1870 NA 30 1195
Poz133275 740 NA 60 1211
Poz133276 1430 NA 30 1499

Figure S5. Isotopic compositions of Pb contaminant.
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Chapitre 5 | Couplage isotopique Pb-Sb sur

sols, sédiments et eaux de rivieres

Ce chapitre se concentre sur les différents compartiments de 'environnement potentiellement
impactés par la présence d’activités minieres et métallurgiques anciennes. La contribution des
différentes sources (déchets miniers plus ou moins minéralisés et scories) a la contamination des
sols de surface et en porfondeur, des eaux et des sédiments de rivieres sera évaluée. Les matériels

supplémentaires de ce chapitre sont disponibles en fin de chapitre et sont signalés par un S.
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Abstract

In mining and smelting sites, where diverse PTE-rich wastes (e.g., waste rocks and slags) are stored
over a mineralized background, difficulties arise to decipher the multiple sources in the
contaminated environmental compartments. The former Pb-Ag mine of Peisey-Nancroix has been
abandoned 160 years ago, leaving behind mining and metallurgical wastes. Based on their element
content and spatial distribution, Pb and Sb isotopes where measured on a selection of ore-bearing
rocks (n=4), slags (n=2) and stack residues samples (n=2), dewatering sediments (n=3), river
sediments (n=3) and horizon soils (n=31) to decipher the sources of the anthropogenic
contamination at the scale of the watershed (waste rocks, slags, pyrometallurgical fumes). The
contamination sources, the soils and some sediments display similar **Pb/*"Pb ratios (1.173 +
0.003), but distinct Sb isotope ratios. Indeed, slags and stack residues have similar §'*Sb signature
between 0.62 and 0. 78 %o, wheteas the ore-bearing rocks display 8'*’Sb signatures between -0.28
and 0.10 %o. Therefore, Sb isotopes allows deciphering the part of contamination of metallurgic
wastes from that of ore-bearing rocks. By coupling Pb and Sb isotopic systems, we can distinguish
first the degree of contamination (Pb isotopes) and then the part of local ore vs slags (Sb isotopes)
from the most contaminated samples, as well as differentiate slag/ local-ore from the non-
mineralized geochemical background. This approach provides an added advantage of isolating the

sources of contamination more accurately.

5.1 Introduction

The extraction and processing of mineral resources are among the most harmful anthropogenic
activities mostly due to the production of large volumes of wastes enriched in potentially toxic
elements (PTE), such as Pb, Sb, As, Cd, etc. (Pacyna and Pacyna, 2001; Hudson-Edwards et al.,
2011; Hudson-Edwards, 2016). Since the beginning of mining activity and subsequent ore smelting,
the detrital translocation and weathering of the stocked mine wastes result in PTE dispersal in both
terrestrial and aquatic ecosystems, which has had a negative impact on the environment (Monna et
al., 2011; Mariet et al., 2017; Camizuli et al., 2018; Asare and Afriyie, 2021). If abandoned mining
and metallurgical sites often represent a threat for the environment, they can also be seen as an
opportunity for scientists to study the dispersal processes and persistence of PTE in the
environment in order to anticipate future impacts of present-day and future mining and smelting

activities (Byrne et al., 2012; Asare and Afriyie, 2021).
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Therefore, there is tremendous need to develop geochemical tools to better trace the origin of PTE
and their transfer pathways in the critical zone. The (bio)-geochemical processes implying mobility
of PTEs, such as Cd, Zn or Cu have been enlightened by the study of their isotopic signature but
this requires prior knowledge of the isotopic fractionation factors generated by these processes
(Chrastny et al., 2015; Desaulty and Petelet-Giraud, 2020). Metal(oid) stable isotope systems help
to discriminate among different material sources and to follow the fate of PTE (Wiederhold, 2015;
Komarek et al., 2021; Wang et al., 2021). If recent studies used the coupling of isotopic systems to
decipher multi-contamination in the environment, such a coupling is still poorly documented in a
mining and metallurgical context. Combining Cu and Zn isotopes measurements in soils and
metallurgical waste allowed distinguishing smelter-Zn from background-Zn in soils using Zn
isotopes only; Cu isotopes didn't allow identification of the sources (Bigalke et al., 2010). Cloquet
et al. (2006b) have coupled Pb and Cd in polluted topsoils surrounding a Pb—Zn refinery plant,
providing evidence of Cd fractionation, which allowed identification of three main Cd origins
(industrial dust, slags, agriculture). However such coupling should not allow distinguishing ore-
bearing rocks from metallurgical wastes (Wen et al., 2015). Coupling of Pb and Tl isotopic systems
(Vanck et al., 2021; in peatlands), and coupling of Pb and Cd (Baieta et al., 2021; in tree-rings) in
smelting areas allowed identifying the anthropogenic contamination. Considering T1 fractionation
during pyrometallurgy (Vanck et al., 2011, 2018), coupling of Pb and TI isotopic systems could
allow deciphering contamination from ore-bearing rocks from metallurgical wastes. In this study,
the traditional Pb isotope system was coupled to the less studied Sb isotope system, to better
characterized the contamination sources and soil transfer processes of PTE in the setting of an

abandoned 18™-19" century Pb-Ag mine (Peisey-Nacroix, French Alps).

Lead is a common co-product of different ores, which constitutes a powerful and commonly used
tracer of contamination sources (e.g., Komarek et al., 2008). Commonly measured in different
environmental compartments, Pb radiogenic isotopes help to distinguish a mining or/and smelting
contamination from the geochemical background, even in the case of a low contamination
(Komarek et al., 2008; Brugam et al., 2012; Mihaljevi¢ et al., 2019). However, Pb is a heavy element
so the mass-dependent fractionation of its isotopes during geochemical and pyrometallurgical
processing is very small and negligible compared to the radiogenic variations. Therefore, on a
mining site, it is not possible to isotopically distinguish the anthropogenic contamination (from
excavated waste rocks and slags) from the naturally contaminated background (occurrence of
nearby underground mineralisation) using Pb isotopes (Baron et al., 2006; Shiel et al., 2010; Cui

and Wu, 2011). Lead is often associated with a suite of metal(oids) favourable to consider a multi-
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isotope approach that may contribute to the understanding of the waste dispersion. Among them,
Sb is a metalloid of interest as it is found in many Pb-Ag ores (Petruk, 2000).

If Sb isotopes have been recently used to trace anthropogenic contamination in the environments
(Wen et al.,, 2018 and references therein), they have never been studied in a metallurgical context.
In the recent years, large efforts have been made to understand the yet poorly studied Sb isotopic
system (Resongles et al., 2015; Zhai et al., 2021; Ferrari et al., 2021, 2022). Unlike Pb radiogenic
isotopes, Sb stable isotopes are likely subjected to significant isotope fractionation during
pyrometallurgy and (bio-)geochemical processes that occur in the environment (Rouxel et al., 2003;
Ferrari et al., 2022). Based on the pioneer study of Rouxel et al. (2003), describing Sb isotope
composition variations within natural matrices (sediments, soils, rocks, ores), archaeologists were
among the first to use Sb isotopes as a tool to indicate the origin of ancient Sb-bearing artefacts,
such as bronze artefacts, glass, and ceramic objects (Lobo et al., 2013, 2014; Reguera-Galan et al.,
2019; Degryse et al., 2020). Metallogenic studies attempted to apply Sb isotopes to improve the
understanding of Sb ore formation (Wang et al., 2021; Zhai et al., 2021). Antimony isotopes were
also used to investigate the origin and fate of Sb in mine-impacted waters (Resongles et al., 2015;
Wen et al., 2022) and in waters impacted by road run-off in an urban area (Philippe et al., 2022).
Bio-geochemical processes such as adsorption, redox changes can be responsible for Sb isotope
fractionation (Rouxel et al., 2003; Zhou et al., 2022; Ferrari et al., 2022), however, isotope
fractionation factors associated to these processes remain largely unknown. While isotopic
fractionation of a number of metals including Cd, Zn and Ni (+Hg) during high-temperature
evaporation-condensation (e.g. pyrometallurgy) has been documented (Sivry et al., 2008; Shiel et
al., 2010; Ratié et al., 2016; Wang et al., 2021), Sb isotopic signature has never been determined in

a metallurgical context.

In this study, and for the first time, we couple Pb and Sb isotopes to investigate metal dispersion
resulting from a historic Pb-Ag mine in the different compartments (soils, sediments, and water)
of a mountainous watershed (Peisey-Nancroix, French Alps). The study tracked metal(oid)s
contamination from the sources (ore-bearing rocks and slags) to the environmental samples (soils,
river sediments, and water). The specific objectives were to discriminate the influence of different
contamination sources, to quantify their contribution and to test if Sb isotopes allow to track

metallurgical impacts.
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5.2 Material and methods

5.2.1 The Peisey-Nancroix mining site

The Pb-Ag mine of Peisey-Nancroix is located in the north-western French Alps, at 1550 m a.s.l.
It was operated from the early 18" century until the mid-19" century (1734-1866). During that
period, it produced 21 500 t of Pb and 52 t of Ag and was one of the most Pb and Ag productive
French mine at that time (Rossi et al., 2017; Meloux, 1975). Silver, which was the metal with the
main economic interest, was considered to be associated to Ag-rich galena. Recent investigations
showed limited 2Ag" <> Pb*" substitution in galena, but high Ag-content in minerals from the
tetrahedrite group ((Cu,Fe)i2(Sb,As,Ag)sS13), which occur as (micro)inclusions in galena in the
Peisey-Nancroix ore (Bertauts et al., 2022). Considering that the cut-off grade in the 18" and 19"
centuries were higher than today, the mine wastes remain enriched in Pb and Sb (up to 7.1 wt. %
for Pb and 137 mg.kg" for Sb; Guillevic et al., 2023). In addition to ore extraction and processing,
ore roasting and smelting occurred on site for at least 80 years (1745-1824) and generated enriched
Pb-Sb glassy slags (up to 10.8 wt. % for Pb and 1638 mg.kg" Sb) and fumes (Guillevic et al., 2023).
The presence of these metal-rich mine wastes and metallurgical slags has resulted in a local
anthropogenic soil contamination that is restricted to the hayfields between the ore processing and

the ore smelting sites (O.P. and O.S. sites respectively; Figure 5.1B; Guillevic et al., 2023).

The Peisey-Nancroix Pb-Ag ore formed during alpine thrusting of the Internal Brian¢onnais over
the External Briangonnais (Bertauts et al., 2022). The study site is located near the main
underground gallery network, on quaternary sediments overlying the Variscan basement and the
alpine thrust associated to the mineralisation. More specifically, the mining site is partly developed
on the western side of a large alluvial fan (silicate-rich sediments), on a carbonate-rich scree and on
the alluvial terrace of the Ponturin river (Figure 5.1C; Guillevic et al.,, 2023). The mining site is
bordered by the Arc stream to the East and by the Ponturin River to the North. The Arc stream
flows along the waste heaps, and water from dewatering mine galleries flows into the Ponturin river

Figure 5.1A).

150



CHAPITRE 5| Couplage isotopique Pb-Sb sur sols, sédiments et eaux de rivieres

Galleries entry ( Main entry)
BN Mine water discharge
Contamination source
. Slag

! Ore-bearing rock

. Smelter stack residue

Environmental sample
(O Soil Profile (2) Reference topsoil

<> River sediment @ Reference sed.
0 Dewatering gallery sediment

A Water

[ ] Waste heap
[ Slag heap
R 10stallations

Ore processing

site (O.P)
— — - Dewatering
gallery
Mine water
discharge
Zr i Ore smelting
Lithology site (0.8)
- Cargneule rocks 5. { A \3 )
[ ouartite ' f 1,3 grnek washing
- Carbonates scree h ; 3 ‘
Silicates-rich : ! 4 Smelter
dejection cone
Alluvium 5 Smelter
annex
3k Mine entry

Figure 5.1: A) Location map of the Pb-Ag Peisey-Nancroix mine in the French northern Alps; B) Location map of
the collected samples along the Ponturin river and the Arc stream; C) Map of interpolated Pb content of topsoils
(package Autokrige,; R Cote team 2022) of the mining site showing the position of the soil profiles; D) Geological
map of the mining site with positions of the soil profiles.
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5.2.2 Sampling and sample preparation

5.2.2.1 Sources of potentially toxic elements: ore-bearing waste rocks, stack residues and slags

In order to assess the potential isotope fractionation of Sb during smelting, samples were collected
in the ore-bearing waste rocks (n = 4), in stack residues from the smelter inner walls (n = 2) and in
slags from the slag heap (n = 2; Figure 5.1). Thin sections were cut through selected samples for
mineralogical observation and analysis (optical microscopy and SEM-EDX; see Supplementary
Material Figure S1). A detailed analyse of the ore-bearing mineral is presented in Bertauts et al.
(2022).Then, the samples were finely crushed into powder and homogenised for geochemical and

isotopic analyses.

5.2.2.2 Soil profiles

Guillevic et al (2023) have shown that Pb and Sb distributions were correlated in topsoils.
Therefore, the location of six soil profiles was determined based on the distribution of Pb in the
hayfields downbhill the slags and waste rocks heap, and according to the type of soils (Dystric
Cambisols, Calcaric Cambisols and Technosols; Figure 5.1C). Soil profiles 1 (P1), 3 (P3) and 4 (P4)
were dug in the Dystric cambisols developed on top of the alluvial cone (basement silicate-rich
rocks), whereas soil profiles P2, P5 and P6 were dug in the Calcaric cambisols developed on top
of a carbonate scree. that covers the alluvial fan (Figure 5.1C). This superposition of materials is
clearly demonstrated for P5 and P6, which present a bilithic character with surface horizons
developed on carbonate (cargneule) scree materials (actual soil) overlying buried soil(s) from the
alluvial fan. P1 is the closest profile from the slags and the waste rocks heaps (~3 m distance, Figure
5.1), and P5 is the closest profile from the former ore transportation pathway between the O.P and
the O.S. sites. Among the 6 profiles, a total of 31 soil horizons were sampled: 6 horizons in P1
(0 to -75 cm); 5 horizons in P2 (0 to -55 cm); 4 horizons in P3 (0 to -60 cm); 4 horizons in P4
(0 to -60 cm); 6 horizons in P5 (0 to -70 cm), and 6 horizons in P6 (0 to -80 cm). A detailed field
description and photographs of the six profiles are available in Supp. Mat. Fig S2 and Text S1.

In addition to the soil profiles, a reference topsoil (REF-TOPSOIL; 0-20 cm; Figure 5.1B) was
sampled 2 km uphill the mining site on the same alluvial cone (i.e., similar main catchment) to
avoid direct mining influence. In order to avoid the presence of airborne Pb emitted during

smelting, this reference topsoil was collected close to the active Nant Fesson stream. Each soil
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sample was air-dried for several days, sieved to 2 mm, homogenised, and then finely crushed before

processing and analysis.

5.2.2.3 Stream sediments and water samples

Stream sediments were sampled at the exit of dewatering galleries (n=5; SED-01, SED-04, SED-
06, SED-09 and SED-10) and along the Ponturin river and its affluents (n=5; SED-02, SED-03,
SED-08, SED-12, SED-13) to evaluate the spatial extent of the stream contamination and the
effect of dilution in a torrential context (Figure 5.1A) from upstream to downstream the mine site:
SED-12 was collected 1.5 km upstream the mining site and is thus considered as a reference
sediment; SED-01 was sampled at the exit of the main dewatering gallery, on the O.P. site; SED-
09 and SED-10 were sampled at the exit of two exploratory galleries on the right bank of the
Ponturin river; SED-02 was collected upstream the waste rock heap in the Arc stream; SED-04
and SED-06 were collected at the exit of two exploratory galleries on the left side of the Ponturin;
SED-08, and SED-03 were collected downstream the mining site at the junction of the Ponturin
and the dewatering waters related to SED-01 and SED-06 respectively; and SED-13 was sampled
~1 km downstream from the mining site in the Ponturin River. Each sediment sample was air-

dried for several days, sieved to 2 mm, and then crushed and homogenised before analysis.

Water samples (n=8) were also collected at the same locations as the sediments (Figure 5.1B).
Physico-chemical parameters (pH, conductivity, temperature; Table S2) were measured on-site
using a calibrated multimeter (HQ40d, Hach Company). Water samples were filtered through a
0.22 pm PVDF filter (Millipore™) fitted on a polysulfone filter unit (Nalgene™). Filtered samples
wete collected in acid-cleaned HDPE bottles, acidified to 1 %o v/v with HNOs3 (14.5 M, Suprapur

Merck) and stored at 4 °C until analysis.

5.2.3 Sample analysis

5.2.3.1 Major and trace elements
5.23.1.a. Analytical procedures

A total of 49 samples, including soil horizons and the reference soil (n=32), stream sediments (n=0)
and dewatering galleries sediments (n=4), waste ore-bearing rocks (n=4), slags (n=2) and stack
residues (n=2), were sent for major and trace elements analysis at the SARM laboratory (Service

d’Analyses Roches et Minéraux, CNRS National facility, Nancy, France). After a lithium tetraborate
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fusion of each sample, the solutions were analysed by ICP-AES for major elements (SiO,, ALOs,
K0, CaO, MgO, P,Os, TiO,, Fe;:Os and MnO) and by ICP-MS for trace elements (including As,
Cd, Co, Cr, Cu, Ni, Pb, Rb, Sb, Zn, Zr) according to the established protocols of Carignan et al.
(2001). The reference topsoil, the two slag samples and two ore-bearing rocks were already analysed

by Guillevic et al. (2023) using the same procedure.

Major cations and trace elements were analysed in water samples by ICP-MS (CAP TQ, Thermo
Scientific® at the AETE-ISO platform, OSU-OREME/Université de Montpellier) as described in
Ferrari et al. (2021). Even though this paper focuses on Pb and Sb only, the full geochemical dataset
is available in Supp. Mat. Table S3.

5.23.1.b. Enrichment factors

Lead and Sb enrichment factors (EF,,) were calculated using Equation 1.

(%)sample
EF,, = ———— equation (1)

(%D)..,

with (M/Rb)smpie, the Pb/Rb ot Sb/Rb ratios of the samples, and (M/Rb)..s the Pb/Rb or Sb/Rb
ratios of a reference sample (i.e., local geochemical background). For this multi-compartment
study, the authors have decided to select reference samples according to the matrix analysed.
Therefore, the assumed uncontaminated upstream sediment sample SED-12 (Pb/Rb = 0.16 ,
Sb/Rb = 0.03) was used for reference for all the stream and dewatering gallery sediments. As two
main soil types have been identified in the mining area (Figure 5.1C), the deepest horizon of the
least contaminated profiles was selected for each type of soil: the deepest horizon of P3 was used
as reference (Pb/Rb = 1.53, Sb/Rb = 0.04) for the Dystric Cambisols P1, P4 and P3, whereas the
deepest horizon of P6 was used as reference (Pb/Rb = 0.19, Sb/Rb = 0.01) for the Calcaric
Cambisols P2, P5 and P6. EFp, and EFs;, are reported in Supp. Mat. S3. Marrugo-Negrete et al.
(2017) consider 7 classes of enrichment depending on EF.: EF,<1 correspond to no enrichment,
1< EF,<3 to minor enrichment, 3< EF,,<5 to moderate enrichment, 5< EF,<10 to moderately
severe enrichment, 10< EF,<25 to severe enrichment; 25< EF,<50 to very severe enrichment,

and EF.>50 to extremely severe enrichment.
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5.2.3.2 Soil properties

A detailed characterisation of each soil horizon was performed at the French national reference
soil laboratory (INRAE, France). The size distribution, pH, cation exchange capacity (CEC),
exchangeable cation content, equivalent CaCOs total content, Cy content, N content, and total
organic carbon (TOC) were assessed for the fraction of soil <2 mm. The analytical procedure is

described in Guillevic et al. (2023). Supp. Mat. Table S3 presents the results for the six soil profiles.

5.2.3.3 Determination of Pb and S isotopic signature

Lead and Sb isotopes were measured on a selection of samples: 3 soil profiles with various soil
types and Pb-Sb enrichment (P1, P3, P5), the reference topsoil, the 2 slags, the 2 stack residues, 3
river sediments (from upstream to downstream; SED-12, SED-03, SED-13), 3 dewatering
sediments (SED-01, SED-09, SED-10). Sample preparation was carried out in a class 10000
cleanroom at the laboratory HydroSciences Montpellier - HSM (sample digestion and Sb isotopes)
and at the laboratory Géosciences Paris-Saclay - GEOPS (Pb isotopes) and at the laboratory
Services d’Analyse des Roches et des Minéraux - SARM-CNRS (Pb isotopes). All reagents were of
Suprapur® quality (Merck) or tri-distillated acids and ultrapure water was used (Milli-Q®,

Millipore). All consumables (pipette tips, tubes, PTFE vial, etc.) were acid-cleaned before use.

5.2.3.4 Digestion of solid samples

Fifty mg of solid samples (soils, sediments, rocks, slags and stack residues) were digested with an
acid mixture (4.5 mL of 14.5 M HNO;, 1.5 mL of 22.6 M HF and 1.5 mL of 9.5M HCI) using a
microwave (UltraWAVE, Milestone®). Samples were heated to 200 °C in 25 min and held at 200
°C for a further 10 min. After cooling down, digest solutions were transferred in PTFE vials,
evaporated at 80 °C to avoid Sb volatilisation. Dry-residues were then re-dissolved in 30 mL of 1.5
HNO:;, closed vials were ultrasonicated for 1 h and then heated at 80 °C overnight to ensure a
complete dissolution of the residue. Digest solutions were filtered using acid-cleaned disposable
0.22 pm PVDF filters and polypropylene syringes. Procedural blanks and certified reference

material (NIST 2711a) were processed as samples.

Lead and Sb concentrations were analysed by ICP-MS at the AETE-ISO platform. These digest
solutions were used for Sb and Pb purification prior to isotopic analysis at HSM and GEOPS

laboratories, respectively.

5.2.34.a. Sample preparation and analysis of Sb isotopic signature
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Antimony separation

Antimony was separated from the sample matrix following the protocol described in Ferrari et al.
(2021). Briefly, an aliquot of digest solutions containing 30, 50 or 100 ng was evaporated and re-
dissolved in 10 mL of 0.5 M HCl with 0.5 % w/v potassium iodine (KI) and ascorbic acid (AA) to
reduce Sb(V) to Sb(III). After at least 3 h, samples were passed through cartridges filled with 0.2 g
of TSP (thiol-functionalized silica powder) and rinsed successively with 5 mL of 0.5 M HCl and 6
mL of 2.5 M HCI, then Sb was eluted with 6 mL. of 6 M HCI (Sb elution). Finally, samples were
diluted to 1 pug/L of Sb in 10 mL of 3 M HCI with 0.5 % w/v KI/AA for Sb isotopic analysis.

Antimony isotope analysis by HG-MC-ICP-MS

Antimony stable isotopes ("*'Sb and 'PSb) were measured with a MC-ICP-MS (MultiCollector
Inductively Coupled Plasma Mass Spectrometer, Neptune+, Thermo Fisher Scientific®) coupled
with a hydride generation (HG) system (MP2 hydride ICP, Elemental Scientific®) at the AETE-
ISO platform, OSU-OREME /Université de Montpellier. Analytical configuration and instrument
tuning parameters are detailed in Ferrari et al. (2021). Each sample was analysed three times using
a sample-bracketing method and an in-house isotopic standard solution “SPEX” (SPEX Sb 1000
mg/ml.in 20 % w/w HCI, batch number 24-175SBX). '**Te was measured in addition to "*'Sb and

123Sb to check that no isobaric interference of *Te over '*Sb occurred.

Isotopic signatures of Sb are expressed as 8'*’Sb (%), which represents the deviation between the
'PSb/*'Sb ratio of the sample and the average ratio of the isotopic standards SPEX measured

before and after the sample (Equation 2).

1235b 1Z3Sb
( /1215b) _< /121Sb>
sample
1Z3Sb
( /12151))

The recovery of Sb after purification was determined based on the initial theoretical mass of

§1235p = v SPEX % 1000 (Equation 2)

avg SPEX

purified Sb (30, 50 or 100 ng) and the final mass of Sb recovered in purified samples calculated
from the intensity measured by HG-MC-ICP-MS. On average, 100 £ 7 % of Sb was recovered
after the purification step. Procedural blanks (including digestion and purification steps)
represented less than 1 % of Sb measured in samples. The certified reference material of soil
NIST2711a was measured at 0.05 * 0.02 %o, which matches with the published value (0.06 + 0.02
%o, Ferrari et al., 2021).
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5.2.34.b. Sample preparation and analysis of Pb isotopic signature

Lead isotopes (**Pb, **Pb, *'Pb, and **Pb) were analysed in solutions of mineralized samples
either at GEOPS laboratory or at SARM-CNRS (Table 5-1). Solutions of mineralized samples
(n=21) were analyzed by High-Resolution ICP-MS (Thermo Scientific®, Element XR, USA, at
Laboratoire GEOPS, Université. Paris-Saclay). All solutions were diluted at 500 ppt. Measurement
settings were a dwell time of 10 ms, 420 sweeps, and 5 replicates per sample. Mass bias and drift
of the isotope ratios were corrected based on repeated measurements of the Pb reference material
NIST SRM-981 that was analyzed between every three samples (*“Pb/*"Pb = 1.0934+ 0.0060,
208/*"Pb 2.1668 + 0.0128; n = 27). Repeated measurements of IAEA-SL-1 reference material
over different analytical sessions give values for **Pb/*"Pb of 1.2207 + 0.0043 and for ***Pb/*Pb
of 2.0324 + 0.0048 (n = 54), which is in agreement with previous SL.1 measurements reported by
Froger et al. (2018) et Kobayashi et al. (2023).

Additional solutions of mineralized samples (n=10) were analysed using a Thermo Fischer
Multicollector (MC-ICP-MS) Neptune Plus at the SARM-CNRS laboratory. Purification with
anionic resin (AG1X8) details are described in Manhes et al. (1980). Mass bias and drift of the
isotope ratios were corrected based on repeated measurements of the Pb reference material NIST
SRM-981. Repeated measurements of NIST SRM-981 reference material give values for less than
0.2 %o for **Pb/*"Pb and **Pb/**Pb (Cloquet et al., 2006b).

5.3 Results and interpretation

5.3.1 The potential sources of contamination

5.3.1.1 PTE contents

The PTE contents of Pb and Sb-bearing waste rocks and slags were detailed in Guillevic et al.
(2023) and are presented in Table S3. The ore-bearing waste rocks contain 2.9 to 7.9 wt.% of Pb
and 54 to 561 mg.kg" of Sb. The metallurgical wastes display higher Pb and Sb contents than the
ore-beating rocks: the slags contain 7.5 and 10.8 wt.% of Pb and 931 to 1638 mg.kg" of Sb, whereas
the stack residues contain 34 to 46 wt.% Pb and 1098 and 2187 mg.kg" Sb.
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5.3.1.2 Pb isotopes

The Pb isotopic signature of the ore-bearing rocks (n=4) is very homogeneous, with a ***Pb/*"Pb
ratio of 1.17 + 0.002 and a **Pb/**Pb ratio of 2.10 * 0.001 (Guillevic et al. submitted, Table 5-1,
Figure 5.2). The Pb isotopic signature of the slags (n=2) varies between 1.171 and 1.173 for
*Pb/*""Pb ratio and between 2.094 and 2.096 for ***Pb/**Pb ratio. The Pb isotopic signature of
the stack residues (n=2) varies between 1.1713 and 1.1714 for **Pb/*"Pb ratio and between 2.0960
and 2.0962 for **Pb/**Pb ratio. The metallurgical wastes (slags and stack residues) display rather
similar  **Pb/*'Pb and **Pb/**Pb ratios, in the range 1.172-1.177 and 2.094-2.096
respectively (Table 5-1).

5.3.1.3 Antimony isotopic signature

Opposite to Pb isotopes, the 8'Sb values of the metallurgical wastes differ significantly from those
of the ore-bearing rocks. The ore-bearing rocks display quite heterogeneous 8'*’Sb values in the
range -0.28 %o to 0.10 %o, whereas slags and stack residues display similar and homogeneous 8'*’Sb
values in the range 0.62-0.78 (0.72 * 0.07 %o; Table 5-1). These results suggest that
pyrometallurgical processes (smelting) of galena-tetrahedrite ores generated an apparent
fractionation between the initial ore and the residual metallurgical products of + 0.62 to +1.01 %o
with a relative enrichment in heavy '?Sb isotope in slags and stack residues. Antimony isotopes
could thus allow deciphering the contribution of the metallurgical wastes versus the contribution

of the ore in contaminated environmental samples.

5.3.2 Soil, sediment samples and water

5.3.2.1 PTE contents

5.3.2.1.a. River and mine galleries sediments

The stream sediment collected upstream the mine (SED-12) presents a Pb content of 12 mg.kg
and a Sb content of 2 mg.kg" (Table 5-1). The stream sediments downstream the mining site (n=3)
indicate a Pb content of in the range 15-35 mg.kg" and a Sb content of 1-3 mg.kg" (Table 5-1).
Using SED-12 as reference, the Pb and Sb enrichments of downstream river sediments are very
low (no to minor enrichment): EFp, = 3.1 and EFs, = 1.0 in SED-08, EFp, = 2.1 and EFs, = 1.3
in SED-03, and EFp, = 2.3 and EFs, = 1.0 in SED-13 (Table S3). Sample SED-02, which was
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sampled in the Arc stream, near the main gallery and the waste rocks if slightly more enriched: it

contains 96 mg.kg" of Pb (EFp, = 7.9) and 2 mg.kg" of Sb (EFs, = 0.9).

Table 5-1: Concentrations and isotopic signatures of Pb and Sb in soils and sediments samples and in potential
contamination sources (slags, ore-bearing rocks, stack residues). Measurements performed at SARM are marked with
this symbol *.

Sample Name Pb Sb 8128b 2sd Pb/X'Pb  error  208Pb/206Pb  error

(mgkgh) (mgkgh) (%) (%o

Reference topsoil

REF-TOPSOIL 83 2 0.24  0.02 1.176 0.004 2.088 0.005
Soil horizons
P1-A 19746 147 0.47 0.03 1.172 0.004 2.099 0.005
P1-Bul 56140 528 0.51 0.04 1.173 0.004 2.094 0.005
P1-Bu2 18096 145 0.50  0.02 1.169 0.004 2.104 0.005
P1-Bwl 18797 158 0.55 0.04 1.171 0.004 2.097 0.005
P1-Bw2 1531 24 0.64 0.03 1.174 0.004 2.099 0.005
P1-C 1078 21 0.64  0.06 1.171 0.004 2.103 0.005
P3-A 646 6 0.37  0.06 1171 0.004 2.099 0.005
P3-A/B 647 6 0.40  0.04 1.170 0.004 2.101 0.005
P3-Bw 375 5 0.37 0.02 1.172 0.004 2.094 0.005
P3-C 156 4 0.30  0.02 1.175 0.004 2.092 0.005
P5-A 3439 17 0.45  0.02 1.170 0.004 2.099 0.005
P5-Bw* 1575 7 0.43 0.05 1.171 < 0.001 2.096 < 0.001
P5-C# 174 2 0.45 0.04 1.167 0.016 2.103 0.08
P5-2Bw* 86 2 0.50  0.02 1.175 < 0.001 2.089 < 0.001
P5-2C* 31 1 0.46  0.04 1.180 < 0.001 2.081 < 0.001
P5-3Bw 443 11 0.46  0.01 1.172 0.004 2.095 0.005
Waste ore-bearing rocks
ORE-1 29846 128 0.10  0.01 1.172 0.004 2.095 0.005
ORE-2 71384 112 -0.21  0.02 1.172 0.004 2.095 0.005
ORE-3* 44077 54 -0.28  0.06 1.173 < 0.001 2.093 < 0.001
ORE-4* 78872 561 -0.06  0.07 1.173 < 0.001 2.094 < 0.001
Metallurgical wastes
STK-1 345525 2187 0.62  0.06 1.171 0.004 2.096 0.005
STK-2 460992 1098 0.77  0.04 1.171 0.004 2.096 0.005
SLAG-1* 108418 1638 0.78  0.03 1.171 < 0.001 2.094 < 0.001
SLAG-2* 75516 931 0.73  0.05 1.172 < 0.001 2.096 < 0.001
River sediments
SED-12 12 2 0.23  0.04 1.208 0.004 2.051 0.005
SED-02 96 2 - - - - - -
SED-08 35 2 - - - - - -
SED-03 22 3 0.18 0.03 1.189 0.004 2.068 0.005
SED-13* 15 1 0.25  0.06 1.187 < 0.001 2.076 < 0.001
Dewatering gallery
SED-01 4345 19 0.28  0.06 1.172 0.004 2.096 0.005
SED-04 320 4 - - - - - -
SED-06 136 2 - - - - - -
SED-09 2327 9 0.07  0.02 1.174 0.004 2.089 0.005
SED-10* 102 1 -0.03  0.01 1.175 < 0.001 2.090 < 0.001
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Sediments from the dewatering galleries (n=5) present much higher Pb and Sb contents than the
Ponturin river sediments. SED-01, which was collected at the exit of the dewatering gallery located
on the O.P. site, is the most enriched in PTE : it is extremely enriched in Pb (4345 mg.kg" of Pb;
EFp, = 521) and moderately enriched in Sb (19 mg.kg" of Sb; EFs, = 13). The Pb and Sb contents
of sediments collected at the exit of the exploratory galleries on the right bank of the Ponturin river
(SED-09 and SED-10) contain up to 2327 mg.kg'of Pb and 9 mg.kg' of Sb (EFp=149 and
EFs,=3). These dewatering galleries are thus extremely to very severely enriched in Pb, whereas
they only show a minor to a moderate enrichment in Sb. Opposite, sediments collected in sources
considered to be related to dewatering (SED-04 and SED-006) are much less enriched; they contain
up to 101 mg.kg'of Pb and 1 mg.kg" of Sb (EFp,=14 and EFs,=1).

5.3.2.1.b. River water

The dissolved Pb content of the eight water samples vatied between < 0.006 and 7.27 pg.L".
Samples WAT-8 and WAT-7, which were collected between 0.5 and 1.5 km upstream the mining
site, display the lowest Pb (<0.006 and 0.30 pg.' respectively, Table 5-2). WAT-4 sample,
collected in the Arc stream below the ore-bearing waste rocks heap, present a similar content of
0.40 pg.I'" Pb than upstream mine site sediments. The highest Pb content is observed at the exit
of the main dewatering gallery (WAT-1: Pb = 7.27 ug.1.", O.P. site), followed by the two secondary
dewatering galleries on the right bank of the Ponturin river (WAT-5 = 1.45 pg.I." ~ SED-09;
WAT-6 = 1.49 ug..'" ~ SED-10) and a little further of a former exploratory gallery exit (WAT-2
= 1.42 pg. 1" ~ SED-6, Figure 5.1A).

The dissolved Sb content of water samples was low and varied between <0.11 and 1.59 pg.L".
Sample WAT-8 and WAT-7 displays the lowest Sb content (<0.11 and 0.19 pg.I" respectively),
whereas the highest Sb content is observed at the exit of the main dewatering gallery (WAT-1=
1.59 pg.LL", O.P. site). The Sb content of WAT-4 is similar to the upstream waters (Sb= 0.21 pg.I/
". Water collected at the exit of the dewatering galleries contain slightly higher Sb concentration
than the Ponturin river, with a Sb content of 0.53 pg.L" for WAT-5 (~ SED-09) and 0.95 pg.L"
for WAT-6 (~ SED-10). The water sample WAT-2 presents a similar content of 0.73 pug.". A
decreasing gradient is measured in Sb content from water flowing out from the dewatering gallery

located downstream (Sb = 0.48 pug.I."', WAT-3,Table 5-2).
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Table 5-2 : Water properties and Pb and Sb content of water samples.

Echantillon eau Conductivity ~ Temperature Pb Sb
<022pm) P (Semt) CC) pel  (uel?)
WAT-1* 7.8 2013 6.3 7.27 1.59
WAT-2* 7.9 1741 5.9 1.42 0.73
WAT-3 7.9 1153 6.7 0.40 0.48
WAT-4 8.7 255 6.9 0.09 0.21
WAT-5 8.7 794 7.6 1.45 0.53
WAT-6* 8.6 728 7.5 1.19 0.95
WAT-7 8.6 662 8.8 0.3 0.19
WAT-8 8.7 165,1 9.1 < 0.006 0.11

* Represents dewatering waters

5.3.2.1.c Soil profiles

The PTEs contents of the soil profiles and the reference topsoil are available in Table S2. The
reference topsoil (0-20 cm) presented a Pb content of 83 mg.kg" (Pb/Rb = 1.2) and a Sb content
of 3 mg.kg". The 6 soil profiles display higher Pb and Sb contents than the reference topsoil. The
two first horizons (~ 0-30 cm) are the most enriched in Pb and Sb. Then, Pb and Sb rapidly

decrease to reach values close to those of the reference topsoil.

P1, which is the closest to the slag heap, has the highest Pb and Sb contents, with Pb in the range
1078- 56140 mg.kg" and Sb ranging between 21 and 528 mg.kg"'. P1 can thus be considered as a
technosol (Text S1).

Of the two dystric cambisols (P3 and P4), P4 is the most contaminated, with Pb in the range 194-
2019 mg.kg™" and Sb in the range 2-16 mg.kg". The Pb content of the less contaminated P3, ranges
from 156 mg.kg" in the deepest hotizon to 647 mgkg' in the shallowest hotizon. Thetefore, the
P3-C horizon has been selected as the reference horizon for the EF calculation in the dystric
cambisols profiles (Pb/Rbps.c) = 1.5, which is close to Pb/Rbetiopsony = 1.2). Then, P4-A /B hotizon

reaches a maximum enrichment, with EFp,=16 and EFs,=4 (Figure 5.2).

Among the three calcaric cambisols (P2, P5 and P6), P2 is the most contaminated with a Pb content
ranging between 54 and 4330 mg.kg" and a Sb content in the range 1- 21 mgkg . Horizon P2-
Bw1 shows the maximum enrichment (EFp, =248, EFs,= 2.1; Figure 5.2). P6, which is the furthest
profile from the waste heaps, presents low Pb and Sb contents in comparison with P2 and P5,
ranging from 12-278 for Pb and from 1-2 for Sb. Therefore, hotizon P6-3Bw (Pb/Rbpe.ssw = 0.3)

was chosen as the reference horizon for EF calculation for calcaric cambisols. Even though P2 and
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P5 are located farther from the slags heap, they show equivalent enrichment profiles, up to
extremely severe Pb enrichment (EFp, = 4 to 250) and severe Sb enrichment (EFs, = 2 to 21) in
the uppermost horizons. P5, which has intercalated layers of alluvial sediments and calcareous-
scree, displays uncommon profile, with (i) hotizon P5-A the most entiched with 3439 mg.kg" of
Pb (EFp, = 237) and 17 mgkg" of Sb (EFs, = 20), and (ii) an enriched P5-3Bw deeper hotizon
compated to the above horizons, with 443 mgkg' of Pb and 11 mgkg' of Pb (second most
enriched horizon of the profile; Figure 5.2).
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Figure 5.2: Distribution of Pb and Sb enrichment factors with depth (empty circles), and evolution of the
200Ph /207Ph and 8'23Sb isotopes for the P1, P3 and P5 soil profiles (gtey citcles).
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5.3.2.2 Lead isotopes signature

Lead isotopes data are reported in Table 5-1 and Figure 5.3. The lead isotopic ratios measured in
the different types of samples varied between 1.167 + 0.004 and 1.208 * 0.004 for **Pb/*"Pb, and
from 2.051 % 0.005 to 2.104 + 0.005 for **Pb/**Pb. Lead isotopic signatures plotted along a single
line in the three-isotope space diagram (Figure 5.3). The upstream reference sediment (SED-12),
which is not affected by mining and smelting activities, presents a **Pb/*""Pb ratio of 1.208 * 0.004
and a **Pb/**Pb ratio of 2.052 * 0.005. The dewatering gallery sediments (SED-01, SED-10 and
SED-09) present Pb signatures in the range of the local Pb ore, suggesting particulate
remobilisation of the ore, which is consistent with their respective high Pb content and their origin.
The downstream tiver sediments (SED-03 and SED-13) display homogeneous **Pb/*""Pb and
*%Pb/**Pb ratios of 1.1187-1.1889 * 0.004 and 2.068-2.076 * 0.005 (Table 5-1). Such ratios are
ranging between those of the uncontaminated river sediment SED-12 and the local

ore/metallurgical wastes, suggesting remobilization of ore particles and/or of metallurgical wastes.
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Figure 5.3 : Diagrams showing the Pb isotopic compositions of the contamination sources (squates) . the soil
hortizons (circles) and sediments (diamonds). A) 26Pb/207Pb ratios versus the total Pb content. B) 206Pb/207Pb ratios
versus 208Pb/207Ph ratios.

The Pb isotope ratios of the reference topsoil is **Pb/*"Pb = 1.176 * 0.004 and **Pb/*Pb =
2.088 £ 0.005, showing a slightly more radiogenic signature than the ore-bearing rocks and the
metallurgical wastes (Figure 5.3A and Table 5-1). With the exception of the two deepest horizons

of P5, all soil horizons present a Pb isotopic signature in the range of the local Pb-ore and the

metallurgical wastes (Table 5-1).
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5.3.2.3 Antimony isotopic signature

The antimony isotopic signature (5'”Sb) measured in the different types of samples varies
between -0.28 = 0.06 and 0.78 * 0.03 (Table 5-1; Figure 5.4). The upstream sediment (SED-12)
shows 8'”Sb of 0.23 %o, which lies between those of the ore-bearing rocks and those of the
metallurgical wastes. Sample SED-03 shows a slightly lighter §'Sb signature of 0.18 %o that could
evidence a minor contamination from the Pb-Sb local ore in sediments. Dewatering gallery
sediments SED-09 and SED-10 present significantly lighter 8'*Sb values than the river sediments,
in the range of the local Pb-ore signature, with 8'*’Sb values of -0.03 %o and 0.07 %o, respectively.
The Sb-entriched SED-01 sample shows a heavier Sb isotopic signature (8'”Sb = 0.28 %o)

suggesting a contamination by metallurgical wastes (slags).
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Figure 5.4 : Isotopic signatures of Sb (A) and 8125Sb values versus 1/Sb (logarithmic scale, B) for potential
contamination sources (squares), soil samples (circles) and sediments samples (diamonds).

The reference topsoil has a 8'Sb of 0.24 %o, which is similar to the value of the uncontaminated
sediment SED-12. The Sb isotopic signature of the soil horizons varies from 0.30 to 0.64 %o (Figure
5.4). The soil horizons of P1 have a 8'*’Sb between 0.47 to 0.64 %o. The soil horizons of P5 have
a 8'”Sb between 0.43 and 0.50 %o and the soil hotizons of P3 have a 8'”Sb between 0.30 and 0.40
%o. The deep horizon P1-C (60-75 cm) and hotizon P1-Bw2 (43-60 cm) present a 8'*’Sb closer to
the metallurgical wastes than the shallowest soil horizon of the profile (e.g., horizon A and horizon
Bul) despite a higher Pb and Sb content. The deep P3-C horizon of (45-60 cm) is similar to the
reference topsoil by its Sb content and isotopic signature. Despite a decrease in Sb content with
depth, the soil hotizons of profile P5 show a constant Sb isotopic signature of 8'*’Sb = 0.46 + 0.02

%o (n=5). These data suggest three types of binary mixing for the various soil and sediment samples:
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(i) mixing between slags and ore-bearing rocks, (i) mixing between slags and the geochemical

background, and (iif) mixing between the ore-bearing rocks and the geochemical background.

5.4 Discussion

5.4.1 Spatial characterization of the Pb and Sb contamination

The metallurgical slags display higher concentrations of Pb and Sb than the ore-bearing waste

rocks. Therefore, they may be the primary source of contamination on site (Guillevic et al., 2023).

All soil profiles located in the hayfields downward the waste heaps display higher Pb and Sb content
than the reference topsoil, with technosol P1 showing the highest contents. However, there is a
decreasing trend in Pb and Sb contents in the superficial horizons as the distance from the slags
and the ore-bearing waste rocks increases. This observation is consistent with the Pb gradient and
spatial distribution observed in 117 topsoil samples from Guillevic et al. (2023), with Pb ranging
from 3.7% near the waste heaps to 100 mg.kg" for the least contaminated samples located about
500 m downslope. The soil profiles clearly show that the Pb and Sb contamination essentially
affects the first two soil horizons, before decreasing rapidly in depth to reach values close to the
reference values (Figure 5.2). Such profiles suggest that the vertical distribution of Pb and Sb results
from inputs of Pb and Sb from the surface rather than from the underlying Pb and Sb-rich rocks.
Therefore, one can state that the contamination results from Pb and Sb dispersion and
remobilization from the mine and metallurgical wastes stored at the surface (i.e., anthropogenic
contamination) rather than from the nearby underground mineralization (i.e., natural
contamination). As the Pb and Sb contents of both the dystric and the calcaric cambisols are close
to the reference topsoil, one could consider that the natural contamination from the underlying
mineralized rocks is negligible in the soil profiles. The fact that only the first 30 cm of all profiles
(except Technosol P1) are the most enriched in Pb and Sb can be easily explained by the neutral
(Dystric cambisols) to alkaline pH (Calcaric Cambisols), which tends to immobilize Pb and Sb
(Text S1 and Table S3).

The upstream sediment (SED-12) and water (WAT-8) collected 1.5 km upstream the mine show
the lowest Pb and Sb contents (Table 5-1). These samples are thus good references for
uncontaminated sediments and waters. Except for the downstream water (WAT-3, see discussion
below), the Ponturin waters show no Pb or Sb contamination (Table 5-2); they fall within the range

of the European waters (0.22 £ 0.59 pg.I'" of Pb and 0.19 £ 0.18 pg.I" of Sb; Salminen et al.,
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2005).The dewatering waters and sediments are more contaminated in Pb and Sb than the Ponturin
River. The dewatering sediments is 8 to 350 times more contaminated in Pb and up to 8 times
more contaminated in Sb than the upstream sediment. The dewatering waters are 200 to 1200 times
more contaminated in Pb and 4 to 14 times more contaminated in Sb than the upstream water.
These results suggest the occurrence of present-days lixiviation of the mineralisation (Pb and Sb in
waters) as well as particle translocation of ore minerals (Pb and Sb in sediments) in dewatering
waters. Both dewatering waters and sediments are being rapidly diluted as they reach the Ponturin
River. Indeed, downstream the mine, if the Ponturin water (WAT-3) is 66 times enriched in Pb and
4 times enriched in Sb, the Ponturin sediment (SED-13) shows no more Pb or Sb contamination.
Such a difference among sediments and waters suggest that the contamination of surficial waters
is more widespread than the contamination of the sediments. One possible explanation relies on
the transfer processes involved: water contributes to the dispersal of dissolved Pb and Sb whatever
the water flux, whereas particles of sediments will only be transferred if the water flux is high
enough to move them. Due to the torrential regime of the Ponturin River, the particles of ore
transferred to the river by the dewatering waters (lower fluxes) will be washed away by the river

(much higher flux), so that few particles will be deposited nearby the mine.

5.4.2 Antimony isotope fractionation during pyrometallurgy

The isotopic signature of Sb in the slags produced by smelting of Pb-Ag ore from the Peisey-
Nancroix mine (5'”Sba, = 0.75 + 0.07 %o) is heavier than the ore isotopic signature (5'>Sbowe =
-0.11 £ 0.17 %o). This induces an apparent isotopic fractionation (A'*’Sbygor) of +0.62 to +
1.01 %o between the local ore and the metallurgical wastes. These results provide the first evidence
of antimony isotopic fractionation during high-temperature processes such as pyrometallurgy. Such
a fractionation between ores and slags has been reported for other elements like Cd (+0.36 %o,
Cloquet et al. 2006), Zn (+0.05-0.13 %o, Shiel et al., 2010) and T1 (+1.10 %o; Van¢k et al., 2018;
2021). Thanks to their fractionation during pyrometallurgy, Sb isotopes, as well as Cd, Zn or TI,
can help distinguishing the contamination related to the metallurgical wastes from the
contamination related to the Pb-Sb-beating rocks (ore-beating waste rocks and/or local

mineralized background).
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5.4.3 Coupling of Pb and Sb isotopes

Pb isotopes are widely used as a potent indicator of anthropogenic contamination over the geogenic
background in mining/smelting areas (Ettler, 2016; Komarek et al., 2008). However, they cannot
be used to decipher the source of contamination (ore-bearing rocks vs metallurgical wastes) as Pb
doesn’t fractionate during pyrometallurgy (Baron et al., 2006; Cui and Wu, 2011; Shiel et al., 2010)
The benefit of combining Pb isotopes with another system that fractionates during pyrometallurgy
(Sb, Cd, Zn or TIl) is to differentiate the sources of contamination from the geochemical
background. Such a knowledge will be important to propose remediation plans of former
mining/smelting sites. In Peisey-Nancroix, Pb and Sb-bearing phases are closely associated within
the ore (Figure S1; Bertauts et al. 2022), and Pb and Sb are strongly correlated in topsoils (Guillevic
et al., 2023). Therefore, coupling Pb and Sb isotopes provides a powerful tool to characterize the
sources of contamination.

Figure 5.5 presents the coupling of *Pb/*"Pb ratios with 8'*’Sb values, for all the samples analysed
for this study. Such a coupling allows distinguishing three end-members: (i) the metallurgical wastes
(slags and stack residues), (ii) the local Pb-Sb-bearing ore, and (iif) the uncontaminated materials
(not-mineralized geochemical background) represented by the upstream sediment (SED-12), which
displays similar *Pb/*"Pb ratios than sediments deposited 7 km upstream the mine in Lake La
Plagne prior mining (***Pb/*"Pb = 1.209; Guillevic et al., submitted). Therefore, coupling Pb and
Sb isotopes will allow not only identifying the anthropogenic contamination, but also deciphering
the importance of the local-ore vs the metallurgical wastes in this anthropogenic Pb-Sb
contamination. However, one limitation resides in distinguishing the natural contamination that is
related to the underlying mineralization from the part of the anthropogenic contamination related

to the ore-bearing waste rocks, as they have the same Pb and Sb isotopic signatures.

The reference topsoil displays a Pb isotopic signature similar to the local ore and the metallurgical
wastes, and a 8'”’Sb value similar to the uncontaminated background, suggesting that this sample
is contaminated in Pb but apparently not in Sb. Several hypotheses could explain the Pb
contamination. First, it could result from airborne deposition of TMM-rich fumes during smelting,
as the reference topsoil is located downwind the mining site. However, this hypothesis is rather
unlikely as this sample was collected very close to the active Nant Fesson stream in order to avoid
such a contamination. Second, the Pb contamination could be part of the natural contamination
halo related to the nearby underground Pb-Ag mineralization. Indeed, the exploration of ore

deposits aims at identifying these natural contamination haloes by using geophysical and
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geochemical tools, in order to locate the mineralization at the regional and local scale (Morin et al.,
2001; Galan et al., 2008). However, such hypothesis is rather unlikely here, as the reference soil is
young and formed on an active alluvial fan. Finally, considering the reference topsoil developed on
a recent alluvial deposit, it could have trapped remobilized anthropogenic Pb emitted during
smelting, deposited on surrounding soils, and eroded from the Nant Fesson watershed, as observed
in Lake La Plagne watershed (Guillevic et al., submitted). If this last hypothesis may explain the Pb
contamination, it fails to explain the apparent lack of Sb contamination. For this study, Sb isotopic
data on the metallurgical fumes are lacking. However, as Sb fractionates during pyrometallurgy, the
fumes are likely to display lighter 8'*’Sb values than the slags, and even lighter values than the ore-
bearing-rocks. Therefore, the §'7Sb value of the reference soil could be close to the fumes

signature. This needs to be further investigated.
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Figure 5.5: Coupling of Pb and Sb isotopes

All horizons of the soil profiles display Pb isotopic signatures similar to the local ore and to the
metallurgical wastes. In the Pb-Sb isotopic system, the deep horizon P3-C trends towards the
reference soil whereas the upper horizons indicate mixing between the metallurgical wastes and
local ore end-members (Figure 5.5). The horizon P5-2Bw and P5-2C have more radiogenic Pb due
to their rather high abundance of cargneule (*“Pb/*"Pb = 1.282, Guillevic et al., submitted).
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Therefore, the deeper horizons of the soil profiles P3 and P5 are very likely naturally contaminated
by the nearby underground ore, whereas the topsoils are more likely contaminated by the mine
wastes stored at the surface (Guillevic et al., 2023). Profile P1, which is the closest to the slags heap,
displays 8'7Sb values the closest to those of the metallurgical wastes. There, the deeper horizon
has the heavier 3'”Sb values, despite limited Sb enrichment, suggesting vertical remobilization of
slag-derived Sb.

In the Pb-Sb isotopic system, the dewatering sediments have signatures similar to the local ore
(SED-09, SED-10), with a minor contribution of slags for SED-01. As already evidenced from the
Pb and Sb content, this contamination is rapidly diluted downstream, as the Ponturin sediments
Pb-Sb isotopic signatures provide evidence of mixing between the mine wastes and the

uncontaminated background.

5.4.4 Quantification of the anthropogenic contamination

Coupling Pb and Sb isotopic systems has been shown to be a good tool to distinguish
contamination related to Pb-Sb bearing ore, to contamination related to Pb-Sb-bearing
metallurgical wastes. Pb-Sb signatures could be used to quantify the importance of each end-
member. However, as the 8'’Sb values of contaminated samples range between those of the Pb-
Sb-bearing ore and the metallurgical wastes, it is not possible to quantify the part of local ore and
metallurgical wastes for samples that are not extremely contaminated. However, in highly
contaminated samples, the part of the uncontaminated background may be considered negligible,
so that 8'7Sb values can be used to decipher the part of the local ore vs the metallurgical wastes

using binary mixing.

For the soil horizons, two mixing models were considered (i) binary mixing between the
metallurgical wastes and the local ore (minimum and maximum values due to their heterogeneity),
assuming no contribution from the uncontaminated background, and (ii) binary mixing between
the slags and the uncontaminated background, as slags are assumed to be the main source of topsoil
contamination (Guillevic et al., 2023). Binary mixing between the ore and the uncontaminated
sediment (SED-12) was applied to the 3 dewatering sediments. For SED-01, binary mixing between
the slags and the uncontaminated sediment (SED-12) was also applied. All results are reported in

Table 5-3.

As shown in Table 5-3, slags account for a minimum of 44-78% in P1, 12-31% in P3 and 36 to

41% in P5. The dewatering sediments located at the exit of the dewatering galleries on the right
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bank of the Ponturin River (no slag heap), contain at least 32 % (SED-09) and 55 % (SED-10) of
ore-derived Pb and Sb. SED-01 may contain 8 to 51% of slags and up to xx% of or-derived Pb
and Sb. Such proportions may help to quantify and compare the part of each source among the
samples; they help quantifying the proportion of the metallurgical wastes in the anthropic
contamination. However, it is not possible to determine for soil samples whether the local-ore
contribution refers to the underlying mineralized rocks (i.e., natural contamination) or to the
remobilisation ore-bearing waste rocks (i.e., anthropogenic contamination). There is no direct way
to decipher and estimate the natural contamination (initial environmental state, prior mining),
however, by combining the vertical distribution of Pb and Sb contents with Pb-Sb isotopes, it is
possible to approximate its importance. If the natural contamination seems to be negligible in
Peisey-Nancroix compared to the anthropogenic contamination related to metallurgical wastes, it

may be otherwise in other mining/smelting sites.

Table 5-3: Fractions of the contamination sources to horizons soil and dewatering sediments using 8!23Sb (in

percents)
S . . Fraction of ~ Fraction of slag Fraction of ore Fraction of ore
ample Fraction of slag (min. to .
Name ote) slag (to referfince (min. to reference  ( max. to reference
(max. to ore) topsoil) background) background)
1-A 72 56 44 - -
1-Bul 76 62 52 - -
1-Bu2 75 60 50 - -
1-Bwl 80 68 59 - -
1-Bw2 89 82 77 - -
1-C 89 82 78 - -
3-A 63 41 25 - -
3-A/B 66 46 31 - -
3-Bw 63 41 24 - -
3-C 56 31 12 - -
5-A 71 54 41 - -
5-Bw 68 50 36 - -
5-C 71 53 41 - -
5-2Bw 75 60 50 - -
5-2C 72 55 43 - -
5-3Bw 71 54 42 - -
SED-12 - - - 0 0
SED-03 - - - 0.11 0.41
SED-13 - - - 0 0
SED-01 51 27 08 - -
SED-09 - - - 32 100
SED-10 - - - 52 100
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5.5 Conclusion

This study has provided novel insights into the fractionation of Sb isotopes during pyrometallurgy
(A™Sbyugore in the range +0.62 to + 1.01 %) . Due to Sb fractionation, coupling of Pb and Sb
isotopes provide a powerful tool to track the contamination in mining/smelting sites. Indeed, if Pb
isotopes allow identification of the contamination, Sb isotopes allow discussing the sources of the
(ore-bearing rocks vs metallurgical wastes). In order to decipher the part of the anthropogenic
contamination (ore-bearing waste rocks and metallurgical wastes) from the natural contamination
associated to the nearby mineralization, vertical soil profiles and a good knowledge of the site

organization is required.

In the former Pb-Ag mining/smelting site of Peisey-Nancroix, coupling Pb and Sb have showed
that the soils surface horizons are the most contaminated (with the exception of a technosol): these
horizons are essentially contaminated by slags, whereas the deep soil is naturally contaminated by
the nearby underground mineralization. Mine dewatering waters remobilize Pb and Sb from the
ore (lixiviation and particle translocation). However, the torrential regime of the Ponturin River

induces a rapid dilution downstream.
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A RETENIR

- Les sols sont localement affectés par une contamination extréme en
Pb et modérée en Sb.

- La contamination anthropique des sols est limitée aux horizons de
surface (dispersion vertical limitée).

- La contamination des sédiments de riviere est rapidement diluée
par 'apport de sédiments non contaminés.

- Les isotopes de Sb fractionnent durant les processus
métallurgiques, permettant de distinguer les sources anthropiques
de Pb (roches riches en minerai vs déchets métallurgiques)

- Les isotopes de Sb confirment que les déchets métallurgiques sont
la principale source de contamination du sol.

- Le couplage isotopique Pb-Sb est un outil puissant pour distinguer
les sources anthropogéniques du fond géochimique.

5.7 Supplementary material

Figure S1 SEM and reflected light photographs of the contamination source (stack residues, slags,
and ore samples).

Figure S2 Photographs of the six profiles.

Text S1 Field data description of each profile.

Table S1 Manuscript sample and original sample name equivalence.

Table S2 Total content of major and trace element and calculated EF values.

Table S3 Physico-chemical properties of soil horizons.
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Figure S1. Reflected light (A,C and E) and SEM images (B, D and F) of ore-bearing waste rocks,
slags, and stack smelting residues. In the ore-bearing waste rocks (A and B), galena (Gal.) is
associated with tennantite-tetrahedrite (Ten.-Tet.). In the slags (C and D, © Photogaphs of Estelle
Camizuli), various Sb and Pb-bearing phases are associated with Ag, Cu and Fe-bearing phases.
For more photographs of slags, see Guillevic et al. (2023). In stack smelting residues (E, F), two
principal phases were observed with Zn-Fe-S (small rounded shape) included in Pb-S phase.

Waste ore-bearing rocks

Slags

Stack smelting residues

-
500 pm
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Figure S2. Photographs of the six soil profiles: P1 (Technosol), P3 and P4 (Dystric
Cambisols) and P2, P5 and P6 (Calcaric Cambisols).

Profile 1 (P1)-Technosol ~ " | Profile 2 (P2)-Calcaric cambisol E Profile 3 (P3)- Dystric cambisol |

¢
gy

o . A . T, i
Profile 5 (P5)-Calcaric cambisol [ Profile 6 (P6)-Calcaric cambisol |y
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Text S1. Description of the six soil profiles.

Soil profile 1 (P1; 0-75 cm) is located at a short distance from the slag heap (~3 m). It comprises six soil horizons: P1-
A (0-20 cm), P1-Bul (20-25 cm), P1-Bu2 (25-35 cm), P1-Bw1 (35-43 cm), P1-Bw2 (43-60 cm), P1-C (60-75 cm) . This
is a bi-lithic profile that consists of unconsolidated sedimentary rocks of alluvial origin (alluvial fan). At a depth of 40
cm, there is a layer of cargneule (former Triassic dolomites that has been brecciated during the alpine orogeny). The
six horizons have a silty texture and do not produce any fizzing with HCL. The humus is categorized as Moder type.
The coarse elements are a mixture of gravels composed of schistose rocks, quartzite, and cargneule. P1-Bul and P1-
Bu2 are identified as Urbic horizons due to the presence of more than 20% of artefeact composed of slags and coal
particles. It is likely that this coal was used for ore roasting and smelting. This profile is classified as a Technosol.

Soil profile 2 (P2; 0-55 cm) is located on the axis of an underground dewatering gallery, between the O.S and O.P
sites, at the forest edge. It comprises 5 soil horizons: P2-A (0-14 cm), P2-Bw1 (14-20 cm), P2-Bw2 (20-30 cm), P2-C
(30-40 cm), P2-C (40-55 cm). This is a bi-lithic profile of unconsolidated sedimentary rocks of alluvial origin (alluvial
fan). The humus is of the Moder type. The 5 horizons have a loamy to sandy-loamy texture at depth. The matrix
effervesces with HCI for P2-Bw2 and P2-C and is reduced to coarse elements for P2-C at the deepest point. Indeed,
the second material appears at a depth of 40 cm, consisting of schist and quartzite blocks mixed with cargneule pebbles.
This profile is classified as a Calcaric Cambisol.

Soil profile 3 (P3; 0-60 cm) is situated downward the slag heap (~400 m) in the hayfields and is built on an alluvial
cone. This is a monolithic profile of coherent sedimentary rocks of alluvial origin (alluvial fan). The humus in this
profile is classified as Mull type. The profile consists of 4 horizons: P3-A (0-5 cm), P3-A/B (5-25 cm), P3-Bw (25-45
cm), and P3-C (45-60 cm), which have a texture ranging from silty-clay to clay-silt at greater depths. There is no
effervescence with HCI, except for some cargneules pebbles found in P3-C. The major coarse elements present in this
profile include schist and quartzite blocks, pebbles, and gravels. This profile is classified as a Dystric Cambisol.

Soil profile 4 (P4; 0-60 cm) is located upward Profile 3 in the hayfields and approximately 100 meters from the slag
heap. P3 lies on an alluvial cone formed by torrential activity of the Arc and the Nant Fesson streams. This is a
monolithic profile of coherent sedimentary rocks of alluvial origin (alluvial fan). The humus in this profile is classified
as Mull type. The profile consists of four hotizons, namely P4-A (0-5 cm), P4-A/B (5-12 cm), P4-Bw (12-25 cm), and
P4-C (25-60 cm), which have a texture ranging from silty-clay to clay-silt at greater depths. There is no reaction to HCI.
The coarse elements present in this profile include blocks, pebbles, and gravels of schist and quartzite. This profile is
also classified as a Dystric Cambisol.

Soil profile 5 (P5; 0-70 cm) is situated on the forest's edge, between the axis of the underground water flow gallery
and a footpath. This is a bi-lithic profile of unconsolidated sedimentary rock with a colluvial origin, (carbonate scree).
The humus is of Mull type. The seven horizons, namely P5-A (0-7 cm), P5-Bw (7-17 cm), P5-C (17-27 cm), P5-2Bw
(27-39 c¢m), P5-2C (39-53 cm), P5-3Bw (53-57 cm), and P5-3C (57-70 cm), show a silty to silty-sandy texture at depth.
The matrix of the C horizons strongly effervesces to HCl, while P5-3Bw shows moderate effervescence. For P5-Bw
and P5-2Bw;, the effervescence is limited to the coarse elements of the cargneule rocks. From 53 cm onwards, a second
material appears, resulting in the presence of coarse and blocky quartzite elements in P5-3C. Charcoal particles are also
visible at the base of horizons P5-2Bw and P5-3Bw. This profile is classified as a Calcaric Cambisol.

Soil profile 6 (P6; 0-80 cm) is located at the interface between the alluvial fan and the carbonate scree, downhill on
the hayfields. This is a bi-lithic profile of unconsolidated sedimentary rocks with a dominating colluvial origin. The
humus is of Mull type. The six horizons, P6-A (0-5 cm), P6-Bw (5-27 cm), P6-C (27-33 cm), P6-2Bw (33-42 cm), P6-
2C (42-54 cm), and P6-3Bw (54-80 cm), exhibit a silty to silty-sandy texture at depth. The matrix of the C horizons
and P6-3Bw weakly effervesces to HCI, while for the other hotizons, effervescence is limited to the coarse elements
of the cargneule rocks, which constitute the majority of these. From 55 cm onwards, a second material appears, which
is reflected in the presence of coarse elements and quartzite blocks in P6-3Bw. This profile is also classified as a
Calcaric Cambisol.
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Table S1. Manuscript sample and original sample name equivalence.

Sample Sample Manuscrit N E Sample Sample Manuscrit N E
Name Type Name Name Type Name
PN21-SOL02  Reference soil ~REF-SOIL 455183  6.7972 PN17-R-07 Ore rock ORE-1 455263 6.7908
P1 Profile Pl 455249 6.7843 PN21-R-05 Ore rock ORE-2 455263 6.7908
PN21-1-H1 Hotizon soil P1-A 455249 6.7843 PN21-R-05-1 Ore rock ORE-3 455263 6.7908
PN21-1-H2  Hortizon soil PLBul 455049 67843 PN21-R-05-4 Ore rock ORE-4 455263 6.7908
PN21-1-H3  Hortizon soil PIBu2 455049 67843 PN21-SCO-01 Slag SLAG-1 455245 6.7852
PN21-1-H4  Horizonsoil ~ TIBWL 4535049 67843 PN21-SCO-03 Slag SLAG-2 455247 67850
PN21-1-H5  Horizonsoil ~ PIBW2 455049 67843 PN21-R-01 Stack residue STK-1 455245 6.7841
PN21-1-H6  Horizon soil P1-C 455249 6.7843 PN21-R-02 Stack residue STK-2 455245 67841
P2 Profile P2 455266 6.7824 PN17-SED-12 River sediment - upstream SED-12 455202 6.8007
PN21-2-H1 Hortizon soil P2-A 45.5266 6.7824 PN21-SED-03 River sediment - downstream SED-03 45.5305 6.7744
PN21-22H2  Horizonsoil ~ P2Bwl 455266  6.7824 PN17-SED-13 River sediment - downstream SED-13 455320 67723
PN21-2-H3 Horizon soil P2-Bw2 455266  6.7824 PN17-SED-02 River sediment - upstream SED-02 45.5236 6.7849
PN21-22H4  Hortizon soil P2-C 455266 6.7824 PN17-SED-06 River sediment - downstream SED-06 455302 6.7747
PN21-2-H5 Hortizon soil P2-C 45.5266 6.7824 PN17-SED-08 River sediment - downstream SED-08 45.5299 6.7779
P3 Profile P3 455276 6.7832 PN17-SED-09  River sediment - dewatering gallery SED-09 455265 6.7906
PN21-3-H1 Horizon soil P3-A 455276 6.7832 PN17-SED-10 River sediment - dewatering gallery SED-10 45.5265 6.7894
PN21-3-H2  Horizonsoil ~ P3A/B 455276 6.7832 PN21-SED-01  River sediment - dewatering gallery SED-01 455285 67810
PN21-3-H3 Horizon soil P3-Bw 455276 6.7832 PN17-SED-04 River sediment - dewatering gallery SED-04 45.5269 6.7790
PN21-3-H4  Horizon soil P3-C 455276 6.7832 PN21-EAU-01 stream water WAT-1 455285 67810
P4 Profile P4 455254 6.7840 PN21-EAU-02 stream water WAT-2 455301 6.7747
PN21-4-H1 Hotizon soil P4-A 455254 6.7840 PN21-EAU-03 stream water WAT-3 455305 67744
PN21-4-H2  Horizonsoil ~ P4AA/B 455254  6.7840 PN21-EAU-04 stream water WAT-4 455240 6.7855
PN21-4-H3  Hortizon soil P4Bw 455254  6.7840 PN21-EAU-05 stream water WAT-5 455264 6.7907
PN21-4-H4  Horizon soil P4-C 455254 6.7840 PN21-EAU-06 stream water WAT-6 455266 6.7896
P5 Profile P5 455275 6.7816 PN21-EAU-07 stream water WAT-7 455257 6.7906
PN21-5-H1 Horizon soil P5-A 455275 67816 PN21-EAU-08 stream water WAT-8 455199 6.8034
PN21-5-H2  Horizon soil P5-Bw 455275 67816
PN21-5-H3  Horizon soil P5-C 455275 67816
PN21-5-H4  Horizon soil P52Bw 455275  6.7816
PN21-5-H5  Horizon soil P52C 455275 67816
PN21-5-H6  Horizon soil P53Bw 455275  6.7816
PG Profile P6 455287 6.7820
PN21-6-H1 Horizon soil PG-A 455287 6.7820
PN21-6-H2  Hortizon soil P6-Bw 455287  6.7820
PN21-6-H3  Horizon soil P6-C 455287 6.7820
PN21-6-H4  Horizonsoil ~ P6-2Bw 455287  6.7820
PN21-6-H5  Horizon soil P62C 455287  6.7820
PN21-6:H6  Horizonsoil  P6-3Bw  45.5287  6.7820
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Table S2. Total content of major and trace elements and calculated EF values.

Sample_Name Sample_Type Si02 AL203 Fe203 MnO MgO Ca0O Na20 K20 TiO2 P205 PF Total Corg
PN21-SOL02 reference soil 54,64 1571 855 0,13 2,65 1.86 326 1,78 1.30 0.14 1020 10021 1.46
PN2I-1-H1 Horizon soil 39.56 10,08 498 0,15 222 193 144 195 049 023 32,15 95,18 11.82
PN2I-1-H2 Horizon soil 4449 993 621 023 264 275 1,40 201 048 023 20.21 90,57 6.73
PN2I-1-H3 Horizon soil 40,64 10,28 491 0,18 228 272 153 1.96 051 020 3131 96.51 14.50
PN2I-1-H4 Horizon soil 52,70 1338 6,14 0,18 3,10 178 1,99 2,56 0.66 021 14,59 97,29 4.59
PN2I-1-H5 Horizon soil 5959 16,87 705 0.11 3.60 055 245 3,13 0.84 0.10 570 99.98 0.48
PN21-1-H6 Horizon soil 5944 16,86 6,78 0,11 398 095 220 315 079 0,14 6,69 101,07 0.74
PN21-2-H1 Horizon soil 2823 9,01 377 0,10 8,13 1061 083 2,18 043 029 3494 98,52 5.73
PN21-2-H2 Horizon soil 3479 10,70 4,74 0,14 767 891 1,01 247 051 0,19 27,15 98,26 3.46
PN21-2-H3 Horizon soil 2450 831 348 0,078 10,63 1695 0.69 2,04 039 0.14 32,59 99.78 217
PN21-2-H4 Horizon soil 9,18 348 1,36 0,019 12,22 30,76 022 099 0,16 <L.D. 39,51 97,90 0.32
PN21-2-H5 Horizon soil 1442 4.84 1.89 0,035 14,96 2299 036 133 023 <L.D. 3746 98.51 0.59
PN21-3-H1 Horizon soil 5272 1591 644 0,089 367 0.79 1.64 3,03 0.74 027 1507 100,36 322
PN21-3-H2 Horizon soil 54,60 16,21 6,71 0,090 367 0,64 220 3,02 079 0,14 11,28 99,34 1.83
PN21-3-H3 Horizon soil 57,70 1741 715 0.10 386 049 223 3,09 0.82 0,12 731 10027 0.69
PN21-3-H4 Horizon soil 5851 17,19 705 0,10 383 047 2,16 3,08 0383 0,10 6,02 99,34 0.45
PN21-4-H1 Horizon soil 50,14 14.80 6,09 0,11 3,10 098 1,95 2,86 073 028 17,98 99,01 4.65
PN21-4-H2 Horizon soil 5229 1549 639 0,12 319 097 2,05 292 0.76 022 14.81 99.21 3.40
PN21-4-H3 Horizon soil 55,61 16,60 6,87 0,11 344 0,78 222 3,10 0381 0,15 9,59 99,28 1.49
PN21-4-H4 Horizon soil 59,02 16,67 6,83 0,099 352 087 271 2,80 0381 0,14 576 99,23 0.50
PN21-5-H1 Horizon soil 2430 8,06 324 0,072 10,66 1436 0,65 2,08 038 0,15 34,74 98,69 3.57
PN21-5-H2 Horizon soil 2578 8,60 350 0,081 10,66 1377 0.71 221 041 0.16 32,69 98.56
PN21-5-H3 Horizon soil 1643 558 2,12 0,035 1347 2186 040 158 025 <L.D. 36,62 98,35
PN21-5-H4 Horizon soil 15,70 5,65 220 0,038 14.84 20,68 036 157 025 <L.D. 3742 98,71
PN21-5-H5 Horizon soil 1191 382 142 0,018 1492 26,13 025 1,15 0,17 <L.D. 38,76 98,55
PN21-5-H6 Horizon soil 1731 532 2,19 0,033 14,18 2201 <L.D. 146 024 <L.D. 3595 98.69 0.99
PN21-6-H1 P6-A 3030 10.03 407 0,074 8385 1075 1,14 217 050 022 31,09 99.21 4.02
PN21-6-H2 P6-Bw 3278 1094 444 0,076 9,05 10,65 126 230 055 0,18 2731 99,52 2.42
PN21-6-H3 P6-C 2928 10.25 4,19 0,069 10,66 1373 1.05 225 050 0,13 2729 99.37 1.29
PN21-6-H4 P6-2Bw 2947 10,56 432 0,072 10,75 1330 1,05 230 051 0,13 26,78 99,23 115
PN21-6-H5 P6-2C 1938 6,86 276 0,044 13,63 2048 0,58 172 032 <L.D. 33,14 98.90 0.47
PN21-6-H6 P6-3Bw 1737 6,64 264 0,042 14,65 2086 0,50 1.69 031 <L.D. 3432 99.03 0.33
PN17-R-07 Ore rock 81,10 574 111 0,077 097 142 0,08 194 0057 <L.D. 373 96,22 0.01
PN2I-R-05 Ore rock 84,13 0,54 1,10 0,072 0,55 153 0,06 0,17 <L.D. 020 377 92,12 <0.01
PN2I-R-05-1 Ore rock 82,78 0.26 067 <L.D. 0,08 038 0,05 007 <L.D. 0,15 336 87381
PN21-R-05-4 Ore rock
PN21-SCO-01 Slag 3872 534 18,90 115 222 843 084 171 031 039 -0,64 7736 0.03
PN21-SCO-03 Slag 42,55 6,19 20,60 129 237 893 1.01 1.89 035 040 -0.67 84.89 0.20
PN2I-R-01 Stack residue 1696 2,36 892 036 1,03 338 028 067 0,18 0,12 -0,920 3334 <0.01
PN21-R-02 Stack residue 235 0.33 127 0,021 0,15 049 0,04 0.12 0024 <L.D. 39,76 44,54 0.18
PN17-SED-12 River sediment - upstream 63,95 1491 6,18 0.09 224 2,16 3,65 230 095 0,18 312 99.73 0.09
PN21-SED-03 River sediment - downstream 64,11 14,03 655 009 2,51 312 285 196 089 0,18 385 100,15 0.03
PN17-SED-13 River sediment - downstream 60,74 143 6,545 0,0971 2,682 3358 3,156 2,066 1,002 02 481 98,95
PN17-SED-02 River sediment - downstream 5502 13217 4731 0,0527 4,065 7487 2,023 2,843 0,668 <L.D. 9.9 100,0067
PN17-SED-06 River sediment - downstream 6398 14,15 5869 0,0701 2,774 2265 3,089 2,191 0.889 <L.D. 438 99,6571
PN17-SED-08 River sediment - downstream 6347 13,997 6,281 0,092 2,608 2997 3041 2,025 1,026 <L.D. 4,55 100,087
PN17-SED-10  River sediment - dewatering gallery 76,6 4,366 1,017 <L.D. 1229 4673 0295 175 0,201 <L.D. 504 95,17098
PN21-SED-01  River sediment - dewatering gallery 44,84 6,89 3,08 0.11 708 1317 0,54 1.50 032 <L.D. 2193 9945 1.64
PN17-SED-09  River sediment - dewatering gallery 7257 9,16 395 0,07 1,00 279 127 248 035 <L.D. 587 99,50 0.77
PN17-SED-04  River sediment - dewatering gallery 2195 11.04 337 0.04 981 16,74 046 3,05 038 <L.D. 3333 100,15
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Sample_Name As Ba Be Bi cd Co Cr Cs Cu Ga Ge Hf In Mo Nb Ni Ph Rb Sh Se Sn Sr Ta Th U v w Y Zn r EF_Pb EF_Sh
PN21-SOL02 134 479 197 028 021 182 589 306 172 230 204 644 0,10 167 781 183 832 698 246 2567 311 96 070 617 295 154 133 29 132 237
PN21-1-H1 166 5876 156 <LD. 009 159 645 505 98,1 144 137 321 015 491 673 312 19746 767 147 1079 447 171 063 628 400 732 183 189 384 n7 168 51
253 13094 161 5 055 240 635 522 589 141 154 353 052 575 660 464 56140 748 528 10,11 907 309 063 721 644 712 184 210 971 131 488 188
123 5819 151 014 140 58,1 503 994 14,1 127 313 013 337 684 326 18096 739 145 1124 292 189 067 615 377 732 138 197 306 113 159 52
267 5241 203 053 174 737 641 97.1 190 186 383 015 378 915 384 18797 969 158 1448 355 146 084 818 454 976 179 251 365 144 126 44
22 833 230 051 189 w4 647 415 21 181 490 007 246 103 459 1531 106 244 1863 280 579 097 905 37 18 170 281 155 189 9 6
PN21-1-H6 410 790 230 032 029 190 9.3 630 490 215 189 460 007 271 102 454 1078 103 208 1866 343 602 096 873 342 13 166 265 121 169 7 5
PN21-2-H1 763 1945 054 009 019 10 55,1 212 229 130 037 247 <LD. 103 595 218 2368 842 926 1083 063 181 057 217 117 709 <LD. 155 211 982 152 10
PN21- 120 3232 063 009 034 138 65,1 245 331 155 053 280 005 120 706 280 4330 944 210 12,13 108 178 077 255 138 822 <LD. 189 280 109 248 21
PN21- 959 1270 050 007 016 104 497 193 213 120 035 219 <LD. 089 545 233 1389 771 863 942 078 290 053 198 099 66,1 <LD. 132 135 850 97 10
PN21- 361 186 023 <LD. <LD. 395 29 094 79 512 0.16 096 <LD. 607 236 110 544 366 117 432 372 652 023 094 062 303 <LD. 499 461 354 8 3
PN21- 459 346 029 <LD. <LD. 534 305 133 99 707 021 142 <LD. 082 346 159 130 509 189 547 041 293 034 130 075 20 <LD. 747 553 540 14 3
PN21-3-HI 439 582 2,19 047 032 179 918 634 406 212 192 451 007 326 993 418 646 106 625 1728 320 519 093 827 338 110 175 276 121 170 4 2
PN21-3-H2 440 580 225 061 025 181 923 635 384 214 197 435 007 308 10,1 398 647 105 644 1817 312 510 092 837 332 11 167 278 114 168 4 2
PN21-3-H3 516 596 224 041 019 206 97,1 659 473 234 210 551 0,08 309 14 434 375 108 525 1928 310 509 108 931 351 123 184 305 106 201 2 1
PN21-3-H4 515 526 230 034 019 199 914 604 442 22 187 501 007 27 105 428 156 102 381 1937 285 515 097 859 310 116 169 290 101 193 1 1
PN21-4-H1 1 13 076 o1l 017 174 86,6 231 348 207 057 423 <LD. 128 989 349 2019 107 105 1689 089 663 092 322 135 108 <LD. 254 182 158 12 3
PN21-4-H2 142 1357 077 013 018 185 %06 239 412 215 063 443 003 133 100 385 2714 109 160 1687 106 654 096 339 143 13 <LD. 263 196 170 16 4
PN21-4-H3 174 965 082 012 011 202 9.2 249 421 232 069 481 <LD. 131 1,1 453 1143 18 849 1853 1,16 63,1 104 361 136 128 <LD. 276 139 182 6 2
PN21-4-H4 128 582 069 008 003 189 910 165 383 25 061 503 <LD. 080 102 48 194 962 165 1847 097 642 092 294 097 124 <LD. 266 110 189 1 05
PN21-5-H1 185 837 151 023 047 893 525 563 230 12 092 206 0,06 245 565 28 3439 84 173 915 198 178 051 514 301 619 104 127 139 797 237 20
PN21-5-H2 70 1080 054 008 014 984 52,1 219 192 124 033 248 <LD. 100 586 28 1575 855 72 972 086 184 059 216 098 665 <LD. 134 149 937 100 8
PN21-5-H3 47 355 036 <LD. 003 625 34 143 115 80 022 142 <LD. 077 385 162 174 575 23 589 047 270 037 150 066 454 <LD. 95 55 524 16 4
PN21-5-H4 47 365 038 005 002 647 348 151 97 85 020 151 <LD. 083 403 158 86 61,1 20 639 051 231 041 1,60 079 493 <LD. 86 59 549 8 3
PN21-5-H5 28 138 025 <LD. <LD. 399 A5 090 70 54 012 096 <LD. 079 260 12 31 400 09 446 034 291 027 103 065 328 <LD. 54 36 368 4 2
PN21-5-H6 1" 207 097 012 017 690 336 343 413 743 064 147 <LD. 269 37 154 443 510 105 575 225 234 037 361 241 455 <LD. 815 632 548 47 19
PN21-6-H1 665 436 057 006 005 121 586 185 160 147 041 298 <LD. 089 655 21 218 858 128 1175 059 147 063 235 088 814 <LD. 172 111 1 14 1
H2 890 470 059 007 007 132 635 201 167 160 047 330 <LD. 092 713 252 278 920 186 13,19 086 150 070 253 091 884 <LD. 193 104 127 16 2
H3 893 416 055 007 004 125 582 185 207 144 042 294 <LD. 088 634 249 128 825 149 1200 076 182 061 232 0386 802 <LD. 160 839 11 8 2
PN21-6-H4 989 433 056 007 005 135 623 197 211 152 046 278 <LD. 096 662 272 1000 865 151 1230 085 174 063 245 102 832 <LD. 166 858 104 6 2
PN21-6-HS 721 216 040 005 <LD. 872 419 140 159 100 026 184 <LD. 097 450 180 175 610 081 835 063 229 046 1,70 083 564 <LD. 109 576 692 2 1
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PN21-5CO-01 311 80285 L13 019 021 837 144 331 239 9,14 161 092 140 505 211 108418 482 1638 625 702 1901 048 1.1 254 539 166 282 3790 206
PN21-5CO-03 21 51259 126 016 013 834 219 393 335 103 140 081 173 548 244 75516 931 736 630 1379 050 991 298 633 161 282 3730 185
PN21-R-01 208 77156 045 059 37 620 40,1 185 955 396 457 144 151 223 528 345525 203 2187 304 386 1431 022 444 110 25 108 105 2419 828
PN21-R-02 882 10071 o011 069 015 108 67 039 194 160 026 077 462 031 163 460992 366 1098 <LD. 196 196 003 059 141 27 <LD. 17 6935 207
PN17-SED-12 1291 461,44 190 022 017 1428 6453 339 2009 20,16 204 540 008 110 824 25,52 12,18 7428 217 1885 262 90,44 079 7.65 283 11288 127 3897 9062 201,76 10
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PNI7-SED-13 53522 5759964 05724 0,671 0,399 146266 612353 1,1603 182473 192784 06024 5701 <LD. <LD. 8308 145693 71,1757 07889 189 1,089 1412763 08031 2303 08031 1190206 <LD. 339606 996314 2175266 04
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PN17-SED-06 1056 474,59 157 026 013 1,77 5220 349 2675 175153 13123 55115 0067 <LD. 81911 2330 13650 7430 249 - 366 10675 077 65 24 965 <LD. 279 1738 2010 11
PN17-SED-08 1239 38385 149 026 016 1452 5396 295 1675 17,6048 13038 59509 00619 <LD. 79328 2441 3471 6763 190 - 307 107.31 073 60 21 1067 <LD. 306 947 2110 10
PNI7-SED-10 46843 10833411 04094 0,047 09609 26702 208336 0696 122958 5,881 04278 51991 <LD. 16918 38354 72473 1016046 432428 11331 419 06024 390,625 04561 21074 0,847 225227 <LD. 11,0223 1229872 208,176 09
PN21-SED-01 139 1055 L12 018 065 724 464 348 433 912 126 227 013 223 438 186 43448 509 186 786 263 230 040 386 452 48 084 143 161 874 125
PNI7-SED-09 2808 274533 214 110 076 656 4413 743 19.16 1139 196 341 009 141 587 1821 232745 9544 899 622 605 128,16 067 7.65 220 36,13 250 2554 160,98 12947 32
PNI7-SED-04 174942 4083396 25572 03913 29001 140577 66,7635 120609 752558 16482 1,1009 20984 <L.D. 5,1863 62714 268058 3198105 1270458 38914 39006 3807146 05877 7216 47179 94,6457 <L.D. 1052 21622 4 10
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CHAPITRE 5| Couplage isotopique Pb-Sb sur sols, sédiments et eaux de rivieres

Table S3. Physico-chemical properties of soil horizons.

Particle size

Profile/ Horizon Depth distribution pH CEC CaCO3r COT Caoy  Mgox Mnx Kox Naoy
SoitType cm C};js S(;it Si/r;d cmol kg % % gkg!  gkg!  gke! gkl  gke!
P1/ A 0-20 133 464 403 6.2 37.7 0.4 13.2 30.08  5.62 0.16 019 011
Technosol ~ Bul 20-25 8.8 37.1 541 7.0 16.7 2.7 7.8 13.11 1.94 0.02 0.06  0.09
Bu2 25-35 6.3 555 382 7.0 45.1 0.5 14.3 39.28  5.06 0.06 0.05  0.11

Bwl 35-43 8 447 473 7.3 18.3 1.4 5.0 1475 226 0.03 0.04  0.01

Bw2 43-60 71 452 477 7.4 7.2 0.1 0.7 5.31 1.30 0.03 0.02  0.02

C 60-75 58 44.6 49.6 7.6 7.5 0.9 0.9 6.00 1.39 0.02 0.03  0.02

P2/ A 0-14 17 604 226 7.4 32.6 10.9 10.1 27.01 557  <0.005 017  0.05
gZi;T)?sCol Bwl 14-20 9.5 0669 23.6 7.7 25.9 9.8 7.0 2132 403  <0.005 0.05  0.05
Bw2 20-30 7.6 648 276 8.1 19.0 21.5 6.6 17.02 257  <0.005 0.03  0.03

C 30-40 5 578 372 8.7 4.7 60.0 3.4 5.61 0.57  <0.005 <0.02 0.01

C 40-55 5.1 69 259 8.5 7.9 44.4 4.7 8.16 095  <0.005 <0.02 0.01

P3/ A 0-5 16.4 475 36.1 6.6 16.5 0.1 4.6 1329 294 0.05 045  0.09
2525;01 A/B 5-25 145 46.8 38.7 6.6 12.6 0.2 2.9 9.74 2.40 0.04 013  0.03
Bw 25-45 11.8 474 408 6.7 8.5 <1 1.1 6.34 1.56 0.03 0.03  0.06

C 45-60 72 434 494 6.9 7.2 <1 0.8 5.49 1.23 0.02 0.04  0.02

P4/ A 0-5 154 49.6 35 6.3 20.0 <1 6.2 16.43  2.67 0.07 016  0.12
IC);;Sr;El?iCsol A/B 5-12 131 49.7 372 6.6 18.2 0.1 4.7 1486  1.88 0.04 0.07  0.06
Bw 12-25 7 514 416 7.1 14.1 0.1 2.1 1228  1.01 0.03 0.03  0.03

C 25-60 49 425 526 7.8 6.9 0.6 0.8 6.23 052  <0.005 <0.02 0.09

P5/ A 0-7 157 631 21.2 7.7 25.0 13.3 9.0 2118 401  <0.005 0.19  0.06
gi;ﬁscol Bw 7-17 142 653 20.5 7.8 22.3 12.2 8.2 19.01 347 <0.005 0.13  0.05
C 17-27 6.7 617 316 8.3 11.9 34.4 5.8 11.14 144 <0.005 0.06  0.01

2Bw 27-39 7.5 706 219 8.3 12.3 35.0 6.0 1145  1.60  <0.005 0.03  0.02

2C 39-53 47 421 532 8.6 3.8 65.0 2.4 4.65 0.45 <0.005 <0.02 0.01

3Bw 53-57 49 573 378 8.3 10.6 60.0 2.5 10.69 121  <0.005 <0.02 0.02

3C 57-70 35 48 485 8.7 2.1 66.6 2.0 3.33 029  <0.005 <0.02 0.01

Po/ A 0-5 17.4 623 203 7.5 26.0 16.2 7.6 20.82 583 <0.005 013 011
gZi;T)?sCol Bw 5-27 16.7 629 204 7.8 21.3 18.7 5.5 17.10 408  <0.005 0.05  0.09
C 27-33 11.6 672 21.2 8.2 15.1 25.2 4.2 1310 259  <0.005 003  0.06

2Bw 33-42 88 7206 186 8.1 14.7 25.3 4.0 12.35 259  <0.005 0.02  0.07

2C 42-54 48 645 307 8.3 7.3 51.1 2.5 7.31 128  <0.005 0.04  0.04

3Bw 54-80 65 742 193 8.5 6.0 48.9 3.0 6.23 093  <0.005 <0.02 0.04
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Chapitre 6 | Inventaires du plomb a I’échelle
du bassin versant

Les chapitres précédents ont permis de discuter du degré de contamination des sols et de la part
des différentes sources impliquées (déchets miniers et métallurgiques vs fumées). Ce chapitre vise
a évaluer les inventaires (stocks) de Pb anthropique présents dans les sols du site minier d’une part,
et dans les sols du bassin versant du Lac de La Plagne d’autre part, afin de les comparer a la quantité

de Pb produit par la mine.
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L’étude des sols de I'ancien site minier et métallurgique de Peisey-Nancroix, situés a proximité et
en aval des haldes de roches stériles et de scories, a montré une contamination importante en Pb
(Chapitre 3). Les concentrations mesurées en Pb sont de I'ordre de plusieurs % pour les sols
développés a proximité immédiate des tas de scories, et une majeure partie des sols de surface
présentent des teneurs entre 500 et 1500 mg.kg' de Pb. Les mécanismes de transfert du Pb
anthropique dans les sols de surface résultent d’une part de la dispersion de particules de déchets
miniers et métallurgiques et d’autre part de la lixiviation de ces particules et des haldes de déchets.
Les sols de surface (0-20 cm) du bassin versant du lac de La Plagne, situé 7 kilometres en amont
du site minier et métallurgiques, montrent quant a eux un enrichissement modéré a sévere en Pb
par rapport au fond géochimique non-minéralisé. Sur ce bassin versant, 'apport anthropique de Pb
correspond au Pb issu des fumées métallurgiques (Chapitre 4). Enfin, les sédiments de rivicre et les

eaux du Ponturin ne sont que peu impactés par la dispersion du Pb anthropique (Chapitre 5).

LLa comparaison des stocks actuels de Pb anthropique (Pbanrn) entre les sols du site minier et ceux
du bassin versant du Lac de La Plagne permettra de comparer les quantités de Pb anthropique
dispersées par voie aérienne (fumées métallurgiques) et les quantités de Pb anthropique
remobilisées a partir des déchets miniers et métallurgiques. L’znventaire (encore appelé stock
miétalligne) permet de comparer, a épaisseur égale, une quantité de Pb (en grammes voire tonnes)
accumulée par unité de surface (metres carrées voire hectare), en s’affranchissant de la variabilité
de densité des sols. Semali et al. (2002) utilisent cette approche pour mesurer quantitativement les
redistributions des éléments traces métalliques lors de la pédogénese et estimer les parts exogenes
d’un andosol développé sur des scories basaltiques. Les concentrations sont de bons indicateurs
du degré de contamination mais ne permettent pas de saisir 'importance de celle-ci par rapport a
la quantité de métaux produit par Pexploitation de la mine (21 500 tonnes de Pb et 52 t d’argent a
la mine de Peisey-Nancroix). Dans ce chapitre, nous avons cherché a estimer I'inventaire en Pb
anthropique des sols de surfaces du site minier et du bassin versant du Lac de La Plagne, soit ce
qui revient a quantifier 'exces de Pbanta accumulé a ’échelle du bassin versant a partir des fumées
atmosphériques (contamination pendant et aprés la période d’exploitation) et de la remobilisation
des déchets miniers (contamination post-mine). Afin d’estimer la proportion relative de Pb
anthropique généré par les activités minieres et métallurgiques par différents modes de transfert, il
est nécessaire de distinguer les apports anthropiques des éléments issus du fond géochimique
naturel. Dans le cas d’une zone minéralisée, il faut considérer le fond géochimique comme étant le

fond géochimique minéralisé mesuré en dehors de toute perturbation anthropique (p. ex. dépots

184



CHAPITRE 6| Inventaire du Pb a I’échelle du bassin versant

de déchets miniers ou métallurgique). L’inventaire de Pb pour la partie superficielle des sols est

alors calculé 2 I’aide de la formule suivante :

Inventaire = Teneur en Pb * Epaisseur du sol * masse volumique du sol (équation 1)

avec Uinventaire (stock métallique) exptimé en mg.m?, la teneur en Pb exprimée en mg.kg™, Vépaissenr
du sol exptimée en cm, et la masse volumique du sol (appelée aussi densité apparente) en g.cm”. Le but
de la démarche consiste a établir des ordres de grandeur pour les deux zones ciblées et non de

dresser un modele précis.

6.1 Choix du fond géochimique pour chacun des sites

Le choix du fond géochimique est crucial pour déterminer la part de Pb anthropique présent dans
les sols. Comme I'ont montré les isotopes du Pb (Chapitre 5), il existe deux fonds géochimiques a
I’échelle du bassin versant, le fond géochimique dit global, non impacté par la présence de la
minéralisation de Pb-Ag en son sous-sol, et le fond géochimique local minéralisé qui justifie la

présence de la mine.

Table 6-1: Teneurs élémentaires en plomb et éléments lithogenes et leurs ratios élémentaires associés, pour différents
échantillons pouvant servir de fond géochimique

Teneurs (mg.kg™) Ratios élémentaire
Type d’échantillons

Pb Rb Zr Th Pb/Rb Pb/Zr Pb/Th
Croute continentale 17 82 193 11 0.2 0.09 1.5
ZLone minéralisée (site minier)
Sol de référence (REF-TOPSOIL, 0-20 cm) 83 70 237 6 1.2 0.4 14
Horizon sol profond Profil 3 (Dystric cambisol) 156 102 193 9 1.5 0.8 17
Horizon sol profond Profil 6 (Calcaric cambisol) 12 62 65 2 0.3 0.3 6
ZLone non minéralisée (site du Lac de Ia Plagne)
Horizon sol profond Profil A5 (cargneule) 36 132 164 13 0.3 0.2 3
Horizon sol profond Profil B6 (20-40 c¢m, till) 26 88 107 10 0.3 0.2 3
Horizon sol profond Profil B6 (40-60 cm, cargneule) 20 112 50 7 0.2 0.4 3
Sédiments de lac profond (n=14) 31%1.5 98+7 18529  7£0.5 0.3 0.2 4.6
Sédiment de riviere en amont du site minier

12 74 202 8 0.2 0.06 1.5

(SED-12)
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Les sols du bassin versant du lac de La Plagne, ainsi que les sédiments de riviere prélevés en amont
du site minier, et les sédiments lacustres profonds (anté-mine) montrent des ratio Pb/Rb proches
de ceux de la moyenne des roches crustales. Ils représentent le fond géochimique non minéralisé.
Les dystric cambisols développés sut le site minier ont quant a eux un ratio Pb/Rb environ 4 fois
plus élevé que les calclaric cambisols (Table 6-1), probablement du fait de proximité de la
minéralisation. On les considerera comme représentant le fond géochimique minéralisé pour les
dystric cambisols. Les sols profonds des calcaric cambisols sont considérés comme référence (peu

minéralisée) pour ce type de sols.

6.2 Stock de plomb anthropique généré par les haldes (sols du site minier)

Les teneurs mesurées dans les sols de la zone prairiale située en contrebas des tas de déchets miniers
et métallurgiques sont trés supérieures a celles observées dans les horizons profonds et dans le sol
de surface considéré comme référence, suggérant que la contamination par les remobilisation des
déchets miniers et métallurgiques est tres nettement supérieure au fond géochimique qu’il soit
minéralisé ou non. I’étude de la distribution du Pb dans les sols de surface a permis de visualiser
I’étendue de la contamination ainsi que les zones non ou peu impactées, c’est-a-dire qui tendent

vers les valeurs du fond géochimiques minéralisés.

Densité terre fine

@® 01014
@ 025-0,34
' 0,37-048
0,51-0,60
0,63-0,73
0,87 -0,92

Figure 6.1: A) Distribution spatiale de la teneur en Pb totale et cadre restreint des points de sol de surface
sélectionnés pour le calcul des inventaires. B) Distribution des points de mesure de masse volumique (densité
apparente de terre fine), répartie entre la zone prairiale et la partie forestiere.
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D’aprés la visualisation spatiale des teneurs et 'étude des rapports Pb/Rb, les zones peu a pas
contaminées, dont les valeurs de Pb dans les sols se rapprochent de celle du fond géochimique
local, ont été exclues (Figure 6.1A). Les inventaires de Pbanta et de PbroraL ont été calculés et

interpolés.
6.2.1 Méthode de calcul et d’interpolation

D’apres ’équation 1, inventaire de Pb total ou de Pb anthropique (g.m™) est calculé pour chacun

des sols de surface en utilisant I’équation :
Inventaire_Pby = Pby * Prprre FINE * € équation 2

avec Pby la concentration de Pbrorar ou de Pbanrn de I’échantillon (mg.kg™), orerre_rine la masse
volumique du sol (kg.m?), qui est égale au ratio du poids de terre séche de la fraction fine du sol
(< 2mm; Semlali et al., 2002), et ¢ la hauteur de sol prélevée a la taricre manuelle (0-20 cm). La
concentration de Pb anthropique (Pbant) est calculée a partir de la méthode élémentaire qui se
base sur un ratio élément contaminant/élément lithogéne d’un échantillon de référence (méthode

détaillée dans le Chapitre 4) :

Pbggg .
Pbynry = Pbrorar — | RbroraL * <_) equation 3
Rbgke

avec Pbgke et Rbpke les teneurs en plomb et rubidium de I’échantillon de référence choisi (BKG,
background). Le thorium, utilisé dans la méthode élémentaire pour les sédiments lacustres et les sols
du bassin versant du lac de La Plagne (Chapitre 4), n’ayant pas été analysé par WDS-XRF dans les

¢chantillons de sols de surface du site minier, le Rb est utilisé ici comme élément lithogene.

Deux types de sols ont été mis en évidence sur le site minier : des calcaric et des dystric cambisols,
issus de deux matériaux parents différents (Chapitres 3). L’étude de la distribution du Pb des sols
en profondeur a mis en évidence des ratios Pb/Rb différents pour les deux types de sols (Chapitre
5; Table 6-1). Ainsi pour le calcul du Pbanth, des ratios différents ont été attribués aux sols de
surface, selon la typologie du sol (Figure 3.2). Comme pour le Chapitre 4, nous utiliserons ici
I’horizon profond du profil P6 comme échantillon de référence pour les calcaric cambisols et
I’horizon profond du profil P3 comme échantillon de référence pour les dystric cambisols (Table
0-1). ’ensemble des points d’inventaire de Pb total et anthropique a été interpolé spatialement par

krigeage ordinaire pour obtenir un ordre de grandeur des stocks de Pb en surface intégré a la surface
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choisie (inventaire). La collection de fonction (package) automap du logiciel R a été utilisé pour

réaliser un krigeage automatique (R Core Team, 2022).

6.2.2 Inventaires de Pb interpolés

Dans le calcul des inventaires, la plus grosse marge d’incertitude provient de la mesure de la masse
volumique. L’étude de la variabilité de la masse volumique en fonction des différents types de sols
a été étudiée ; la Figure 6.1B présente les points de sol échantillonnés pour les mesures densité
apparente (masse volumique). Les sols localisés a proximité des rivieres ont une densité apparente
élevée, égale 2 0.91 (n=2) alors que les échantillons prélevés sous le couvert forestier ont une densité
apparente faible, égale a 0.23 (n=11, min =0.10 et max =0.37). Les sols de la zone prairiale
représentent la majeure partie des sols du site, et leur densité apparente varie entre 0.41 et 0.87,
avec une moyenne de 0.58 (n=21). A partir des valeurs minimums, maximums et moyennes des
densité apparentes de terre fine, les inventaires de Pbantu et de Pbrorar ont pu étre interpolés sur
une surface totale de 15.9 ha (Figure 6.2). Les inventaires de Pbantu et de Pbrorar varient entre des
valeurs proches de zéro jusqu’a plus de 3000 g.m™. La distribution de la teneur en Pb total des sols

de surface (Figure 6.1A) est similaire a la distribution des inventaires en surface (Figure 6.2).

Table 6-2: Comparaison des inventaires de Pbrorar, et de Pbaxrn intégrés sur la zone étudiée

Inventaire de Pbanrtu Inventaire de PbroraL
g t g t
Estimation maximum 2777512 2.8 2831610 2.8
Estimation minimum 1499490 1.5 1526970 1.5
Estimation moyenne 2021132 2.0 2064219 2.1

Les inventaires de Pbantn et de Pbroran calculés et intégrés sur la surface contaminée (15.9 ha) sont
identiques (Table 6-2). IIs varient entre 1.5 t et de 2.8 t de Pb considérant respectivement les densité
apparentes minimales ou maximales, et de 2.1 t pour une densité apparente moyenne (Figure 6.2).
Les sols de surface sont fortement contaminés ; la part naturelle a ainsi peu d’influence sur les

inventaires de Pb total et de Pb anthropique de la zone, qui sont équivalents.
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Estimation du Pb anthropique avec masses volumiques minimum ]

Kriging prediction

Kriging standard error
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Figure 6.2: Cartes d’interpolation des inventaires (stocks) de Pb anthropique obtenus par krigeage standard (a
gauche) et erreur standard associée en fonction de la densité apparente des sols considérée (a droite).

6.3 Inventaire de plomb anthropique généré par ’émission de fumées lors
de la pyrométallurgie

Les sédiments lacustres du lac de la Plagne ont enregistré ’'augmentation de la concentration en Pb
atmosphérique causée par la fusion du minerai sur le site minier et métallurgique, situé 7 km en
aval du lac de La Plagne (Figure 4.1). La datation des sédiments lacustres a permis de transformer

la concentration en Pb total (mg de Pb par kg de sédiments) en taux d’accumulation de Pb
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(mg.m”.an"), puis en taux d’accumulation de Pb anthropique par des méthodes élémentaires (cf.

Chapitre 4 ou équation 1 de ce chapitre), confirmé par la méthode isotopique (Chapitre 4).

Cette partie vise a estimer les inventaires de Pb anthropique déposés sur les sols du bassin versant
du lac de La Plagne au cours de la période de fusion du minerai, et de les comparer aux stocks
actuels des sols de surface. La comparaison avec 'inventaire de Pb anthropique du lac pour la
période post-fusion, provenant de la remobilisation du Pb par Iérosion des sols, permettra de
discuter ces résultats. Pour ce faire, les calculs présentés par la suite reposent sur plusieurs
hypotheses fortes : (i) les taux d’accumulation de Pb anthropiques mesurés pendant la période de
fusion du minerai correspondent aux flux atmosphériques déposés a la surface du lac et de son
bassin versant, (i) le flux atmosphérique de Pb anthropique, estimé a partir des sédiments lacustres,
est considéré constant et homogene sur toute la surface du bassin; et (iii) I'inventaire du Pb
anthropique mesuré dans la carotte PLG-03 est représentatif du 'inventaire du Pb anthropique a

tout endroit du lac.

6.3.1 Reconstruction de ’inventaire de Pb anthropique déposé initialement sur les sols

autour de Lac de 1a Plagne

A partir du taux d’accumulation de Pb anthropique mesuré au cours de la période de fusion du
minerai (Figure 4.7), le flux atmosphérique moyen au cours des périodes de fusion du minerai a pu
étre estimé (Figure 6.3). Un flux de Pbua de 112 mg.m™a a été estimé pendant la période la plus
productrice de 1745 2 1795, et un flux de Pbyun de 74 mg.m™.a™ a été estimé pour la seconde période
de production (1804 et 1824 ; Figure 4.7). Le cumul des flux de Pb anthropique sur le nombre
d’années de fusion du minerai conclut 4 une estimation moyenne d’un dépdt de 7 g.m” de Pb
anthropique (entre 4 2 11 g.m™) déposé au cours des 70 années d’activités métallurgiques (Table
0-3). Ces valeurs sont du méme ordre de grandeur que les inventaires de Pb anthropiques calculés
actuellement dans les sols du bassin versant, qui sont compris entre 1.6 g.m™ et 9.0 g.m™ (Table
4.4, n=13). Les sols du bassin versant du lac de la Plagne représentent une source secondaire de
Pb anthropique. Les inventaires de Pbaxrn estimés s’étre déposés au cours des activités
métallurgiques sont multipliés par la surface du bassin versant du lac de La Plagne (1742 ha). afin
d’en évaluer la quantité (en tonnes) et de la comparer a la quantité de Pb anthropique toujours
présente dans les sols (Table 6-4). A I’échelle du bassin versant du lac de La Plagne, cela représente

entre 61 a 186 t (124 t en moyenne) de Pb anthropique qui se sont déposées pendant l'activité

métallurgique. L’inventaire du Pb anthropique actuellement présent dans les sols du bassin versant
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varie entre 28 et 157 tonnes, pour une valeur moyenne de 82 t. Ainsi, une partie du Pb anthropique
déposé lors des activités métallurgiques a été remobilisée et évacuée du bassin versant (Table 6-4).
Table 6-3: Flux moyen de Pb anthropique estimé d’apres le taux d’accumulation du Pb anthropique dans les

sédiments lacustres. Estimations basées sur I'incertitude du modéle d’age (estimation moyenne, basse et haute) et les
inventaires de Pb anthropiques.

Flux moyen de Pb anthropique Inventaire de Pb anthropique
1745-1795 1804-1824
(50 ans) (20 ans) (70 ans)
mg.m2, y! mg.m- g.m?
estimation moyenne 112 74 7104 7.1
estimation basse 56 35 3517 3.5
estimation haute 169 113 10690 10.7

Table 6-4 : Quantité initiale de Pb anthropique déposée sur les sols du bassin versant du lac de La Plagne (1742 ha)
d’apres estimation moyenne, minimale et maximale des inventaires de Pb anthropique réalisées a partir des
sédiments lacustres, la quantité actuelle de Pb anthropique calculée a partir des inventaires de Pb anthropiques de sol
moyen (Pbann= 4.6 gm?), minimum (Pbaym= 1.6 gm2) et maximum (Pbana= 9 g.m2, Table 4.4) et par différence, la
quantité de Pb anthropique qui a été lessivée.

Quantité initiale de Pb Quantité actuelle de Pb Quantité de Pb % Pb
anthropique déposée (t)  anthropique estimée (t) anthropique lessivé (t) lessivé
mesuré d'apres les sédiments

lacustres mesuré a partir des sols
csumation 124 82 42 34 %
moyenne
estimation 61 28 33 54 %
basse
estimation 186 157 29 16 %
haute

6.3.2 Inventaire de Pb anthropique du lac de La Plagne issu de la remobilisation des sols

par érosion

A partir de I'inventaire du Pb anthropique mesuré dans les sédiments lacustres, nous pouvons
calculer I'inventaire de Pb anthropique stocké dans le lac lors de la période post-fusion, ou en
absence de dépots atmosphériques la remobilisation du Pbanru résulte uniquement de ’érosion des
sols (Figure 6.3). L'inventaire de Pbaxrn mesuré pendant la période post-fusion (1824-2019) est
égal 2 10.7 g¢.m™ que 'on rapporte 2 la surface totale du lac (hypothése iii) : soit un total de 0.8 t de

Pbaxru (Figure 6.3). Cette quantité de Pbanra accumulée dans le lac par I’érosion des sols du bassin
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versant est faible vis-a-vis de la quantité de Pbanrs initialement déposée (Table 6-4). En considérant

la quantité estimée la plus haute et la plus basse, cela représent,

Pbaxrtu déposé sur les sols et susceptibles d’avoir été remobilisé pour sédimenter dans le lac, et 1.9

2 2.76% du Pb anthropique qui a été lessivé par érosion des sols

du chapitre 4 montrent que le Pb des sols du lac de La Plagne n’est pas transféré en profondeur.

Aussi, nous avons fait ’hypothése que le flux atmosphérique

enregistré par les sédiments, or il est certain que la majeure partie du flux atmosphérique a la surface
du lac et traversant la colonne d’eau reste en solution et est transférée vers ’exutoire. Ainsi, le Pb

anthropique a été en grande partie emporté par les eaux et la quantité de Pb anthropique calculée

e entre 0.4 2 1.3 % de la quantité de

depuis plus de 200 ans. Les données

correspond au flux atmosphérique

ici et estimée s’étre déposée sur les sols du bassin versant est surement minorée.

Transfert atmosphérique de Pb anthropique
(fumées métallurgiques)

Vb

\ Remobilisation du Pb anthropique

\\ par 1'érosion des sols

el

e

INVENTAIRE

7.8 ha (104 m2)

A
\

19 g.m? de Pb anthropique u

Echelle de la carotte

1.5 t de Pb anthrepique

Echelle du lac

10.7 g.m? de Pb anthropique

7.8 g.m* de Pb anthropique

0.8 t de Pb anthropique

Figure 6.3: Schéma explicatif de la démarche de calcul de l'inventaire du Pb anthropique
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6.4 Comparaison

Les calculs d’inventaire de Pb anthropique indiquent la présence de 2 t de Pb sur le site minier et
métallurgique de Peisey-Nancroix, pour une surface de 15 ha, et du dépot de 124 t dans les sols du
bassin versant du lac de La Plagne, dont 66 % est encore persistant plus de 200 ans apres larrét
des activités. Si la totalité de la surface du bassin versant avait été étudiée, les inventaires auraient
au minimum doublé avec la surface prise en compte. Le flux atmosphérique étant sans doute bien
supérieur a proximité de la mine et de la fonderie a celui estimé dans le bassin versant du lac de La
Plagne (Cloquet et al., 2006a), la quantité¢ de Pb anthropique dispersée dans 'environnement est

probablement sous-estimée ici.

Ces calculs d’inventaire démontrent que I’étude des contaminations liées aux activités minicres et
métallurgiques doivent prendre en compte autant la contamination diffuse engendrée par les
fumées issues du traitement pyrométallurgiques que la contamination ponctuelle générée par le
stockage de déchets sur le long-terme. Dans le cas d’un site minier et métallurgique, les émissions
de métaux par les fumées métallurgiques ne devraient pas étre sous-estimées car ces métaux sont
susceptibles d’étre remobilisés et transportés plus loin ou bien accumulés sur le long terme dans

des zones de replat ou encore des pieges comme les lacs.

A RETENIR

- Environ 2 t de Pb anthropique stockés dans les sols du site minier.

- Environ 124 t de Pb anthropique déposé dans le bassin versant du
Lac de La Plagne.

- Lessivage d’environ 34% du Pb anthropique déposé par le lessivage
des sols

- Seuls 1% du Pb anthropique lessivé est resté stocké dans le lac de
La Plagne, le reste ayant été évacué dans le Ponturin par exutoire.
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Chapitre 7 |  Conclusion et Perspectives

Cette these avait pour but d’étudier ’héritage minier a long-terme (>200 ans) a partir de ’étude
de la dispersion a long-terme des ETM dans les différents compartiments de la zone
critique. Les principaux objectifs étaient de déterminer et de quantifier : (i) la part de la
contamination naturelle versus la contamination anthropique, (ii) les éventuelles remobilisations
d’ETM et (iii) la part de chaque source dans la contamination anthropique (déchets miniers
minéralisés, scories et fumées métallurgiques), et (iv) les modes de dispersion des ETM dans
Ienvironnement. Pour cela, une approche source-puits, multi-compartiments (source de
contamination, sols, sédiments lacustres, sédiments de rivicre et eaux) et multi-échelles spatiales
(du site minier et métallurgique au bassin versant) a été mise en ceuvre, combinant des observations
et analyses minéralogiques, géochimiques et isotopiques. L’étude s’est focalisée sur I’ancien site
minier et métallurgique de Pb-Ag de Peisey-Nancroix (Savoie, XVII*-XIX" siecle) abandonné il y a
plus de 170 ans, ou 21 500 t de Pb et 52 t d’Ag ont été produites. Le minerai a été traité sur place
par pyrométallurgie pendant 70 ans. Aujourd’hui, on retrouve sur le site les vestiges des
infrastructures ainsi que plusieurs tonnes de déchets miniers (roches minéralisées) et métallurgiques
(scories) enrichis en ETM. Cette these s’est focalisée sur le Pb et Sb du fait de leur toxicité et de

leur abondance dans la minéralisation du site étudié.

7.1 Les contaminations des différents compartiments autour du site minier

Au niveau du site minier et métallurgique, les sols correspondent au compartiment le plus
contaminé en Pb et en Sb avec des teneurs en ETM élevées a tres élevées (Chapitre 3) : elles
atteignent jusqu’a 3 wt. % de Pb et 190 mg.kg" de Sb au niveau des sols de surface développés sur
ou situés a proximité immédiate des haldes de déchets miniers et métallurgiques. Dans la zone
prairiale située a quelques dizaines de metres de la zone de stockage des déchets, des teneurs en Pb
comprises entre 500 et 5000 mg.kg™ et des teneurs en Sb comprises entre 1.5 et 147 mg.kg" ont
été mesurées. Cependant la contamination des sols diminue rapidement vers des valeurs proches

du fond géochimique en contre-bas de la zone prairiale (Chapitre 3, Figure 3.4). Les profils de sols
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réalisés dans les sols prairiaux montrent que les deux horizons les plus superficiels sont les plus
contaminés, et que la contamination diminue tres rapidement en profondeur pour atteindre
¢galement des valeurs proches de celles du fond géochimique (Chapitre 5, Figure 5.2). Ainsi, le
transfert vertical des ETM reste limité a I'exception des technosols développés a proximité des
haldes de déchets qui ont servi comme zone de grillage du minerai (présence importante de
charbon). Le gradient horizontal de contamination depuis les zones de déchets vers I’aval, ainsi que
le fort gradient vertical indiquent clairement une contamination superficielle d’origine anthropique

dont la dispersion spatiale reste cependant tres limitée.

Outre les sols, 'ensemble des compartiments étudiés (sédiments et eaux de rivieres, sédiments
lacustres) sont contaminés par le stockage a long-terme des déchets miniers et métallurgiques
(> 170 ans), et/ou par ’émission a court-terme de fumées métallurgiques (1745-1824) et/ou par la
remobilisation de minerai au niveau des exhaures. Les eaux et sédiments d’exhaure d’anciennes
galeries d’exploration, situées sur les rives du Ponturin, sont enrichis en Pb et en Sb par rapport au
signal amont du bassin versant (L.e.; référence non contaminée, Figure 5.1). Seule, la galerie
d’exhaure provenant de la mine présente des teneurs particulicrement élevées en Pb et en Sb dans
les eaux et les sédiments. Les eaux de ces galeries rejoignent la riviere principale, le Ponturin, dont
les sédiments prélevés quelques centaines de metres apres le site minier montrent des valeurs qui

se rapprochent du fond géochimique, montrant la dilution rapide de la contamination.

Enfin, les sédiments lacustres du Lac de La Plagne (7 km en amont du site minier et métallurgique,
sous le vent) ont enregistré la contamination en Pb lors de la période de traitement du minerai par
pyrométallurgie. Ainsi, pendant la période d’exploitation, les sédiments lacustres présentent des
teneurs en Pb 5 fois plus élevées que le fond géochimique non contaminé (Chapitre 4). Les
sédiments du bassin versant du Lac de La Plagne ont également enregistré les retombées

atmosphériques et sont encore contaminés en Pb anthropique d’origine pyrométallurgique.

7.2  Le probleme de la caractérisation du fond géochimique local

La définition d’un fond géochimique est un préalable a I’étude d’une contamination en ETM dans
Ienvironnement ; sa valeur fait office de référence pour évaluer le degré d’une contamination
d’origine anthropique, comme les activités minic¢res et métallurgiques, pour calculer des facteurs
d’enrichissement (EF) ou de facteurs de concentration (CF) pour les différents compartiments de

Ienvironnement. Présents a I’état de traces dans les roches de la crotte continentale, la présence
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d’une minéralisation peut augmenter la concentration en ETM des compartiments de

Ienvironnement a proximité de celle-ci (Galuszka et al., 2015; Galan et al., 2008).

L’estimation du fond géochimique est particulicrement complexe et peut étre soumise a débats,
notamment d’ordre méthodologique. Cette estimation est particuliecrement complexe dans les
zones de montagne en raison de la présence de lithologies de natures tres variées. Dans le cas du
bassin versant du site minier de Peisey-Nancroix, le socle Varisque composé de diverses roches
cristallines (schistes, roches mafiques et ultramafiques, gneiss silicatés), est juxtaposé a des roches
siliceuses du permo-Trias et a des roches carbonatées (cargneules ; Figure 3.1). La présence de
dépots quaternaires (tills + cones de déjection + éboulis + alluvions) contribue a redistribuer ces
lithologies ; les différents dépots pouvant également se superposer et s’intercaler (ex. profils P5 et

P6 ou superposition de dépots de cone alluvial silicaté et d’éboulis carbonaté).

La présence d’'une mine sur un territoire est synonyme de sous-sol minéralisé, dont I’altération
géochimique est potentiellement une source de contamination naturelle des sols, et en particulier
des horizons profonds. Puisqu’il serait vain de déterminer une contamination en-de¢a de sa
contamination naturelle, la détermination du fond géochimique local représente un prérequis
indispensable avant toute quantification d’une contamination en ETM liée a des activités miniéres
et métallurgiques. L’étude de la dispersion verticale des ETM au sein d’un profil de sols (Chapitre
5) s’est avérée utile a I'identification d’une contamination provenant de la surface. En effet, dans le
cas des sites anciens comme le site de Peisey-Nancroix, il est commun de trouver des déchets
miniers (roches plus ou moins minéralisées) et de déchets métallurgiques (scories et fumées
pyrométallurgiques) en surface. Ils sont néanmoins similaires par le cortége métallique qu’ils
portent, ce qui ne favorise pas leur distinction dans l'environnement par des méthodes

géochimiques ou isotopiques classiques.

7.3 La caractérisation des sources de contamination anthropique & des
modes de dispersion

7.3.1 L’apport du couplage isotopie Pb-Sb pour caractériser les sources de contaminants

Les isotopes de I'antimoine ont été utilisés pour la premiere fois dans un contexte métallurgique
dans ces travaux de these. Le fractionnement des isotopes de Sb lors de processus
pyrométallurgique a ainsi été mis en évidence : les déchets métallurgiques sont enrichis en isotopes

lourds (8123Sb5coRIE =0.75 £ 0.07 %0) par rapport au minerai qul en est appauvri (81238bMINERAI = -
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0.11 £ 0.17 %o). Leur utilisation a permis de distinguer les sources métallurgiques (scories ;
contamination anthropique) des sources porteuses de minerai (contamination naturelle et/ou

anthropique).

L’ensemble des profils de sols analysés présente une part de contamination par les scories qui est
d’autant plus importante a mesure que le profil se rapproche du tas de déchets, avec une
contribution comprise entre 56 et 89 % pour les sols les plus proches des déchets métallurgiques,
et une contribution de 12 2 63 % pour le profil le plus éloigné. Toutefois, les variations de 8'*Sb
au sein d’'un méme profil suggerent également des processus biogéochimiques responsables du
fractionnement des isotopes au-dela du simple mélange de source de contamination, mais qui n’ont
pas fait I'objet d’une étude détaillée dans cette these. En effet, les horizons profonds du profil 1
(P1) montrent des signatures isotopiques plus proches de la valeur des scories que les horizons
superficiels alors que la concentration en Sb diminue en profondeur. La tendance inverse est
observée pour P3 suggérant potentiellement un mélange entre la signature isotopique des scories
et le fond géochimique. Le profil développé a partir d’un matériel parental constitué de roches
carbonatées, montre une signature isotopique constante des horizons. Ainsi, les processus (bio)-

géochimiques de 'antimoine dans les sols devraient étre mieux documentés.

Le couplage des systemes isotopique du Pb et du Sb est un outil prometteur pour évaluer la part
des déchets et fumées métallurgiques dans la contamination anthropique (Figure 7.1). Sur le site
minier et métallurgique, il est possible de quantifier la part des déchets métallurgiques (scories)
stockés a long terme en surface des sols. ’étude d’un bassin versant situé en amont du site minier
permet d’évaluer uniquement la part des fumées métallurgiques émises a court terme dans
Ienvironnement. Malheureusement, I'identification de la signature isotopique en Sb des fumées

pyrométallurgiques n’a pas été mise en évidence dans les sédiments lacustres du lac de la Plagne.
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Figure 7.1 : Couplage des isotopes du Pb et de Sb montrant la signature des sédiments lacustres du lac de La Plagne

7.3.2 Dispersion des déchets miniers et métallurgiques sur le site

I’étude des profils verticaux de sols du site minier et métallurgique de Peisey-Nancroix montre que
la contamination anthropique domine par rapport a la contamination naturelle (Chapitre 5).
Considérant la contamination naturelle comme négligeable, deux sources de contamination
anthropique ont été identifiées : les scories et les déchets miniers minéralisés (les fumées
métallurgiques n’ont pas pu étre distinguées ici, bien que trés probablement présentes). Les résultats
montrent que jusqu’a 89 % de la contamination des sols du site de Peisey-Nancroix provient des

scoties.

Iétude minéralogique des sols montre une remobilisation aussi bien des scories que du minerai en
aval des haldes (Chapitre 3). La présence de particules primaires issues des haldes de déchets (galéne
et scories) met en évidence la présence de transport particulaire. La présence de phases secondaires
(principalement en cérusite et Pb associé aux oxydes Mn) témoigne de 'altération par lixiviation

des déchets, de leur transfert en solution et de processus de précipitation dans les sols.
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7.3.3 Dispersion des fumées pyrométallurgiques

Les sédiments lacustres du lac de La Plagne ont enregistré le Pb anthropique issu des fumées
métallurgiques, portant la signature du minerai local de Pb-Ag. Une contribution a hauteur de 84
% du Pb total met évidence une contamination atmosphérique, vielle de 200 ans et dispersé sur au
moins 7 a 10 km du site minier. Les fumées métallurgiques se seraient aussi déposées sur les sols
du site minier, mais la contamination engendrée par les déchets miniers et métallurgiques ne permet
pas d’appréhender leur existence. Plus de 200 ans apres Iarrét des activités métallurgiques, les sols
du bassin versant du lac sont toujours marqués par la signature du minerai de Peisey-Nancroix
(*Pb/*"Pb = 1.172 £ 0.002). Néanmoins, cette contamination persistante représente de faibles
teneurs entre 30 et 130 mg.kg™" de Pb. [.’étude de la contamination des différents compartiments a
montré que les activités minieres et métallurgiques de Peisey-Nancroix au cours du XVIII® et XIX*

siecles sont toujours prégnants dans I’environnement.

Au niveau du site, il est souvent difficile de différencier les contaminations liées a la présence de
minéralisation en sous-sol, du stockage en surface des déchets métallurgiques et miniers. Bien que
les données géochimiques et minéralogique mettent en évidence une contamination anthropique
liée au stockage des déchets porteurs de phases en Pb et Sb, il est impossible de quantifier la part
des sources de contaminations métallurgiques (scories) des contaminations minicres (roches stériles
porteuses de minéralisation). Ce constat d’autant plus vérifié pour les horizons profonds de sols,
ou les concentrations diminuent et la distinction avec le fond géochimique minéralisé peut étre

fine. Néanmoins, les données isotopiques montrent que ces sols sont contaminés.

7.4 Relations entre mobilité, biodisponibilité et minéralogie des ETM

Les phases porteuses de la minéralisation sont des témoins des processus de dispersion et de
remobilisation des ETM dans I'environnement. Des particules grossi¢res de scories ou des déchets
miniers sont observées dans les sols du site minier et témoignent de la dispersion et de la
remobilisation des déchets depuis les zones de stockage. La présence de phases secondaires
pseudomorphosés met en évidence des processus de lixiviation a l'origine de la redistribution du
Pb dans les sols sur le long terme. Parallelement, la distribution des phases porteuses de Pb le long
du gradient de contamination des sols s’accompagne par une diminution de la part remobilisable
du Pb (Chapitre 3). Les phases primaires s’altérent en phases secondaires plus stables comme les
(hydr-) oxydes de Mn-Pb, qui sont les plus représentés dans les sols distants de la zone de stockage.

Cette diminution de la mobilité du Pb des sols est favorisée par la nature alcaline des sols. Des tests
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de lixiviation ont montré que plus la teneur en Pb du sol est importante plus la part mobile du Pb
est importante. Ces résultats suggerent que la teneur en Pb des phases riches Pb présentes dans les
sols est mobilisable a long terme. Ainsi les sols contaminés représentent une potentielle source

secondaire de Pb anthropique.

Dans les sédiments lacustres déposés récemment, environ 20 % du Pb total est d’origine
anthropique (Chapitre 4). Malgré des teneurs en Pb total des sols du bassin versant qui restent dans
des gammes de valeurs « naturelles », la part de Pb anthropique est importante et remobilisable sur
le long terme, comme lindiquent les données isotopiques. Plus de 200 ans apres larrét de la
pyrométallurgie dans le bassin versant du Ponturin et 150 ans apres la fermeture définitive de la
mine, des stocks de Pb anthropique d’une centaine de tonnes perdurent dans les sols du bassin
versant du lac de La Plagne (Chapitre 6). Toutefois, environ un tiers du Pb anthropique déposé a
été lixivié, dont une faible part (de 'ordre du pourcent) a été piégé dans le lac. Ainsi les fumées
métallurgiques représentent aussi un héritage a long terme des activités minicres et métallurgiques,

invisible, contrairement aux déchets abandonnés en surface.

Différents modes de transfert des ETM d’origine anthropique ont causé leur dispersion dans
I'environnement et contribuent a la contamination de la zone critique a I’échelle de tout le bassin
versant. L altération chimique et I’érosion des haldes de déchets représente une estimation
d’environ 2 t de Pb sur une surface de 15 ha alors que les fumées métallurgiques transportées dans
Iatmospheére sur plusieurs kilomeétres ont engendré une contamination d’un ordre de grandeur
~100 t sur 1700 ha. Bien que les concentrations ne soient pas comparables, il s’avere important
d’évaluer les inventaires de Pb anthropique dans I'environnement et de les mettre en regard de la
production industrielle de Pb (ici 21 500 t de Pb). Ainsi, les stocks de Pb anthropique dans
Ienvironnement représentent quelques pourcents du Pb produit (chiffres sous-estimés, car tout le
Pb produit n’a pas été traité sur site). La part de la contamination diffuse, non matérialisée par la
présence de déchets, représente donc une part importante de la contamination globale engendrée
par les activités minieres et métallurgiques. Cette étude montre le role d’accumulateur des sols dans
des environnements extrémement contaminés. Pour avoir une vision globale des flux entrants et
sortants, il faudrait également évaluer les stocks de Pb contenus dans les déchets miniers et

métallurgiques.
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7.5

Messages a retenir

Les principaux résultats a retenir a 'issue des travaux de recherche doctorale sur le site minier de

Peisey-Nancroix (Savoie) sont les suivants :

L’ensemble des compartiments de la zone critique montrent une contamination
anthropique rémanente, mais d’intensité et d’extension spatiale variable.

D’important stocks de Pb anthropique sont présents sur ensemble du bassin
versant.

Le couplage isotopique Pb-Sb permet de distinguer les sources de contamination
anthropiques

Les déchets métallurgiques (scories) sont la principale source de contamination
anthropique des sols de surface, bien que le Pb des déchets miniers soit également
remobilisé.

Le Pb anthropique issu des fumées métallurgiques est remobilisé par 'érosion des
sols depuis 200 ans.

Les fumées métallurgiques sont une importante source de contamination diffuse
sur le long terme (> 200 ans).

La mobilité du Pb diminue avec le degré de contamination.

L’héritage minier des sites anciens représente donc une source en ETM remobilisable sur le long-

terme par des processus de lixiviation ou détritique. Plus de 150-170 ans apres Iarrét de la

métallurgie et la fermeture de la mine de Peisey-Nancroix, ’héritage environnemental demeure

important, avec de potentiels effets sur les écosystemes (ANNEXE C).

7.6

Perspectives

7.6.1 Perspectives a I’échelle du site de Peisey-Nancroix

Plusieurs perspectives pour I’étude du site minier et métallurgique de Peisey-Nancroix émergent a

Pissue de ce travail de these :

204

Le développement d’une approche multi-élémentaire (Pb, Sb, Cu, Zn) de la contamination
des sols pour appréhender les différences de trajectoires spatiales et temporelles des ETM

depuis leur source.
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- La nécessité d’estimer des stocks de Pb et Sb dans les déchets miniers et métallurgiques
afin d’améliorer le raisonnement en flux et en inventaires amorcé par ce travail de thése.

- L’impossibilité de déterminer a partir des sédiments lacustres la signature isotopique de
I'antimoine des fumées, qui invite a la recherche de nouveaux proxys sur le site qui auraient
préservé cette signature.

- D’évaluation spatiale de la contamination liée aux fumées pyrométallurgiques et la
quantification de leur remobilisation par P'érosion des sols. Il pourrait ¢tre envisager
d’établir différents transects partant de I'ancienne fonderie pour améliorer les calculs
d’inventaire de Pb anthropique rémanent a I’échelle d’un bassin versant, et avoir une
meilleure spatialisation de la contamination. A cela, pourrait se combiner 'utilisation de
traceurs d’érosion des sols, comme le *'"Pb., (Matisoff, 2014) afin d’identifier des potentiels

puits intermédiaires de contamination dans les sols (Figure 7.2).
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Figure 7.2 : Inventaire du Pb anthropique (g.m) en fonction de 'inventaire du 2!°Pb., (Bq.m-2) dans les sols de surface
autour du lac de La Plagne.
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7.6.2 Perspectives globales

Plusieurs perspectives plus générales émergent de ce travail de these :

206

Avoir confirmation du fractionnement isotopique de Sb lors de la pyrométallurgie a partir
d’autres études et essayer d’appliquer le couplage Pb-Sb ailleurs

Révéler 'importance de ’héritage laissé par la multitude de mines abandonnées de tailles
modeste a échelle régionale (arc alpin) par rapport aux déchets miniers restés en surface.

Outres les activités minieres, différentes industries utilisent les substances métalliques qui
sont potentiellement dispersées dans I'environnement. Les activités minieres et
métallurgiques sont parmi les plus anciennes activités humaines, pourrait-on utiliser la
méthode mise en place au cours de cette these a d’autres industries qui s’installent
durablement et contribuent également a la dispersion des ETM dans environnement (p.

ex. les pesticides, les usines de recyclages des métaux, etc.) ?
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ANNEXE A - Liste des laboratoires partenaires et collaborateur pour la

réalisation des analyses

Analyses

Date

Collaboration (Laboratoire)

Echantillonnage :

- Source de contamination

- Profils de sol (site minier)
- Sols de surface (autour du lac)
- Sed. lacustres
- Sed. Rivieres et eaux

- Sols de surface (site minier, et autour du lac)

Juillet 2020, Mai 2021
Juillet 2020
Mai 2021
Octobre 2021
Juillet 2019
Mai 2021

Floriane Guillevic (FG), Magali Rossi (MR),
Jéréme Poulenard (JP), Lise Marchal (MR)

Avec la participation de Gél Monvoisin
(GEOPS) et Eléonore Rsongles (HSM)

Préparation des échantillons :

- Tamisage FG,MR
- Broyage 2020,2021,2022 FG,MR
- Pastilles FG
- Caractérisation physico-chimique Laboratoire externe INRAE
-Pertes au Feu FG
- Granulométrie FG
- Datation Laboratoire externe POZNAN (Pologne)
Quantification élémentaire : 2020,2021,2022
- WDS-XRF FG, Anne-Lise Develle (ALD)
- ICP-MS 2020, 2021, 2022 Laboratoire externe SARM
Minéralogie
- Microscopie optique 2020, 2021, 2022 FG
- MEB FG
- DRX Laboratoire externe ISTERRE
Essais de lixiviation : 2021 Collaboration avec IGE
Préparation Jean MLF. Martins, Lorenzo Spadni
Réalisation
Analyse lixiviat \lGE
Isotopie du Sb Juin-Juillet 2021 Collaboration avec HSM
Minéralisation Eléonore Resongles
Séparation
Analyses ﬂ S ffj
Isotopie du Pb Collaboration avec GEOPS
Préparation Octobre 2021 Cécile Quantin, Gaél Monvoisin
Analyses

from)srpscimncss
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ANNEXE B - Valorisation scientifique durant la thése

Publication dans une revue a comité de lecture :

Guillevic, F., Rossi, M., Develle, A.-L., Spadini, L., Martins, ].M.F., Arnaud, F., Poulenard, J., 2023.
Pb dispersion pathways in mountain soils contaminated by ancient mining and smelting activities.

Applied Geochemistry 105556. https://doi.org/10.1016/j.apgeochem.2022.105556

Publication soumise a4 une revue a comité de lecture :

Guillevic, F., Rossi, M., Poulenard, J., Sabatier, P., Develle, A-L., Quantin, C., Monvoisin, G.,
Arnaud, F., The Legacy of Metallurgical Atmospheric Contamination in a Mountainous

Catchment: A Delayed Response of Pb Contamination. Soumis a Science of the Total Environment.

Publication en preparation :

Guillevic, F., Rossi, M., Resongles, E., Freydier, R., Ferrari, C., Poulenard, J., Quantin, C.,
Monvoisin, G., Arnaud, F. Multi-isotope (Pb, Sb) approach to trace metallic contaminant sources

at a historical mining and metallurgical site. En preparation pour soumission a Chemical geology.

Participations a des colloques internationaux :

Guillevic F., Rossi M., Arnaud F., Poulenard J. Trace metals dispersal from mine wastes to the
critical zone: the example of the Pb-Ag mine of Peisey-Nancroix. Congres EUROSOIL, Geneva,

Switzerland. 2021 (Poster virtuel).

Guillevic F., Rossi M., Poulenard J., Arnaud F., Gateuille D., Naffrechoux E., Martins J.M, Spadini
L., Foulquier A, Lyautey E., Etienne D., Pesce S. The environmental trajectory of a former mining
territory evidenced from an integrated and multidisciplinary approach: the case of Peisey-Nancroix
Pb-Ag mine. Congrés Society for Geology Applied to Mineral Deposit (SGA), Rotorua, New

Zealand. 2022 (Communication orale virtuelle)

Guillevic F., Rossi M., Poulenard J., Arnaud F., Quantin C., Monvoisin G. Persistent imprint of
historical metallurgy in an alpine watershed evidenced from lake sediments Pb isotopes. Congres

European Geosciences Union (EGU), Vienna, Austria. 2022 Communication orale)
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Guillevic F., Rossi M., Poulenard J., Arnaud F., Resongles, E., Freydier R., Quantin C., Monvoisin
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Congres World Science Congtress of Soil Science (WCSS), Glasgow, UK. 2022 (Communication

orale).

Participations a des colloques nationaux :

Guillevic F., Rossi M., Poulenard J., Arnaud F. La dispersion des ETMs dans la zone critique depuis
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Sciences de la Terre (RST), Lyon, France. 2021 (Communication orale).
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The environmental trajectory of a former mining territory

evidenced from an

integrated and multidisciplinary

approach: the case of Peisey-Nancroix Pb-Ag mine

Floriane Guillevic, Magali Rossi, Jérome Poulenard, Fabien Arnaud, David Gateuille, Emmanuel Naffrechoux

Univ. Savoie Mont-Blanc, CNRS, EDYTEM, Chambéry, France

Jean Martins, Lorenzo Spadini

Univ. Grenoble Alpes, CNRS, G-INP, IRD, IGE, Grenoble, France

Arnaud Foulquier

Univ. Grenoble Alpes, CNRS, Univ. Savoie Mont-Blanc, Grenoble, France

Emilie Lyautey, David Etienne

Univ. Savoie Mont-Blanc, INRAE, CARRTEL, Chambéry France

Stéphane Pesce
INRAE, UR RiverLy, Villeurbanne, France

Abstract. Mining produces mine wastes (waste
dumps, tailings) and metallurgical wastes (slags and
fumes) enriched in trace metals (TMs, e.g. Pb, Cu,
As, Zn, Cd and Sb) that are mobilized by leaching
and particle translocation in the critical zone long after
mine closure. A multi-compartments study, integrating
ore, slags, soils, stream sediments, lake sediments,
and vegetation, has been developed to better
understand the transfer mechanisms and
remobilization processes of TMs over time (>50
years) in the critical zone. An interdisciplinary
approach was used, coupling geochemical analyses
with mineralogical observations and ecotoxicology (i)
to discuss the processes involved in TMs persistence
and remaobilization in each environmental
compartment contaminated by mining activity, and (ii)
to assess the effects of TMs contamination on biota
and on the ecosystem functioning.

1 Introduction

The exploitation of mineral resources is one of the
most disturbing forms of anthropogenic activity
(Dudka and Adriano 1997) that leads to trace metals
(TMs, e.g. Pb, Sb, As, Cd and Cu) dispersal in the
critical zone (Fig. 1). Brantley et al (2007) describes
the critical zone as a "system of coupled chemical,
biological, physical, and geological processes
operation together to support life at the Earth’s
surface”. Mine wastes (waste dumps, tailings, slags)
stored above ground are usually enriched in TMs,
especially in ancient mining sites. Weathering of mine
wastes induces TMs leaching and particle
translocation, thus contributing to TMs dispersal in
the critical zone during mining activity, but also long
after mine closure (several hundred years; Galuszka
et al. 2015; Camizuli et al. 2021). Atmospheric fallout

of TMs-rich fumes emitted during smelting contributes
to TMs dispersal at a more regional scale (Amaud et
al. 2005; Guyard et al. 2007; Ettler 2016; Carvalho
and Schulte 2020).

Mine wastes can be considered as a potential
toxic heritage for future generations. To better
constrain the environmental impacts of future mining
activity, it appears necessary to understand the long-
term TMs behaviour (dispersal and persistence) in
the critical zone by developing studies on mining sites
abandoned for several hundred years. A multi-
compartments study, integrating ore, slags, soils,
stream sediments, lake sediments, and vegetation, is
necessary to characterize the environmental heritage
of mining activity. Such an integrated approach is
necessary to better understand the transfer
mechanisms and remobilization processes of TMs
over time in mining territories.

River sediments.

Figure 1. Sources and fates of trace metals in the environment
of a mining system.

The aim of our project is to determine the spatial
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and temporal trajectories of TMs in the critical zone
using a source-sink approach (source = ore + slags;
sinks = soils + stream sediments + lake sediments +
vegetation cover; Fig. 2). For each compartment of
the critical zone, the combination of geochemical data
with mineralogical observations (especially the Pb-
bearing phases) and microbial activity
characterization contribute to determine the TMs
mobility and circulation pathways, their bioavailability,
and their biogeochemical cycle.

2 The Peisey-Nancroix Pb-Ag mine

Hundreds of abandoned metallic mines have been
reported in the northern French Alps. They have been
operated since Antiquity, but mining activity reached
its maximum during the Middle-Ages and the 18th-
19th centuries. Since mine closure, the mines have
been abandoned and mine and metallurgical wastes
have been left onsite.

[ Metallurgical area (soil and
;_ larch trees)
Reference soil
Gallery entrance

Stream sediments

Lake sediments

o R - S R
Figure 2. Overview of the Peisey-Nancroix watershed showing
the location of the various samples collected (soils and larch
trees in the metallurgical area, stream sediments, lake
sediments),

The Peisey-Nancroix Pb-Ag mine is located at
1500 m a.s.l. along the Ponturin River, in the northern
French Alps (Fig. 2). Artisanal mining of the Pb-Ag
ore was already reported in 1644. From 1734 to
1865, industrial operation occurred: 22 000 t of Pb
and 53 t of Ag were extracted during that period. Until
1824, smelting occurred onsite. Several tons of waste
rocks and slags have been left abandoned onsite at
mine closure (Fig. 3). Since mine closure, grassland
production for livestock feeding as well as leisure
activities (treetop adventure courses, hiking, cross-
country skiing) have become the main economic
activities in the vicinity of the former mining site.

The Pb-Ag ore is hosted in Triassic sandstones. It
is composed of galena, associated with pyrite, um-
scale As-rich tetrahedrite and bournonite, sphalerite

110

and rare chalcopyrite. Quartz is the main gangue
mineral. Slags are significantly enriched in trace
metals (Table 1).

Table 1. Metal contents of the Peisey-Nancroix ore and slags
(ppm or % if indicated)

Pb Zn As Cu Sb
Ore 19% 114 37 87 137
Slags 2,26% 5278 22 143 452
Soil ref. 87 126 14 15 2
River sediment 3 61 10 14 15
ref.
Lakesediment 34 130 w0 2

3 Soils from the mining site

120 topsoils samples (0-20 c¢m) were collected
downhill the mining site (main entrance, ore
processing and metallurgical installations) to provide
evidence of the TMs spatial distribution (Fig. 3). Ca-
and Si-rich cambisols have been identified on site.
Technosols developed on abandoned slags. 5 soil
profiles were sampled along the contamination
gradient in order to better understand the vertical
distribution of TMs. Geochemical analyses were
performed on all samples. Soil properties (e.g. pH,
CEC, carbon content) and mineralogical observations
were performed on selected samples depending on
their Pb content, and the types of soils.

Pb content (ppm)

<100
100-250
250-500
500-1000
1000-2500
2500-0,5%
05t1%
1o 5%

Il..-ocunn

‘Former bulldings
Siags heap
Wasta hoap

Figure 3. Pb content of topsoils from the Peisey-Nancroix
mining site.

The spatial distribution of TMs content in topsoils
indicates a clear anthropogenic contamination
gradient from the mining site downwards (Fig. 3): Pb
varies from 120 mg/kg to 3.4%, Sb from 1.5 to 630
mg/kg, As from 24 to 2269 mg/kg and Zn from 27 to
1578 mg/kg. Comparison of the soils TMs content
with a reference sample allows enrichment factor and
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Igeo index calculation and provide evidence of severe
contamination in Pb between the smelting zone
(south east) and the ore washing tank (northwest)
only (Fig. 3).

Batch leaching tests were performed on selected
samples along the contamination gradient. Pb
appears to still be extractable and transferred more
than 150 years after mine closure.

Mineralogical observations allowed identification
of the Pb-bearing phases, which in turn allows
discussing Pb mobility in soils. Detrital galena and
slag fragments are only observed in the vicinity of the
waste heaps. Further downward, Pb is essentially
associated with Mn-Fe (hyrdr-)oxides suggesting
leaching of the waste deposits, solute transportation
and finally adsorption. Cerussite occurs as oxidation
of galena and probably as secondary precipitation
phase. Other Pb-bearing phases, such as
pyromorphite, and Pb-associated with clays and
organic matter have also been identified.

4 Lake sediments

The Peisey-Nancroix smelters emitted Pb-rich fumes,
which were transported along prevailing wind
currents. The sediments of La Plagne lake recorded
the deposition of these atmospheric fluxes (Fig. 2 and
4). La Plagne Lake is located at 2,100 m a.s.l., 7 km
uphill the Peisey-Nancroix mine, along the Ponturin
valley.

Despite a globally low Pb content of lake
sediments (Table 1), a clear Pb enrichment is
observed during operation and smelting at the
Peisey-Nancroix mining site (Fig.4). Isotopic data
provide evidence of the metallurgical origin of this Pb
and suggest its remobilization in recent times from
the watershed due to soil erosion. Mineralogical
observations suggest that Pb is essentially
associated with infra pm-scale Mn-Fe (hyrdr-)oxides.

5 River sediments and water

17 stream sediments and 8 water samples were
collected along the stream and drainage water
system. In stream sediments, Pb varies from 12 to
2387 mgl/kg, Sb varies from 2 to 8 mg/kg, As varies
from 11 to 32 mg/kg and Zn varies from 82 to 216
mg/kg. In water, Pb varies from 0.06 to 7.27 ug/L, Sb
varies from < L.D. to 1.59 pg/L, As varies from 0.19 to
3.53 g/L and Zn varies from 0.28 to 18.20 pg/L.

The highest metal contents are observed in
dewatering waters and sediments. The Pb-content is
rapidly diluted in stream waters due to the torrential
stream dynamics.

6 Ecotoxicology

Microbial communities play an essential role in
biogeochemical cycles and are sensitive to the health
of the ecosystems. Microbial activities from soil

samples, stream sediments and lake sediments have
been investigated to highlight the effects of trace
metals contaminations on the communities
functioning (enzymatic activities related to carbon,
nitrogen and phosphate assimilation). High TMs
content appear to have limited effects on most
enzymatic activities for microbial communities hosted
in soils and stream sediments.

The innovative Pollution-Induced Community
Tolerance (PICT) experiments were performed to
characterize the ecological state and the functional
integrity of the compartment investigated by testing
the communities’ resistance and adaptation to TMs
high level exposure. Results indicate that microbial
communities of the most contaminated soils have
developed the greatest tolerance to Pb.
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Figure 4. Reconstructed lake sediment core (the flood deposits
have been removed) from the La Plagne Lake. The XRF Pb
content is reported in red, and the calculated enrichment factor
in black (EF= (Pb/Rb) sample/(Pb/Rb) reference).
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7 Vegetation

An alley of larch trees was planted in the early 1800s
along the main entrance of the mining site (Fig. 3).
Tree cores were collected from recently cut tree
stumps in order to investigate their recording of
mining activity. Preliminary geochemical studies show
variations in the Pb content in tree rings over time
that can be correlated with the smelting and mining
activities.  Detailed investigations are being
performed.

8 Conclusion

Our work demonstrates the persistence and
remobilization of Pb in topsoils, stream and lake
sediments more than 150 years after mine closure
and its present-day impacts on soils microbial activity.
A cross-disciplinary and integrated approach coupling
biotic and abiotic proxies from various compartments
of the critical zone was developed in order to better
understand the long-term heritage of mining in the
critical zone. Such knowledge is necessary to better
anticipate the future environmental impacts of mining.
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