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Chapitre I : Introduction
Etat de I’art sur le comportement du thallium et du radium sur Terre

PARTIE 1 : LE THALLIUM

Le thallium a été découvert en 1861 par le chimiste anglais William Crookes (Peter and
Viraraghavan, 2005) lors d’une étude spectroscopique de résidus provenant d’une usine de
production d’acide sulfurique (Nriagu 1998b). Sa forme métallique a ensuite été préparée pour la
premiére fois par le frangais Claude-Auguste Lamy en 1862 (Peter and Viraraghavan, 2005 ;
Nriagu 1998b). Les expériences qu’il réalise par la suite permettent de mettre en évidence la
présence de thallium monovalent et trivalent (Nriagu, 1998b). La difficulté, a la fin du XIX®™®
siecle de classer le thallium dans le tableau périodique suscite un intérét important pour cet
élément. En effet, comme le montre M. Doan dans son ouvrage « Index to the Literature on
Thallium, 1861-1896 » (Doan, 1899), une centaine de publications ont été écrites a cette époque

sur ses propriétés physico-chimiques.

Sous sa forme pure, le thallium est un metal tendre, malléable et de couleur grise (Peter and
Viraraghavan, 2005). Le thallium est classé dans la colonne 13 du tableau périodique des
¢léments, au méme titre que le bore, I’aluminium, le gallium et ’indium. C’est un métal lourd
comme le plomb ou le mercure. Son numéro atomique est 81. 1l compte 37 isotopes et seuls les
isotopes 203 et 205 (respectivement 30 % et 70 %) existent naturellement et sont stables. Parmi
les isotopes radioactifs, le 201, utilisé en médecine comme produit de contraste (Bennett 2017), et
le 204, utilisé comme radiotraceur (Liu et al., 2011), peuvent étre pris comme exemple avec une
application. Sa masse atomique est 204.3833 £ 0.0002 (Lide 2009). L’intégralité des propriétés

physico-chimiques de 1’élément thallium sont récapitulées en annexe A.

1. LE THALLIUM DANS LES ENVIRONNEMENTS PROFONDS : du manteau a la

croQte terrestre

1.1. Abondance du thallium dans la Terre

Dans I’'une des premiéres études publiées sur le Thallium et sa géochimie, Denis M. Shaw
(1952, 1957) a estimé I’abondance crustale de cet €lément a 1.3 ppm (Shaw 1952). Par la suite
d’autres études ont estimé cette abondance entre 0,0085 et 1,7 ppm (Sahl et al., 1978). Ces
chiffres permettent d’affirmer que le thallium est un élément trace dans la Terre silicatée.

D’autres chiffres ont également été avancés, en faisant la distinction entre crolte continentale et

14
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crodte océanique. Dans la premiére, la concentration est estimée entre 0,45 et 0,55 ppm (Sahl et
al., 1978; Wedepohl, 1995) et pour la seconde, elle est estimée a 0,013 ppm (Peter et
Viraraghavan, 2005).

1.2. Comportement du thallium dans les processus magmatigues

Dans la Terre interne silicatée, les conditions sont plut6t réductrices et la seule espece
thermodynamiquement stable est TI(l) (Rekhamper et Nielsen, 2004). De plus, TI, I’espéce libre
de TI(I), a un rayon ionique de 1,50 A (Shannon, 1976) proche des éléments alcalins comme le
potassium (1,38 A), le rubidium (1,52 A) et le césium (1,67 A) tous estimés par Shannon, (1976).

Ces €eléments ont donc des caractéristiques physico-chimiques tres proches.
1.2.1. Comportement du thallium lors de la fusion

La fusion partielle de roches a pour effet de créer un fractionnement entre un liquide et une
roche encaissante de composition différente (Jaujard, 2015). Les éléments aux rayons ioniques
importants comme les alcalins (K* ou Na*) quittent rapidement le solide pour se retrouver dans le
liquide (Jaujard, 2015), ils sont dits « incompatibles » (Jaujard, 2015). Compte-tenu du rayon
ionique du thallium (1,50 A ; non hydraté, en coordinance V1), proche de celui du potassium, du
cesium et du rubidium (Shannon 1976), il est probable qu’il se retrouve lui aussi dans le liquide
(Shaw, 1952 ; Heinrichs et al., 1980). A cela s’ajoute le fait que plus le taux de fusion de la roche
est important, plus le passage d’un grand nombre d’éléments chimiques du solide vers le liquide

est favorisé (Jaujard, 2015).

Enfin, la nature de la roche qui va fondre a aussi un impact sur la composition des magmas
(Jaujard, 2015). La combinaison de tous ces phénomenes a un impact sur la concentration en

thallium dans le liquide magmatique initial (Heinrichs et al., 1980).
1.2.2. Le thallium dans les minéraux issus de la cristallisation des magmas

Si I’on se base sur la suite réactionnelle de Bowen (Bowen, 1956), on peut avoir une idée du
comportement du thallium en regardant sa concentration dans les différents minéraux. De
maniere simplifiée, dans la série des ferromagnésiens les minéraux cristallisent dans 1’ordre
suivant a températures décroissantes : olivines > pyroxénes > amphiboles > biotites > feldspaths

potassiques, micas blanc et quartz. Nielsen et al. (2014) rapportent des concentrations en TI
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inférieures a une limite de détection de 1 ppb (LA-ICP-MS, Nielsen et al., 2014) dans des
olivines, des pyroxenes (clino- et ortho-) et des spinelles contenus dans des lherzolithes. Des
concentrations dans des amphiboles du complexe d’llimaussaq (Groenland) montrent des
concentrations variant entre 33 et 180 ppb (Hettmann et al., 2014). Les concentrations en
thallium dans les micas et les feldspaths alcalins sont tres diverses et varient de la centaine de ppb
a la dizaine de ppm (Shaw, 1952 ; Shaw, 1957 ; Sahl et al. 1978). Cela semble confirmer que
I’espéce TI" peut se substituer au K™ dans les réseaux cristallins (Shaw, 1952 ; Heinrichs et al.,
1980 par exemple) et traduit certainement un comportement lithophile et incompatible du
thallium lors des processus de cristallisation. Les mémes observations sont faites pour les
feldspaths plagioclases (Sahl et al., 1978) ou les minéraux de types anorthites (pole Ca?*) sont

plutdt appauvris en Tl contrairement aux albites (pdle Na*; Sahl et al., 1978).

Ces résultats sont appuyés par les références qui existent sur le partitionnement du thallium
dans les roches ignées. Les coefficients de partages du thallium dans les pyroxénes, olivines et
amphiboles (tableau 2) sont inférieurs a 1, signifiant que le thallium va préférentiellement rester
dans le liquide (Adam et Green, 2006). Au contraire, ces valeurs sont tres supérieures a 1 pour les
micas et les feldspaths (tableau 1 ; Adam et Green, 2006; Bea et al., 1994). Différentes études ont
également montré une relation (non linéaire) entre le taux de MgO et I’abondance en thallium. En
effet il semble que lorsque que la quantité de Mg diminue (MgO < 5 % environ) la concentration
en thallium augmente dans les roches (Greaney et al., 2017; Shu et al., 2017). Cela confirmerait

donc la faible abondance du thallium dans les minéraux férro-magnésiens.
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Tableau 1 : Coefficients de partage pour le thallium pour différents minéraux et liquides. Pyr =

pyroxéne, Olv = olivine, Amp = amphibole, Grt = grenat.

Coefficient de

Valeur Référence Remarques
partage (D)
Pyr/liq. <0,1 Adam et Green, 2006 Conditions expérimentales
Olv/lid. <0,15 Adam et Green, 2006 Conditions expérimentales
Ampl/lig. <0,23+0,04 Adam et Green, 2006 Conditions expérimentales
Grt/lig. <LD Adam et Green, 2006 Conditions expérimentales
Mica/liq. Entrg 233 2’3 et Adam et Green, 2006 Conditions expérimentales
Biotite. 8,6+0,3 Bea et al., 1994 Calcule dans une migmatite
(~gneiss)
Cordiérite 0,24 + 0,08 Bea et al., 1994 Calcule dans une migmatite
(~gneiss)
Grenat 0,09 + 0,05 Bea et al., 1994 Calcule dans une migmatite
(~gneiss)
K-feldspaths 3,7+0,3 Bea et al., 1994 Calcule dans une migmatite
(~gneiss)
Plagioclase 0,06 + 0,05 Bea et al., 1994 Calcule dans une migmatite
(~gneiss)

Expériences entre un liquide
Sulfure/Silicate  Entre 4,1 et 18,8  Kiseeva et Wood, 2013 riche en FeS et un liquide
basaltique anhydre
Calculé dans le lac de lave du

Sulfure/Silicate 11+17 Greaney et al., 2017 . X
Kilaeua IKi

Les concentrations en thallium dans les minéraux accessoires communs aux roches
magmatiques sont trés contrastées. Des micas riches en potassium comme le Iépidolite ou la
zinnwaldite peuvent étre trés enrichies en Tl avec des concentrations allant jusqu’a 300 ppm dans
des pegmatites (Sahl et al., 1978). Les tourmalines et magnétites (contrairement au reste du
groupe des spinelles) ont des concentrations en thallium de I’ordre de la centaine de ppb (Sahl et
al., 1978), tandis que les grenats semblent contenir tres peu de thallium (Adam et Green, 2006).
Le thallium est donc un élément que I’on retrouve principalement dans les minéraux riches en
potassium auquel il peut, a priori, se substituer. A ’opposé les minéraux férro-magnésiens en

sont plutdt appauvris.
1.2.3. Le comportement du thallium lors de la formation des roches ignées

Il existe trois types de magmatismes issus de la fusion partielle du manteau qui sont plus ou
moins reliés au contexte géodynamique (Jaujard 2015). La série tholéiitique (avec des magmas

plus riches en ferromagnésiens) est reliée au volcanisme de dorsale, de point chaud et d’extension
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continentale tandis que la série calco-alcaline est associée au magmatisme de subduction. Enfin la
série alcaline, avec des magmas riches en Na et K est typique des débuts de I’extension
continentale et de certains points chauds (Jaujard 2015). Un quatriéme type de magma est lié a la
fusion de la crodte continentale inférieure en contexte de collision et produit des magmas riche en
aluminium (Jaujard, 2015). Aujourd’hui aucune donnée disponible dans la littérature ne permet
d’associer un comportement particulier du thallium a une de ces séries magmatiques, mais la
diversité des concentrations observées est bien réelle (Sahl et al., 1978 ; Heinrichs et al., 1980 ;
Noll et al., 1996 ; Nielsen et al., 2017 ; Shu et al., 2017)

De nombreuses études ont montré un enrichissement en thallium lié au degre de
différenciation croissant d’une série de roches (Shaw, 1952 ; Shaw, 1957 ; Sahl et al., 1978 ;
Nielsen et al., 2017; Prytulak et al., 2017). Le volcanisme de 1’arc des Tonga-Kermadec en est un
exemple (Nielsen et al., 2017). Les basaltes présentent une concentration moyenne de 9,9 + 4,1
ppb tandis que les dacites (roches les plus différenciées) ont une concentration moyenne de 103,1
+ 24,2 ppb (Nielsen et al., 2017). Cela est également observable sur des laves de 1’Hekla
(Islande) et de 1’Anatahan dans les Iles Mariannes (Prytulak et al., 2017). Des données plus
anciennes (Shaw, 1952 ; Shaw, 1957 ; Sahl et al., 1978) montrent également un enrichissement

en thallium dans les roches les plus différenciées.

Cependant, la différenciation par la cristallisation fractionnée n’explique pas a elle seule la
diversité des roches ignées. D’autre processus comme les sources du magma ou le contexte
géodynamique entrent également en jeu (Pomerol et al., 2006 ; Prytulak et al. 2013 ; Jaujard,
2015). Le comportement du thallium est régulierement corrélé avec d’autres éléments, soit pour
expliquer son comportement, soit pour expliquer des phénomeénes plus fondamentaux de la
géochimie des magmas. Le rdle du soufre ou du dégazage lors de la cristallisation en sont des
exemples (Shaw, 1952 ; De Albuquerque et al., 1971 ; Jochum et Verma, 1996 ; Noll et al.,
1996 ; Prytulak et al., 2013 ; Nielsen et al., 2014 ; Nielsen et al., 2016 ; Nielsen et al., 2017 ;
Prytulak et al., 2017 ; Shu et al., 2017). Le thallium est ainsi souvent comparé au césium, au
rubidium (Nielsen et al., 2006b ; Prytulak et al., 2013), au potassium (Barker et al., 2010), au
cerium (Nielsen et al., 2014), au plomb ainsi qu’au lanthane (Noll et al., 1996 ; Prytulak et al.,
2013 ; Prytulak et al., 2017).
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1.2.4. Comportement lithophile vs. chalcophile

Le thallium est un élément au comportement lithophile et incompatible, qui a un
comportement proche de celui du potassium, césium et rubidium. Pourtant, d’autres études ont
¢également mis en avant un comportement chalcophile du thallium c’est-a-dire qu’il pourra se
concentrer dans les phases riches en soufre (McGoldrick et al., 1979 ; Kiseeva et Wood, 2013 ;
Nielsen et al., 2014).

En effet, les propriétés-physico-chimique du thallium montrent que compte tenu de sa
configuration électronique polarisée (Nriagu, 1998 ; Lide 2009), le thallium est en principe plus
apte a former des liaisons covalentes que les éléments alcalins et pourrait ainsi étre incorporé
dans les sulfures (Coggon et al., 2014). Le thallium est aussi considéré comme un « cation mou »
(Pearson, 1968). On lui suppose donc un comportement chalcophile au méme titre que le cuivre,
le mercure ou I’argent (Pearson, 1968 ; Smith et al., 2002). Plus particuliérement, 1’étude de
McGoldrick et al., (1979) suggere que le thallium suivrait le soufre dans les magmas saturés en
soufre. Nielsen et al. (2014) ont montré que le soufre interstitiel des Iherzolites était bien plus
enrichi en thallium que le reste des minéraux. lls ont également montré que la concentration en
thallium dans les basaltes de type MORB (Mid-Ocean Ridge Basalts) était contr6lée par ce soufre
lors de la fusion partielle du manteau appauvri. Ils ont également ajouté que le thallium dans les
liquides riches en soufre était incompatible et se retrouvait dans les sulfures de précipitation
tardive (Nielsen et al., 2014). Des données expérimentales produites par Kiseeva et Wood (2013)
semblent confirmer un comportement chalcophile du thallium. En effet, les coefficients de
partage entre le liquide riche en sulfures et le liquide silicaté est tres supérieur a 1, suggérant une

concentration du thallium dans ces sulfures (Tableau 2 ; Kiseeva et Wood, 2013).

Cependant, d’autres données disponibles démontrent un comportement lithophile du
thallium. Dans les laves de I’Hekla et de 1’Antahan (Prytulak et al., 2017), le comportement du
thallium est anti-corrélé a celui du soufre (Prytulak et al., 2017). De méme que le coefficient de
partage du thallium entre les sulfures et le liquides silicaté du lac de lave du Kilaeua Iki (1,1 +

1,7) suggére un comportement modérément chalcophile (Greaney et al., 2017).

Les comportements chalcophile et lithophile du thallium semblent difficile a prévoir dans les

processus magmatiques et fortement dépendant du contexte géologique. Cependant ces processus
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vont induire un fractionnement important du thallium et contribuer a son inégale répartition dans

les roches ignées et par conséquent dans les croutes terrestre et océanique.

1.3. Métamorphisme et altération hydrothermale

En dehors des zones de subduction, peu d’études présentent les impacts du métamorphisme
sur le cycle du thallium dans la Terre interne. Le tableau 1 montre que les roches
métamorphiques ont une concentration en thallium moyenne ¢élevée, de 1’ordre du ppm. Compte
tenu de la variété des roches métamorphiques mais aussi de la diversité des roches meres, la
question est de savoir quels mécanismes sont responsables de cette concentration moyenne

importante.
1.3.1. Les transformations minéralogiques

L’une des modifications engendrées par le métamorphisme est liée au changement de
conditions de pression et de température de la roche. Les minéraux qui la composent ne sont plus
a I’équilibre et réagissent entre eux pour en former de nouveaux (Pomerol et al., 2006 ; Jaujard
2015). 11 existe trés peu d’étude a ce sujet pour le thallium. Cependant en se basant sur les
données disponibles dans des contextes différents (magmatisme, par exemple), on peut déja
constater que de nombreux minéraux caractéristiques des facies métamorphiques, comme les
grenats, les amphiboles ou les pyroxénes, contiennent trés peu de thallium. Il y a donc peu de
chance que cela soit différent dans le cas des transformations minérales dans les phénomenes
métamorphiques. D’autres minéraux typiques du métamorphisme comme les chlorites ou les
épidotes n’ont a priori pas les réseaux cristallins nécessaires pour permettre 1’incorporation d’un

ion aussi gros que le TI* (Baker et al., 2010).

Dans une étude publiée en 2009, Nielsen et al. (2009b) ont mesuré le thallium dans des
xénolithes d’éclogites issus de kimberlites. Les concentrations de cet élément dans les grenats et
les pyroxenes varient entre 0,2 et 1,8 ppb dans ce type d’échantillons. Cependant, les analyses de
I’encaissant, constitu¢ de la kimberlite et des produits d’altération, montrent des concentrations
bien supérieures en thallium, allant de 12 a 464 ppb, suggérant I’importance du réle des fluides
dans la répartition du thallium (Nielsen et al., 2009b).
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1.3.2. Métasomatose et circulation de fluides

Le thallium est connu pour étre un élément chalcophile et lithophile dans les environnements
magmatiques (Nielsen et al., 2014 ; Prytulak et al., 2017). Cela ne semble pas faire exception en
contexte métamorphique. Lors de la métasomatose, le thallium est mobilisé par la circulation de
fluides de la méme maniere que le potassium (Baker et al., 2010). Il va donc pouvoir se substituer
a ce dernier et cristalliser dans les micas ou les feldspaths potassiques (Baker et al., 2010). Il a été
observé également que le thallium pouvait étre enrichi dans les liquides riches en soufre
(McGoldrick et al., 1979 ; Heinrichs et al., 1980 ; Noll et al., 1996), ce qui explique que la

plupart des minéraux de thallium soient des sulfures.

L’exemple du complexe de Collahuasi dans le nord des Andes chiliennes met en avant un
comportement lithophile du thallium (Baker et al., 2010). Dans ce cas, les concentrations en
thallium observées ne sont pas dues aux processus magmatiques, mais plutot a la circulation de
fluides de hautes températures (Baker et al., 2010). En effet ces fluides ont dans un premier
temps précipité des feldspaths potassiques et des biotites qui ont été enrichis en thallium. Ensuite,

ces phases ont été altérées et appauvries en thallium (Baker et al., 2010).

Lors de la précipitation de liquide riche en soufre, il est fréquent de retrouver des minéraux
riches en thallium, voire des minéraux de thallium (Biagioni et al., 2013 ; Hettmann et al., 2014).
L’étude de Biagioni et al. (2013) montre méme que le thallium est mobile avec des fluides de
basse température du facies des schistes verts. Les minéraux sulfurés contenant du thallium sont
la pyrite, la galéne ou la sphalérite dans lesquels les teneurs en T1 peuvent dépasser la centaine de
ppm (Zhang et al., 1998 ; Zhou et al., 2008 ; Biagioni et al., 2013 ; Hettmann et al., 2014 ;
Barkov et al., 2015 ; D’Orazio et al., 2017). Les circulations hydrothermales entrainent aussi
parfois, la précipitation de minéraux rares tels que I’astrophyllite et la djerfisherite enrichis en TI,

lequel se substitue probablement au potassium (Hettmann et al., 2014 ; Barkov et al., 2015).

1.4. Le thallium dans le manteau

Les roches du manteau lithosphériques sont des roches ultramafiques constituées de

péridotites et de pyroxenites (Pomerol et al., 2006). La concentration moyenne en thallium
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estimée dans ces roches est de 72 £ 71 ppb (n = 14 ; De Albuquerque et al., 1971 ; Sahl et al.,
1978 ; Heinrichs et al., 1980 ; Nielsen et al., 2015).

Au niveau des dorsales, les péridotites sont appauvries et si I’on se base sur I’ensemble des
données disponibles dans la littérature, la concentration moyenne de ces roches en thallium est de
90,5 + 49,6 ppb (fig. 1). Cependant, les récentes estimations calculées pour le manteau, dont la
fusion génére les MORB sont de 0,5 + 0,1 ppb (fig. 1, Nielsen et al., 2014). Les mesures sur une
harzburgite de référence, non altérée donnent une concentration en thallium de 1,05 ppb (Nielsen
et al., 2015). Cet écart d’un ordre de grandeur peut s’expliquer de la maniére suivante. Les études
plus anciennes (Shaw, 1952 ; Shaw 1957 ; De Albuquerque et al., 1971 ; Shal et al., 1978 ;
Heinrichs et al., 1980) avaient la contrainte d’analyser des roches « riches » en thallium pour
dépasser les limites de détection imposées par leurs techniques de mesure de 1’époque et les
échantillons analysés proviennent tous de massifs anciens appartenant au domaine continental.
Tous sont donc susceptibles d’avoir subi une forme d’altération or le thallium peut étre tres
mobile dans ce genre de contexte. Il est donc possible que les valeurs mesurées soient le reflet
d’une redistribution des composants de la roche due a la circulation d’un fluide entrainant ainsi
une surestimation de la concentration en TI (Nielsen et al., 2014). D’une maniére générale, les
roches ultra mafiques de par leur composition minérale (riches en ferro-magnésiens) sont
relativement pauvres et cela méme en cas d’altération hydrothermale. Elles ne constituent pas un

réservoir de thallium important.

1.5. Le thallium dans la croQte océanique

1.5.1. Description

La répartition du thallium dans la lithosphére océanique est tres variable comme le montre la
figure 1. Cette variabilité s’observe également pour chaque type de lithologie ou les écarts types

sur la concentration moyenne sont importants (fig. 1).

Les sédiments des fonds océaniques sont hétérogénes et sont représentés de maniére
schématique, par des sédiments riches en carbonates et/ou en silice, des argiles pélagiques et des
sédiments (nodules ou encroutements) ferromagnésiens (fig. 1). Ces derniers sont extrémement

riches en thallium et peuvent en contenir jusqu’a 200 ppm (Rekhdmper et al., 2002). Sans faire
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une moyenne globale pour ’ensemble des sédiments, il apparait que la couche supérieure de la

crodte océanique concentre le plus de thallium (fig. 1).
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Figure 1 : Abondance relative du thallium dans les différents compartiments de la lithosphere
oceéaniques. Les données présentées ici montrent une estimation de la composition de la lithosphére
océanique au niveau des dorsales. Les phénomeénes de zone de subduction n’apparaissent pas. Les données
en gras proviennent de : De Albuquerque et al. (1971), Heinrichs et al. (1980), Sahl et al. (1978),
Rekh&mper et al. (2002), Nielsen et al. (2006a, 2014, 2016, 2017), Jenner et al. (2012) et Kelley et al.
(2013). Les données en italiques sont issues de la compilation des données des articles de Nielsen et al.
(20064, 2014, 2016, 2017). Le schéma est adapté de Juteau et Maury (2008).

Les roches volcaniques de la crolte océanique sont principalement des MORB dont la
concentration moyenne est de 27,8 + 67,9 ppb. L’écart type important s’explique principalement
par les phénoménes d’altération liés aux interactions avec 1’eau de mer et les fluides
hydrothermaux. Les laves de points chauds appartenant elles aussi au domaine océanique ont des
concentrations moyennes similaires pour les OIB (Ocean Island Basalts), estimees a 28,7 + 29,4
ppb (n = 19) pour les Agores, tandis que celle des picrites est estimée a 7,0 + 6,8 (n = 26 ; Nielsen
et al., 2006b ; Nielsen et al., 2007). Des concentrations plus importantes peuvent étre observées

dans les arcs insulaires liés a des zones de subduction ou certaines séries de roches volcaniques
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sont différenciées (Noll et al., 1996 ; Prytulak et al., 2013 ; Nielsen et al., 2016 ; Nielsen et al.,
2017 ; Shu et al., 2017). Les roches plutoniques de la cro(te océanique qui sont représentées par
les gabbros, ont une concentration moyenne de 150 ppb mais présentent une trés grande
variabilité (fig. 1). Cependant, pour les mémes raisons que les roches du manteau (81.4), il est
difficile de savoir si les données disponibles, toutes issues de gabbros potentiellement altérés,

représentent des gabbros a 1’équilibre avec leurs conditions de formation initiale.

En partant du principe que le soufre contrdle la quantité de thallium dans le liquide de fusion
d’une lherzolite (Nielsen et al., 2014) et que dans tous les cas le thallium est un élément
incompatible, il est possible d’émettre 1’hypothése que le produit de fusion soit enrichi en
thallium. Cette concentration est similaire a celle analysée sur les verres de MORB, c’est-a-dire
autour de 15 ppb (Jenner et al., 2012 ; Nielsen et al., 2014). Les dégazages et la cristallisation
fractionnée vont induire des variations dans la concentration en Tl du liquide car le TI est un
élément volatile (Gauthier et Le Cloarec, 1998 ; Baker et al., 2009), Le premier phénomeéne (les
dégazages), va entrainer une perte en thallium, appauvrissant le liquide et les minéraux qui se
forment. Le deuxieme phénomeéne (la cristallisation fractionnée) va entrainer un enrichissement
du liquide en thallium, ce dernier étant incompatible (que ce soit pour les silicates ou les
sulfures). Il est donc envisageable que la concentration en thallium dans les gabbros qui
cristallisent lentement soit similaire a celle observée dans les verres de MORB et donc en
équilibre avec le produit de fusion (Nielsen et al., 2014). Cependant, les circulations de fluides
dans cette partie de la crolte océanique sont mal connues (Nielsen et al., 2006a) et cela pourrait
tout a fait produire une redistribution du thallium et expliquer des concentrations plus élevées et
variables comme celles calculées pour la figure 1. Plus de données sont donc nécessaires pour

comprendre la dynamique du thallium dans la co(té océanique inférieure et donc sa répartition.
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1.5.2. Altération hydrothermal de la croQte océanique
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Figure 2 : Evolution de la concentration en thallium dans les basaltes de la crolte océaniques. (A)

ces évolutions sont fonction de la profondeur et de la lithologie (adapté de Juteau et Maury, 2008) au

niveau du forage 504B (Hubberten et al., 1983). (B) la tendance générale en fonction de la profondeur, en
comparaison des MORB non altérés issus de Coggon et al. (2014). Les concentrations en Tl sont

représentées en échelle logarithmique.

La cro(te océanique est soumise a la circulation de deux types de fluides. Des fluides
hydrothermaux de hautes températures (> 200°C) paralleles a 1’axe des dorsales qui vont circuler
en profondeur jusqu’au niveau des complexes filoniens (fig. 2A ; Juteau et Maury, 2008 ; Nielsen
et al., 2006a). Ces fluides seront a I’origine des fumeurs des dorsales (Juteau et Maury, 2008). Le
second type concerne des fluides de basses températures (< 100°C) qui circulent
perpendiculairement a 1’axe des dorsales, sur les flancs et qui affectent les 600 premiers metres

de la croQte océanique (sédiments + roches volcaniques ; Nielsen et al., 2006a).

Tableau 3 : Concentrations moyennes en Tl des fluides hydrothermaux altérant la cro(ite océanique
(d’apreés Nielsen et al., 2006a).

[T1] (10" mol.kg?) Tmoy (°C)
Fluides haute-T 2047,00 + 1461,54 (n = 11) 344 + 42
Fluides basse-T 8,95+8,84 (n=4) 27+ 24

Eau de mer 6,5

Les figures 2A et 2B montrent que les concentrations en thallium dans les 400 premiers

métres sous le plancher océanique affichent des concentrations en thallium pouvant dépasser
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1000 ppb (figure 2B). Si I’on compare ces valeurs aux basaltes non altérés (fig. 2B) calculées a
partir des données de Jenner et O’Neil (2012) et Nielsen et al., (2014), on constate un
enrichissement en thallium dans les premiéres centaines de métres sous le plancher océanique. Ce
phénomene s’explique par la circulation de fluides a basse température (proche de 1’eau de mer)
dans cette zone. Ces fluides vont s’enrichir en thallium au contact des sédiments marins puis
circuler dans les fractures du plancher océanique. Ensuite, au contact des bactéries sulfato-
réductrices, le thallium sera piégé dans les pyrites néoformées (Coggon et al., 2014). Coggon et
al. (2014) affirment que ce serait le mécanisme dominant dans le piégeage du thallium dans la
crodte océanique altérée. Nielsen et al. (2006a) ajoutent qu’une fraction du thallium pourrait étre

adsorbée sur les argiles qui se forment dans ces conditions d’altération.

A T’opposé, les roches plus profondes, au niveau des complexes filoniens, ont des
concentrations similaires sinon plus faibles que les MORB non altérés (fig. 2A et 2B). Nielsen et
al. (2006a) ont explique ce résultat par un lessivage du thallium par les fluides hydrothermaux de
hautes températures qui se retrouvent enrichis en thallium (tableau 3). Ces circulations de fluides

sont sources de thallium pour les océans.

1.6. Le thallium dans la lithosphére continentale

L’abondance du thallium dans la lithosphere continentale est trés hétérogene de par
I’extréme diversité des roches qui la compose (tableau 1). Certaines études en ont estimé les
concentrations en éléments traces (Wedepohl, 1995 ; Rudnik et Gao, 2003 par exemple).
Wedepohl (1995) donne une concentration moyenne pour le thallium de 750 ppb pour la cro(te
supérieure et de 260 ppb pour la crodte inférieure, tandis que Rudnik et Gao (2003) calculent une
concentration moyenne de 900 ppb pour la premiére et n’en calculent pas pour la seconde. La
premiére constatation est donc que la crolte continentale est plus enrichie en thallium que la

croQte océanique.
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Tableau 2 : Concentrations moyennes en thallium des principaux types de roches formant la crolte
continentale. Données compilées d’aprés Shaw (1952 et 1957), Sighinofli et Santos (1974), Sahl et al.
(1978), Heinrichs et al. (1980), Ikramuddin et al. (1983), Kaplan et Mattigod (1998), Nielsen et al. (2005),
Zhou et al. (2008) Baker et al. (2010), Belzile et Chen (2017), D’Orazio et al. (2017) et Nielsen et al.

(2017).
Type de roche Tl (ug.kg?)
Sédiments/alluvions 1623 + 2496 (n = 38)
Roches sédimentaires détritiques 892 £ 956 (n = 66)
Roches sédimentaires carbonatées 541 £ 552 (n = 18)
Charbons 12 904 + 38552 (n = 12)
Gisements (sulfures) 419097 £1 120058 (n=112)
Latérites 100 (n=2)
Roches volcaniques 713 £1198 (n = 146)
Roches plutoniques 1822 + 2537 (n = 271)
Roches métamorphiques 1861 + 3924 (n = 107)

Les sédiments actuels ont des concentrations en thallium de I’ordre du ppb, du méme ordre
de grandeur que les roches plutoniques et métamorphiques mais supérieures aux roches
volcaniques et sédimentaires. Il semble donc que les phénoménes d’altération de surface soient
source d’enrichissement en thallium. Cela a déja été suggéré pour I’érosion des roches
volcaniques (Calderoni et al., 1985). Au contraire, les roches sédimentaires qu’elles soient
détritiques ou carbonatées présentent une concentration en TI, inférieure de 50 % par rapport aux
sédiments (actuels). Une des hypothéses pour expliquer ceci serait une remobilisation du thallium

par les fluides au moment de la diagénese.

Les charbons et les gisements de sulfures, bien qu’ils représentent une faible fraction de la
croQte continentale, peuvent étre tres enrichis en thallium (tableau 1). Dans le cas des charbons,
ce sont ceux riches en soufre qui sont les plus riches en thallium (Sahl et al., 1978 ; Peter et
Viraraghavan, 2005). Les roches magmatiques de la crolte continentales sont également plus
concentrées en thallium que les roches magmatiques de la crolte océanique (fig. 1 et tableau 2).
Les lithologies volcaniques sont plus appauvries en thallium que les plutoniques, probablement
di au fait que le thallium est un élément trés volatil (Gauthier et Le Cloarec, 1998 ; Baker et al.,
2009).
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2. LE THALLIUM DANS LES ENVIRONNEMENTS DE SURFACE : de la roche mere a

I’atmosphére

Les multiples processus intervenant dans les environnements de surface, aux interfaces entre
la Terre solide, I’hydrosphére, la biosphére et I’atmosphére vont engendrer une diversité
importante de concentration en thallium. L’objectif de cette sous-partie est de présenter un apercu
de la répartition du thallium a la surface de la Terre. Le comportement géochimique du thallium

et sa spéciation seront abordés pleinement dans une autre partie.

2.1. Les sources de thallium

Les sources de thallium pour I’environnement sont multiples et sont divisées entre sources
d’origines naturelles et sources d’origines anthropiques. A 1’échelle de la planéte le thallium est
un élément faiblement concentré mais les activités humaines ont perturbé son cycle et ont conduit

a changer sa répartition (Peter et Viraraghavan, 2005 ; Karbowska, 2016 ; Belzile et Chen, 2017).

Le thallium naturel provient de 1’activité volcanique (Baker et al., 2009 ; Kellerhals et al.,
2010), de I’hydrothermalisme des dorsales océaniques (Rehkdmper et Nielsen, 2004) et de
I’altérations de minéraux riches en thallium (Xiao et al., 2004b ; Zhou et al., 2008 ; Voegelin et
al., 2015).

L’une des principales sources de thallium anthropogénique est I’industrie miniere,
principalement par les processus d’altération des déchets miniers (Cheam, 2001 ; Lis et al., 2003
; Casiot et al., 2011 ; Campanella et al., 2017 par exemple). Cela concerne les industries
extractives liées a I’exploitation de gisements de sulfures (Pb, Zn, Cu pour les principaux) et de
charbon. Les fonderies, les cimenteries et les centrales thermiques au charbon sont également des
sources importantes de thallium (Dolgner et al., 1983 ; Cheam, 2001 ; Lis et al, 2003 ; Vangk et
al., 2011 ; Vanék et al., 2013 ; Liu et al., 2016 ; Belzile et Chen, 2017). Le thallium provient
¢galement des rejets non contrdlés des effluents d’industrie I’utilisant comme matiére premiere
(Bennett 2017), mais aussi de lixiviat de décharges notamment celles ou sont entreposées des

objets contenants des composants électroniques (Law et Turner, 2011).
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2.2. Le thallium dans les environnements continentaux

2.2.1. Les sols

Ces compartiments font probablement partie avec les rivieres (paragraphe suivant) des
environnements continentaux les plus décrits (en termes de concentration) en ce qui concerne le
thallium. Les contenus en sont tres dependants de la roche mére sur laquelle le sol se déeveloppe.
L’étude de Voegelin et al. (2015) rapporte des concentrations trés élevées en thallium (de 1’ordre
du millier de ppm) dans des sols d’une région Suisse résultant de la pédogénese d’amas
hydrothermaux riches en thallium, arsenic et fer. D’autre études ont également rapporté des
concentrations élevées de thallium, variant du ppm a la dizaine de ppm, dans des sols se

développant sur des minéralisations riches en sulfures (Xiao et al. 2004a ; Van¢k, et al. 2015).

Les sources anthropiques de thallium pour les sols sont liées aux activité miniéres, soit par le
rejet de thallium atmosphérique par les fonderies (Lis et al. 2003 ; Alvarez-Ayuso et al., 2013 ;
Vangk, et al. 2013 ; Vangk, et al. 2017), soit en se développant sur des déchets miniers (Yang et

al., 2005 ; Gomez-Gonzalez et al., 2015) avec des concentrations pouvant dépasser les 200 ppm.

Tremel et al. (1997) ont calculé une concentration médiane pour les horizons supeérieurs de
244 sols francais a 0,29 ppm avec 90 % des valeurs inférieures a 1,54 ppm. Dans la péninsule de
Kola, la médiane des concentrations en Tl dans les horizons O a été calculée a 0,10 ppm avec 98
% des valeurs inférieures a 0,22 ppm (de Caritat et Reimann, 2017). Des enrichissements en
thallium (entre 0,22 et 0, 35 ppm) ont été observés a proximité de mines ou de fonderies ainsi
qu’au voisinage de la roche mére (de Caritat et Reimann, 2017). Ces données montrent que la
concentration en thallium dans les sols varie énormément en fonction du type de roche mere et
que les contaminations d’origine anthropique ne sont pas nécessairement celles qui générent les

concentrations les plus élevées.
2.2.2. Les riviéres et fleuves

La quantité de thallium dans les systémes de rivieres va d’abord se répartir entre le sédiment
et la colonne d’eau, puis dans cette derniére, entre les fractions particulaires, colloidales et

dissoutes (fig. 3). La concentration moyenne en thallium dans les sédiments de riviére se situe a
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4,03 + 6.39 ppm! (n = 28 ; médiane = 1.70 ppm; 90°™ centile = 10,07 ppm ; données tirées
Belzile et Chen, 2017), les valeurs les plus élevées provenant de sites pollués par des activités
minieres (Belzile et Chen, 2017). Le fractionnement du thallium dans la colonne d’eau entre les
différentes fractions dépend de la lithologie et du mode d’occupation du bassin versant, ainsi que
de la nature des matieres en suspension. Dans la grande majorité des riviéres étudiées, 80 % du
thallium se concentre dans la phase inférieure a 0,45 um (Nielsen et al., 2005 ; Law et Turner,
2011 ; Casiot et al., 2011).

[ Meters 10 10 108 107 10 105 10

Dissolved organic hatter
Dissolved metal cbmplexes

Polynuclear tluster

i Nanoparticles
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|
; i Bacteria
' . |
' Viruses :
i I
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filter filter

Dissolved Colloidal Particulate

Figure 3 : Echelle des tailles des différents composés présents dans un échantillon d’eau brute

(d’apres Aiken et al., 2011).

Les concentrations en thallium dans la fraction inférieure a 0,45 um sont tres variées. Elles
sont dépendantes des caractéristiques du bassin versant du cours d’eau (taille, mode
d’occupation, lithologie). Nielsen et al. (2015) ont estimé sur 16 grands fleuves mondiaux que la
fraction dissoute (inférieure a 0,45 um) du thallium naturel (excluant les apports anthropiques)
est relativement faible et de ’ordre de 2,93 + 1,95 .10 mol.L. Cette valeur est proche de la

!Les concentrations moyennes calculées pour les sédiments de riviéres et de lacs (Belzile et Chen, 2017) ne tiennent
pas compte des méthodes de digestions utilisées par les différents auteurs. Cependant ces méthodes semblent avoir
un impact sur les concentrations mesurées (de Caritat et Reimann, 2017) et ainsi induire une erreur supplémentaire
dans les moyennes.
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celle rapportée par Kaplan et Mattigod (1998) et reportée dans le tableau 3. Des concentrations
plus élevées ont pu étre mesurées dans des rejets miniers avec des valeurs atteignant plus de 10
mol.L? (Casiot et al., 2011 ; Campanella et al., 2017).

Tableau 3 : Concentrations moyennes en thallium pour les eaux naturelles rapportées par Kaplan et
Mattigod (1998).

[T1] en mol.L !
Eaux souterraines 3.5510°%
Riviéres 9.8.10%"
Lacs 9.8.101
Tourbiéres 9.8.10%
Eau de mer 6.4 .101!

Des échantillons du bassin Amazonien, provenant de diverses campagnes effectuées par des
chercheurs de I’IPGP, ont ét¢ analysés pour mesurer les concentrations en thallium. Ces résultats

sont présentés dans 1’annexe C.
2.2.3. Les lacs et réservoirs

Le cycle du thallium dans les lacs est similaire a celui des rivieres. Les sources sont
également les mémes que pour les rivieres, mais le thallium dans les lacs et les réservoirs reste
moins étudie (Karbowska, 2016 ; Belzile et Chen, 2017). La concentration moyenne en thallium
(fraction < 0.45 pm), d’aprés les données réunies dans 1’étude de Belzile et Chen (2017) est de
2,90 + 5,73 .10 mol.L* (n = 21 ; médiane = 5,72 .10** mol.L™? ; 90°™ centile = 9,79 .10"1°
mol.L ). Cette valeur est 3 fois supérieure a la valeur reportée dans le tableau 3. Cette différence
s’explique par I’influence de lacs contaminés au thallium dans la base de données utilisée par
Belzile et Chen (2017). Les sédiments lacustres ont une concentration moyenne en thallium
(estimée avec la base de données de Belzile et Chen, 2017) de 1168,8 + 2530,3 ppb*? (n = 25 ;
médiane = 560,0 ppb ; 90°™ centile = 1518,0 ppb).

2.2.4. Les eaux de sources et les eaux souterraines

Le thallium dans les eaux souterraines et les eaux de sources est assez peu mesuré. Les
concentrations en Tl sont principalement le reflet des interactions entre I’eau et les roches. Dans

le cas des eaux souterraines, si celles-ci ont une connexion avec la surface (recharge dans le cas

2\/oir note 1 page 19
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des nappes), la concentration en Tl peut étre influencée par I’impact des activités anthropiques.
Ces eaux (sources et souterraines) peuvent également étre des sources de thallium pour les
rivieres ou les lacs. Les concentrations moyennes calculées pour ces les eaux souterraines et les
eaux de sources I’ont ét¢ a partir de la base de données de Belzile et Chen (2017). Elle est de 1,63
+ 4,15 .10° mol.L* (n = 8 ; médiane = 1,66 .10° mol.L™? ; 90°™ centile = 3,88 .10° mol.L™})
pour les eaux souterraines, ce qui est inférieure a la valeur du tableau 3. Dans les eaux de sources,

la concentration moyenne en thallium est estimée a 2,25 + 5,26 .10® mol.L* (n = 8 ; médiane =

1,30 .10°° mol.L*; 90°™ centile = 5,95 .10 mol.L™).

2.3. Le thallium dans les environnements océaniques et cotiers
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Sediment

porewaters
e%Tl=2?
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Pelagic sediments|
Tl =46 to +12
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Figure 4 : Les cycles naturels du thallium dissous dans les océans (Nielsen et al., 2009a). Les valeurs

en 10° mol correspondent aux quantités de thallium dans chaque réservoir. Les € correspondent au
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fractionnement isotopique du thallium.

Rehkdmper et Nielsen (2004) ont estimé la concentration moyenne de I’eau de mer en Tl
dissous a 6.5 + 0.5 .10t mol.L™ similaire a la valeur de 6,4 .10"** mol.L déterminée par Kaplan
et Mattigod (1998). Les variations de concentrations avec la profondeur sont faibles et sont
comprises entre 5,5 et 10,0 .10 mol.L™? dans ’océan Pacifique par exemple (Rehkamper et

Nielsen, 2004).
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Les sources de thallium pour les océans sont les rivieres, les particules atmosphériques, le
volcanisme de surface et les fluides hydrothermaux (fig. 4 ; Rehkdmper et Nielsen 2004 ; Nielsen
et al., 2005 ; Nielsen et al., 2009a). La figure 4 ne décrit que le cycle naturel du thallium. Les
apports des rivieres et des aérosols seraient certainement supérieurs si I’on y incluait les apports
anthropiques (Nielsen et al., 2005). On pourrait également imaginer que les pollutions liées aux
industries extractives offshores (pétrole, gaz ou autres), les activités cotieres (raffinage, activités
portuaires et autres industries lourdes), ainsi que I’altération des déchets au fond des océans

puissent constituer aussi des sources de thallium. Néanmoins, ces quantités demeurent inconnues.

Les fleuves et rivieres vont contribuer de plusieurs facons au cycle du thallium dans les
océans. Dans un premier temps par la charge dissoute (discutée en section 2.2.) et ensuite par la
charge particulaire qui va se déposer dans les marges continentales. Cependant, peu d’études
traitent de ce sujet. Hu et al. (2016) ont montré que le thallium des cing premiers centimétres des
sédiments de la mer de Bohai (Chine du Nord) était principalement d’origine naturelle malgré la
pression anthropique de la zone. lls ajoutent également que le thallium est principalement sur la
phase résiduelle, donc certainement peu biodisponible (Hu et al., 2016). Des données provenant
de la Mer Noire montrent des concentrations de 1’ordre de 4,0 .10™° mol.L™? dans la colonne
d’eau (Belzile et Chen 2017). Des concentrations relevées sur la cote proche de Kaoshiung
(Taiwan) varient entre 4,9 + 0,5.10% et 1,0 + 0,1 .10° mol.L* (Belzile et Chen 2017) suggérant
un impact des activités cotieres. Au contraire, dans les eaux de la Mer de Ross (Antarctique) peu
impactées par les activités humaines, les concentrations sont plus faibles et proches de 2,5 .10
mol.L? (Karbowska 2016).

Les estuaires vont également contrbler les apports de thallium aux environnements cétiers.
Les études montrent qu’une quantité importante de thallium est sur la charge particulaire (Turner
et al., 2010 ; Law et Turner, 2011) mais que celle-ci diminue avec la salinité au profit du thallium
dissous (Nielsen et al., 2005 ; Turner et al., 2010). Les sédiments pélagiques des fonds
océaniques ont des concentrations tres variables, comme montré sur la figure 1 (section 1.5). Les
phases les plus enrichies en thallium sont les argiles pélagiques et les crotites d’oxyde de fer et de
manganése (Rehkamper et al., 2002 ; Rehkédmper et Nielsen, 2004 ; Nielsen et al., 2016 ; Nielsen
etal., 2017).
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2.4. Le thallium dans [’atmosphére

Le thallium est un éléments tres volatil (Baker et al., 2009) ce qui le rend tres sensible & une
dispersion atmosphérique. Les émissions de thallium liées aux activités volcaniques (source
naturelle) sont de I’ordre du pg.m™ (Kellerhalls et al., 2010), tandis que celles provenant des
activités anthropiques sont de 1’ordre du ng.m™ (Belzile et Chen, 2017). Dans de nombreuses
villes les concentrations en thallium dans les particules atmosphériques sont également de 1’ordre

du ng.m™ (Belzile et Chen, 2017).

Une étude menée en Suisse sur une tourbiére, datant de I’Holocéne, a montré une
augmentation importante de la concentration en thallium dans les dépots depuis le début de 1’ere
industrielle (Shotyk et Krachler, 2004). Avant cette époque, les variations de la quantité de
thallium provenaient uniquement des alternances climatiques et des changements de flux
provenant du volcanisme de surface (Shotyk et Krachler, 2004 ; Baker et al., 2009). La spéciation
du thallium et son comportement dans I’atmosphére restent néanmoins trés mal connus et

relativement peu étudiés (Belzile et Chen, 2017).

3. GEOCHIMIE DU THALLIUM DANS LES ENVIRONNEMENTS DE SURFACE

Les concentrations en thallium dans les environnements de surface sont donc tres variées et
dépendent fortement du contexte géologique, du climat et de I’occupation de la zone
(anthropisation, végétation, occupation et utilisation des sols, aménagement des cours d’eau, ...).
Cependant comme pour les autres éléments traces, les propriétés de transport du thallium, sa
mobilité, sa biodisponibilité et sa toxicité potentielle ne dépendent pas seulement de sa
concentration, mais aussi de se son comportement géochimique (par rapport aux phases porteuses
ou aux minéraux), de sa distribution dans les différents compartiments de la zone critique et

enfin, de sa spéciation dans I’environnement.

3.1. Les espéces de thallium

3.1.1. Le couple TI(HD/TI(T)

Le thallium présente deux état d’oxydation, thallium (I), la forme réduite et thallium (III) la
forme oxydée. Le couple TI(HD/TI(I) (TI®* + 2e — TI*) a un potentiel d’oxydoréduction élevé
avec Eh = 1,28 V (Lin et Nriagu, 1998a). Dans la terre interne, TI(l) est la forme
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thermodynamiquement stable de thallium (Rehkamper et Nielsen, 2004 ; Prytulak et al., 2017).
Le constat est le méme pour les environnements de surface ou TI(III) n’existe en principe que

dans les environnements tres oxydant (Vink, 1993 ; Lin et Nriagu, 1998a).
3.1.2. Hydrolyse du thallium

Le Thallium(I) ne forme qu’un seul complexe hydroxylé, TI'OH, qui se forme de maniére
significative qu’a des pH supérieurs a 10 (Lin et Nriagu, 1998a ; Lin et Nriagu, 1998b). De plus
ce complexe ne précipite pas dans les conditions environnementales (Lin et Nriagu, 1998b). Au
contraire, thallium(l11) forme plusieurs complexes avec les ions OH™: TIOH?*, TI(OH)2*, TI(OH)3
et TI(OH)4 (Lin et Nriagu, 1998a). Ces espéces ne sont pas présentes en solution au méme
gamme de pH et par ordre d’apparition croissant, elles s’organisent dans cette ordre, TIOH?* <
TI(OH)2* < TI(OH)3 < TI(OH)4™ (Lin et Nriagu, 1998a ; Lin et Nriagu, 1998b). L’espéce TI(OH)3,
susceptible d’étre la plus stable dans les eaux naturelles, est trés insoluble (Ks = 10“>2; Lin et
Nriagu, 1998b). Plusieurs auteurs ont publi¢ des constantes d’hydrolyse pour le thallium qui sont

récapitulées dans 1I’annexe B.
3.1.3. Les complexes de thallium

L’ensemble des constantes de stabilité des complexes existant dans la littérature pour TI(I) et
TI(11) est récapitulé en annexe B. Le thallium (I) forme peu de complexe avec les différents
anions majeurs inorganiques des eaux naturelles et reste principalement sous sa forme libre TI*
(Lin et Nriagu, 1998 a; Xiong, 2007 ; Xiong, 2009). Cependant a températures plus élevées
(supérieures a 100°C), les complexes TICOs3™ et TISO4 vont dominer aux pH supérieurs a 5
(Xiong, 2007). De méme, en milieu réducteur ou le soufre domine, le complexe TIHS sera
I’espece dominante pour des pH supérieurs a 6 (Xiong, 2007). Le constat est similaire avec les
molécules organiques, hormis EDTA (acide éthyléne diamine tétraacétique), dont le complexe
avec TI" devient ’espéce principale de TI(I) a pH > 6 (Xiong, 2009). Le thallium (I) complexe
¢galement trés peu avec les acides fulviques d’apres Kaplan et Mattigod (1998). Une étude a

également montré peu de complexation entre des acides humiques et TI* (Liu et al., 2011).

Au contraire, Thallium (111) forme en principe beaucoup plus de complexes avec les anions
(Kaplan et Mattigod, 1998; Lin et Nriagu, 1998a; annexe B). Les complexes les plus stables sont
a priori ceux formés avec les chlorures, TI"'CI?*, TI"'CI,* et TI"'Cl, (Kaplan et Mattigod, 1998).
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Le thallium (111) a également une forte affinité pour le DTPA (acide diéthylene triamine penta
acétique) ce qui a permis de mettre au point des protocoles de mesure de cette espéce dans les

eaux naturelles (Casiot et al., 2011 ; Campanella et al., 2017).
3.1.4. Les phases minérales de thallium

Les minéraux de thallium sont rares et cristallisent en présence de quantités de thallium qui
sont rarement atteintes sur terre (Xiong, 2007 ; Biagioni et al., 2013 ; Hettmann et al., 2014 ;
Barkov et al., 2015). La majorité de ces minéraux sont des sulfures et ne seront stables que dans
des conditions réductrices rarement atteintes dans les environnements de surfaces (Vink, 1998 ;
Xiong, 2007). En revanche, leur altération deviendra une source de thallium pour ces
environnements. A ’opposé, les oxydes de thallium, T1'20 et TI"',03 sont stables sous conditions
oxydantes (Vink, 1993).

L’avicennite (T1";03) et la dorallcharite (T1'osKo2Fes(SO4)2(OH)s) sont deux minéraux que
I’on retrouve dans les fronts d’altération (zones oxydées) des sulfures et sont donc susceptibles de
contréler la solubilité du thallium quand ils sont présents (Radtke et al., 1978; Bali¢ Zunic et al.,
1994). Les composés solides de TI(I) sont d’ailleurs pour la majorité trés solubles, notamment
TICI(s), TI.COz3(s), TIOH(s), T12SO4(s) et TI2O(s) et précipitent rarement en solution (Kaplan et
Mattigod, 1998 ; Xiong 2009). Dans des conditions d’eaux de mines trés acides il est possible
d’arriver a la saturation de lanmuchangite (TIAI(SO4)2.12H,0) mais dans la trés majeure partie
des cas, le thallium reste en solution dans les environnements de surface (Vink, 1993 ; Xiong,
2009). Dans le cas des minéraux de TI(I11) les plus importants sont TI(OH)3 et 1’avicennite. Ces

derniers vont controler la solubilité du thallium(l11) (Lin et Nriagu, 1998 ; Xiong, 2009).

3.2. Spéciation du thallium dans les environnements de surface

3.2.1. Spéciation du thallium dans les eaux naturelles

Dans les systémes aquatiques, le thallium est présent sous ses deux états d’oxydations, TI(I)
et TI(IT) (Lin et Nriagu, 1999 ; Belzile et Chen, 2017). Thallium(I) est en théorie 1’espéce
thermodynamiquement la plus stable dans les environnements de surface (Vink, 1993 ; Xiong,
2009) et a été spécifiquement identifié comme I’espece majoritaire dans certaines rivieres (Casiot

et al., 2011) ainsi que dans les océans (Rehkédmper et Nielsen, 2004). TI(I1I) a lui été mesuré

36



Chapitre I : Introduction
Etat de I’art sur le comportement du thallium et du radium sur Terre

comme 1’espéce majoritaire dans la colonne d’cau de certains systemes lacustres comme ceux des
Grand Lacs américains (Lin et Nriagu, 1999 ; Karlsson et al., 2006) ainsi que dans des eaux de
consommation (Campanella et al., 2017). Thallium(III) n’est théoriquement stable que dans des
environnements trés oxydants (Vink, 1993) mais des photo-réactions ou des processus
microbiens peuvent oxyder TI(I) (Twining et al., 2003 ; Karlsson et al., 2006). La précipitaiton
de TI(OH)s, la complexation sur du Fe(lll) colloidale (Karlsson et al., 2006) ou sur d’autres
colloides non identifiés (Lin et Nriagu, 1999) seraient responsables de la stabilisation du
thallium(I11). En effet, cette forme de thallium a un fort potentiel réducteur et sans stabilisation,

elle se réduit rapidement en TI(I) (Karlsson et al., 2006).

Tableau 4 : Distribution modélisée des especes de TI(l) (% du total) dans différents systéme
aquatique (Kaplan et Mattigod, 1998). TIOH, TIF, TINOPO,- et TIPO4> sont négligeables.

Espéce de Eau . Lac Eau de
TI(I) souterraine Eau de riviére eutrophique tourbiére Eau de mer
T 90.4 82.7 76.8 324 51.9
TIHCO; 4.4 1.2 2.0 - 0.5
TICOs - - - - 0.1
TISOs 3.6 0.4 0.8 - 11.2
TICI 0.1 0.1 0.1 - 30.7
TICI, - - - - 5.4
Tl-fulvate 1.4 15.6 20.3 67.6 0.2

Thallium(l) reste la forme la plus étudiée du thallium. Kaplan et Mattigod (1998) ont
modélisé la spéciation du thallium dissous dans les différents systémes aquatiques (tableau 4). En
dehors des eaux de mer, la majorité du thallium est sous sa forme libre TI* et forme peu d’autre
complexe (Kaplan et Mattigod, 1998). Dans les eaux douces (lacs et rivieres), une part non-
négligeable de thallium est complexée aux acides fulviques (Kaplan et Mattigod, 1998).
Cependant ces constantes n’ont jamais été vérifiées par des données expérimentales, ce qui laisse
un doute sur I’affinité du thallium pour la mati¢re organique. En définitive les interactions entre

le thallium et la matiére organique dissoute restent trés peu étudiées.

Casiot et al., (2011) ont mis en évidence que la majorité du thallium qu’ils avaient mesuré
dans leur systéeme (colonne d’eau de ruisseaux situés en sortic de mine) se trouvait dans la phase
inférieure @ 1nm (10 kD), traduisant une faible affinité pour la fraction particulaire en
I’occurrence des particules d’oxyhydroxyde de fer. Ces observations, associées avec celles

montrant que la majorité du thallium se trouvait dans la fraction inférieure a 450 nm (Nielsen et
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al., 2005 ; Law et Turner, 2011) suggére que la spéciation thallium dans les eaux naturelles se
résume principalement a sa forme libre et des complexes dissous. Le rdle des colloides semble
donc limité comme le montre la faible affinité du thallium(l) pour les oxyhydroxyde de fer
(Casiot et al., 2011 ; Liu et al., 2011 ; Peacock et Moon, 2012 ; Coup et al., 2015) et d’aluminium
(Bidoglio et al., 1993) récapitulés dans les figures 5A et 5B. Cela est particulierement évident
aux pH acides (fig. 5A et 5B).

3.2.2. Spéciation du thallium aux interfaces

L’¢tude des phénomeénes de sorption sur les crolites ferromagnésiennes des fonds
océaniques, trés enrichie en thallium a montré une préférence du thallium pour les oxydes de
manganese (Peacock et Moon, 2012). Les oxydes de type birnessite (6-MnQ3) sont réputés pour
adsorber le TI(I) a leur surface et I’oxyder en TI(IIT) (Bidoglio et al., 1993 ; Peacock et Moon,
2012). Bidoglio et al. (1993) avancent I’hypothése que thallium(IIl) précipite en avicennite
(T1",03) & la surface des oxydes de manganése. Peacock et Moon (2012), ont mis en évidence
que thallium(l) en présence de birnessite hexagonale (Nao3Cao1Ko1(Mn'Y,Mn''"),04 .1,5H,0%)
allait étre oxydé en thallium(l11) et former des complexes tridentates avec les feuillets du minéral.
Les mémes auteurs ont montré que la sorption avec une birnessite triclinique* ou de la todorokite
((Na,Ca,K,Ba,Sr)1-x(Mn,Mg,Al)sO12 .3-4H20) ne menait pas a 1’oxydation du thallium et que ce
dernier se contentait de former des complexes de sphere externe avec les sites réactifs de ces

minéraux (Peacock et Moon, 2012).

Les interactions entre les minéraux les biofilms bactériens ont également un réle important
dans la dynamique des éléments traces aux interfaces. Malheureusement, peu d’étude existe a ce
sujet sur le thallium. Smeaton et al. (2012), ont cependant montré que la dégradation biotique de
la jarosite conduisait a un relarguage du thallium dans 1’environnement au méme titre que les
dégradations abiotiques. Enfin la spéciation du thallium aux interfaces avec les surfaces
biologiques est tout aussi peu étudiée. Une étude a montré que certaine espéce d’algue verte

pouvait servir de technologie de bioremédiation du thallium (Birungi et al., 2015). Smeaton et al.

3La formule indiquée entre parenthése est une formule générique de la birnessite. Pour plus de détails sur les
différents minéraux mentionner, se rapporter a 1’étude de Peacock et Moon (2012).
“Voir note ci-dessus
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(2012) dans la seule étude sur les interactions entre des biofilms et du thallium, ont montré

qu’aucune accumulation de TI(I) par la bactérie Shewanella putrefaciens n’était observée.
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Figure 5 : (A) Comparaison des logKq pour les oxyhydroxydes en présence de thallium(l). (B)
Comparaison des logKq acquis par différents auteurs pour la ferrihydrite en présence de thallium(l)

3.2.3. Spéciation dans les sols

La spéciation et la répartition du thallium dans les sols vont principalement dépendre de la
roche meére et de la source de thallium (Yang et al., 2005 ; Vanék et al., 2009 ; Van¢k et al., 2013
; Gomez-Gonzalez et al., 2015 ; Voegelin et al., 2015). En effet, dans un sol ou la roche mére est
la source en thallium, sa répartition entre les différents horizons va dépendre de la dissémination
des minéraux de cette roche mére (Yang et al., 2005 ; Vanék et al., 2009 ; Gomez-Gonzalez et
al., 2015). Si le thallium est dans les minéraux résiduels, comme le quartz ou les alumino-
silicates, le thallium ne sera pas facilement mobilisable par les processus de pédogenése (Yang et
al., 2005 ; Vanék et al., 2009 ; Gomez-Gonzalez et al., 2015). Cependant certains minéraux de la
roche mére vont étre altérés et des minéraux secondaires contenant du thallium comme la jarosite
(KFe3(OH)s(SOa)2 ou le thallium peut se substituer au potassium) ou I’avicennite (T1"';O3) vont
alors se former et étre observés (Voegelin et al., 2015). Lorsqu’ils sont a leur tour dégradés, ils
deviennent une source de thallium labile pour le sol. Dans les sols impactés par des apports
anthropogéniques, le thallium va s’accumuler dans les horizons supérieurs du sol et ainsi étre plus

échangeables et biodisponibles (Yang et al., 2005 ; Vangk et al., 2013).

Voegelin et al. (2015) ont montré que les oxydes de mangané¢se et I’illite était les phases
minérales les plus associés au thallium pendant la pédogénése. Dans d’autre étude, une part
importante du thallium est située dans la fraction réductible et donc associée aux oxydes de
manganese et oxyhydroxides de fer (Van¢k et al., 2009 ; Vanék et al., 2012 ; Van¢k et al., 2013).
Les argiles sont également considérées comme associées au thallium en se basant sur les
propriétés similaires entre TI* et K™ mais sans réelles observations (Tremel et al., 1997; Vanék et
al., 2009; Vangk et al., 2012). Cependant, les processus de sorption dans les sols demandent plus

d’études, en particulier en ce qui concerne les interactions avec les argiles (Voegelin et al., 2015).

Le role de la matiére organique des sols (SOM) semble limité (Van¢k et al., 2009 ; Vanék et
al., 2012 ; Van¢k et al., 2013 ; Voegelin et al., 2015) méme si comme le résume tres bien Vanék

et al. (2011), I’association du thallium avec les acides humiques des SOM ne peut pas étre
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négligée puisqu’elle n’a jamais été étudiée. Vanék et al. (2013) ont également montré que la
matiere organique des sols et son impact sur le pH du sol pouvait avoir un réle sur la mobilité du
thallium et sur la dégradation de minéraux porteurs de thallium. De méme, dans la rhizosphére,
les acides organiques présents ont un impact similaire d’autant plus que le thallium a une faible

affinité pour ces derniers (Vanék et al., 2012).
4. TOXICITE, PRODUCTION ET UTILISATION DU THALLIUM

4.1. Toxicité et utilisations du thallium

Rapidement aprés sa découverte, la toxicité du thallium fut avérée et de nombreux cas
d’empoisonnements (aigiies ou chroniques) furent rapportés (Nriagu, 1998b). Le thallium est en
réalité un élément non essentiel pour les organismes (Rodriguez-Mercado and Altamirano-
Lozano, 2013). Certaines études montrent qu’il est plus toxique que le cadmium, 1’arsenic, le
plomb, le mercure, le zinc ou le cuivre pour les mammiféres (Cheam, 2001 ; Rodriguez-Mercado
and Altamirano-Lozano, 2013). Preuves des inquiétudes liées a sa toxicité, le thallium est classé
« polluant prioritaire » par I’Agence Américaine de Protection de I’Environnement (EPA®). Plus
récemment, le thallium a été classé comme un TCE (Technological Critical Elements, TCES), un
élément stratégique pour les nouvelles technologies ayant une menace potentielle pour la santé
(Cobelo-Garcia et al., 2015).

Le thallium pénétre dans I’organisme via la peau, la paroi gastro-intestinale et les poumons
(Peter and Viraraghavan, 2005). Cependant, les mécanismes menant a la toxicité du thallium
restent mal connus notamment dans le cas d’exposition chronique (Peter et Viraraghavan, 2005 ;

Rodriguez-Mercado et Altamirano-Lozano, 2013).

Une des hypotheses pour expliquer la toxicité du thallium serait sa complexation avec les
groupes sulfhydriles des protéines ou des membranes mitochondriales ayant pour consequence
I’inhibition de I’activité enzymatique (Peter et Viraraghavan, 2005). Quelques études se sont
intéressées a cette complexation (Montes et al., 2007 ; Gharib et Shamel 2009 ; Gharib 2010)
sans toutefois lever le flou sur ces hypothéses. Un autre phénomene, plus connu, viendrait de la

compétition entre K™ et TI" qui bloquerait I’activation enzymatique (Peter et Viraraghavan, 2005 ;

Shttps://www.epa.gov/sites/production/files/2015-09/documents/priority-pollutant-list-epa.pdf
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Rodriguez-Mercado et Altamirano-Lozano, 2013). Il semblerait également que TI* soit plus
toxique que TI¥* pour les humains et les mammiféres en général (Rodriguez-Mercado et
Altamirano-Lozano, 2013). D’autres études ont montré, que TI3* était plus toxique pour certaines
especes d’algues et d’invertébrés aquatiques (Rodriguez-Mercado et Altamirano-Lozano, 2013).
Enfin, beaucoup de questions restent sans réponses, quant aux effets génétiques d’un

empoisonnement au thallium (Rodriguez-Mercado et Altamirano-Lozano, 2013).

Les symptomes d’un empoisonnement aigiie au thallium sont des vomissements, des
diarrhées et une perte de cheveux, mais aussi des effets et des dommages irréversibles sur le
systétme nerveux, les poumons, le cceur, le foie et les reins (Peter et Viraraghavan, 2005 ;
Rodriguez-Mercado et Altamirano-Lozano, 2013). Les effets chroniques sont plus difficiles a
évaluer. L’étude de Zhang et al. (1998) dans le district de Lanmuchang a révélé des symptdmes

d’anorexie, des maux de téte, et des douleurs dans 1’abdomen ainsi que dans tout le corps.

Les modes de contamination au thallium sont multiples, allant de 1’exposition naturelle
(Peter et Viraraghavan, 2005 ; Xiao et al., 2004b) a une exposition liée aux activités humaines
(Dolgner et al., 1983 ; Zhang et al., 1998 ; Xiao et al., 2004 a; Peter et Viraraghavan, 2005).
Voici quelques exemples de probléme de santé publique liée a une exposition au thallium. Le
premier se déroule en Chine, ou 1’érosion d’un amas sulfuré tres riche en thallium a pollué les
sols et contaminé 1’environnement proche, sans générer de pollution au-dela de la localité
concernée (Zhou et al., 2008). Une autre étude a révélé la contamination de 1’eau de
consommation par du thallium dans une ancienne région miniére de Toscane en Italie, ce qui a
exposé les habitants a une contamination chronique (Campanella et al., 2016). Cependant, les
personnes les plus exposées a un empoisonnement au thallium restent les mineurs et les
travailleurs des industries qui ['utilisent comme composé ou matiere premiere (Peter et

Viraraghavan, 2005 ; Rodriguez-Mercado et Altamirano-Lozano, 2013).

Les utilisations du thallium sont variées et ont évolué au cours du temps. Au début du XX®me
siecle, le thallium était utilisé dans des produits de consommation comme les cremes dépilatoires,
dans la mort aux rats, les pesticides et dans le traitement de la syphilis, la tuberculose et les suées
nocturnes (Nriagu 1998b). Il fut heureusement rapidement retiré de ces produits et interdit suite a
de nombreux empoisonnements (Nriagu 1998b). Aujourd’hui, le thallium est principalement

utilisé dans les industries de hautes technologies. Il entre dans la composition de lentilles, prismes
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et fenétres de détection des infrarouges, ainsi que dans des équipements de transmission (Bennett
2017). On le retrouve également dans des filtres cristallins de mesures acoustiques et optiques, et
comme charges dans des verres et cristaux d‘appareils de détections des rayons gamma (Bennett
2017). Enfin, le thallium entre dans la composition de superconducteurs TI-Ba-Ca-Cu (Bennet
2017), ainsi que dans les alliages avec du mercure et dans les liquides de hautes densités pour la
séparation des minéraux (Bennett 2017). Le thallium a toujours des applications dans le domaine
de la santé. Sous forme de chlorures de thallium 201, isotope radioactif, il sert de produit de
contraste dans I’imagerie cardiovasculaire (Nriagu 1998 b; Bennett 2017). Cependant, cette

utilisation décline au profit du technétium 99 (Bennett 2017).

Les risques de pollution au thallium a grande échelle sont faibles et sont en réalité, limités a
quelques régions comme le montre les exemples cités précédemment. Cependant le thallium est
un élément trés toxique et le principe de précaution a conduit les autorités de nombreux pays a
réguler et controler les niveaux de thallium dans I’environnement (Peter et Viraraghavan, 2005).
Quelques exemples de normes de régulations du thallium dans 1’environnement sont présentés

dans le tableau 5.

Tableau 5 : Seuils de concentrations en thallium accepté en Chine et aux Etats-Unis

Pays/Organisation Eau potable Air Référence
Etats-Unis (USEPA) 2 ug.Lt Peter et \égggaghavan,
Chine 0,1 pg.L? Xiao et al., 2012
OMS 0,1 mg.m- Peter et Viraraghavan,

2005

4.2. Production du thallium

Les gisements de thallium sont rares et ne sont pas les principales sources (Nriagu, 1998b). Il
provient essentiellement de gisements de zinc, plomb et/ou cuivre auxquels il est associé aux
sulfures. En effet, lors des processus de raffinage des minerais, le thallium est concentré dans les
résidus et devient un produit de valorisation secondaire (Nriagu, 1998b ; Bennett, 2017). La
production annuelle de thallium se situe autour de 10 tonnes (pour 1’année 2016 ; Bennett 2017)
et se concentre en Chine, au Kazakhstan et en Russie (Bennett, 2017). Les réserves en thallium
sont difficilement estimables et sont principalement associées aux ressources en zinc, cuivre ou

plomb (Bennett, 2017). Une certaine quantité de thallium serait également disponible dans les
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résidus de combustion de charbon (Nriagu, 1998b). A ce jour, aucun processus de recyclage du
thallium n’existe. Cependant, la demande en thallium étant faible et ayant méme tendance a
diminuer (Bennett, 2017), il semble peu probable que les ressources en thallium deviennent un
enjeu stratégique particulier, contrairement a d’autre métaux tels que les terres rares, le tantale, ou

les platinoides.
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PARTIE 2 : LE RADIUM

De nombreuses études existent sur la géochimie du Ra (Porcelli et al, 2014 ; Fesenko et al.,
2014), le parti pris a été de ne pas €tre exhaustif et 1’objectif de cette partie est de donner un bref

apercu de cet état de I’art.

1. DECOUVERTE DU RADIUM

Le radium est un élément qui appartient a 1’histoire puisqu’il est associ¢ a la découverte de la
radioactivité. Il a été découvert sur un minerais de pechblende par Pierre et Marie Curie en 1898
(Porcelli et al., 2014). Le radium est un métal alcalino-terreux de numéro atomique 88. Tous ses
isotopes sont radioactifs mais seulement quatre existent dans I’environnement, 223R3, 2%Ra, ?%Ra
et 2Ra (Porcelli et al., 2014). ?°Ra appartient a la chaine de désintégration de 2**U, ?*°Ra et
224Ra a la chaine de 2%2Th, quant a ?2Ra il est dans le chaine de désintégration de *°U (Porcelli et
al., 2014). Le comportement et la répartition de ces €léments dans les environnements terrestres
va donc dépendre de I’élément avec la plus longue demi-vie de la chaine de désintégration
(Porcelli et al., 2014).

L’isotope du radium le plus répandu et le plus susceptible d’avoir un impact pour
I’environnement est le 226 (Porcelli et al., 2014). C’est I’isotope a la durée de demi-vie la plus
longue, 1602 ans (Porcelli et al., 2014). Le radium appartient au groupe des radionucléides
naturellement présents dans 1’environnement (Fesenko et al., 2014). Ces éléments, en raison de
leurs demi-vies relativement courtes sont responsables d’une part importante des radiations
(émetteur gamma) regues par I’espéce humaine (Fesenko et al., 2014). Ce sont donc des éléments
trés étudiés dans 1’environnement. Le radium est lui-méme toxique en plus des radiations qu’il
émet et peut notamment s’accumuler dans les os des mammiféres (Jia et Jia, 2012). Il est aussi
trés étudié a cause de son élément fils, le radon 222, un gaz responsable du cancer des poumons

principalement (Darby et al., 2004).
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2. LE CYCLE DU RADIUM SUR TERRE

2.1. Le radium dans les roches de la lithosphére

La répartition des isotopes du radium dans les roches de la lithosphére va dépendre du
comportement de leurs éléments péres, et principalement le 2%2Th et 1>%2U. Dans les processus
ignés, ils sont a 1’équilibre avec leurs précurseurs mais certains facteurs environnementaux
comme 1’érosion peuvent changer les ratios entre 22°Ra et 238U et entre ?28Ra et 232Th (Fesenko et
al., 2014). Les roches les plus riches en ??°Ra (tableau 6) sont les shales, schistes bitumineux et
les roches riches en phosphates (Fesenko et al., 2014; Issa et al., 2014). Les charbons sont aussi
relativement riches en radium (Pluta, 2001 ; Chalupnik et al., 2001; Lauer et al., 2015).

Tableau 6 : Concentrations en ?°Ra dans différent types de roches (d’aprés Fesenko et al., 2014)

Type de roche [?Ra] (Bqg.kg?) [?%Ra] (ppt)
Roches volcaniques 48 - 137 1,31-3,74
Granites 0,037 - 185 0,001 - 5,05
Basaltes 11 -48 0,30-1,31
Shales 14,8 — 2220 0,40 — 60,66
Schistes bitumineux 629 — 1040 17,19 — 28,42
Roches sédimentaires 9,2-15 0,25-0,41
Chaux 5-18 0,14 -0,49
Gres 7-55 0,19-1,50
Roches phosphatées 148 — 1480 4,04 - 40,44
Carbonates 26 - 30 0,71-0,82
Roches argileuses 55 1,50

2.2. Les sources de radium

Les sources naturelles de radium sont liées a 1’érosion et a I’altération de roches, sols ou
systémes hydrothermaux riches en précurseurs du radium (?®U et/ou 2%2Th) ou en radium lui-

méme (Fesenko et al., 2014).

Les sources anthropiques du radium sont plus diverses mais sont toutes liées a I’exploitation
des ressources naturelles (Fesenko et al., 2014). L’exploitation de gisements métalliques ou non
métalliques et la séparation entre le minerais et les résidus peuvent entrainer des élévations
importantes des concentrations de radium a proximité des sites d’exploitation (Azouazi et al.,
2001 ; Arogunjo et al., 2009 ; Gao et al., 2010 ; Okeji et al., 2012 ; Déjeant et al., 2014 ; Fesenko
et al., 2014 ; Cuvier et al., 2015). La production d’engrais phosphatés (Okeji et al., 2012 ;

Fesenko et al., 2014), les procédés de purification d’eau potable, 1’extraction de fluide pour la
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production d’énergie géothermique et enfin la fabrication de matériaux de construction sont aussi

des sources anthropogéniques de thallium (Fesenko et al., 2014).

La production d’énergie fossile est é¢galement une source importante de radium (Fesenko et
al., 2014). L’exploitation de gisement de charbon en mine profonde entraine une circulation
importante d’eau qui va se charger en radium avant d’étre évacuée en surface pour les besoin
d’exploitation (Chalupnik et al., 2008). Ces eaux, chargées vont considérablement augmenter les
concentrations en radium dans les systémes aquatiques et pouvoir impacter des régions entieres
comme ce fut le cas dans le bassin Silésien en Pologne (Chalupnik et al., 2001 ; Pluta, 2001 ;
Chalupnik et al., 2008 ; Dinh Chau et al., 2012 ; Bzowski et Michalik, 2015). L’exploitation
d’hydrocarbures aussi bien conventionnelles que non conventionnelles vont rejeter des eaux
radioactives notamment lors de 1’utilisation de la fracturation hydraulique (Warner et al., 2013 ;
Kondash et al., 2014 ; Zhang et al., 2015 ; Abdullah et al., 2016). Enfin, la combustion de
charbon dans les centrales thermiques va générer une accumulation de radium dans les cendres
(Fesenko et al., 2014 ; Lauer et al., 2014).

2.3. Le radium dans les environnements de surface

2.3.1. Le radium dans les sols et sédiments

La concentration ou I’activit¢ du radium dans les sols va dépendre de la roche mére mais
aussi d’éventuelles sources de contamination comme des déchets miniers ou des rejets d’eau
polluée ou les engrais (Fesenko et al., 2014). L’activit¢ moyenne en radium 226 pour les sols a
I’échelle du globe est de 32 Bq.kg™ soit 0,87 ppt (Fesenko et al., 2014). Dans les sols ou aucun
impact anthropique n’a été identifié, ’activité moyenne en ?°Ra varie entre 3,7 Bg.kg? (0,10
ppt) dans les sols riches en chaux et 70-126 Bg.kg™? (1,90 — 3,44 ppt) dans des sols sableux
(Fesenko et al., 2014). Dans des régions impactées par des rejets miniers, comme le plateau de
Jos au Nigéria, I’activité du radium (226) dans les sols peut varier entre 410 + 100 et 4200 + 600
Bq.kg?! soit respectivement 11,20 + 2,73 et 114,75 + 16,39 ppt (Arogunjo et al., 2009).

2.3.2. Le radium dans les eaux naturelles

Les eaux souterraines vont se charger en radium en circulant dans les aquiféres par le

lessivage des roches (Almeida et al., 2004 ; Fesenko et al., 2014 ; Schrag, 2017). Le radium est
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particulierement soluble et peut ainsi se retrouver enrichi dans les eaux souterraines de plusieurs
ordres de grandeurs par rapport a ses précurseurs, notamment 1’uranium (Fesenko et al., 2014).
Lors de I’exploitation des mines en profondeurs la modification de la circulation des eaux
souterraines peut engendrer d’importantes contaminations en radium dans les aquiferes (Pluta,
2001 ; Chalupnik et al., 2001 ; Warner et al., 2013 ; Fesenko et al., 2014). Ces différents facteurs
vont induire une gamme importante de concentration en radium dans les eaux souterraines. Pour
228Ra, ces valeurs varient globalement entre 1,34.10° (1,11 mBq.L?) et 9,48.10°13 mol.L? (7840
mBq.L?) dans des zones naturelles mais cela peut aller jusqu’a plus de 6,00.10*2 mol.L?

(~55000 mBg.L™?) dans eaux provenant de la fracturation hydraulique (Fesenko et al., 2014).

Les concentrations en ??°Ra dans les eaux douces entre 6,04.107 mol.L? et 2,41 .10
mol.L? (Fesenko et al., 2014). Dans le bassin Silésien, en Pologne, ol des rejets de radium dans
les eaux de surface par I’exploitation du charbon ont eu lieu (Pluta, 2001. Chalupnik et al., 2008),
des concentrations allant jusqu’a environ 9,0.10* mol.L? (=750 mBq.L?) ont été mesurées
(Dinh Chau et al., 2012). Des valeurs encore plus importantes peuvent étre observées dans des
régions ou 1’'uranium est exploité. Au Saskatchewan par exemple, des concentrations atteignant

3,60 .10 mol.L™* (3000 mBgq.L™) ont été mesurées a proximité des mines (Fesenko et al., 2014).

Les concentrations en ?°Ra mesurées pour les différents océans mondiaux sont résumées
dans le tableau 7. La principale source de radium pour les océans sont les rivieres mais des
sources additionnelles provenant d’effluents miniers ou d’aquiféres pollués peuvent également

intervenir (Fesenko et al. 2014) dans les zones c6tieres.

Tableau 7 : Concentrations en *Ra dans les différents océans (d’aprés Fesenko et al., 2014)

226Ra (MBq.L ) 226Ra (mol.L 1)

O. Atlantique (surface) 0,135+ 0,014 1,63 +0,16 .10"7

O. Indien (surface) 0,147 £ 0,029 1,78 +0,35.10°%

O. Pacifique (surface) 0,122 + 0,024 1,47 +0,29 .10'"7

O. Antarctique (surface) 0,258 + 0,050 3,12 £ 0,60 .10°Y

O. Atlantique Nord (profondeur) 0,253 + 0,045 3,06 £ 0,54 .10°Y
O. Atlantique Sud (profondeur) 0,330 + 0,056 3,99 +£0,68 .10
O. Antarctique (profondeur) 0,365 + 0,015 4,41 +0,18 .10°Y
O. Indien Nord (profondeur) 0,476 £ 0,098 5,75 +1,09 .10
O. Indien Sud (profondeur) 0,459 + 0,053 5,55+ 0,64 .10
0. Pacifique Nord (profondeur) 0,592 + 0,079 7,16 + 0,96 .10V
0. Pacifique Sud (profondeur) 0,431 + 0,063 5,21 +0,76 .10°Y
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2.3.2. Le radium dans [’atmosphere

La principale source de radium pour 1’atmosphére provient de 1’érosion des particules de sols
(Fesenko et al.,2014). Fesenko et al., (2014) ont estimé celle de 1’atmosphére a 1,5 pBg.m™ en se
basant sur 1’activité moyenne des sols. Cependant, le climat et I’environnement local, comme les
villes ou les zones industrielles peuvent faire varier 1’activité de ?°°Ra dans I’air (Fesenko et al.,
2014). Lors de la combustion des charbons dans les centrales thermiques destinées a la
production d’énergie, le radium se retrouve concentré dans les cendres (Fesenko et al., 2014;
Lauer et al., 2014). Dans les cendres volantes, I’activité en *?Ra peut atteindre 2400 Bq.kg™

(65,57 ppt) et ainsi devenir une source de contamination locale (Fesenko et al., 2014).

3. SPECIATION DU RADIUM

Le radium appartient aux alcalino-terreux et n’a qu’un état d’oxydation (+2) dans la nature
(Porcelli et al., 2014). Le radium (en coordinence VII1) & un rayon ionique de 1,48 A, proche de
celui du baryum & 1,42 A (Shannon, 1976). Cette similitude entraine un comportement similaire
entre les deux éléments et le baryum a souvent été utilisé comme analogue au radium (Porcelli et
al., 2014).

3.1. Espéces aqueuses de radium

Les espéces aqueuses de radium sont principalement associés au sulfates chlorure et
carbonates comme le montre le tableau 8. Compte tenu des constantes de stabilité, les complexes
RaCOz (aq) et RaSO4 (aq) semblent étre les plus répandus (Langmuir et Riese, 1985).

Table 8 : Constantes de stabilité des différents complexes aqueux de radium

Réaction logK (298.15 K)
Langmuir et Riese, 1985 Benes et al., 1982
Ra?* + OH" « RaOH* 0,5 -
Ra?* + SO4* <> RaS04(aq) 2,75 2,43
Ra?* + Cl" « RaCl* -0,10 -
Ra?* + COs*> <> RaCO;s (aq) 2,5 2,48
Ra?* + HCO3 <> RaHCOs" - 2,89

Les calculs spéciation du radium dans une eau de riviere (sans pollution), montre que la
totalit¢ du radium est sous forme libre (fig. 6A) tandis que I’espéce RaSO4 est 'unique espéce de

radium dissous dans les océans (fig. 6B). Il est donc probable que RaSOs soit également 1’espéce
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dominante dans les effluents de forage ou de fracturation hydraulique qui sont des eaux trés

salines (Fesenko et al., 2014 ; Porcelli et al., 2014).

+1.5 '
(A)
+1.0
+0.5
s s
< Ra* < RaSO,
- =
=00 =00
05 H, (g) 1 0.5 ¢ H, (g)
_1.0 L 1 L L 1 1 -1.0 L 1 1 L L 1
0 2 4 6 8 10 11 14 0 2 4 6 8 10 11 14
pH pH

Figure 6 : Spéciation du radium dissous en fonction du pH et de I’Eh (V). (A) dans une eau de riviére
et (B) dans une eau de mer. Les constantes proviennent du tableau 8 et les compositions des eaux sont de
Kaplan et Mattigod (1998). La concentration en radium pour 1’eau de mer correspond a la moyenne des
valeurs du tableau 7 et pour les eaux douce a 6,0 .101" mol.L* (Fesenko et al., 2014). Les calculs ont été
réalisés avec le logiciel JCHESS 2.0 sans composés organiques.

3.2. Précipitation du radium

Il n’existe pas de minéraux propres au radium et ce dernier va généralement co-précipiter
avec des minéraux formés par d’autres alcalino-terreux présents en plus grande quantité (Porcelli
et al., 2014). Dans des eaux riches en sulfates, le radium va co-précipiter avec la barite (BaSOa4)
sous forme de solution solide (Ba, Ra)SO4 (Fesenko et al., 2014 ; Porcelli et al., 2014). Ce
processus est celui qui contrdle le plus la solubilité du radium dans les eaux naturelles (Porcelli et
al., 2014). 1l arrive également dans les saumures qu’en plus de la barite, Ra®" précipite en
solution solide avec des sulfates de strontium SrSO4 (Porcelli et al., 2014). Dans les eaux riches

en carbonates, le radium va précipiter avec ces derniers (Porcelli et al., 2014).

3.3. Complexation et adsorption du radium

3.3.1. Les minéraux argileux

Les interactions entre le Ra®" et les minéraux argileux de types kaolinite, smectite et illite
sont dominées par les échanges d’ions (Porcelli et al., 2014 ; Reinoso-Maset et Ly, 2016). Le
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comportement du radium vis-a-vis des phases argileuses est dépendant de la force ionique et du
pH (Ames et al., 1983a ; Porcelli et al., 2014 ; Reinoso-Maset et Ly, 2016). Lorsque la force
ionique augmente, la quantité¢ de radium adsorbée sur les argiles diminue, montrant I’importance
des effets de compeétition avec les éléments majeurs (Ames et al., 1983a ; Porcelli et al., 2014).
Des études ont aussi montré que plus le pH augmente, plus le radium est adsorbé (Porcelli et al.,
2014 ; Reinoso-Maset et Ly, 2016). Si I’on compare les phases argileuses entre elles, plus de
radium sera piégé sur la smectite que sur la kaolinite tandis que la quantité de radium adsorbée
sur I’illite sera similaire a une smectite (Porcelli et al., 2014). Dans de nombreux cas, les argiles
constituent des phases importantes dans la sorption du radium dans les sols (Nathwani et Phillips,
1979 ; Vandenhove et al., 2007 ; Porcelli et al., 2014).

3.3.2. La matiére organique

Les interactions entre le radium et la matiere organique naturelle ont été relativement peu
étudiées (Porcelli et al., 2014). Cependant la matiére organique a été identifiée comme une des
phases dominantes dans la rétention du radium dans les sols (Nathwani et Phillips, 1979 ;
Greeman et al., 1999).

3.3.3. Les oxyhydroxydes de fer et de manganese

L’adsorption du radium sur les oxyhydroxydes de fer est fortement dépendante du pH, et ne
devient significative qu’au-dessus de pH 8 (Porcelli et al., 2014). Ces processus suivent
également une isotherme de Freundlich (Ames et al., 1983b). Les oxydes de manganése sont
aussi connus pour adsorber fortement le radium sans dépendance au pH (Porcelli et al., 2014).
Cependant, Vinson et al. (2009), ont montré que les processus d’adsorption du radium étaient
dépendants des effets de compétition et des conditions d’oxydo-réduction du milieu. Dans des
conditions anoxiques, les interactions entre le Ra?* et les oxyhydroxydes de fer et de manganése
sont limitées et ces derniers sont moins efficaces pour un éventuel piégeage du radium (Vinson et
al., 2009). Enfin, il est intéressant de noter que I’affinité du radium pour les oxydes de
manganese est telle qu’ils sont souvent utilisés comme outils de pré-concentration lors des

analyses de radium (Porcelli et al., 2014).
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PARTIE 3 : OBJECTIFS DE LA THESE

Le thallium et le radium sont deux polluants qui peuvent avoir un impact sur
I’environnement et les étres vivants. Le thallium est un élément classé dans les polluants d’intérét
prioritaire par 1’agence états-unienne de protections de I’environnement et comme élément
stratégique pour les nouvelles technologies (TCEs: Technological Critical Elements) par le
I’action européenne COST® (Cobelo-Garcia et al., 2015). Le radium 226 appartient lui au NORM
(Naturally Occuring Radioactive Materials) et fait 1’objet de nombreuses études depuis sa
découverte, notamment a cause de sa radiotoxicité et du radon 222, gaz toxique issus de sa

désintégration radioactive.

Pour ces deux éléments, leur cycle naturel dans ’environnement peut étre perturbé par les
activités anthropiques et les conséquences sur leur dispersion ne sont pas encore totalement

prédictibles.

Le thallium est un élément qui a suscité de 1’intérét pour les scientifiques a cause de son
comportement a la fois proche des éléments lithophiles et de ceux chalcophiles. Les limites de
détections élevées ont été pendant longtemps un frein a son étude dans I’environnement.
Aujourd’hui que ces verrous sont levés, de nombreuses études ont mesuré les concentrations en
thallium et sa répartition dans les différents compartiments qui composent le globe est mieux
connue (Belzile et Chen, 2017). La spéciation du thallium et son comportement sont de mieux en
mieux contraints. Dans les environnements de (sub)surface, les interactions avec les
oxyhydroxides de fer et les oxydes de manganese sont relativement bien connus. Cependant,
beaucoup d’hypotheses sont faites sur les interactions du thallium avec d’autres phases porteuses
comme les argiles et la matiére organique naturelle. Les phases porteuses du radium ainsi que son
comportement dans ’environnement sont aussi bien connus. Son association avec la matiere

organique naturelle et notamment les substances humiques reste pourtant mal quantifiée.

Les premicres questions qui résultent de 1’étude bibliographique concernent les interactions
entre le thallium et le radium avec la matiere organique naturelle. Dans le cas du thallium, ces

mémes questions se posaient vis-a-vis des minéraux argileux. Ces questions sont les suivantes :

European Cooperation in Science and Technology
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(1) Quels sont les processus intervenant dans 1’adsorption/complexation du thallium et

du radium avec la matiere organique et les argiles ?
(2) Quelles places occupent ces interactions dans le cycle de ces éléments ?

Une des autres problématiques liées a 1’étude du devenir du radium dans 1’environnement
concerne sa mobilité et I’évolution de sa concentration dans les sols, les systémes aquatiques et
les sédiments. Il est donc important d’étudier le Ra a I’interface de ces différents compartiments.
L’étude du Ra a ces interfaces est délicate a cause notamment, des faibles volumes disponibles
(interface eau-sédiment, zone hyporhéique, etc.) et des tres faibles concentrations de cet élément
dans I’environnement (Fesenko et al., 2014). En effet, pour mesurer le Ra, il est souvent
nécessaire d’échantillonner de grands volumes d’eau et d’utiliser des résines pour pré-concentrer
cet élément. Cependant il existe des outils permettant de s’affranchir de ces contraintes, comme
la pré-concentration in situ mais il existe peu d’études sur ce sujet. L’un des objectifs de cette
thése a donc été d’adapter un capteur in-situ permettant de mesurer le radium a ces interfaces et
de tester les limites de fonctionnement du capteur dans des conditions de concentrations ou de

redox variables par exemple.

Dans le chapitre 11, nous présentons 1’étude de la complexation du thallium et du radium
avec un acide humique purifié a différent pH et différentes concentrations. Nous avons pour se
faire utiliser la Donnan Membrane Technique ou DMT (Temminghoff et al., 2000) pour
permettre la séparation de la fraction libre du thallium(l) ou du radium(ll) de la fraction
complexée avec 1’acide humique. Nous avons ensuite utilisé le modéle NICA-Donnan (Benedetti
et al., 1996) pour décrire cette complexation. Suivant le formalisme du modéle, des constantes
ont pu étre extraites pour la premiére pour le radium et le thallium. Ces constantes ont permis de
nouvelles interprétations de la spéciation du radium et du thallium dans les solutions de sols et les
eaux naturelles. Enfin, le comportement du thallium(l) étant souvent comparé a celui de
I’argent(I), nous avons également déterminé les constantes pour ces deux éléments a partir de
données expérimentales. TI* et Ag" étant tous les deux des éléments chalcophiles, ils sont
suspectés d’interagir avec les groupes sulfures de la Matiére Organique Naturelle (MON). Nous
avons donc proposé une fagon de les considérer dans le cadre déja existant du modele NICA-

Donnan.
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Parallelement a ces études de complexation nous avons également étudié les processus de
sorption du thallium avec deux argiles de références, I’illite du Puy et la smectite du Wyoming.
Chacune de ses argiles a été conditionnée en fonction d’un cation majeur. Nous avons choisi de
travailler avec Na* et Ca®* pour se rapprocher des environnements aquatiques. Des isothermes en
fonction du pH et de la concentration en thallium a force ionique constante ont été réalisees. Les
isothermes ont été réalisées par des expériences en « batch » ol 2%Tl, isotope radioactif du
thallium, a été utilisé comme traceur. Ces résultats ont été complétés par une modélisation des
interactions a I’aide de la théorie des échangeurs d’ions. Les coefficients de sélectivité extraits de
cette étude sont les premiers disponibles pour TI*. De plus cela nous a permis de mieux
comprendre les processus en jeu lors de la sorption du thallium par ces deux minéraux argileux et
surtout quels types de sites réactifs étaient impliqués et I’impact que cela aurait sur la mobilité du

thallium. Cette étude est présentée dans le chapitre I11.

Dans le chapitre 1V, nous avons cherché a développer et faciliter la mesure du radium dans
I’environnement par 1’intermédiaire de la technique des Diffusive Gradient in Thin-films ou DGT
(Davison et Zhang, 1994). Nous avons pour cela adapté une couche réactive faite de nano-oxydes
de manganése censés rendre cette couche plus spécifique au radium par rapport a d’autres
cations. L’utilisation de ce capteur passif étant destinée aux études de I’interface eau-sédiment,
nous avons mene une série de tests spécifiques nous permettant d’appréhender les limites de leurs
utilisations en fonction de la force ionique (compétitions avec les autres cations) et les conditions
d’oxydo-réduction du milieu. L utilisation des capteurs de types DGT en contexte de surveillance
environnementale posait également la question de leurs réponses dans des régimes de
concentrations variables au cours du temps. Nous avons donc utilisé un logiciel permettant le
calcul du transport-réactif (COMSOL Multiphysic®) pour modéliser le comportement du DGT et

son enregistrement des signaux transitoires.

Le thallium étant un élément souvent associé au gisement de sulfures, nous avons choisis
d’étudier I’ancien site minier des Rosiers situé dans la région de Pontgibaud (Puy de Dome) en
France. Trois zones ont été identifiées en fonction de la concentration en thallium. La riviere en
amont et en aval du site, une retenue d’eau ou les concentrations en thallium sont les plus élevées

et la zone de mélange entre I’évacuation de la retenue et la riviere. En plus de la spéciation du
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thallium dans les eaux, nous avons estimé son flux de transfert entre les sédiments et la colonne

d’eau. L’ensemble de ces résultats est présenté dans le chapitre V.
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Chapter I1: Effect of Natural Organic Matter on Thallium and Radium Speciation in Aquatic Systems

1. RESUME

La matiére organique naturelle est connue pour jouer un r6le important dans le transport et
I’adsorption des éléments traces métalliques dans les sols et les environnements aquatiques. De
plus, il apparait que ces phases porteuses sont trés peu étudiées pour le thallium et le radium. En
conséquences, 1’objectif de cette étude est de s’intéresser a la complexation du thallium(l) et du
radium(ll) avec un acide humique purifié (AH). La Donnan Membrane Technique a donc été
utilisée au cours des expeériences pour séparer la forme libre des cations étudiés de la solution
totale. Ces expériences ont été conduites a plusieurs pH et concentrations mais a force ionique et
concentration en acide humique constante. Les résultats ont ensuite été décrits avec le modeéle
NICA-Donnan et le logiciel ECOSAT. La complexation du thallium a été comparée a celle de
I’argent en suivant le méme formalisme de modélisation avec NICA-Donnan et des données
provenant de la littérature. Les paramétres propres a ces trois cations ont donc été calculés pour la
premiére fois pour ce type de modele. Le thallium montre une faible complexation avec les
acides humiques tandis que I’argent complexe suffisamment pour entrer en compétition avec des
cations divalents. De plus, la spéciation du thallium dans la fraction dissoute montre une
dominance de I’espéce libre T1" alors que le complexe TI-AH représente a peine 10% des espéces
de TI(I) en solution. Des résultats similaires ont été calculés pour la spéciation du thallium dans
des solutions de sols. Au contraire, le radium forme plus de complexes avec les acides humiques
et les résultats sont similaires aux autres alcalino-terreux. Enfin, le complexe Ra-AH" semble étre

une des espéces dominantes du radium dans les solutions de sols.
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2. ABSTRACT

Natural organic matter (NOM) is known to play an important role in the transport and
binding of trace metal elements in aquatic and soil systems. This bearing phases appears to be
few studied in respect to thallium and radium. Consequently, this study aim to investigate
thallium(l) and radium(ll) complexation to a purified humic as proxy for NOM. Experiments
were performed with the Donnan Membrane Technique to separate the free form of the studied
cations from the bulk solution. Various pH and concentrations were investigated at constant ionic
strength and constant humic concentrations in solution. Then experimental results were described
with NICA-Donnan model and ECOSAT software. Thallium complexation was compared to
silver complexation from data from literature following the same formalism with NICA-Donnan.
Consequently, parameters were calculated for the first time for the three cations. Results displays
low thallium complexation to humic acid while silver could compete with divalent cations for
complexation. Calculated speciation for dissolved thallium highlight the dominance of free
thallium (TI") in solution whereas TI-HA complex contribute to roughly 10% of TI(l) species.
Results are similar in soil solutions. On the contrary, radium shows greater complexation to
humic acid, similar to others alkaline earth metals. Finally, it appears that Ra-HA" species could

be one of the major radium species in soil solutions.
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3. INTRODUCTION

Thallium (TI) is a trace element and is widely distributed in the environment with average
concentrations of 0.49 ppm and 0.013 ppm in the continental and oceanic crusts respectively [1].
Tl occurs in two oxidation states, TI(I) and TI(IIl) [2]. TI(l) exhibits both lithophile and
chalcophile behaviors [3] but it is strongly dependent of the geological context [3-7]. TI* has a
large ionic radius (1.49 A), similar to K*, Rb* and Cs* [10]. Classically, Tl substitutes for K* in
biotite, K-feldspar and plagioclase from volcanic rocks and granite systems [7]. This also

suggests that TI" would substitute for K™ on secondary clays [7-8].

Thallium is univalent in the deep environment, from the mantle to the non-altered crust [7].
In the (sub) surface environment, TI(1) is relatively soluble, mobile and bioavailable [9-11]. Some
studies have demonstrated that TI(I) is the most dominant and thermodynamically stable species
in aquatic systems and soils [12-14]. However, in some environments, mainly those affected by
Tl contamination, TI(I11) is also present in various quantities [11, 15-17]. TI(II1) is supposed to be
present only in high oxidative environment [12] but photochemically reactions in surface waters
[18] or microbiological processes [19] may oxidize TI(I). Then, TI(l1ll) may be stabilized by
colloid formation [15] or sorption to Fe(lll)-colloids [18]. TI(I) can also be oxidized when in
contact with certain Mn(1V)-oxides and TI(I1l) is stabilized when incorporated into those oxides
[16].

Thallium has two main sources. Firstly, weathering of K-rich rocks [20] and/or S-rich
minerals and more rarely TI-rich sulfide deposits [11,21]. Anthropogenic sources may be the
main source of thallium for the (sub) surface environment. Tl contamination results from non-
ferrous and ferrous metal mining [14,17,22], from coal and cement combustion and from
smelting activities [22-24]. Nielsen et al.[25] calculated an average Tl concentration of ~2.94 .10
1 mol.L? from 16 worldwide large river systems. However, in highly impacted area, TI
concentration can reach ~1.62 .10 mol.L? [14]. In soils, TI concentrations are widespread. In
non-anthropogenic impacted areas with a Tl-bearing bedrock, Tl concentration in soils is around
1.5 ppm [20] but can reach 6000 ppm [11]. On another hand, in anthropogenically impacted area
Tl contents in soils can range from 5 ppm up to 124 ppm [21,22,24].
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Radium (Ra) is a radionuclide of concern found in naturally occurring radioactive materials
(NORM). Radium has only radioactive isotopes. Four isotopes are naturally occurring, ?*Ra,
224Ra, ?%Ra and ??8Ra. ??°Ra belongs to 2*°U series, ??°Ra to 2*8U series and ?**Ra and ?*®Ra are
part of 222Th series. 2?°Ra isotopes are the most abundant on Earth [26]. ?*°Ra is therefore a major
environmental concern due to his relatively long half life (1602 years), his radiotoxicity and his
daughter isotopes, 222Rn. Ra is easily incorporated and accumulated into bones of mammals [27]
and ???Rn is a major cause of lung cancer [28]. High radium concentrations result mainly from
anthropogenic activities such as mining and milling of metallic ores, mainly uranium, phosphate
productions, extraction and purification of water (for drinking water or for geothermy) and
extraction/production of coal, oil and gas [29-35]. These contexts are particularly important
concerning 2*Ra. Releases from storage of nuclear waste, nuclear medicine and nuclear

industries are also sources of radium in the environment [30].

Radium is a widely spread ultra-trace element on Earth. As ??°Ra is the most abundant and is
in radioactive equilibrium with 238U, the average Ra concentration in Earth’s crust is close to 32.9
Bag.kg? [30]. Ra is strongly enriched in U, Th rich-granites or in shales and coal rich rocks
[30,33]. Fesenko et al. [30], documented a large database of environmental levels of radium in
various compartments from soils to groundwater. Girault et al. [36], also well reviewed the
occurrence of 2°Ra in waters. In the environment, radium occurs only at one oxidation state,
Ra(ll) [26].

Both thallium and radium are toxic trace elements for the surface environment [1,27-28,37].
Processes that drive their chemical speciation and mobility are well documented but some
questions remain [10-11,14,17,26,30]. Some are about its interactions with natural organic matter
(NOM) [9, 26, 38]. It is known that NOM plays an important role in the fate of metal ions and
can control ion mobility and concentrations in soils and natural waters [39-40] and NOM is a
complex mixture of compounds but the most studied and the most reactive fraction is the humic
substances (HS) with the humic (HA) and fulvic (FA) acids [40-41].

Kaplan and Mattigod [42] first gave constants for TI(l)-fulvate complex with logKiru1 =
4.83 and logKtiruz = 3.32. Then they made some previsions to assess the impact of natural
organic matter on thallium speciation. According to those predictions, up to 67 % of TI(l) is

bound to organic compounds in bog water [42]. Thus, NOM seems to play a non-negligible part
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in TI(l) speciation. In an article published in 2005, Jacobson et al. [9] showed low TI*
complexation with a peat soils. Liu et al. [38] also studied TI sorption onto two purified humic
acids and their results suggested also weak Tl interactions with these kinds of ligand. Both
attributed TI chalcophile behavior as Tl complexation to humic susbtances, assuming interactions
with rich-sulfur groups such as thiols [9, 38]. However, these studies only worked with high TI
concentrations, which are relevant in some rare polluting events but investigations with lower

level of Tl could allow understanding the role of NOM in Tl speciation in the environment.

Fewer studies exist for Ra binding to NOM [26]. Sorption studies on a peat bog [43] and coir
pitch with humic acid [44] display medium adsorption. However the role of humic substances or
organic matter (OM) in general is largely unknown and assumption of its impact on radium

mobility are usuals.

In this study, the main purpose was to study the mechanisms that drive radium and thallium
complexation on humic substances. In order to do that, complexation of Ra?* and TI* with a
purified humic acid (HA) was investigated in multiple pH range and concentration conditions.
Experimentations were conducted with Donnan Membrane Technique (DMT;[45] ) to calculate
the amount of ion complexed to HA. These observations were completed with NICA-Donnan
modelling to predict mechanisms of complexation. The role of NOM in Ra and TI cycles will
also be further discussed. In addition, thallium (I) complexation was compared with silver (I) to
humic acid. Indeed, both are monovalent heavy metals and softs cations[46], both are non-
essentials and trace elements with lithophile and chalcophile behaviors [9,47]. Considering this,
Ag sorption to various humic acid [48] was described with NICA-Donnan and ECOSAT. Despite
previous papers studying Ag(l) complexation to humic substance, it is going to be the first work
with this element and NICA-Donnan [49-50].

4. MATERIALS AND METHODS

4.1. Donnan Membrane Technique.

Temminghoff et al.[45] first described the principle and the design of a cation exchange cell.
This cell, so-called the “lab DMT” consists of two chambers, a donor and an acceptor, separated
by a cation exchange membrane [45,51]. The membrane is negatively charged and allows free

cations to go through it [45]. Later a new cell was designed, derived from the first one and called
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“field DMT”. In this case, there is only the acceptor chamber separated from the sample solution
(the donor) by cation exchange membranes on the two sides [52-53]. Both are based on Donnan

equilibrium principle and theoretical basis has been described elsewhere [45,51].

The donor solution contains the total concentration of dissolved metals, with the free and the
complexed fractions, while the acceptor solution only contains the free metal. At Donnan
equilibrium, equation 1 [45] is valid and can be used to calculate the concentration of free metal

in the donor, based on the effect of ionic strength differences between the two compartments.

1 1
Cidon \Zi — C]'rdon)zf 1
(Ci,acc) (Cj,acc ( )

Here Cidon and Ci, acc are the concentrations of free metal ion i in donor and acceptor
solutions and z; its charge. Cj.don, Cj, acc are the analogous values for cation j. Assuming that this
cation does not form complexes with ligands, the total concentration of j is equal to the free
concentration. In this study, K* was chosen to be the reference cation j for Tl experiments and
Ca?* was for Ra experiments. After correction, the concentrations of metal complexed to the

ligand were calculated by differences between total concentrations (Caissoived) and corrected free
metal ion concentrations (Cree)[54] (equation 2):

Ccomplexed = Cdissolved - Cfree (2)

Prior to experiments with humic acids, it is mandatory to evaluate the time to reach
equilibrium. Thus, experiments with only free Tl and Ra in a background electrolyte (KNO3 50
mmol.L? or KNO3 50 mmol.L? plus Ca(NOs)2 2 mmol.L?) were performed and showed that

equilibrium was reached after 24 hours for thallium and 72 hours for radium (SI, Figure S1).

4.2. Reagents and chemicals.

In order to have TI(l) in all experiments, all sources of thallium are from TI(I)NO3 salt (99.9
%, Sigma Aldrich). Radium in solution was spiked from a standard radium solution (EB95
Eurostandard from Czech Metrology Institute). Background electrolyte solutions were prepared

with salt of KNOs (VWR Chemical) and Ca(NO3). (VWR Chemical) dissolved in ultrapure water
(milli Q, Millipore). pH was adjusted with distilled 0.1 M HNOsz and 0.5 M NaOH (VWR
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Chemical). A peat purified humic acid (fully purified) from the Mogi river region of Ribeirdo
Preto, Sdo Paulo State, Brazil was used in all experiments. Detailed of purification procedures

and chemical compositions are described in [55].

Tl calibration standards were diluted from a thallium ICP standard solution (TraceCERT®,
Sigma Aldrich). The EB95 standard (EB95 Eurostandard from Czech Metrology Institute) was
used for Ra calibration standards. Blanks of chemicals were analyzed with HR-ICP-MS Element

2 (Thermo Scientific) and no thallium or radium was detected.

4.3. Isotherms.

Two kinds of experiments at room temperature (between 23 = 1°C) and open to atmosphere
were performed. Radium and thallium experiments were made in separated tanks. For radium,
only complexation dependence over pH was investigated. Thus, pH varied from 4 to 8 with an
initial radium concentration of 3.0.10 mol.L Y. Concerning Tl experiments, both pH and
concentration dependencies were tested. In pH isotherms, pH ranged from 3.98 to 7.89 at initial
Tl concentration equals to 2.0. 10"2° mol.L™. In concentration isotherms, pH was fixed at 7.35 +
0.05 and concentration ranged from ~2.0 .10 to ~2.0 .10® mol.L*. Background electrolyte in
both donor and acceptor was made with KNO3 5.0 102 mol.L? and Ca(NOs), 2.0 .10 mol.Lt in
Ra experiments. In Tl experiments, only KNO3 at 5.0 .102 mol.L"* was used in order to avoid any
competitive effect with Ca?*. Experiments with Ra?* were conducted with 50 mg.L™ of purified
humic acid and it was 150 mg.L™* for TI* experiments. For each experimental point duplicates of

DMT were done.

4.4. Measurements of cations in solution.

Thallium and radium were both measured with an HR-ICP-MS Element 2 (Thermo
scientific) in a white room with a solution of 1*°In 5 ppb as internal standard. For each samples, 9
measurements in a row are done (3 x 3 passes, S| table 2). Then, the average is used as
concentration value and the standard deviation is used as measurement error. Concentration are
corrected from signal derivation by internal standard. No matrix effects were observed due to the
presence of humic acid in solutions. Certified materials TM23.4 and TM24.4 (Environment
Canada) validated TI analysis. An IRSN (Institut de Radioprotection et de Sureté Nucléaire,

Fontenay aux Roses, France) certified standard was used for ??Ra HR-ICP-MS analysis
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validation. Limits of quantification were respectively between 2.5 .10 mol.L* to 7.5 .10
mol.L*for Tl and 3.0 .10"%* mol.L* for Ra. Major cations (K, Na and Ca) were analyzed with an
ICP-AES ICAP 6200 (Thermo scientific). More details of HR-ICP-MS measurement for Ra and
Tl can be found in Sl (table S2).

4.5. Experimental procedure.

DMT devices [51-52] were used in duplicate for every experimental points. All cells, bottles
and tanks for sample solution (donor) were washed before use with 0.1 M Suprapur HNO3 and
ultrapure water (milliQ). The cation exchange membranes (551652U, VWR Chemicals) were
prepared by successive washing. Firstly with 0.1 M HNOs3, and 1 M Ca(NO3)2 then several times
with the background electrolyte solution at experiment concentrations. The experimental set-up
consisted in a tank filled with donor solution where two field DMTs were immerged. Donor
solution was stirred continuously during the entire experiment. For pH isotherms, after pH
equilibration, field DMTs stayed immerge in solution during the estimated time in order to reach
Donnan equilibrium (24 h for Tl and 72 h for Ra). For concentration isotherms, the procedure is
the same. At each pH or concentration steps, two new DMT cells were added in the donor and the
two were removed. Then acceptor and donor solutions were sampled. Finally, each sample was
acidified to pH~1 with distilled HNOs 2 %, diluted when necessary and stored for further
analysis. No addition of Tl or Ra is made during experiments, so concentrations slowly decreased
at each steps and after basic pH adjustments, small amount of Na (from NaOH addition) appeared
in sampled solutions. Therefore, at each change of DMT, Tl and Ra concentrations were
measured in donor. Na concentrations were only checked at the end of each experiment. Previous
modelling confirms that only free Ra and free Tl are found in acceptor solution, without
dissolved RaOH™ or TIOH (SI, table S4).

Every species in solution for each isotherm is sum up in supporting information (table S3)
like experimental data (tables S5 and S6). Experimental errors are calculated according the

propagation of uncertainties theory, as in equation Al in Sl.

4.6. NICA-Donnan modelling.

Metal ions binding to humic substances (HS, mix of humic and fulvic acids) is assumed to

occur through specific interactions between cations and negative charges from the surface
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functional groups and by nonspecific Coulombic binding to any residual negative charge [56].
The model merges the Non-ideal Competitive Adsorption (NICA) isotherm with the Donnan
model. The first (NICA isotherm) describes competitive binding of protons and cations to HS
taking into account binding site heterogeneity and the second (Donnan model) details the

electrostatic interactions within the structure of HS considered as a water-permeable gel [40, 57].

For humic substances, the model accounts for binding sites heterogeneity by including two
different groups of binding sites each with a continuous affinity distribution: type 1 and 2,
corresponding to carboxylic (low affinity) and phenolic (high affinity) sites respectively [39]. The

model equation is (equation 3):

; = i1]1P1
(ki‘lci)nl‘l [Zi(Ki,lci)nlll]

B Ruae)™ e [2iRised

n;;
Qi = nl Qmaxl,H
H1

- - P2
(K2 c;)"2 [Zi(Ki,z Ci)n"z]
EiRize) ™ 14 [3iRipe0™2]

N

©)

EQmaxz,H

where the amount of bound ion i, Qi (mol.kg™?) at solution concentration c¢i (mol.L?) is given
by the sum of two identical binding expressions. The first for carboxylic-type (subscript 1) and
the second for phenolic-type (subscript 2) site distributions. Four parameters describe intrinsic
heterogeneity of HS (Qmaxt, H, Qmaxz, H, P1 and pz) and four ion specific parameters (K; 1, K;, niz
and ni2) portray ion binding. p: and p. are the widths of the affinity distributions and condense
the intrinsic heterogeneity of humic substances. Qmaxi, H and Qmaxz, 1 (Mol.kg?) are the maximum
proton hinding capacity of HS. K; ; and K; , are the median values of the affinity distributions for
ion i, and ni1 and ni2 express the non-idealities of the ion-binding to each distribution. When
those last four parameters are unknown for a given cation, it is possible to estimate them with
empirical equations (equations 4 to 7) using the hydrolysis constant Kon [58]. Details for Kon

calculations can be found in supporting information (table S7).

n;; = 0.14 — 0.055log Koy 4)
ni,2 = 0.76111"1 (5)
n;,logK;; = 0.26log Ky + 2.59 (6)
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n;,logK;, = 0.41log Koy + 4.98 (7)

The residual net charge of humic molecule is neutralized by the specific binding of counter-
ions and the exclusion of co-ions within the Donnan volume Vp (L.kg?) [40]. This is given by

the following relationship (equation 8):
logVp = b(1 —logl) — 1 (8)

where 1 is the ionic strength of the solution and b is an empirical parameter detailing how the

Donnan volume varies with ionic strength [40].

In this study, modeling is performed using ECOSAT software [59]. The four ion specific
parameters (K;, K;, ni1 and ni2) developed in equations 4, 5, 6 and 7 were calculated for
thallium, radium and potassium. In addition to thallium and radium, all other cation complexation
present in the donor was modeled in order to consider all competitive effect. Input data were total
concentrations (Ra, Tl, Ca or K, depending of the donor) for every cation in solution, pH and
ionic strength. Each pH or concentration step is considered as one-modeled experiment, with its
own inputs. Hydrolysis constant for thallium and radium were calculated with thermodynamic
data from Brown and Ekberg’s book [60]. For competitive cations (Ca%* and/or K*), parameters
stayed as calculated. However for radium and thallium K ;, K;, ni1 and ni2 were adjusted in
order to fit experimental data. Root Mean Square Error (RMSE, Sl equation A2) was used to
estimate the gap between experimental and modeled data. Parameters specific to the purified
humic acid and proton binding are from [55] and are presented in Sl (tables S8 and S9). Initial

ion specific parameters are also summarized in supporting information (Table S8).

5. RESULTS AND DISCUSSION

5.1. Thallium (1) and silver (1.

Thallium complexation to humic acid increases with increasing Tl concentrations (fig. 1A).
However, as the line slope of experimental is below 1, it means the amount of bound thallium is
higher at low TI concentrations than at high Tl concentrations (fig. 1A). Tl complexation to HA is

also pH-dependent as it is suggested by figure 1B where more thallium is complexed with
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increasing pH. In all cases however (fig. 1A and 1B), the amount of complexed thallium is low

and always below 50 % of the total Tl in solution.
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Figure 1: (A) Evolution of free thallium in function of bound thallium. pH for observed data was 7.3
+0.08 with [HA] = 150 mg.L . For free TI: RMSE=0.04 (n=9) and for bound TI: RMSE=0.16 (n=9). (B)
Evolution of free thallium and radium in DMT over pH. Input concentrations were 2.0 .10"*° mol.L* and

3.0.10" mol.L™* for T1 and Ra respectively. Error bars are + 2c for A and B.

lon specific parameters in NICA-Donnan modelling were adjusted to fit Tl concentration
isotherm values (figure 1A) instead of pH isotherm data. In this case, data would be fitted with a
width range of thallium concentrations (6 order of magnitude), which is more accurate. Thus, free
data are better matched than bound data with respective RMSE of 0.04 and 0.16 (table 1). It also

appears that the associated description (dashed line in fig. 1B) of pH isotherm is over
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experimental data (fig. 1B). This suggests an underestimation of bound thallium at multiple pH
with experimental data. In this study, within the ion specific parameters, only logK;, and
logK7; ;were adjusted to limit the set of results. Values are summarized in table 1. The ability to

model others experimental data with this set of data (table 1), was successfully tested with Liu’s
study[38]. Results are in Sl (figure S14 and table S15).

Table 1: lon specific parameters for NICA equation selected after adjustment with experimental data.

= = RMSE for free RMSE for
Element LogK; 4 Ni1 l0gK; > Ni2 metal bound metal
TI* 0.1 0.88 2.15 0.84 0.04 (n=9) 0.16 (n=9)
Ag* -0.13 0.59 4,76 0.71 - 0.02 (n=62)
Ra* -1.02 0.78 -0.65 0.75 0.04 (n=5) 0.37 (n=5)

The same exercise was done with silver, Ag(l). Experimental data were from Sikora et al.
[48]. In this study, they performed concentrations isotherms at pH 6.5 for three different humic
acids. Then, as humic acids were not in ECOSAT database, parameters describing HS
heterogeneity along with both proton and silver specific parameters needed to be adjusted. Values
for Qmaxt,H associated to carboxylic type sites were from Sikora et al. [48] and never optimized.
Silver specific parameters were adjusted only for the first humic acid. Finally, Qmax2,+ Values, as
like as p1, pz, logKy, 1, and logK}, , were optimized within the range of parameters given by Milne
et al. [61] in his generic humic acid definition. The procedure is summarized in Sl, table S13.

Figure 2 displays the results and optimized Ag(l) specific parameters are in table 1.

In donor solution, at pH below 6 (fig. 1B), few Tl is complexed but the majority is on
carboxylic sites. Then at higher pH (> 6) and independently of thallium concentrations (fig. 1A
and 1B), the larger amount of thallium is bound on phenolic type-sites with more than 65 % (of
complexed TI). Those results are confident with the median values of affinity distribution
calculated for TI, which highlight a much higher values for phenolic like sites than carboxylic
like sites (table 1). A small role is also played by the donnan gel, at either low pH or high Tl
concentrations without overtaking 10 % of complexed thallium. In Sikora’s paper [48] conditions
(pH = 6.5), Ag(l) is almost exclusively bound to high affinity sites (phenolic) and only residues
(£ 5 % of complexed silver) are bound to low affinity sites or are in the gel. Then it appears Ag
binding to humic acid is strongly controlled by phenolic sites, more than for Tl. The amount of
bound Ag(l) is also much higher than TI(1) (fig. 3). Silver has a higher affinity for organic matter
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than Tl and its mobility is strongly influenced by this type of ligand [9,48]. Figure 3 also suggests
that Ag, a monovalent cation, could compete with divalent cation to complex humic substances.
The pH-dependence in Ag complexation is less pronounced than divalent and at neutral pH, it
may compete with cobalt for instance (fig. 3). At acidic pH, silver has more affinity for HA than

cobalt, manganese and cadmium (fig. 3).

As mentioned in introductions, both Ag(l) and TI(l) are soft cations [46,62] with a
chalcophile behavior. Then, assumptions are made regarding the role of S-rich compound such as
thiol groups from humic substances [9,36,47,49]. Although Ag-S binding is evidenced for Ag
[49] and despite high affinity for thiolate [49,62], its relative importance is not so obvious [47-
49]. Moreover, TI(l) affinity to sulfur-containing organic compounds such as cysteine for
instance is still under investigation and no data were found for thiol [37,47,63-66]. Finally,
characterizing S-rich functional group in NOM is challenging and many questions remain [67].
Two latest studies had determined thiol group concentrations in natural organic matter
(NOM)[68-69]. Rao et al.[68] calculated a concentrations of 0.7 umol.g™* (of NOM) for Suwanee
River NOM and 3.6 umol.g™* (of NOM) for a soil humic acid. In their study, Joe-Wong et al.[69]
estimated that thiol groups represent 0.535 mmol.g? of dissolved organic matter (DOM).
Consequently, due to their abundance and their pKa at 8[62,68-69], thiol groups can be easily
considered within the phenolic type sites in the continuous distribution of the NICA-Donnan
model [39-40,57]. Thus, the high affinity of TI(I) and Ag(l) for hydroxyl functional groups is
emphasized in this study (table 1). It is also coherent regardless whether assumptions of the role

of S-rich groups would be later confirmed or not.

In this study, TI(l) aqueous speciation in various natural water systems from Kaplan and
Mattigod [42] was revisited (table 2). DOM was calculated from DOC considering a ratio DOM
to DOC of 2:1. Then, according to Perdue and Ritchie [70], 60 % of DOM is assimilated to
Humic Substances (HS) and simplified as strictly humic acids. The remaining 40 % are non-
reactive [70]. Constants for others complexes than TI-HA aqueous species are summarized in Sl
(table S16). Results (table 2) show that only two dissolved agueous species of TI(I) exist in
freshwater systems, TI" and TI-HA. Amount of free thallium are over 90 % of total thallium
whereas TI-HA complex are below 10% (table 2). In groundwater, thallium is mostly free like in

bog waters. The latest system point out the main difference with Kaplan and Mattigod’s results
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[42]. Indeed, in this study, TI-HA complex is more important in river or lake waters and not in
bog water due to too acidic conditions (pH<4). In seawater, only half of thallium is free and the
other half is aqueous complexes with chlorides (table 2). Differences with Kaplan and Mattigod’s
study [42] are also due to different source of constant for TI(I) species and emphasize the need of
a consensus in thallium speciation studies. Moreover, the role of colloids is not taken in

consideration here.
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Figure 2: Bound silver versus free silver. Points are experimental from Sikora et al. [48].
Background electrolyte was KNO3 0.1 mol.L-1, pH was 6.5 and [HA] = 0.5 g.L*. Dashed black lines are

adjusted values with NICA-Donnan model in same conditions as experimental data.

Speciation of thallium is soil solution was also modeled. Composition of solutions was from
Kinniburgh et al. [72]. Various Tl concentrations relevant with natural systems (polluted or not)
were taken into consideration. Details of constants, compositions and results are presented in SI
(tables S16 and S18). Many species are reunited as DOM in soil solutions. According to Ren et
al. [54], approximately 29% are humic substances, 66 % are hydrophilic acids and 5% are non-
reactive. In this study hydrophilic acids were equally divided in acetic acid, citric acid and oxalic
acid, three low-molecular weight organic acids (LMWOAS). Thallium does not complex with

those organic acids as it was already observed [71]. Therefore, as for natural water systems, only
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two dissolved species of TI(l) are present, TI* and TI-HA. At low T1 concentrations (< 10° mol.L"
1), it seems that up to 25% of thallium could complex humic acid. On the contrary at high TI

concentrations (> 10° mol.L), less than 10 % is complexed.

These results confirm that in the surface environment, TI(l) is predominantly free and labile.
In highly thallium impacted systems (anthropically or naturally) the role of natural organic matter
in thallium mobility seems limited as suggested [11,20,24,71]. Moreover, in opposition to its dual
behavior (lithophile and chalcophile) in the deep environment, TI(I) seems to behave more as a
lithophile element close to alkali metals (K*, Rb™ and Cs*). This suggestion is supported by the
idea that illitic clays seem to control the mobility of TI* in many environments [9,11,20].
However many questions remain regarding TI, especially concerning TI(IIl) and its
abundance/stability in the environment [15,18-19]. In this context, the role of natural organic
matter still needs to be investigated, as a ligand and about its involvement in Tl sorption
mechanism onto clays and oxihydroxides (Fe and Mn).

Table 2: Calculated distribution of TI(I) species (% of total) in various natural water systems. Revisited
from Kaplan and Mattigod [42]. Association constants for complexes are summarized in Sl and waters
compositions are as in Kaplan and Mattigod [42]. Only complexes with more than 1% of total thallium are
presented here. No precipitation of Tl minerals occurs. TIOH(aq), TICOs, TIHCOs, TI(CO3),*, TIHPO,
and TLPO.? do not contribute in TI(l) speciation.

0 (n[nft')(l')l_]_l) (m'alA__l) T TISOs TIClag) TICL,  TI-HA

Groundwater 7.14 355 0.91 98.4 1.3 - - -
River water 8.01 0.8 .107? 6.5 91.8 - - - 7.9

Eutrophic 725 98102 1300 90,0 ; ; ; 9.6

lake water

Bog water 3.60 0.8 .107? 39.00 96.5 - - - 35

Seawater 8.22 6.4 .10 0.65 49.8 3.9 36.1 10.0 -

5.2. Radium (11).

More radium is complexed to humic acids (fig.1B). At low pH (< 6), the amount of bound
Ra increases from 13.7 % to 21 %. At pH over 6, this amount is steadier and reached a maximum
at pH=7.59 with 33 % of complexed Ra (fig. 1B). Error bars for Ra concentrations (fig. 1B) are

high due to HR-ICP-measurements close to limit of quantification (LOD) and low Ra counting
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values. Then, measurement errors are propagated and generate high uncertainties in the end..

When Ra concentration measurements are closer to LOD, the uncertainties increase.

Adjusted parameters for Ra(ll) complexation with HA function of pH are summarized in
table 1. Free Ra is better calculated than complexed Ra with RMSE = 0.04 for the former and
0.37 for the latter (table 1) where the fitting is less precise at pH < 5 (fig. 1B and more details in
Sl, figure S12). Indeed, under these experimental conditions, few complexations occur and the
amount of free Ra is close to total Ra in solution, increasing uncertainties on the calculated
complex species. Results from calculation with NICA-Donnan model display a stronger
dependence to pH (fig 1B) than expected with experimental values. At acidic pH, the little
radium bound to HA is almost totally onto carboxylic type sites of HA, with a small fraction in
the gel (~10%). At neutral and basic pH carboxylic type sites still complexed the majority of Ra2*

(more than 70% of complexed Ra), but phenolic like sites have a bigger part as pH increases.
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Figure 3: Calculated metal bound to a generic humic acid for with 10 nmol.L? of a given metal and
presence of 1 mmol.L* of Ca®". Figure adapted from Milne et al. [58]. TI, Ra and Ag values are from this

study, other metals are from Milne et al.[58]

Compared to other divalent cations, Ra forms weak interactions with humic substances (fig.
3). According to previous observations, Ra display the same behavior as others heavy alkali earth
elements (fig. 3) and may compete with them for complexation as it is for other bearing phases
[26]. Ra seems to have however a high affinity for organic matter in the environment, particularly

in soil. In a soil solution, revisited from Kinniburgh et al. [72] (details in Sl, tables S17 and S19)
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at pH>7, more than 60 % of Ra is bind to humic acid at high Ra concentrations (>1.0 10** mol.L-
1. At low Ra concentrations (<1.0 102 mol.LY), it is up to 87 % of Ra that is bound. When not
bound to HA, Ra is mainly free in solution and a small fraction (less than 2 %) is complexed to
sulfates. Besides, radium does not complex with LMWOAs, highlighting the high reactivity of
humic substances with this elements. These results concur with other studies that showed an
important role of organic matter in Ra speciation [26,43-44,74] and especially in soils where
humic substances may retain Ra [73-75]. However the impact of other bearing phases (not taken
in consideration here), and mainly clay minerals [26,74-76] with natural organic matter needs to

be investigated to fully understand Ra cycle.
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APPENDIX 1: Time to equilibrium for TI* and Ra?* (Donnan Membrane Technique)
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Figure S1: Time to reach equilibrium for TI* and Ra?*, at pH = 4.0 + 0.1 without humic acid. Error
bars are £2¢ of the experimental data. Time to reach equilibrium is 24 hours for Tl and 72 hours for Ra.
Dashed lines correspond to the modeled variation of cation concentrations during experiments
(Temminghoff et al., 20007). For TI, ti» was 0.75 hours and for Ra, it was 8.5 hours

"Temminghoff, E. J. M., Plette, A. C. C., Van Eck, R., & Van Riemsdijk, W. H. (2000). Determination of the
chemical speciation of trace metals in aqueous systems by the Wageningen Donnan Membrane Technique. Analytica
Chimica Acta, 417(2), 149-157. http://doi.org/10.1016/S0003-2670(00)00935-1

91



Chapter I1: Effect of Natural Organic Matter on Thallium and Radium Speciation in Aquatic Systems

APPENDIX 2: 2Tl and 2Ra measurements with HR-ICP-MS Element 2 (Thermo

Scientific)

Table S2: Operating conditions and data acquisition parameters for HR-ICP-MS Element 2 used for

205T| and 2%Ra measurements. Thallium was measured only in low resolution mode. Radium was

measured in low and medium resolution modes.

HR-ICP-MS
Rf power (W) 1350
Sample uptake rate (mL.min) 0.2
Argon flow rates (L.min™)
Cool 16
Auxiliary 1.0
Sample Between 0.9 and 1.0 (depends of sensibility)
Torch Quartz torch with a separate quartz injector tube
Nebulizer PFA ST microflow nebulizer
Spray chamber Quartz Cyclo spray chamber
Sampler cone Nickel
Skimmer cone Nickel
Data acquisition Low Resolution Medium Resolution
No. of passes 3 3
Mass window (%) 20 125
Search window (%) 0 60
Integration window (%) 20 20
Samples per peak 25 20
Sample time (s) 1.5 (**Ra); 1.0 (**TI) 0.5
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APPENDIX 3: Composition and calculated speciation of experimental solutions

Table S3: Compositions of donor and acceptor solutions at t=0

Tl isotherms Ra Isotherms
Donor TI*, K*, NOs, Humic Acids,  Ra?*, Ca?*, K*, NO3z", Humic
Na*(after basic pH) Acids, Na*(after basic pH)
Acceptor K*, NOs" Ca®", K*, NOs’

Table S4: Tl or Ra species in acceptor. Modeled with CHESS 2.0. Only specie with more than 1% of
total concentrations are presented here. Saturations indices showed no precipitation during experiments.
Kon for Ra?* were from annex 1. Additional constants came from Casiot et al. (Casiot et al., 20118) for Tl

and from Porcelli et al. (Porcelli et al., 2014°) for Ra

Total Abundance in % of total
Element Co?rf]%r;tf}f;on SPECies -3 pH=4 pH=5 pH=6 pH=7 pH=8 pH=9
Thallium 2.1010 T 100 100 100 100 100 100 99.99
2.10° TI* 100 100 100 100 100 100 99.99
Radium 1.10%8 Ra?* 100 100 100 100 100 100 100

8Casiot, C., Egal, M., Bruneel, O., Verma, N., Parmentier M., Elbaz-Poulichet, F. (2011). Predominance of Aqueous
TI(I) Species in the River System Downstream from the Abandoned Carnoulés Mine (Southern France).
Environmental Science & Technology, 45(1), 2056-2064. dx.doi.org/10.1021/es102064r |

®Porcelli, D., Kim, C. K., Martin, P., Moore, W. S., Phaneu, M. (2014). Properties of Radium. In The Environmental
Behaviour of Radium: Revised Edition, 6-32. IAEA, Vienna

93



Chapter I1: Effect of Natural Organic Matter on Thallium and Radium Speciation in Aquatic Systems

APPENDIX 4: Experimental data

Table S5: Experimental data acquired for TI(I) and used for calculations

[Tl]donor, eq

[Tl]acceptor, eq

[Tl]free,don, eq

[Tl]complexed |Og [Tl]free

|Og [Tl]complexed

molL®)  (molL?)  (molL?)  (molkgl) (molL?)  (molkgy) 10 (C) PH
2.24E-11 1.67E-11 1.210E-11 6.84E-08 -10.92 -1.17 24.4 7.39
2.24E-11 1.68E-11 1.16E-11 7.17E-08 -10.94 -7.14 24.4 7.39
2.11E-10 3.08E-10 1.27E-10 5.59E-07 -9.90 -6.25 235 7.40
1.73E-09 2.59E-09 1.47E-09 1.74E-06 -8.83 -5.76 24.2 7.35
1.73E-09 2.57E-09 1.46E-09 1.81E-06 -8.84 -5.74 24.2 7.35
2.03E-07 2.78E-07 1.72E-07 2.05E-04 -6.76 -3.69 23.1 7.31
2.03E-07 2.76E-07 1.67E-07 2.39E-04 -6.78 -3.62 23.1 7.31
1.82E-06 2.79E-06 1.60E-06 1.43E-03 -5.79 -2.84 23.4 7.31
1.82E-06 2.62E-06 1.43E-06 2.57E-03 -5.84 -2.59 23.4 7.31
1.71E-10 1.81E-10 1.73E-10 0.00 -9.76 - 20.9 3.98
1.71E-10 1.84E-10 1.75E-10 0.00 -9.76 - 20.9 3.98
1.57E-10 1.57E-10 1.69E-10 0.00 -9.77 - 21.6 4.87
1.57E-10 1.55E-10 1.65E-10 0.00 -9.78 - 21.6 4.87
1.45E-10 1.39E-10 1.43E-10 1.88E-08 -9.85 -7.73 22.3 5.78
1.48E-10 1.28E-10 1.33E-10 9.49E-08 -9.88 -7.02 20.9 6.77
1.48E-10 1.29E-10 1.34E-10 8.93E-08 -9.87 -7.05 20.9 6.77
1.74E-10 1.22E-10 1.38E-10 2.38E-07 -9.86 -6.62 22.5 7.75
1.34E-10 1.13E-10 1.04E-10 1.96E-07 -9.98 -6.71 22.0 7.89
3.17E-11 2.89E-11 2.84E-11 2.16E-08 -10.55 -71.67 22.3 7.5
3.17E-11 2.75E-11 2.78E-11 2.60E-08 -10.56 -7.59 22.3 7.5
Table S6: Experimental data acquired for Ra(ll) and used for calculations

[Ra]donor,eq [Ra] acceptor, eq [Ra]free,donor,eq [Ra]complexed Iog[Ra]free Iog[Ra]complexed T (oC) pH
(mol.L?) (mol.L?) (mol.L?) (mol.kg?)  (mol.L?) (mol/L) e

3.03E-13 2.60E-13 2.61E-13 8.30E-10 -12.58 -13.38 215 3.94
2.72E-13 2.08E-13 2.13E-13 1.19E-09 -12.67 -13.23 20.8 4.63
2.10E-13 1.55E-13 1.46E-13 1.28E-09 -12.83 -13.19 21.8 6.42
1.61E-13 1.06E-13 1.11E-13 1.01E-09 -12.96 -13.30 21.8 7.02
4.54E-13 3.02E-13 3.00E-13 3.07E-09 -12.52 -12.81 22.2 7.59
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APPENDIX 5: Estimation of experimental errors and RMSE calculations

Uncertainties reported in this section have only been calculated from the propagation of
known measurements or lab errors following the same approach as Reinoso-Maset et al'®. These
didn’t take into account the humic acid variabilities. Experimental errors were hence calculated
for each experimental point following the propagation errors theory. The variance of a G function
of different x; variable can be calculated from the variances of the variables xi using the following

expression:

3G\ 2 3G 9G
o¢ = ?:1(671,) 0f + 2% %) 5 52 0l (A1)

i
axj

where (8G/5xi) is the partial derivative of G with respect to xi, 6 is the variance of xi and ojj
the covariance of the x; and x; variables. If these variables are independents, the covariance term

is then equal to zero.

Root Mean Square Error (RMSE, equations 4) was calculated to assess the gap between

experimental and modelled values for each series.

1 2
RMSE = \/; Z?=1(10g[MeZ+]i,measured - lOg[MeZ-F]i,modelled) (A2)

10 Reinoso-Maset, E., Ly, J. (2014). Study of major ions sorption equilibria to characterize the ion exchange
properties of kaolinite. Journal of Chemical and Engineering Data, 59(12), 4000-4009.
http://doi.org/10.1021/je5005438
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APPENDIX 6: Calculations of hydrolysis constants for TI* and Ra?*

The following reactions are used for calculation of TI* and Ra?* hydrolysis constants (KOH):
TI* + OH < TIOH® (A3)
Ra?* + OH < RaOH*" (A4)

Equation Al is used to determine the equilibrium constant from the hydrolysis reaction. The
Gibbs free energy for the reaction (ARGP in kJ.mol™?) is adjusted with the standard enthalpy for
formation (AGf en kJ.mol?, equation A2). All values are from Brown and Ekberg’s book
(Brown and Ekberg 2016%). Then, equilibrium constants are used to calculate hydrolysis

constants as in equation A3. All results are summarized in table S1.

ARG°

InK=——r (A5)
ARG® = AGPyopn-1 — AGPym+ — AGPoy- (A6)
log Koy = logK —logK, (A7)

Table S7: Thermodynamic properties used for Kon calculation. AG? oy~ = -157,3 k.mol and logK. =
14.0. T = 298.15 K. R = 8.314472 J.K~.mol ™.

: AGgyon-1 AG nt
ARG (kJ.mol? fMOH fM K K
"G ) amoly (kJ.mol™) oH
Ra?" 24 7217 5615 100500 101
T -3,6 -193,3 324 100631 10°1337

1Brown, P. L., Ekberg, C. (2016). Hydrolysis of Metal lons. Wiley VCM, p217-218 & p825
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APPENDIX 7: Parameters for NICA-Donnan modelling

Table S8: Parameters used during modeling for ion specific binding. K*, TI*, Ag* and Ra?* are
estimated parameters (in italic) according to Milne et al. (Milne et al., 2003*?). TI*, Ag* and Ra®* were
adjusted during modelling. H* parameters are specific to the purified humic acids used in experiments. So
no adjustment were made. Ca?* is already adjusted from previous study (Milne et al., 2003*3). K* remains

estimated.
logK; 1, logK; ,, Ni1 Ni2 Kon References
N Botero et
H 3.65 8.07 0.84 0.65 - al..submitted
TI* -0.78 -0.55 0.88 0.67 101337 This study
K* -1.26 -1.14 0.94 0.72 1071450 This study
Ag” -0.67 0.07 0.80 0.61 1071204 This study
Ra?* -1.04 -0.61 0.88 0.68 1071349 This study
Milne et al.
2+ - N -12.85 )
Ca 1.37 0.43 0.78 0.75 10 2003

Table S9: Purified humic acids specific parameters used during modelling (Botero et al.,
submitted™?).

Qmax,l Qmax,z
A p (mol.kg) (mol.kg) P P2
0.60 0.7 3.18 3.02 0.79 0.42

2Milne, C. J., Kinniburgh, D. G., van Riemsdijk, W. H., & Tipping, E. (2003). Generic NICA-Donnan Model
Parameters for Metal-lon Binding by Humic Substances. Environmental Science & Technology, 37(5), 958-971.
http://doi.org/10.1021/es0258879

130p.cit.

14Botero, W. G., Pineau, M., Janot, N., Domingos, R., Mariano, J., Rocha, L. S., Groenenberg, J. E., Benedetti, M.
F., & Pinheiro, J. P. Binding behavior of trace metals with a peat soil humic acid: effect of the HF/HCI isolation
treatment. Submitted.
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APPENDIX 8: Figures for thallium and radium complexation with humic acids
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Figure S10: Measured vs. modeled for free thallium. Red line is the regression line from
concentration isotherm (n=9). Dashed red lines correspond to the confidence area of the regression. The

dashed black line is the one to one line. Error bars are + 20.
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APPENDIX 9: Silver complexation with humic acids

Table S13: Parameters used during modeling with ECOSAT software for experimental data of silver
complexation to three humic acids from Sikora et al. (1988%). In all simulations, pH=6.5, background
electrolyte was KNO3 0.1 mol.L™* and HA concentration was 0.5 g.L ™. Values in bold and italic are those
that were adjusted. m; = nipi (Benedetti et al., 1995'°)

HA1l HA3 HA8
B 0.49 0.49 0.49
4.43 (from Sikora et al., 3.95 (from Sikora et al.,
Qmaxt, H ( 1988) ( 1988) 3.95
P1 0.62 0.79 0.62
log Ky, 4 3.00 3.00 3.00
NH,1 0.81 0.81 0.81
QmaxZ, H 3.30 3.30 3.30
p2 0.41 0.41 0.41
log Ky 5 7.00 7.53 7.19
NH,2 0.63 0.63 0.63
log Ky 1 -1.26 -1.26 -1.26
N1 0.94 0.94 0.94
log Ky, -1.14 -1.14 -1.14
Nk,2 0.72 0.72 0.72
loglﬁ{qul1 -0.13 -0.13 -0.13
Nag,1 0.59 0.59 0.59
loglﬁ{qul2 4,76 4,76 4,76
Nag,2 0.71 0.71 0.71
m; 0.50 0.64 0.50
m; 0.26 0.26 0.26

5Sikora, F. J., Stevenson, F. J. (1988). Silver Complexation by Humic Substances : Conditional Stability Constants
and Nature of Reactive Sites. Geoderma, 42, 353-363.

5Benedetti, M. F., Milne, C. J., & Kinniburgh, D. G. (1995). Metal ion binding to humic substances: application of
the non-ideal competitive adsorption model. Environmental Science & Technology, 29(2), 446-457.
http://doi.org/10.1021/es00002a022
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APPENDIX 10: Comparison with data from Liu et al. 2011/
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Figure S14: Sorption of TI(1) onto humic acids. Black triangles are Liu et al. (2011'8) data and
describe sorption of TI(I] onto a purified humic acids (GZHA, Liu et al., 2010%° and 20112°). Dashed line
is modeled data with NICA-Donnan and ECOSAT. lon specific parameters used for Tl are these presented
in this study (tablel). Details of humic acid parameters used during modelling are in table S20.

Table S15: GZHA parameters, Qmaxi,n and Qmaxe,r are Liu et al. (2010%). The rest of the parameters
are in the same range of Milne et al. (2001%%) work and are adjusted to fit Liu’s data.

mz my N1H N2H lOg EH,l lOg EH,Z (mQOTT:gll) (m%rlnakxgzl) P1 P2
0.42 0.26 0.81 0.63 2.1 8.6 3.18 3.02 0.52 0.41

YLiu, J., Lippold, H., Wang, J., Lippmann-Pipke, J., & Chen, Y. (2011). Sorption of thallium(l) onto geological

materials: Influence of pH and humic matter. Chemosphere, 82(6), 866-871.
http://doi.org/10.1016/j.chemosphere.2010.10.089
180p.cit.

®Liju, J., Wang, J., Chen, Y., Lippold, H., & Lippmann-Pipke, J. (2010). Comparative characterization of two natural
humic acids in the Pearl River Basin, China and their environmental implications. Journal of Environmental
Sciences, 22(11), 1695-1702. http://doi.org/10.1016/S1001-0742(09)60308-9

200p.cit.

20p.cit.

220p.cit.
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APPENDIX 11: Constants and associated references used in this paper

Table S16: Table of constant used in TI speciation modelling with ECOSAT

Reaction logK (298.15 K) Reference
TI* + OH < TIOH 0.63 This study
TI* + SO4* <> TISO4 1.37 1
TI* + CI & TICl(aq) 0.51 19
TI" + 2CI" & TICly 0.28 19
TIF + COsz' — TICO3 2.16 19
TI" + 2C032' > Tl(COs)zs' 0.11 19
TI" + HCO3 < TIHCOs 0.90 19
TI* + HPO4* < TIHPO4 1.27 7
TI* + POs* TIPOs* 3.54 18
TI*+F < TIF 0.10 18
TI* + Cit* < TICit* 2.00 2
TI* + Ox* < TIOx 1.39 o
TI* + Ac < TIAC? -0.11 18
TI* + 25042 + 3Fe® + 60H «> 336 o
T|F63(SO4)2(OH)6(S) '
TI* + 25047 + 3A* + 24H" 246 -
TIAI(SO4)2:12H2(s) '
TI* + OH" < TIOH(s) 1.08 16
TI* + CI & TICI(s) -3.65 1
2TI* + CO3% <> T1,COx(s) 3.84 25
2T + 8042' <~ T12804(S) 3.79 19
TI* + NOs <> TINOs(s) 1.06 w7

“Calculated from Gibbs free energy of formation

Table S17: Table of constant used in Ra speciation modelling with ECOSAT

Reaction logK (298.15 K) Reference

Ra’* + OH <> RaOH"* 0.51 This study
Ra?" + SO,% <> RaSOs(aq) 2.75 20
Ra?* + Cl- « RaCl* -0.10 20
Ra?* + Cit* « RaCit 2.36 2
Ra?" + Ox%* <> RaOx 1.20 20
Ra’** + Ac <> RaAc* 0.00 2

BXiong, Y. (2009). The aqueous geochemistry of thallium : speciation and solubility of thallium in low temperature
systems, 441-451. http://doi.org/10.1071/EN08086

%Xiong, Y. (2007). Hydrothermal thallium mineralization up to 300 © C : A thermodynamic approach, 32, 291-313.
http://doi.org/10.1016/j.oregeorev.2006.10.003

®Corine Casiot. (2012). Predominance of Aqueous TI(I) Species in the River System Downstream from the
Abandoned Carnoul ¢ s Mine (Southern France) ”, (1), 2475-2476.

Zporcelli, D., Kim, C. K., Martin, P., Moore, W. S., Phaneu, M. (2014). Properties of Radium. In The Environmental
Behaviour of Radium: Revised Edition, 6-32. IAEA, Vienna
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APPENDIX 12: Modelling with soil solutions

Table S18: Calculated dissolved thallium (1) speciation in soil solution with ECOSAT. Compositions
of solutions and soils characteristics are in Kinniburgh et al. (1983%"). DOM (Dissolved organic matter) is
composed of 29.3% of humic substances, 66.2% of hydrophilic acids and 4.5% is considered non-reactive

according to average from Ren et al. (2015%) and Groenenberg et al. (2010?°). Humic substances are
simplified as only humic acids and hydrophilic acids are simplified (one third for each) as combination of
citric acid (Cit), oxalic acid (Ox) and acetic acid (Ac). Tl minerals taken in consideration are
lanmuchangite, dorallcharite, TICI(s), TINOs(s) and T1.SOa(s). No precipitation occurred. Only species
with more than 1% are presented. TI-Cit?, TI-Ox:, TI-Ac, TICl(aqg), TIOH and TISO4 are negligeable.

Constants (minerals and dissolved complexes) used in calculation are summarized in table S16.

Soil oH HA (mg.L) (r[]mtftﬁ'l) (%TT'I'anI) TI* (% Tl total)
icknield 78 27,0 1.00.10° 255 74.2
0.16 183 81.4
1.26 14.0 85.6
10.00 10.7 88.9
158.49 7.4 92.2
1258.90 5.6 %4
Denchworth 70 32.8 1.00 .10 12.4 86.9
0.16 8.8 90.4
1.26 6.8 92.5
10.00 52 %4
158.49 37 95.5
1258.90 29 96.4
Southampton 43 50.4 1.00 .10 3.9 95.7
0.16 29 9.6
1.26 24 97.2
10.00 19 97.6
158.49 15 98.0
1258.90 13 98.3

ZKinniburgh, D. G., & Miles, D. L. (1983). Extraction and chemical analysis of interstitial water from soils and
rocks. Environmental Science & Technology, 17(6), 362—368. http://doi.org/10.1021/es00112a011

BRen, Z.-L., Tella, M., Bravin, M. N., Comans, R. N. J., Dai, J., Garnier, J.-M., ... Benedetti, M. F. (2015). Effect of
dissolved organic matter composition on metal speciation in soil solutions. Chemical Geology, 398, 61-69.
http://doi.org/10.1016/j.chemgeo.2015.01.020

Groenenberg, J. E., Koopmans, G. F., & Comans, R. N. J. (2010). Uncertainty Analysis of the Nonideal
Competitive Adsorption—Donnan Model: Effects of Dissolved Organic Matter Variability on Predicted Metal
Speciation in  Soil  Solution.  Environmental = Science &  Technology, 44(4), 1340-1346.
http://doi.org/10.1021/es902615w
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Table S19: Calculated dissolved radium (1) speciation in soil solution with ECOSAT. Compositions
of solutions and soils characteristics are in Kinniburgh et al. (1983°?). DOM (Dissolved organic matter) is
composed of 29.3% of humic substances, 66.2% of hydrophilic acids and 4.5% is considered non-reactive

according to average from Ren et al. (2015°%) and Groenenberg et al. (2010%%). Humic substances are
simplified as only humic acids and hydrophilic acids are simplified (one third for each) as combination of

citric acid (Cit), oxalic acid (Ox) and acetic acid (Ac). Ra minerals taken in consideration are only co-
precipitation with barite (BaSOs, logKs from ECOSAT database. No precipitation occurred. Only species

with more than 1% are presented. Ra-Cit’, Ra-Ox, Ra-Ac*, RaCl*, RaOH" are negligeable. Constants

(minerals and dissolved complexes) used in calculation are summarized in table S17.

Soil oH HA [Ra]total Ra-HA" Ra?* RaS0s(aq)
(mg.L?) (fmol.L™) (%o Ratotal) (% Ratotal) (% Ratotal)
Icknield 7.8 27.0 7.94 86.8 12.7 -
15.85 84.5 15.0 -
63.10 79.0 20.3 -
125.89 75.7 23.4 -
501.19 68.5 30.4 1.0
Denchworth 7.0 32.8 7.94 82.8 16.4 -
15.85 80.0 19.1 -
63.10 73.5 25.2 1.2
125.89 69.9 28.7 14
501.19 62.0 36.2 1.7
Southampton 4.3 50.4 7.94 71.1 28.0 -
15.85 67.5 31.5 -
63.10 59.9 38.9 1.2
125.89 56.0 42.7 1.3
501.19 48.3 50.2 15
00p.cit.
10p.cit.
%20p.cit.
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Chapter I11: Thallium (TI) Sorption onto Illite and Smectite - Implications for TI Mobility in the Environment

1. RESUME

Les argiles sont connues pour jouer un role important dans le transport et I’adsorption des
¢léments traces métalliques et I’illite a été spécifiquement identifiée comme une importante phase
porteuse du thallium dans les sols. L’objectif ici est d’étudier la sorption du thallium, sous sa
forme TI(I), sur I’illite et la smectite. Des expériences en « batch » ont donc été menées dans
plusieurs conditions de pH et de concentrations en thallium a force ionique constante (0,01
mol.L%). Na* et Ca?* ont été utilisés comme cations de fond tandis que le thallium 204 a été
utilise comme radiotraceur. Les résultats montrent que I’illite est le minéral qui a le plus
d’affinité pour le thallium par rapport a la smectite. Les coefficients de partage (Kq en L.kg™)
varient entre 10%7° 017t 1040017 dans les solutions de NaCl alors qu’ils varient entre 10%2° %017
and 10%%*%17 dans celles de CaCl.. Pour la smectite, les Kq (in L.kg?) varient entre 1020 016 gt
10320016 gt entre 10125+ 016 gt 1019 £016 gans |es solutions de NaCl et CaCl; respectivement. La
sorption a ensuite été décrite avec le model d’Echange d’lon Multi-Site et des coefficients de
sélectivité par rapport aux protons ont été calculés pour la premiére fois dans le cas du thallium.
Dans tous les cas, indépendamment de la solution de fond, les sites de faibles capacités ont été
identifiés comme les sites dominants pour la sorption du thallium, montrant ainsi I’affinité¢ du
thallium pour ces sites. De plus, ces interactions étant échangeables et réversibles, elles suggerent
que le thallium pourrait étre remis en solution en cas de conditions d’équilibres changeantes. Le
role des minéraux argileux dans le cycle environnemental du thallium est évident et I'illite est
bien une phase porteuse majeur pour le thallium pouvant méme entrer en compétition avec les
oxydes de manganése dans certains cas. Les phases porteuses du thallium peuvent étre classées

ainsi: MnO2> illite> smectite ~ ferrihydrite ~> Al>O3 ~ goethite> SiO».
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2. ABSTRACT

Clay minerals play a relevant role in the transport and trace trapping of elements and illite
has been referred as an important Tl bearing phase in soils. However, mechanisms and affinity of
thallium for clay minerals remain poorly known. This study aimed to investigate the sorption
behavior of thallium as TI(I) onto illite and smectite, two clay minerals occurred mainly in soils
and sediments. Different sorption experiments were carried out under various pH conditions and
Tl concentrations, in competition with sodium and calcium at a constant ionic strength of 0.01
mol.L. Our results showed that illite displayed more affinity for thallium than smectite. With
illite, the distribution coefficients (Kq in L.kg™) varied between 10%7° * %17 and 10*° * %17 jn Na
solutions versus between 10%% * %17 and 10%° * %17 in Ca solutions, depending on pH. With
smectite, Kq (in L.kg™?) ranged between 1020 * 016 gnd 10320 * 016 gnd petween 102 * 016 angd
10195 %018 jn Na and Ca solutions respectively. Sorption behavior was described with the Multi-
Site lon Exchanger model and selectivity coefficients in respect to protons were calculated for the
first time. In all cases, independently of clay mineral and background electrolyte, low capacity
but highly reactive sites were dominant in thallium uptake, highlighting T affinity for those sites.
Moreover, the exchangeable and reversible interactions between TI™ and clays reactive sites
suggested that in changing conditions, thallium could be released in solution. The role of clay
minerals in thallium environmental cycle is evident and confirmed illite to be a dominant TI
bearing phases, in some environment competing with manganese oxides. Compared to others Tl
bearing phases, clays are ranked as follow: MnO2> illite> smectite ~ ferrihydrite ~> Al>O3 ~

goethite> SiO-
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3. INTRODUCTION

Thallium (TI) is a heavy metal which can be highly toxic for mammals mainly due to the
close behavior of TI" compared to K* in biological processes (Rodriguez-Mercado and
Altamirano-Lozano, 2013). It is recognized to be as toxic as lead, cadmium, mercury or arsenic

(Rodriguez-Mercado and Altamirano-Lozano, 2013).

Thallium is a widely distributed trace element on earth with an average concentration of 0.49
ppm in the continental crust and 0.13 ppm in the oceanic crust (Peter and Viraraghavan, 2005).
Thallium exhibits both chalcophile and lithophile behavior (McGoldrick et al., 1979; Baker et al.,
2010; Biagioni et al., 2013; Hettmann et al., 2014; Prytulak et al., 2017). TI* has a large ionic
radius (1.49 A), similar to K*, Rb* and Cs* (Shaw 1952). Classically, Tl substitutes for K* in
biotite, K-feldspar and plagioclase from volcanic rocks and granite systems (Prytulak et al.,
2017). It occurs in two oxidation states, TI(l) and TI(Il) (Vink, 1993; Kaplan and Mattigod,
1998) with TI(I) the only specie issued from the mantle to the non-altered crust (Prytulak et al.,
2017). TI(l) is the most dominant and thermodynamically stable specie in the sub-surface
environment (Vink, 1993; Xiong, 2009; Casiot et al., 2011). However, in some environments,
mainly those affected by Tl contamination, TI(IIl) is detected in various amounts (Lin et al.,
1999; Peacock et al., 2012; VVoegelin et al., 2015; Campanella et al., 2017).

Thallium has two main sources in sub-surface environments. The first one corresponds to the
weathering of K-rich rocks (Vangk et al., 2009) and/or S-rich minerals and more rarely Tl-rich
sulfides deposit (Kaplan and Mattigod, 1998; Xiao et al., 2004; Voegelin et al., 2015) and the
second one corresponds to anthropogenic sources. Contaminations result from mining of ferrous
and non-ferrous sulfide ores (Lis et al., 2003; Casiot et al., 2011; Karbowska et al., 2016;
Campanella et al., 2017 ), from smelting activities, coal combustion and cement production
(Cheam, 2001; Lis et al., 2003; Van¢k et al., 2013; Karbowska et al., 2016) as well as effluents

of industry which use thallium compounds (Bennett 2017).

Nielsen et al. (Nielsen et al., 2005) reported an average concentration of thallium ca. 3.00 =
2.64.10"* mol.L* for sixteen rivers worldwide. However, in highly impacted area, in particular in
acid mine drainage, concentration can reach ~1.0 10 mol.L! (Casiot et al., 2011). In non-

anthropogenic impacted soils formed from Tl-bearing bedrocks, Tl contents are widespread,
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varying from around 1.5 ppm (Van¢k et al., 2009) to 6000 ppm (Voegelin et al., 2015). Those
ranges largely depend on the geological background. Conversely, in anthropogenically impacted
soils without Tl-bearing bedrocks, Tl concentrations range between 5 ppm and 124 ppm (Lis et
al., 2003; Xiao et al., 2004; Van¢k et al., 2013).

The dominant aqueous specie of thallium is TI* (Vink 1993; Kaplan and Mattigod 1998;
Xiong 2007; Casiot et al., 2011). Indeed, thallium makes few complexes with anions (Kaplan and
Mattigod 1998; Casiot et al., 2011) except with CI" in seawater and therefore Tl remains mostly
as a free and bioavailable ion in solution (Vink 1993; Jacobson et al., 2005; Casiot et al., 2011;
Voegelin et al., 2015). However, in the particulate and colloidal fractions in waters or in soils,
thallium interacts with various bearing phases. Thallium has strong affinity for manganese oxides
(Bidoglio et al., 1993; Jacobson et al., 2005; Liu et al., 2011; Peacock et al., 2012; Voegelin et
al., 2015) and Mn(lV)-oxides, such as birnessite, which are known to oxidize TI(I) in TI(III)
resulting in T1.O3 precipitation (Peacock et al., 2012; VVoegelin et al., 2015). Iron oxy-hydroxides
(Liu et al., 2011; Cassiot et al., 2011; Coup et al., 2015) and aluminum oxides have medium
affinity for thallium. They are mostly known to sorb TI(l) (Bidoglio et al., 1993; Casiot et al.,
2011; Coup et al., 2015) though iron reduction might oxidize TI(I) and stabilize the resulting
TI(I) (Karlsson et al., 2006).

Few studies gained insight into relationships between Tl and clay minerals though TI uptake
by illite in soils (Jacobson et al., 2005; Voegelin et al., 2015) was highlighted. Moreover, due to
its lithophile behavior and a close ionic radius, TI" might substitute K* in secondary clay minerals
(Shaw 1952; Prytulak et al., 2017). In clay minerals, K" takes place as counter ion on the
negative surface charges and is strongly linked to the structure in the interlayer space. Based on
the chemical similarity between TI* and K*, chemical adsorption of TI* on clay minerals is likely
to have an impact on the Tl mobility in the environment and mainly in waters. Nevertheless,
mechanisms and affinity of thallium for clays remain poorly known and further studies are
needed (Voegelin et al., 2015). Consequently, in this study we have chosen to study thallium
sorption onto two major clay minerals, illite and smectite, present in soils and river sediments.
The purpose has been, (1) to assess the clay mineral exchange properties that drive the uptake on
those surfaces and, (2) to evidence the affinity of Tl for the minerals. In order to be close to
environmental conditions, Ca and Na bulk solutions at 10 mol.L* were chosen for batch
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experiments. Radioactive 2%*TI was used as radiotracer to minimize the measurement uncertainty.
Then, sorption and its reversibility were tested over a large pH range and Tl concentrations.
Finally, a multi-site ion exchanger model has been used to describe experimental data and the

impact on Tl cycle in the sub-surface environment has been discussed.

4. EXPERIMENTAL

4.1. Thallium species and isotopes in batch solutions

As mentioned in introduction, TI(I) dominates thallium speciation in the environment (Vink,
1993; Kaplan and Mattigod, 1998). Figure 1 shows TI speciation in aqueous systems containing
10 mM CaCl; (Fig. 1A and 1B) or 10 mM NaCl (Fig. 1C and 1D). In those systems, similar to
those of batch experiments (see below), TI* is likely the most stable specie under those conditions
(fig. 1). At low pH and high Eh, TI** is stable under aqueous TICIs3 (in NaCl) or TICl4™ (in CaCly).
At high pH, TI* is hydrolyzed (TIOH) as is TI** at higher Eh values forming TIOHz and TIOH4"
aqueous complexes (Fig. 1). Thallium concentrations seem to have no effect on its speciation in
those cases (Fig. 1A, 1B, 1C and 1D).
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Figure 1: Eh-pH diagrams for thallium. A TI-Ca-CI-H;0 system is described for A and B with
[CaCly] =10 mM. In A, [TI] =100 nM and in B, [Tl] =0.1 nM. C and D describe a TI-Na-CI-H,O system
with [NaCl] = 10 mM and [TI] = 100 nM for C and 0.1 nM forD. TI constants database is from Casiot et
al. (2011) except for TIOH(aq) which is calculated from Brown and Ekberg’s book (2016). Diagrams are

made with JChess v2.0.

During experiments (pH 3 to 11), redox potentials (Eh in V) were measured with a Pt
electrode (Metrohm) on random samples. Average value (at T = 20.1 °C) was 195.7 £ 4.3 mV (n
= 3). This condition placed in Tl diagrams (fig. 1) confirms that TI(I) would be the main specie of
thallium. Moreover, Tl speciation function of pH (fig. 2A, 2B, 2C and 2D) give TI" as the only

TI(I) specie in solution for batch experiments.
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Figure 2: Thallium aqueous speciation at Eh = + 0.2 V. A and B are in [CaCl;] = 10 mM whereas C
and D are in NaCl 10 mM. TI(1) is the only species calculated in solution. Species < 1% of total species
are not represented and no precipitation of TIOH(s), TICI(s) or TICIx(s) occurred. Database of Tl constant
in Casiot et al. (2011) except for TIOH(aq) calculated from Brown and Ekberg’s book (Brown and Ekberg
2016). Diagrams made with JChess v2.0.

Radioactive and stable Tl solutions were used in this study. Tl occurs in the environment
only with two stable isotopes, 2Tl (29.5%) and 2%TI (70.5%) (Rehkidmper and Nielsen, 2004).
The radioisotope 2°“TI, used here as radiotracer, does not exist naturally but only after neutron
activation of stable thallium. Its half-life is 3.78 years. Therefore, a 2Tl solution of 4.90 MBq in
1M HCI (Eckert & Ziegler®, source # 1876-98, 07/01/16; initial TI concentration of 2.80 .10’
mol.L) was used. Two daughter solutions were made with 1mL of parent solution diluted in
10mL of ultrapure water (milli Q 18.2 MQ.cm?, Millipore®). They were composed of ~ 0.1M
HCI (dilution factor of 9.80 for solution 1 and 9.92 for solution 2) for an initial activity of
1.01MBq ([TI] = 3.19 .10® mol.L'?) and 0.99 MBq ([TI] = 3.14 .10 mol.L™}), respectively. The
solution of stable thallium was made by dissolving a TI(I)Cl salt (99.999%, Sigma Aldrich®) and
acidified with diluted ultrapure HNOs. Thallium concentration was confirmed at 4.76 + 0.08 10

mol.L? by HR-ICP-MS Element 2 (Thermo Scientific®) measurements.
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4.2. Reagents

Every salt solution and then every dilution were made with ultrapure water (milli-Q, 18.2
MQ.cm?, Millipore®). Salts of NaCl (VWR Chemical), CaCl. (VWR Chemical), NaOH (VWR
Chemical) and Ca(OH)2 (VWR Chemical) were used. Acidification was done with ultrapure
nitric acid (ULTREX Ultrapure Reagent, J.T. Baker), diluted at appropriate concentrations when
needed. Ultima Gold™ (Perkin Elmer®) as scintillant was used. Blanks of every solution were
analyzed for Tl at HR-ICP-MS Element 2 and no thallium was detected.

4.3. Materials and conditioning process

The clay materials selected for this study are lllite du Puy and a Wyoming smectite. The
latter is the montmorillonite extracted from the MX80 bentonite and similar to those previously
extensively studied (Baeyens and Bradbury 1997; Bradbury and Baeyens 2002, Karnland, 2010).
Synthesis of the MX80 bulk mineralogical composition, based on X-ray diffraction analyses,
revealed around 83.5% montmorillonite, 0.7% illite, 1.1% gypsum, 2.5% muscovite, 4.7%
plagioclase, 0.9% pyrite, 2.8% quartz and 3.1% tridymite (Karnland, 2010). Illite du Puy was
extracted from the Oligocene geological formation located in the region of Le Puy-en-Velay
(Haute-Loire, France). Its raw mineralogical composition contains illite with impurities such as
kaolinite, carbonates, quartz and feldspars (Gabis, 1958; Van Olphen and Fripiat, 1979; Poinssot
etal., 1999).

Natural illite and smectite were initially purified and conditioned to the homo-ionic Na- and
Ca-forms. Raw lllite du Puy and MX80 were finely crushed and suspended in ultrapure water for
one night and sieved at 25 pum. Both < 25um suspensions were centrifuged. Then, illite du Puy
was decarbonized with HCI 10% (weight, Merck) and heated to remove calcite and dolomite.
Illite and smectite were dispersed three times each during 24h in a 1 M solution of NaCl or
CaCl,. Following this step, they were washed in NaOH or in Ca(OH), solutions at pH~8
overnight. Then, they were rinsed in ultrapure water (milli-Q, Millipore®) again for 24h before
suspension in NaCl or CaCl, 102 M for another 24h. Finally, conditioned illite and smectite were
dispersed in ethanol overnight, dried and crushed. Between each step, illite was centrifuged at
10596 g for 30 minutes and smectite at 16556 g for 45 minutes.
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XRD analyses were performed to check the purity of the final material and confirmed that <
25um Ca- and Na-smectite contained pure montmorillonite with tridymite in trace and Ca- and
Na-illite, mainly illite and significant kaolinite and quartz. Whatever the significant impurities of
kaolinite and quartz, their sorption properties are very low compared to illite and consequently
are neglected. Cation exchange capacity (CEC) was measured by K/Cs exchange at pH8, firstly
conditioned materials were saturated with K (1M KCI) and secondly K was exchanged with Cs.
Then, for smectite the value was 0.896 + 0.040 eq.kg™ whereas it was 0.268 + 0.014 eq.kg™ for
illite.

At neutral pH (~7) in bulk solution, blanks of thallium released (in duplicates) by materials
were performed and the bulk solution was analyzed with HR-ICP-MS Element 2 (Thermo
Scientific®) after six days. The Tl content in material was 2.50 + 2.11 .10® mol.kg? in Na-
smectite, 8.62 + 0.34 .10° mol.kg? in Ca-smectite, 1.06 + 1.03 .10° mol.kg™ in Na-illite and
1.52 + 0.08 .10° mol.kg™® in Ca-illite. Total thallium concentrations measured in the supernatant

during batch experiments were therefore corrected according to the latest values.

4.4, %“T| measurement by liquid scintillation

The B emission of 2%T| radioisotope was used to measure 24Tl activity in every sample by
liquid scintillation counting. Thus, 1mL of solution was sampled and displayed in 4 mL of
UltimaGold™ scintillant. The scintillation counter used was a PACKARD Tricarb 2700. Before
experiments, the source solution was measured three times with this protocol. The measured
activity was compared to the expected activity and a yield of 97% was calculated. Then, each

measured activity during experiments was corrected with the latest yield.

4.5. Stable thallium measurement

Solutions with only stable isotopes were analyzed by using an HR-ICP-MS Element 2
(Thermo Scientific®) in a clean room at mass 205 in low resolution. A solution of '°In 5ppb
served as an internal standard. Dilutions of samples, when needed, as well as standard
preparations were made with distilled nitric acid. Final solutions were in a matrix of 1.0 to 1.5 %
(weight) of HNOs. Calibration standards were diluted from a thallium ICP standard solution
(TraceCERT®, Sigma Aldrich®) Certified solutions TM23.4 (Environment Canada) validated TI
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analysis and calibration. The limit of detection was 7.5 .10 mol.L and limit of quantification

was 2.5 .102 mol.L .

4.6. Sorption isotherms

The effects of concentrations and pH on sorption were investigated by sorption isotherms
and conducted for each matrix, Na-illite, Ca-illite, Na-smectite and Ca-smectite. At each step,

batches were weighted in order to precisely calculate each solution component’s concentration.

Firstly, 100 mg of solid material was dispersed in 5mL of bulk solution at 10 mM (CaCl; or
NaCl) in a 10 mL ultracentrifuge tube in Nalgene (Oak Ridge Centrifuge Tube, Thermo
Scientific). Tubes were sequentially weighted in order to maintain a constant mass over volume
ratio in each batch. Then, acidic pHs were adjusted with 50pL of HNO3 diluted at needed
concentrations to introduce the proper amount of protons for every targeted pH, taking into
account the additional protons coming from TI solutions and radiotracer solution. Basic pHs were
adjusted with 50 to 200 pL of NaOH 0.1M solution for Na matrices while 120 to 1500 pL of
Ca(OH)2 0.01M solution were used in Ca matrixes. This solution was previously bubbled with N>

gas to avoid carbonate precipitation into the batches.

In order to optimize the measurement uncertainty of 2%TI in solution at equilibrium, stable
and radiotracer concentrations introduced were based on results obtained on Cs sorption towards
illite and smectite in similar physico-chemical conditions, extracted from literature (Poinssot et
al., 1999). Higher sorption was estimated onto illite than smectite as well as higher cation
exchange in Na* media than in Ca?>* media. Consequently, different amounts of stable Tl and

radioisotope were adjusted depending on matrices and background solutions.

For pH isotherms with illite, 50uL of a stable TI solution at 4.66 + 0.08 .10 mol.L™* was
added to increase total thallium in solution. Then 100uL of radiotracer solution (solution 1:
1.01MBq in 0.1M HCI) was introduced in batches with Na matrices and 50uL in batches with Ca

matrices.

Eight stable TI solutions (concentrations in Sl, table S1) were used to create a range of Tl
concentrations from 2.52 + 0.11 1071° to 8.39 + 0.15 10°® mol.L for concentration isotherms.

Depending on background solution and matrices, stable Tl solutions added were 50 or 100pL.
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Finally, 100uL or 50uL of radiotracer (solution 1) was introduced in Na and Ca bulk solutions
respectively. Only radiotracer was injected in the two batches containing the lowest TI

concentrations. pH was only buffered by illite.

The operating condition was basically the same applied for experiments with Wyoming
smectite, except that no stable Tl was added in solutions for pH isotherm experiments.
Radiotracer (solution 2: 0.99MBq in 0.1M HCI) volumes were 50 pL for every experiment
independently of the bulk solutions or the type of isotherms. Total Tl concentrations (between
2.52 + 0.06 101° and 1.04 + 0.02 10° mol.L1) introduced in concentration isotherms were
adjusted by adding 50 to 100uL of height different Tl solutions (SI, table S1). pH was only
buffered by smectite.

After six days of continuous shaking at room temperature, tubes were ultra-centrifuged
(Beckman Coulter Optima XPN-80 ultracentrifuge with a Type Ti70 rotor) for 45 minutes at
10596 g for illite and 16556 g for smectite. Then, pH (£0.10) was measured (for each tube) using
a combined glass pH microelectrode (Metrohm) incorporating an Ag/AgCl reference electrode.
Electrode calibration was made with buffer solutions (Certipur®, Merck) at pH 4.01, 7.00 and
12.00. 1mL of supernatant was sampled and mixed with 4mL of scintillant. Finally, 24Tl activity

is measured by liquid scintillation.

4.7. Desorption isotherms

We attempted to verify that the desorption reaction at equilibrium remained the same solid to
solution partitioning as obtained with sorption reaction under the same chemical conditions.
Following the sorption isotherm, the remaining supernatant was removed. Then, the residual
solids and small liquid fraction (as hydrated clays minerals) were weighted. Bulk solutions were
added with acid/base solutions to adjust pH to be as close as possible to those measured in
sorption isotherms. VVolumes were calculated to keep the same solid/solution ratio as in sorption
experiments. Lastly, tubes were shaken continuously during six days and then, centrifuged and

sampled following the same procedure described in the sorption isotherms section.

Desorption isotherms are necessary to check the sorption reversibility. Thus, cation exchange
is verified as expressed in equation 6 (see below). When this condition is met, the thermodynamic

multi-site ion exchanger model may be applied.
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4.8. Sorption kinetics

Kinetics of TI sorption onto illite and smectite in all tested matrices (Na and Ca) were
performed to determine the time to achieve equilibrium. Batch experiments used the same
polycarbonate centrifuge tube as isotherms and were done using stable Tl. Thus, 100 mg of
conditioned clay minerals were dispersed in 5mL of CaClz or NaCl at 10 mmol.L%. Duplicates
were performed at a set of contact times. Tested contact times were 0, 2, 6, 10 and 15 days for
Ca-illite and Na-illite. They were 0, 2, 7, 11 and 15 days for Ca-smectite ad Na-smectite. Initial
TI concentrations were ~1.0 107 mol.L™. pH was buffered by conditioned illite and smectite used
in this study. Solutions were shaken continuously. At each investigated time, tubes were
centrifuged (as in section 2.7.). Details of experimental conditions and figures are presented in
Appendix 2 (fig. S2 and S3). Nevertheless, sorbed concentrations achieved equilibrium in all
cases within 2 days. To insure time to equilibrium, in all isotherms experiments, contact time was

imposed at six days.

4.9. Calculations of experimental parameters

Both sorption and desorption isotherm (experimental) results are expressed in term of
distribution coefficient, calculated following the equation 1:

Kd — Aini_Asup,eq X X (Eq 1)

Asup,eq m

Where Ky is expressed in L.kg™. Aini (Bg.L™) is the initial activity of the solution and Asureq
(in Bg.L™) is the supernatant solution activity calculated with the measured activity of 1 mL of

supernatant (Ames, €quation 2, in Bg.L™?) reported to the total solution volume V (in L).
Asup,eq = Ames XV (Eq. 2)

Then m (in kg) is the dry mass of conditioned clay minerals. In this study, V/m was
maintained constant at 50.0 + 3.8 L.kg. Equation 1 can be simplified in equation 3. The

corresponding equation with thallium concentration is also reported in equation 3.

_ (_Aini _ vV _( [M=0
Ka = (Asur,eq 1) m T ([Tufree,eq 1) %

Bl<

(Eq. 3)
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[T1]free.eq (Mol.L2) is the thallium concentration in the supernatant and calculated by adding
24T radiotracer and of the stable thallium concentration in solution. Details of its calculations are
provided in supporting information (SI). [Tl]=o (in mol.L) corresponds to the thallium
concentration at the beginning of each experiments.. [Tl]sorbea in Mol.kg was also calculated as

in equation 4.

[Tlsorbea = Ka X [Tl]free,eq (Eq. 4)

Two blank sets were associated with each sorption isotherms and contained only bulk
solutions (CaCl, or NaCl 10 mmol.L?), radiotracers and when necessary stable thallium
solutions. They were used as reference to calculate, for each isotherm, the initial Tl concentration
([Tl]=0) considering the 2%*TI source activity diluted in batch samples (Aini). More details of

equations and associated corrections for sorption and desorption isotherms are presented in Sl.

4.10. Estimation of experimental uncertainties

Uncertainties reported in this section have only been calculated from the propagation of
known measurements or lab errors following the same approach as Reinoso-Maset and Ly
(2014). However, these are missing the variability in minerals properties. Experimental errors
were hence calculated for each batch following the propagation errors theory. The variance of a
G function of different x; variable can be calculated from the variances of the variables X; using

this expression:

2 6\? , 3G 3G
oG = ?:1(a_xi) o; +22i2ja_xia—xj0ij (Eg. 5)

where (9G/0xi) is the partial derivative of G with respect to x;, o2 is the variance of xi and oj;
the covariance of the x; and x; variables. If these variables are independents, the covariance term
is then equal to zero. In this study, logKg (in L.kg™) experimental errors were between 0.01 and
0.05 log units for illite and between 0.01 and 0.07 for smectite. log[Tl]freceq (in mol.L™)
experimental errors were from 0.02 to 0.07 log units. Finally, errors on log[TI]sorbed (in mol.kg™)
were between 0.02 and 0.09 log units for illite and from 0.03 to 0.05 log units for smectite. Sets
of repeated measurements indicated that + 0.17 log units for illite and = 0.16 log units for
smectite yielding the spread in logKg values. Those values were taken as error bars values.

[Tl]sorbea IS calculated with coefficient distribution, so accordingly, it would have the same
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variability. Consequently, errors bars for [Tl]sored are + 0.17 log units for illite and + 0.16 log

units for smectite.

For pH, uncertainties for each measurement are £ 0.10 pH unit. In results, for pH isotherms,
due to measurement in each batch, the latest value is taken as error. However for pH related to
concentration isotherms, averages are displayed. Then, errors are standard deviations of series

averaged.

5. MULTI-SITE ION EXCHANGER MODEL

The Multi-Site lon Exchanger model is based on the thermodynamics of chemical equilibria,
and considers minerals as ion-exchangers described by negatively charged adsorption sites. For a
complete description of the approach, readers can refer to Gorgeon (1994); Motellier et al. (2003)
and Jacquier et al. (2004). This theory is only based on a macroscopic description, and does not
consider any structural hypothesis of minerals (Motellier et al., 2003). Thus, the exchange
behavior of each cation (here, Na*, Ca?* and TI*) has to be studied individually as a function of
pH and concentration on purified clay minerals (Motellier et al., 2003; Jacquier et al., 2004).

Then, H* protons are taken as reference cations (Motellier et al., 2003).

Classically, cation exchange between H* and M™ for a given sites Xi is expressed by

equation 6.

{XD))m — M™}+ mHY & m{X; — HT} + M™* (Eq. 6)

Then, the equilibrium constant of this reaction is written as follow in equation 7:

o Cgennmeamn DO MGG e v (Eq. 7)
M™*/H ((Xi‘)m—Mm+)(H+)m [(Xi_)mMm+][H+]mf((xi‘)mMm+)Ygl+

where K' is the selectivity coefficient, i is the type of sorption site. () and [] represent
activities and concentrations of species, respectively. Species in solution are in mol.L™ whereas
adsorbed species are in mol.kg™? (of dry clay mineral). f (in kg.mol™) is the activity coefficient of
each adsorbed species and y (in L.mol™) is the activity coefficient of the species in solution. All

f’s are unknown but their ratios are expected to be constant. Consequently, a corrected selectivity
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coefficient (K;,i[m /su+) Is calculated (equation 8). Activity coefficients for species in solution are
calculated according to Davis theory.

[X7—H*]" [M™ ]y m

|(x7),, ~Mm*|[(H#]mym,

i
K;/[m+/H+ -

(Eq.8)

In this study, three cations are in solution, TI*, Na* or Ca?*, each exchanging with H*
according to equations 9, 10 and 11. In our experimental physico-chemical conditions, thallium is
expected only in free form, TI*, avoiding some hydroxide forms of thallium (fig. 1 and 2). So a

correction with Ringbém coefficient (Jacquier et al., 2004; Tertre et al., 2009) is neglected.

{X))m —TI*}+H' & X7 —H*}+ TI* (Eq. 9)
{X{))m —Na*}+H" & {X; —H*} + Na* (Eq. 10)
{X{)m — Ca?*} + 2H* & 2{X; — H*} + Ca?* (Eq. 11)

Therefore, selectivity coefficients are calculated as follows:

[Xi_—H+][Tl+]yT1+

*1 _
«i _ X7 -HY][Natlyy,+

KNa*/H+ T X -Nat|[Ht]yg+ (Eq. 13)
i Xi—_H+ 2 C 2+

KC1a2+/2H+ =1 ) P (Eq. 14)

(66 —Car i 122 ¢

Corrected selectivity coefficients (K™cazson+ and K'lnawns) of each Xi sorption site
characterizing the four matrices (Ca-illite, Ca-smectite, Na-illite and Na-smectite) are acquired in
10 mmol.L? solutions, while those of TI* required estimation. Compiles data from a previous
study were used (Wissocq et al., accepted) andare recapitulated in table 1. In this study, only Tl
selectivity coefficients with reference to protons were adjusted from both sorption curves over pH
and over concentration by non-linear regression using Excel solver. Uncertainties of selectivity
coefficient obtained by Excel solver were calculated with the Excel macro Solver Aid. Results

are given in table 1.

Cations, here TI*, Na* and H* or TI*, Ca®" and H", can saturate a sorption site Xi~ capacity

(Tertre et al.,, 2009). The capacity of major sorption sites are generally deduced from
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experimental saturation curves, implying cation in major concentration (i.e. Na*, Ca?*, H"). Those
sites are characterized by plateau in pH isotherms when saturation occurs. Thus, site capacity,

CE;, is calculated with the sum of adsorbed species (equations 15 and 16).
CE; = [X{ — TI*] + [X{ — Na*] + [X] — H*] (Eg. 15)
CE; = [X{ — TI*] + [(X{)2 — Ca**] + 2[X{ — HY] (Eq. 16)

Sorbed cation concentrations may be expressed by relations according to cation valence of
electrolyte, and taking into account pH, CEC, corrected selectivity coefficient (for Ca?* and Na*)
(Wissocq et al., 2017). In case of trace element, as for thallium competing with major element,
sorbed concentration is directly estimated from experimental results (equation 4). The capacity of
low capacity sites are then determined on experimental data expressed in terms of sorbed
concentration versus concentration in solution at equilibrium or by fitting the combination of
equations 12 to 16 on experimental isotherms. In case of multi-sites, the sum of CE; has to be
equal to the exchange capacity (CEC) of the clay minerals. Given that sorption properties of illite
du Puy and Wyoming smectite were extensively studied and our conditioned clay CEC
comparable to those of previous studies, the CE;i of major sorption sites are those determined by
Gorgeon (1994) for illite and Nolin (1997) for smectite. Usually, three major sorption sites are
used to describe the illite exchanger (Brouwer et al., 1983). However, it is common to add a
fourth site, of lower capacity and higher affinity to describe experimental data (Maes et al., 1985)
both on illite (Savoye et al., 2012) and on smectite (Maes et al., 1985; Tertre et al., 2009).

In this study, four sites were necessary to model experimental data: three major sites and one
minor site, with high affinity and low capacity. The latest (Xo or Xs) was estimated with graphs
support (fig. 7A and 7B) by considering the slope break of the Log[Tl]somed VS. Log[Tl]free,eq
curves (Poinssot et al., 1999; Missana et al., 2014a). The value of Log[TI]sorbed read (arrows in
fig. 3A and 3B) at the slope break is used as Xo and Xs site capacity and refined by adjusting
simultaneously this CEi and the K"'rin+ of four sites for pH and concentration isotherms. For
each mineral, data from all matrices (Na-illite and Ca-illite on one hand and Na-smectite and Ca-
smectite on another hand) were treated together. Consequently, CEis for Xo or Xs were adjusted
as one as they are intrinsic properties of minerals and cannot depend on the conditioning state
(Na or Ca). CE; values for major sites (X1, X2 and Xz or Xa, Xp and X¢) determined by Gorgeon

(1994) and Nolin (1997) are summarized in table 1 and were taken as published.
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6. RESULTS

6.1. Sites descriptions and selectivity coefficient for thallium

In the case of TI, illite and smectite have to be described as cation exchangers with four sites.
Although, smectite expresses a larger cation exchange capacity than illite (table 1), the estimated
minor sites capacities (Xs and Xo) are close for both clay minerals, reaching 0.20 meq.kg™* and
0.25 meq.kg?, respectively (table 1). Their capacities were estimated graphically on log [T1]sorbed
vs. Log [Tl]eq curves, at the slope break (pointed by arrows) in figures 3A for smectite and 3B for
illite. In this study, shifts are small but more obvious when Na* is the background cation (fig. 3A
and 3B) and correspond to site saturations by the trace cation (Wissocq et al., accepted; Missana
et al., 2014a), here thallium.

-2.00 -2.00
Wyoming Smectite Illite du Puy
-3.00 3.00
2400 = -4.00
b 5o
= =<
S 5.00 | = -5.00
& &
%-6.00 | 3-6.00
E 5
E 700 | E -7.00
& g
= -8.00 | - -8.00
(A) (B)
29.00 . . . . . L _9.00 . . . . . A
-12.00 -11.00 -10.00 -9.00 -8.00 -7.00 -6.00 -5.00 -4.00 -12.00 -11.00 -10.00 -9.00 -8.00 -7.00 -6.00 -5.00
LUg[Tl]free,eq (mOILl) LOg[TI]free.eq (mUl'LJ)
@ Ca-smectite — y=0.95x + 1.42 (R = 1.00) B Ca-illite — y=100x + 3.15 (R*= 1.00)
@ Na-smectite — y=0.89x+2.21 (R2=0.99) B Na-illite — y=1.01x+ 3.81 (R*=1.00)
Estimated slope breaks Estimated slope breaks

Figure 3: Results in log[T1]sored = f([T1]tree.eq) fOr smectite (A) and illite (B). Error bars correspond to
the variability of Tl sorbed.

Considering selectivity coefficient (K*') values, the Xo or X; sites show the most affinity for
TI (table 1). For the two studied clays, the sites selectivity can be ordered as, Xo> X1> X2> X3
(table 1) for illite and as Xs> Xa> Xp> X, for smectite (table 1). However the main difference
between illite and smectite affinity for thallium comes from K*' values for Xo and Xs. Values are
respectively 1038 for the first and 1023 for the last (table 1) when reported to protons. When
reported to electrolyte cations, thallium affinity for low capacity and high reactivity sites (Xo and

Xs) is also higher than any other sites except for Ca-smectite (table 1). Nevertheless, thallium
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affinity for major sites remains higher than for sodium and calcium but lesser than for protons,

which induces some pH-dependence. As indicated by negative selectivity coefficient, illite and

smectite have more affinity for thallium than for calcium, sodium (table 1).

Table 1: Sites capacity and selectivity coefficients calculated in this study. Equations for

log K7+ /na+ @Ndlog Kij+ o 2+, NOt Used during modelling are summarized in Appendix 5 (eq. | and J)

M. I . CE| 1 K*i l K*i c log Kziz;12+/2H+ 1 K*i 1 K*i
ineral ~ Sites (eq.kg™) og K+ g+ 1og K+ a 08 K+ /nat 108 Kom+ /a2
Illite 4 -3.87% -3.97 £

Xo 25.10 0.03 0.87+0.14 040+1.98  -474+0.77 19.50

X1 0.13* 0.18+0.05 2.77+0.13 217+0.07  -260+0.79 -1.69+0.49

X2 0.04* 113+0.11 419+0.18  431+0272 -3.07+044 -2.88+0.39

X3 0.07* 6.20+1.03 895+378  11.75+021 -2.75+1.62 -5.24+0.96
2CE g5

Smectite Xs 2.0.10* -231+x0.25 259+0.23 022+0.18  -490+095 -2.23+2.10

Xa 0.39° 0.13+0.81 0.26+0.04 049+049  -014+092 -0.06+0.45

Xp 0.36°  152+0.29 262+0.089 435+0.03 -1.10+0.25 -2.53+0.50

Xe 0.14° 6.35+0.21 845+0.18  14.84+0.06 -210+0.12 -8.19+0.31
2CE 089

1
A from Gorgeon, 1994
B from Nolin, 1997

C from Wissocq et al., accepted

6.2. Thallium adsorption as function of pH

In all cases, Tl adsorption is pH dependent. LogKq are lower at low pH and higher at basic

pH (fig. 4A, 5A, 6A and 7A). This highlights the competition with protons for sorption sites,

according to the electrolyte (Na or Ca) and the progressive exchange with thallium on sorption

sites. Besides, two kinds of behavior are identified, depending on the background cation. When it

is Na*, whatever clay mineral is in suspension, the pH effect on Tl uptake is significant below pH

6.0 by the lowest Kq values; whereas at higher pH a plateau with roughly constant logKg is

reached (fig. 4A and 6A). Corresponding maximal logKq values are ~3.16 + 0.16 L.kg? for
smectite and~4.00 + 0.17 L.kg™ for illite. In Na-smectite (fig. 4A), from pH 3.5 to 6.0, logKg (in
L.kg?) are between 2.51 and 3.10 (+ 0.16). For Na-illite below pH 6.0, logKg range between 1.89
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+ 0.17 to 4.00 + 0.17. On the contrary, when Ca?" is the background cation, Kq evolution is
gradual over the range of investigated pH (fig. 5A and 7A). Except at low pH (< 4.0), the amount
of thallium adsorbed onto clay minerals is more important on Na-illite, then on Na-smectite and

Ca-illite almost in the same ranges. Ca-smectite holds the smallest amount of sorbed thallium.
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Figure 4: Results for Na-smectite in logKq = f(pH) (A) and in logKg = f([T1]freeeq) (B). In A,
introduced average Tl concentration is [Tl]io = 2.24 + 0.08 .10"*° mol.L%. In B, sorption average pH was
7.34 + 0.40 and was 6.11 £ 0.40 during desorption. Dashed colorful lines correspond to the individual
modeled reactive sites contributions. Red lines are the sum of each site contribution. Error bars correspond

to the Kg variability.

The four sites considered in the model allow correct fitting of the smectite experimental data,
both with Na* and Ca?* (fig. 3A and 4A). Individual site contributions show that the high reactive

site (Xs) is one which uptakes the most thallium by smectite in all pH conditions (fig. 4A and
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5A). They follow the same profile as experimental data with growing logKq values before
reaching a plateau for pH > 5.0. X5 and X, also play a significant role in Tl uptake but only the
logKq for X, site varies at low pH and remains constant above pH 5.0 (fig. 4A and 5A). The X,
site displays a steady logKq along the range of tested pH (fig. 4A and 5A). Xc becomes more
important at higher pH and its role increases with increasing pH. In Na-smectite, it is significant
from pH ~ 8.0 and at pH 10.0 and then occupies the second site contribution, express in term of
logKq values, after Xs site (fig. 4A). Observations are similar for Ca-smectite but the X site
appears at pH 7.0 and equal the X;s site in term of logKg from pH 10.0 (fig. 4A). In figure 5A, two
experimental points at pH over 10.0 are well above the general trend (logkd ~ 2.50 L.kg*) and
were not considered in the study. It seems that calcite precipitations occurred in batches during
pH adjustment with Ca(OH)s.
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Figure 5: Results for Ca-smectite in logKq = f(pH) (A) and in logKg = f([T1]freeeq) (B). In A,
introduced average TI concentration, [T1]=o = 2.12 + 0.29 .10 mol.L. In B, sorption average pH was
7.89 + 0.20 and was 7.97 £ 0.04 during desorption. Dashed colorful lines correspond to contribution of

individual modeled reactive sites. Red lines are the sum of each site contribution. Error bars correspond to
the Kq variability.

The combined contribution of all sites (red line, fig. 6A and 7A) describes effectively the
experimental data. In Na-illite, TI sorption is driven by high reactive site Xo at pH less than 3.0
(fig. 6A). Then, a significant role is played by the X; site, as it dominates Tl uptake for pHs
between 4.0 and 7.0. A similar trend is observed for X> (fig. 6A) but from pH 4.0. It reaches Tl
saturation around pH 8.0 and uptakes as much thallium as the X site. From pH 8.0, X3 starts to
uptake Tl but never reaches saturation under our conditions (fig. 6A). The case of Ca-illite is
different. Xo seems to uptake the majority of the thallium as it almost corresponds to the overall
trend (fig. 7A). Despite low logKg (< 1.50 L.kg?) the uptakes by sites X1 and Xz remain
significant considering their exchange capacities (fig. 7A). No role from the X3 site is observed
here (fig. 7B).
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Figure 6: Results for Na-illite in logKq = f(pH) (A) and ion logKg = f([T1]free.eq) (B). In A, introduced
average Tl concentration, [T1]=o = 4.01 £ 0.95 .10® mol.L™. In B, sorption average pH was 5.00 + 0.10.
For desorption, it was 5.00 + 0.46 for points with 10g[T1]freeeq < -10 and for the point (-7.03; 3.62). Then, it
was 3.94 + 0.19 for points with log[Tl]feeeq > -10. Dashed colorful line correspond to contributions of
individual modeled reactive sites. Red lines are the sum of each sites. Error bars correspond to the
variability of the K.

6.3. Thallium adsorption as function of Tl concentrations

In this section, partitioning coefficients are expressed in function of thallium concentrations
measured at sorption equilibrium in the supernatant at fixed pH. LogKqg values in comparable pH
and TI concentrations are similar to those from pH isotherms in all experiments (fig. 4, 5, 6 and
7). Observations are the same with modeling results and for all matrices, the highly reactive site
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(Xo or Xs) mainly contributes to uptake thallium at all concentrations (fig. 4B, 5B and 7B) except
for Na-illite where X; is dominant (fig. 6B). LogKq values remain constant until free thallium
concentration reaches 108 (-8 in log scale) mol.L™. Smooth declines in logKd are observed when
Ca?" is the background cation, from 10 mol.L* and from 10" mol.L! of free TI for illite (fig.
7B) and for smectite (fig. 7A), respectively. No logKd decrease is seen on illite in sodic
conditions (fig. 6B) suggesting that no sites saturation is achieved in the studied concentrations.
On the contrary, a clear break is evidenced for Na-smectite (fig. 4B) implying that less thallium is

adsorbed up to 10 mol.L™* of free cation.
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Figure 7: Results for Ca-illite in logKq = f(pH) (A) and in logKq = f([T1]free.eq) (B). In A, introduced
average Tl concentration, [Tl]w=o = 4.37 £ 0.18 .10® mol.L ™. In B, sorption average pH was 7.18 + 0.08
and was 7.14 + 0.19 during desorption. Dashed colorful lines correspond to LogKg for each modeled

reactive sites. Red lines are the sum of each site contribution. Error bars correspond to the Kg.variability
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6.4. Adsorption reversibility

From figures 3 to 6, both sorption and desorption data are presented. When thallium uptake
by clay minerals is studied in function of pH, the desorption Ky values are in the same range as
sorption within error bars of each data set (fig 4A, 5A, 6A and 7A). Results are similar when
thallium uptake is studied in function of Tl concentrations (fig. 4B, 5B, 6B, 7B). Those results
indicate that thallium sorption on clay minerals, both illite and smectite is reversible in all tested

conditions.

Variability observed for desorption data in figure 6B is explained by different pH conditions
within the set of batch experiments. The three values over logKq at 3.50 L.kg* were acquired at
pH 5.00 + 0.46 while the other values (logKg < 3.50 L.kg?) where acquired at pH 3.94 + 0.19.

When compared to the same pH conditions in figure 6A, the reversibility is attested.

7. DISCUSSION

This study represents the first description of thallium sorption with two major clay minerals
in the sub-surface environment, such as illite and smectite. Hence, the set of selectivity
coefficients obtained for thallium/protons exchange is also the first available up to our

knowledge.

7.1. Estimations of low capacity sites

As mentioned previously, a low capacity site is evidenced at trace concentrations and is
intrinsic to mineral properties (Bradbury and Baeyens 1997; Poinssot et al., 1999; Tertre et al.,
2009). Thus, no distinct site capacity value depending on physico-chemical conditions is
expected as verified by low site capacity values that remain the same both in Na and Ca bulk
solutions. Results with illite gave a value at 2.5.10* eq.kg™ (table 1) which is close to values
obtained by Missana et al. (2014b) at 3.0 .10* eq.kg™ and by Poinssot et al. (1999) at 5.5 .10
eq.kg™ with Cs. On another hand, they were estimated at 5.0.10° eq.kg™* by Wissocq et al. (2017)
with Sr sorption experiments and at 2.0 .10 eq.kg™ for Zn experiments (Altmann et al., 2015).
For smectite, Baeyens (1997) calculated their capacity at 2.0 .10° eq.kg™? (Zn experiments)
whereas it was evaluated at 1.2.10* eq.kg™ by Missana et al. (2014), 1.0 .10 by Wissocq et al.
(accepted) and finally at 5.0 .10* eq.kg® by Peynet (2003), each issue of Cs sorption
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experiments. Values from this study are in the same range as those from literature. However, it
appears that estimations calculated during sorption experiments with divalent cations give values

roughly one order of magnitude higher than with monovalent.

7.2. Thallium sorption behavior towards clay minerals comparing with other cations.

7.2.1. Thallium sorption behavior

Thallium sorption behavior can be described by combining two main factors, affinity for the
minerals and competition with a major element (here Ca** and Na*) for sorption sites. When
normalized by mineral CEC (table 2), it appears that Tl affinity for illite is one order of
magnitude higher than for smectite for both Ca?* and Na* matrices. However, experimental data
clearly show that thallium uptake by smectite can equal thallium uptake by illite depending on the
background cation. Similarly, based on thallium affinity for the mineral and vice-versa, illite in
CaClz should uptake as much thallium as illite in NaCl but it does not. In the latest case, thallium
and sodium exchange easily because they are both monovalent and only one TI" is needed to
exchange with one Na*. On the contrary, in a CaCl; solution, two TI* are necessary to replace one
Ca?* and consequently, thallium uptake is limited. This phenomenon is also highlight in Na-

smecite experiments where almost the same amount is taken up compared to an illite in CaClo.

Tableau 2: Thallium affinity in moles of sorbed element normalized by CEC (mol.eq?) for illite and
smectite at pH = 7.

Background cation Ilite Smectite
Na* 2.09.107 5.65.108
Ca** 2.03.107 2.60.10°8

Competition between a trace and a major cation is somehow the greater limiting factor in
thallium uptake by clay minerals. Depending on pH, thallium is first adsorbed onto Xo and Xs
sites, while they represent respectively 0.1% and 0.02% of illite and smectite CEC (table 1 and
fig. 4 to 7), those sites dominate thallium uptake by clay minerals. Then, when Xo and Xs are
saturated, major sites control Tl sorption depending of their protonation state. Nevertheless,
competition for those sites is higher and the intrinsic properties of the major cation in solution get
important. With sodium, exchange is easier and the site’s affinity is less overtaken by the
competitive effect, so major sites uptake more thallium. However, with calcium, exchange is

more difficult and the competitive effect with other cation is greater than site’s affinity for
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thallium. Consequently, thallium uptake is limited. This dual effect (competition vs. affinity) also

explains why thallium uptake by Ca-smectite is dominated by major sites at high pH (> 7).
Indeed, thallium has higher affinity for Xs (K7+ c,2+ = 10%°, table 1) sites than calcium and so

more Tl is taken up.

Thallium concentration has a limited effect on the sorption behavior because it remains in
trace concentrations compared to the electrolyte cation. However, we can expect that that the
ionic strength could influence the amount of adsorb thallium as observed for other trace elements
(Missana et al., 2014a; Missana et al., 2014b; Altmann et al., 2015). Then, thallium uptake would
decrease with higher ionic strength. In various environments, thallium is assumed to substitute
potassium in secondary minerals (e.g. Nielsen et al., 2006; Prytulak et al., 2017; Nielsen et al.,
2017). Based on the discussion so far, we can expect similar behavior of thallium in a KCI
electrolyte for instance. Nevertheless, thallium and potassium share some similar behavior mostly
due to close ionic radii (Shanon 1976). Then, the competition for site would increase and less
thallium uptake is expected. This phenomenon was observed for cesium for instance (Missana et
al., 2014a).

In other studies, when modeling is performed with the surface complexation theory, Xo and
Xs sites are akin to frayed edge type-sites (FES) for illite (Poinssot et al., 1999) and smectite
(Missana et al., 2014a). Interpretations from multi-site ion exchanger theory allow only
macroscopic descriptions of the sorption without any structural considerations. Consequently, the
sites described in this study and involved in thallium sorption cannot be attributed to FES type or

interlayer sites for instance.

7.2.2. Comparison with other trace cations

TI(1) with its main dissolved species TI*, have a ionic radii of 1.50A, close to Rb (1.52A) and
Cs (1.67A; Shannon 1976). Consequently, its behavior is often compared to alkali metals (e.g.
Prytulak et al., 2017). Over the three cations, Tl is the one less sorbed on illite independently of
the background cations (Brouwer et al., 1983, Poinssot et al., 1999; Missana et al., 2014b). For
instance, in similar conditions (trace concentrations and ionic strength at 0.01M), cesium onto
Na-illite shows logKg varying between ~ 4.5 to ~ 5.0 L.kg™ in function of pH (Poinssot et al.,
1999), corresponding to one order of magnitude higher than thallium. Then, alkali metals
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sorption onto illite can be ranked as follow, Cs> Rb> TI. For smectite, observations are similar

and cesium sorption is greater than thallium (Missana et al., 2014a; Wissocq et al., accepted).

In the studied context, no chalcophile vs. lithophile behavior (McGoldrick et al., 1979;
Prytulak et al., 2017) for Tl can be involved. Thallium behaves as expected for other cations (Rb,
Cs and K) with large ionic radii and displays weaker sorption interactions with the studied clay

minerals.

7.2.3. Comparison to other thallium bearing phases

Thallium sorption onto illite and smectite in NaCl was compared to other bearing phases
extracted from Bidoglio et al. (1993), Liu et al. 2011 and Casiot et al. (2011). Figures are
presented in Appendix 6 (fig. S3 and S4).Note that ionic strengths are different for some phases,
so thallium uptake by illite and smectite is probably overestimated (around one order of
magnitude; Missana et al., 2014a; Altmann et al., 2015) in respect to goethite, 3-MnOz, y-Al>O3
and SiO». Nevertheless, it appears that manganese (here 6-MnO-) oxides adsorb the most TI(I)
whereas silica adsorbs less. Aluminium oxides could compete in controlling Tl in solution with
both illite and smectite at alkaline pH (>10). Casiot et al., (2011), evidenced a weak thallium
sorption to ferrihydrite that is similar to smectite (same ionic strength) at pH> 7 (SI fig. S4). At
near neutral (in natural waters conditions) and acidic pH, thallium sorption is dominated first by
manganese oxides and then by clay minerals. Bearing phases in natural waters conditions could
be ranked as follow (order of decreasing sorption): 5-MnO.> illite> smectite ~ ferrihydrite ~> y-
Al>;0O3 ~ goethite> SiOo.

Few studies address Tl sorption mechanisms, mostly on manganese oxides and iron
oxihydroxides (Bidoglio et al., 1993; Lin and Nriagu, 1998; Casiot et al., 2011; Peacock and
Moon, 2012; Coup et al., 2015) so far. Thallium (I) is known to have weak interactions with
ligands in aqueous solution due to its shell electron configuration and its large ionic radii
(Persson et al., 2002). Peacock and Moon (2012) identified weak interactions by outer sphere
complexes for thallium with ferrihydrite, triclinic birnessite and todorokite. Those types of
complexes could be expected for thallium on the sites of both illite and smectite. Indeed,
adsorption reversibility is total in our experiments and evidences that thallium sorption with clay

minerals is driven by exchange reactions. In conclusion, thallium displays weak binding to clay
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minerals, possibly because of outer sphere complexes but more data are necessary to perfectly

understand the mechanisms involved here.

7.3. Implications for thallium mobility in the environment

Thallium has mainly been studied in soils in which clay minerals were suggested as potential
bearing phases (Tremel et al., 1997; Van¢k et al., 2011; Voegelin et al., 2015). Voegelin et al
(2015) and Vanek et al (2011) identified illite and birnessite as the main thallium pedogenic TI-
bearing phases. The present study confirms that illite is an important bearing phase for TI.
Moreover, it seems thallium goes preferentially on illite clays instead of smectite (Voegelin et al.,
2015) which is in accordance with the lower TI affinity evidenced in this study. However, the
exchangeable interactions between thallium and clays suggest that in changing environmental
conditions, thallium could be released from bearing phases. This process may contribute to the
thallium bioavailability and could explain the limited contribution of illite on thallium trapping in
several soils (Vanék et al., 2011). In a Tl-rich soil, Tl uptake by illlite appears to be dominant
over other pedogenic phases such as Mn-oxides for instance (Voegelin et al., 2015). The TI/Mn
ratio is known to be determinant in Tl sorption onto manganese oxides. Tl excess saturates Mn
oxide sorption sites, which constrains its retention effect in soils for instance (Peacock and Moon,
2012; Voegelin et al., 2015). Due to higher Tl affinity for Mn oxides, Tl is expected to be trapped
preferentially by those minerals. Then, clays and especially illite, could have an important role in
controlling Tl uptake at high concentrations (i.e. polluted soils, sediments or in acid mine

drainage).

The role of clay minerals in other environmental compartments is not clear due to lack of
studies. In rivers, aqueous TI(I) species are mainly dissolvedand the thallium loaded in particulate
matter seems limited (Law and Turner, 2011). Nevertheless, in lake and river sediments, we can
assume that clay minerals are dominant bearing phases and can be responsible for thallium output
fluxes from water column as in oceans (Rehkdmper and Nielsen, 2004). In estuarine conditions
where particles are small and often re-suspended, thallium seems mostly fixed on particles (Law
and Turner, 2011). In this context, illite or smectite, given their quick exchange kinetics with
thallium (roughly two days) could play an important role, especially in freshwater where TI

seems to mostly be sorbed on particles (Turner et al., 2010).
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8. SUMMARY AND CONCLUSIONS

Ilite du Puy and Wyoming smectite were used in this study to assess the sorption behavior
of thallium as TI(1) to clays. Batch experiments at a constant ionic strength of 0.01 mol.L™, with
various pH and T concentration conditions were performed. Na* or Ca?* was used as background
cations for all experiments. Experimental results were interpreted with the help of a multi-site ion
exchanger model. Our results showed that illite is the mineral with more affinity for thallium
while smectite has less affinity. In both cases, independently of the background electrolyte, low
capacity but highly reactive sites were dominant in thallium uptake highlighting Tl affinity for
those sites. The exchange reversibility and weak interactions between TI* and reactive clay sites

suggested similarity with outer sphere complexes as dominant mechanism.

The role of clay minerals in thallium environmental cycle is evident but more studies are
needed to understand all the mechanism involved. On one hand, more descriptions of thallium
interactions with clays in various environments such as lake, river and estuary sediments and
particulate matter would be interesting. New environmental measurements will benefit from our
database and modeling approach and Tl-clay interactions will be modeled to gain a better
understanding of TI behavior. In parallel, studies to evidence the sorption mechanisms are
important especially concerning the type of bonding and the possible thallium migration in
interlayers of clay minerals. Finally, thallium substitution of potassium is prevalent in geogenic
processes and is present in weathering products of various K-bearing minerals. Thus, it would be
interesting in the future to distinguish the source of thallium in illite, for instance, and to know
whether it was already present in the parent mineral or thallium complex due to sub(surface)

environmental processes.
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SUPPORTING INFORMATION 1: Parent solutions concentrations used in concentrations

isotherms

Table S1: Concentration of parent solutions (stable TI) used to create ranges of Tl concentrations in

batch experiments for concentrations isotherms. Italic and bold values are for solutions where Tl
concentrations were measured with HR-ICP-MS Element 2 (Thermo Scientific). Associated errors are
measurements uncertainties. For others solutions, errors correspond to propagated uncertainties from

parent solutions.

WS batches, [TI] (mol.L?) IdP batches, [TI] (mol.L?)
4.76 +0.08 .10™ 4,76 +0.08 .10*
2.41+0.04 .10* 2.37+0.04 .10*
477 £0.08 .10° 474 +0.08 .10°
2.40+0.04 .10° 2.34+0.04 .10°
4.66 +0.08 .10°° 4.66 +0.08 .10
2.35+0.04 .10 2.63+0.04 .10
4.66 +0.08 .10 4.67 +0.08 .107
4,76 £0.08 .10 3.72+0.06 .10°®

Supporting Information 2: Sorption Kinetics
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Figure S1: Kinetics of Tl sorption with illite du Puy in CaCl, and NaCl 10mM. For Na-illite, [ T1]initia
=8.17+0.1.10%M and pH = 7.76 £ 0.23. For Ca-illite, [TI]initia = 8.03 £ 0.23 .108M and pH =7.72 +

0.11. Error bars are + 26 and correspond to uncertainties of measured thallium.
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Figure S2: Kinetics of Tl sorption with Wyoming smectite in CaCl, and NaCl 10mM. For Na-
smectite, [T1]initiar = 9.08 £ 0.1 .108M and pH = 7.57 + 0.48. For Ca-Sm, [TI]inita = 9.77 £ 0.27 .10%M and
pH =7.80 £ 0.01. Error bars are = 2c and correspond to uncertainties of measured thallium

SUPPORTING INFORMATION 3: Details of equations used in batch experiments

VSOurCe, a e
Aini = Asource X —source, added (Eq Sl)

Vsource
Agource (in Bg.L™?) is the average activity calculated for the two blanks of a series. Vsource (in
L) correspond to the total volume of the 2%Tl in 0.1 M HCL solution. Vsource, added (in L) is the
volume of 2%Tl in 0.1 M HCI added in each batches. Thallium concentration sorbed ([T1]sorbed in
mol.kg™?) onto the clay mineral was also calculated as follow

Ajni
[Tl]free,eq = [Tl]t=0 X — (Eq 52)

Asup,eq

[T1]freecq is the thallium concentration in the supernatant. [T1]i=o (in mol.L?) corresponds to

the thallium concentration at the beginning of each experiments.

(Eg. S3)

[Tlstablel XVTlstable)

Mo = [2471] + ( -
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[2%4TI] corresponds to the thallium concentrations in diluted source solutions (from solutions
1 and 2) in 0.1 HCI. [TI]stble correspond to stable thallium concentration and VTistabie iS the added

volume of this solution.
Asorbed (in Bg.L-1) is calculated as in equation D.

Asorbed = Aini Asup,eq (Eq. S4)

Distribution coefficient during desorption, Kg des is calculated with the same equation as Kgq in
sorption experiments. Residual activity (Arws, in Bg.L™) from the solution remaining in the

hydrated clays (Vres in L) was calculated as follow in equation D.

Ares = Ames X Vres (Eq- 85)
_ Tlreleased Asup,eq.des
[Tl]desorbed - T + ([Tl]t=0 - [Tl]free,eq) X (Tdes - Ares) (Eq- 86)

[T1]desorbed and is in mol.L ™. Tlreleasea (in mol) is the amount of thallium released from the
clay, which was initially present (see section 2.4) normalized with the mass m (in kg) of clay for
each batch. Vges (in mol.L?) is the volume of bulk solution for each batch during desorption.
[TN=o (in mol.LY) and [Tl]free,eq (in mol.L?) are respectively the initial thallium concentration and
the free thallium concentration at equilibrium both during sorption experiments. Asupeqdes (IN
Bg.L?) is the measured activity of 2%Tl in the supernatant at desorption equilibrium. It is

calculated with the same formula as in equation 2. Ainiges (in Bg.L™) is calculated as follow:

Aini,des = Asorbed T Ares (Eq 87)
[T1]*qesorbed is the amount of desorbed thallium in mol.kg™ of material. It is calculated as in
equation G:
[Tl]aes = Kd,des X [Tl]desorbed (Eq 88)

SUPPORTING INFORMATION 4: Calculation of selectivity coefficient in respect to Na*

and Ca?*

Ko+ nat = Ko+ it /Kot /e (Eq. S9)
K;iTlJr/Ca” =2 K*Ti1+/H+/KEia2+/2H+ (Eq. S10)
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SUPPORTING INFORMATION 5: Comparison to other TI bearing phases
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Figure S3: Thallium sorption onto different mineral phase function of pH. SiOz, 3-MnQO; and y-Al,O3
data are from Bidoglio et al. (1993) and goethite is from Liu et al. (2011). Total thallium concentrations in
those bacth experiments was 1.2 .10 mol.L™. Illite and smectite data are from this study. Dashed lines

correspond to the range of natural waters pH (freshwater + seawater).
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Figure S4: Thallium sorption onto ferrihydrite (Casiot et al., 2011 and clay minerals of pH. Dashed

lines correspond to the range of natural waters pH (freshwater + seawater).
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Chapter 1V: Limits of MnO,-DGT for measuring radium in aquatic environments

1. RESUME

Durant leur extraction, les gisements de charbon, de phosphate et d’uranium sont sources de
radium pour I’environnement. A proximité de ces sites, les concentrations en radium peuvent étre
supérieures de plusieurs ordres de grandeurs au fond geochimique. La surveillance du radium
dissous dans I’environnement requiert des traitements préliminaires ainsi qu’un conditionnement
spécifique de I’échantillon et, dans le cas de la mesure par spectrométrie gamma, de long temps
de comptage. De plus, d’importants volumes d’échantillon (1 to 100L) sont nécessaireS pour pré-
concentrer I’espece dissoute que ce soit par co-précipitation ou par adsorption sur des résines
échangeuses d’ions. Dans le but de remédier a ces contraintes et d’améliorer la mesure du radium
dans les systémes aquatiques, il a été testé¢ dans cette étude I’efficacité d’un capteur de type DGT
utilisant MnO> comme couche accumulatrice dans plusieurs environnements aquatiques. La
premiére étape a été de tester les potentiels effets de compétition dans différentes matrices en
laboratoire. Ensuite, le comportement de la phase accumulatrice en condition d’anoxie a été testé
dans le Lac Pavin en France. Enfin un modéle numérique a été adapté pour prévoir la réponse du
capteur aux signaux transitoires de concentrations Les résultats montrent qu’un important effet de
compétition avec les ions majeurs, empéche la pré-concentration du radium par le DGT. De plus,
la phase accumulatrice en dioxyde de manganese (MnO3) est soumise a la réduction de Mn qui
entraine une perte de 1’agent fixateur en condition anoxique. Dans ces conditions, I’adsorption du
radium devient impossible. Enfin, il semble que les DGT soient capables d’enregistrer aussi bien
des signaux transitoires de concentration que des signaux constants. Cependant, le temps de
déploiement et la qualité de 1’agent chélateur sont des paramétres a ne pas négliger lors de leur
utilisation. Cette étude a donc permis de démontrer que les oxydes de manganése n’étaient
probablement pas le meilleur agent chélatant a utiliser pour le DGT appliqué a la mesure du

radium dans 1’environnement.
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2. ABSTRACT

Coal, phosphate or uranium ores are sources of radium (Ra) during extraction and in these
areas, radium concentrations can be three orders of magnitude higher than the background level
(close to 1 fmol.L'Y). Environmental monitoring of dissolved radium requires preliminary
treatment, a specific conditioning of the sample and in some cases gamma spectrometry long
counting time is required. Besides, large volumes of sample (1 to 100 L) are required to pre-
concentrate the dissolved species by co-precipitation or adsorption onto different types of ion
exchange resins. In order to overcome these issues and improve radium measurements in aquatic
systems, this study tested the efficiency of Diffusive Gradient in Thin films (DGT) devices using
MnO; as a trapping layer in various aquatic environments. The first step was to test possible
competition effects and the capacity of the binding agent in laboratory with different aqueous
matrices. Then the redox response of the device was tested in Pavin Lake (France). This study
also focused on the Ra-DGT response to transient signals, as it can be used in dynamic aquatic
systems. It seems that there is a strong matrix effect inhibiting radium enrichment onto Ra-DGT
and under anoxic conditions Ra-DGT binding agent seems to be affected by manganese
reduction, which induces a loss of Mn-oxides. No radium adsorption was possible there. These
results appear as major drawbacks. Nevertheless, according to our model, Ra-DGT design is
appropriate to record steady or transient radium concentration signals in aquatic environments.
This work shows that MnO2 may not be the best chelating agent to use for Ra-DGT in natural
environments or it should be restricted to specific environments with very soft and oxic water

conditions.
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3. INTRODUCTION

In mining areas, especially where coal, phosphate or uranium ores are extracted, radium
concentrations can be three order of magnitude higher than the background level (close to 1
fmol.L; Azouazi et al., 2001; Pluta, 2001; Vandenhove et al., 2006; Carvalho et al., 2007;
Chaplunik & Wysocka, 2008; Cuvier et al., 2015). ??°Ra is the most abundant radium isotope and
due to its radiotoxicity (St-Amant et al., 2011; Jia & Jia, 2012) and to its carcinogen daughter
isotope (?2Rn) has become a targeted element in mining monitoring (Vinson et al., 2009).
Existing speciation studies tend to demonstrate that free Ra?* and labile complexes are the
dominant forms of radium in aquatic systems (Sturchio et al., 2001; Martin et al., 2003; Almeida
et al., 2004; Manakhov & Egorova, 2014).

To analyze %*°Ra, large volumes of sample (1 to 100 L) are required to pre-concentrate the
dissolved species by co-precipitation or adsorption onto different types of ion exchange resins
(Moon et al., 2003; Decaillon et al., 2004; Waska et al., 2008; Van Beek et al., 2010; Jia & Jia,
2012). To facilitate sample pretreatment and to increase the number of measurements in impacted
watersheds or to collect data from compartments where sample volume is low (sediment, soil,
hyporheic zone), a DGT (Diffusive Gradient in Thin-films) probe, which consists of a gel
combined to a chelating gel, was designed according to the DGT theory (Davison & Zhang,
1994; Zhang & Davison, 1995; Harper et al., 1998). The DGT technique was already applied to
trace metals monitoring and more recently to radium by using a MnO trapping layer
(Leermakers et al., 2009; Gao et al., 2010; Leermakers et al., 2016). These previous studies
showed that MnO> can sorb specifically radium in natural waters and soils, and it was first tested
in (Leermarkers et al., 2009) as a chelating agent for DGT development. Another advantage of
MnO: shown in (Leermarkers et al., 2009) is to pre-concentrate specifically radium over barium
or strontium which could interfere at m/z 226 in HR-ICP-MS measurements (Leermakers et al.,
2009). In these previous studies (Leermakers et al., 2009; Gao et al., 2010; Leermakers et al.,
2016) the type of MnO> that was used was not detailed, so we choose to precipitate MnO>
directly in the gel and we have tested the limitation of the DGT theory of these devices under our
field conditions (redox conditions, competition effect, binding agent capacity, and the monitoring

at different time scales).
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In small watershed, some events such as heavy rain during a storm could modify metal
concentrations from a steady state to transient signal (Gu et al., 2008; Ward et al., 2012). For
instance, big amount of metals could be re-suspended from an external sources and a
contamination plume could be release in the system. On the contrary, heavy rains could dilute the
signal. In both examples, metal concentrations vary and are not stable at a small time scale. Many
models were developed to describe and interpret DGT’s functioning (DIFS: Harper et al., 2000;
2D-DIFS: Sochazcewski et al., 2007; DGT-PROFS: Ciffroy et al., 2011), but they focused either
on processes inside the sensor (Mongin et al., 2011, 2013; Galceran & Puy, 2015) or when DGTs
are deployed in soils (Ernstberger et al., 2002; Letho et al., 2006a). But scarce studies were
published to describe the behavior of the sensor regarding transient signal concentrations in bulk
solution (Letho et al., 2006b; Puy et al., 2016).

The aims of the present study are (i) to develop a DGT probe to assess radium in-situ, in
different natural waters from rivers to pore water. The probe is required to work over a wide
range of pH, in different matrices and under anoxic conditions and above all, with small volume
of water. The use of a nano-dispersed MnO- in agarose gel presents the advantage of being
cheap, easy to prepare, and highly adaptable to many DGT geometry. And (ii) to answer another
major question in the use of DGTs in dynamic aquatic systems (rivers, etc.): does the sensor
respond to transient signals (Allan et al., 2007; Davison & Zhang, 2012, 2016)?

4. MATERIALS AND METHODS

4.1. Gel preparation

DGT probe consisted of an agarose (1.5 wt %; VWR Chemicals) diffusive layer and a layer
composed with nano-MnO included in agarose (2.5 wt %) gel. The trapping layer is composed
of 0.1 mol.L? potassium permanganate (Merck) solution mixed with a heated agarose solution
(2.5 wt % at roughly 70°C). The aim is to reduce KMnV"O4 to Mn'VO; dispersed nano-cristal
with agarose as electron donor. Then, 2 mL of the mix between trapping layer and diffusive layer
solution were poured directly in Petri dishes (diameter 34 mm) until cooling, sedimentation of the
trapping agent and solidification of agarose. A PVDF filter was used to protect the gel when

deployed in situ.
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4.2. Laboratory tests

DGT devices were set in different mineral spring waters in order to investigate their
selectivity against competitor ions. To this end, three different natural waters were spiked with
radium (EB95 Eurostandard, Czech Metrology Institute) to obtain a final radium concentration of
2.0.10"® mol.Lt. Natural water from Volvic®, Evian® and Hépar® commercial springs and

ultrapure water (milli Q; Millipore) were used (composition in table 1).

Table 1: Composition of mineral spring waters used in experiments. Concentrations are in mmol/L.

Ca* Mg?* Na' K* Ba?* SO~ HCOs NOs; CI F
vovicr 0287 g2 920 025 2010 g0y 1130 0 0% o012
Evian® 1996 o0 V2% 09 2010 o146 5900 2 2% <pu
depare 1369 489 061 010 2010 ygo, o 006 083 g0

Triplicates were immerged and agitated in each tank, with a total volume equal to 1L,
corresponding to one type of water, during 24 hours at room temperature (22.0 £ 1.0 °C). pH was
adjusted to 6.0 £ 0.1 with Suprapur HNOs (Merck) in order to be as close as natural waters
conditions. After 24 hours, triplicates were removed from each tank, MnO> gels were isolated and
dissolved in 4.0 mL of 0.22 mol.L™* HNO;3 (diluted from distilled HNO3) during additional 24
hours prior analysis using an HR-ICP-MS Element 2 (Thermo Scientific®). For each DGT, a Ra
pre-concentration factor was defined with the quotient of radium concentration in dissolved
residue (ready for analysis) over radium concentration in tank. As each media contains triplicates
a Ra mean pre-concentration factor (Ra-MPF) was calculated with an arithmetic average of the

three Ra pre-concentration factors.

4.3. Radium measurement

Radium was measured with an HR-ICP-MS Element 2 (Thermo scientific) in a white room
with a solution of °In 5 ppb as internal standard. For each samples, 9 measurements in a row are

done (3 x 3 passes, Appendix 1, table Al) in two resolutions, low and medium.

At low resolution, three main polyatomic interferences could interfere at m/z 226: 2°6pp*Q,
13883885yt and BWOAr, 1¥Ba®Sr* is problematic due to the abundance of barium in natural

water (Leermakers et al., 2009) and its behavior similar to radium in the environment. However,
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the interference occurs above 1 ppm of total barium (Appendix 1, Table A2). The W*Ar
interference was also observed after 1 ppm of tungsten in matrix solution (Park et al., 1999). In
this study, no lead or tungsten was present in tested solution and the only sources of barium and
strontium were from standard solution but diluted during experiment. Then, no interference is

observed due to matrix solution.

Then, only results in low resolution were used in this study. Concentrations are corrected
from signal derivation by internal standard. An IRSN (Institut de Radioprotection et de Sureté
Nucléaire, Fontenay aux Roses, France) certified standard was used for ??Ra HR-ICP-MS
analysis validation. Limit of quantification (in low resolution) was 3.0 .10"** mol.L"* for Ra. More
details of HR-ICP-MS measurement for Ra can be found in supporting information (Appendix 1,
table Al).

4.4. Redox effect test

MnO. binding layer stability regarding redox conditions was tested in a meromictic lake
(Pavin Lake, Puy de Dome, France), which has a deep sulfidic anoxic layer all year long (Alberic
et al., 2000; Buka-Nakic et al., 2009) beneath 60 meters depth (Michard et al., 1994; Viollier et
al., 1995). It was tested at 30 m depth (oxic) and 60 m depth (anoxic) in April 2016, and Kinetic
experiments were conducted during about 24h. Concerning Kinetic experiments, an assumption
was made of a decrease of manganese IV in MnO: binding layer driven by manganese reduction

(as describe in equation 1). Thus, a first order kinetics law was defined (equation 2).
Mn* + 2e” <> Mn?* (1)
[Mn**](t) = [Mn**]i—pexp~ Xt with In[Mn**] = —kM"t + In[Mn**],-, (2)

It is then possible to calculate a kinetic constant k for MnO2 binding layer reduction function

of time and depth.

One set of four sensors was not immerged and was used as reference for the manganese
concentrations at the beginning of the deployment. Remaining manganese was totally extracted
from Ra-DGTs by HNO3z 0.1 mol.L™? and measured with an ICP-AES ICAP 6200 (Thermo

scientific) after appropriate dilution.
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5. MODELLING

5.1. Theory

Transport of species in diffusive gradient in thin-films occurs solely by molecular diffusion
according to Fick’s Law (Letho et al., 2006b; Mongin et al., 2013), either in the diffusive layer or
in the resin layer (Letho et al., 2006b; Mongin et al., 2013). In addition to transport, chemical
reactions may affect species concentration function of time. Thus, solute concentration evolves as

follow:

X Dy S+ Ry 3)

where Re is the reaction term which obey to a first order kinetics. Ds m is the diffusion
coefficient of species (s) in a medium (m) in m2.s%. This coefficient is specific for each species in
a given medium and is temperature dependent. X is the location of species in the gel and depends
of the object geometry. In this study, an element is modeled with two species. M represents the
mobile one. It diffuses through both diffusive and resin layers and M gathers all labile species of
solute that can diffuse through gel pores (Uribe et al., 2011). MR is the immobile complex made
between M and the resin R. R describes the immobile resin binding sites. Thus, in the resin layer,
complexation reactions between the mobile species (M) and resin binding sites (R) would depend
of the affinity for the resin and the available binding sites. The latest is given by R concentration

and can be adjusted.

In the diffusive layer, the time to reach steady state specific to DGT depends on Ds_m and
the rate of the complexation reaction. Equation 3 expresses the equilibrium between

concentrations during complexation in the resin layer:

M + R & MR (4)
[MR] _ _ kf
R~ KR = Kaiss ©)

Concentrations are in mol.L™2. ks (L.molt.s?) is the complex formation rate constant and
Kaiss r (s1) is the complexation dissociation rate constant. Kr (L.mol™) is the complex stability

constant and defines M affinity for the resin. R and MR are immobiles (Letho et al., 2006b) and
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thus, belong only to the resin domain. Their concentrations evolve with time only by complex
formation/dissociation. On the contrary, M is mobile in all domains. Reactive transport equations

for each species are described in table 2.

Table 2: Equations describing the behavior of the solute M, the Resin R,the complex resin-solute MR

in the gel and resin domains during modelling.

Species Domain Equation N°
geometry
M is diffusive d[My] 0 0[M,]
gl OTxsX ot~ ox\ DMl o 5
. . 0[My] 9] 0[M]
M in resin X2<X<0 a—tx = kdiss[MRX] — kf[MX] [Rx] + & <DM_gela—Xx
. . d[R
R in resin X2 <X<0 [Ry] = kqiss[IMRy] — kp[M][Ry] 7
MR complex 0[MR,]
in resin Xz <X <0 a3t = = ke [Mg][Ry] — kaiss[MRy] 8

3.2. Designed and boundary conditions

The DGT was represented by 1D geometry (unit is in meter), divided in two domains with
three boundaries (fig. 1). On a line, 0 is the interface between the gel and the resin domains. This
boundary is open and the flux of solute in the gel is equal to the flux in the resin and vice versa.
Between 0 and x1 (x1>0), is the gel domain corresponding to the diffusive layer of the DGT (fig.
1). The interface between the gel domain and the bulk solution in x1, corresponds to the entry
point of any solutes in the modeled sensor (fig. 1). Finally, the domain defines between 0 and x:
(x2<0) is the resin layer. In x2, the boundary is closed and and no flux of solute is allowed. x; and
X2 can be adjusted as wanted to create various DGT geometries (fig. 1). Both the gel and the resin
domains are considered as water and consequently, water diffusive coefficients are applied.
Diffusion in the resin equals to diffusion in the gel (Dm_get = Dm_resin), hence diffusive coefficient
i55.0.10° m2.s? (Letho et al., 2006b).
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Figure 1: Simplified representation of the DGT model used in this study

In order to assess the impact of transient signal, three kinds of functions were used as entry at
point x1 (fig. 1). A steady function was used to compare the model outputs to DGT theory as
defined in Davison and Zhang (1994). Then, two transients function were computed. The first
one is taken from Borrok et al. (2008) and represents the evolution of solute in trace
concentrations in a polluted river. The second signal is defined to model the evolution of a solute
concentration in a small watershed when a contaminant plume passes through. Functions and
equations are summarized in appendix 2. The first signal, extracted from Borrok et al. (2008),
displays ranges of concentrations for zinc (between roughly 107 to 10 mol.L?). The second type
of transient signal was designed with radium- range of concentrations (between 104 to 102
mol.L'Y). The shape of the signal is also different. The Zn-type signal is related to natural
variations (Borrok et al., 2008). The second signal is designed to represent a plume of
contamination. As results, the DGT sensitivity to transient signal was studied in a wide range of

trace metal concentrations.

5.3. Software and model solution

COMSOL Multiphysics® version 5.0 with “Chemical Reaction Engineering” module and
“Transport Species in Porous Media” was used. An optimization procedure was carried out to

determine the most accurate mesh and the most efficient step time. The mesh was fixed at 10
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cm in the resin domain whereas it was fixed at 10~ cm in the gel domain. The step time was fixed
at 1000 seconds. The total time of calculation was adjusted to the time definition of the

concentration input.

5.4. Tested hypothesis and outputs

During modeling, various parameters were changed. Firstly, in order to assess the role of the
solute affinity for the resin, multiple complex (resin-solute) stability constants were tested (table
A7, appendix 2). Secondly, the resin site density was investigated with three [R] values 100, 50
and 1 mol.m=. The highest corresponds to Chelex (Letho et al., 2006b), the second is a fictive

value and the lowest is similar to Mn concentrations in the reactive layer tested in this study.

6. RESULTS AND DISCUSSION

6.1. Binding agent capacity test:

20.0
18.0 F mQ Water
[ |

16.0
14.0 F
120
10.0
8.0

6.0 k Volvic

4.0 F + Evian Hépar

] [ ]
20 f

Average preconcentration factor

0.0

0.0 2.0.102 4.0 .10 6.0.102 8.0.102
Solution ionic strenght (mol.L1)

Figure 2: Measured evolution of radium average pre-concentration factor (APF) in various natural

waters (Hépar® and Evian® springs) and milliQ® water. Error bars equal standard deviation of triplicates.

In order to test the capacity of the binding agent for Ra, Mn-oxides were exposed to different
analytes, until equilibrium was reached. The effective binding capacity is determined in the

presence of potentially competing ions (e.g. HCOs, H*, SO4%, etc.), which can compete for
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binding sites and reduce the number available (Bennett et al., 2016). Mn-oxides were tested in
various matrices: milliQ® water, Evian® water, Volvic® water and Hépar® water. The
composition of these matrices is well known (table 1). Hépar® water is the hardest water (table

1) followed by Evian®, Volvic® and milliQ® water as the opposite end-member.

Figure 2 presents the evolution of radium average pre-concentration factor (APF) in the
different matrices and it clearly shows that Ra is fixed on Mn-oxides in milliQ® water (around
17 APF), whereas for all other matrices Ra-APF is rather low, between 3 and 5. Hence, Ra is not
specifically bound to the Mn-oxides when the matrix is complex. Volvic® water contains fewer
ions than the two other mineral waters which can explain that its Ra APF is slightly higher. But
this test cannot determine which ion is responsible for the competition effect. For radium,
contradictory matrix effects were also observed in (Varga, 2007). The amount of trapped radium
onto MnO- was the same in seawater and in ultra-pure water. However, pH was optimized to 8,
as it is the best pH for radium adsorption onto manganese oxides (Varga, 2007). On the contrary,
matrix effects were observed in brine or in ion-charged water (Nelson et al., 2014) and divalent
cations were pointed as main competitors (Kiro et al., 2012; Nelson et al., 2014). MnO. seems to
efficiently trap radium only with important volumes of water (Varga, 2007; Kiro et al., 2012;
Nelson et al., 2014) and under optimized environmental condition (in term of pH for instance),
which is hardly compatible with natural environments. According to our results Mn-oxides may
not be the best binding agent for Ra pre-concentration in natural waters. 6.2. Redox effect on

MnO: binding layer stability (Pavin Lake, France)
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Figure 3: Evolution of Neperian logarithm of manganese concentrations (mol.L ) with time in Lake

Pavin experiment. Error bars are included in the symbols

Mn-oxides (MnO-) binding layer stability regarding redox conditions was tested in Pavin
Lake (France). Ra-DGTs were deployed in the water column at two different depths, 30 m (oxic)
and 60 m (anoxic) in April 2016 (fig. 3). Ra-DGTs deployed at 30 m depth (oxic part) showed
constant Mn concentrations with time (fig. 3) and a brownish color (fig. 4), whereas Mn
concentrations obtained at 60 m depth, in the anoxic part of the lake, increased (fig. 3) with time
and retrieved Ra-DGTs were orange (fig. 4). These results can be explained by a difference of
behavior according to the oxygen conditions. The loss of the dark brownish color, in comparison
with blank Ra-DGT sample, under the oxic-anoxic interface certainly shows the loss of MnO;
binding agent from the gel. In Pavin Lake, it was shown by Viollier et al. (1995) that there is a
large enrichment of the lower layer in dissolved manganese (Mn?*), which means that in the
lower layer reduction of Mn-oxides take place. In Pavin Lake lower layer (below 60 meters
depth) different studies showed a lack of dissolved oxygen and the presence of a sulfidic anoxic
layer all year long below 60 meters (Michard et al., 1994; Viollier et al., 1995, Alberic et al.,
2000; Buka-Nakic et al., 2009.
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Figure 4: Ra-DGT coloration changes with depth. Disappearance of MnO- binding agent in Ra-
DGTs at the oxic-anoxic interface (60 meters depth), after 24 hours in the Pavin Lake water column in
April 2015 (courtesy of E. Lascar).

The fact that there is a redox interface, transition from oxic to anoxic condition, can explain
the reduction of MnO in dissolved Mn?* (Patrick & Henderson, 1980; Stumm & Morgan, 1995).
According to several studies, sulfide can also reduce abiotically or biotically Mn-oxides (Ghiorse,
1988; Nealson et al., 1989; King, 1990; Ehrlich, 1990; Lovley, 1991; Gounod, 1994; Stumm &
Morgan, 1995). Another parameter to consider is the presence of ferrous iron (Fe?*) in the lower
part of the Lake (Viollier et al., 1995) and according to (Lovley & Phillips, 1988; Golden et al.,
1988; Ghiorse, 1988; Ehrlich, 1990; Lovley, 1991; Gounod, 1994) it can be responsible for Mn-
oxides reduction (biotic or abiotic pathways). It is quite unlikely that Mn-oxides are biotically
reduced in agarose gel because agarose gel pores are around 74 nano-meters (Fatin-Rouge et al.,
2004; Narayanan et al., 2006; Labille et al., 2007; Davison & Zhang, 2016) and so no bacteria
can go through. The most likely assumption is that Mn-oxides are reduced via abiotically
reduction pathways catalyzed mainly by sulfide and ferrous irons and by the lack of dissolved
oxygen (redox interface). The loss of Mn-oxides binding layer would hence preclude to any
radium enrichment/accumulation onto its surface. The use of Ra-DGT based on MnQOx(s) is not

recommended in anoxic environments
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6.3. Transient signals

The figures (Fig. 5A, 5B, 6A, 6B) clearly show that less solute is accumulated with
decreasing Kresin values. The “ideal behavior” according to Fick’s law represented in Figures 5
and 6 corresponds to the total accumulation over tested time according to DGT theory from
Davison and Zhang (1994). A slope lower than the perfect sink indicates that an amount of
solute, which diffuses through the gel, is not bind to the chelating agent (Puy et al., 2016). In
cases described in Figures 5 and 6, the complex stability is too weak and a fraction of the solute
diffuses out of the binding layer to the outer media. However this effect is limited to low Kresin (<
10% L.mol) and when the stability constant for the complex resin-solute is higher (Appendix 2,
Table A6), the accumulation of solute is equal (within 5 % of incertitude) to the expected value
(perfect sink). These results are consistent with Letho et al. (2006b) and Puy et al. (2016).
Moreover, it appears that the site density of the binding agent enhanced the limited Ra-
accumulation at low Kesin (fig. 5B) but the effect is no more relevant for higher constants. Such a
result highlights the need to choose carefully the binding-agent/solute couple to avoid any low

estimate of Ra-accumulation.

159



Chapter 1V: Limits of MnO,-DGT for measuring radium in aquatic environments

. [R] = 100 mol.m* Kresm = 1077
6.0.10° Koo = 100
A
o ) Ko = 10°
g 50.0°5|
=
g . K = 10¢
T 40005t N
= A0
— $~
e )
& 30105 ] a@\“
& N
=
g 20005}
2
< K, = 10°
< 10.05} =
0.0 Koo = 107
0 20000 40000 60000 80000 100000 120000 140000 160000
Time (s)
R] =1 mol.m?
6.0.10°5 [R] Ky = 102
(B) Cresin = 1010
a 5.0.10°5 |
g
e
£ 4.0.105 |
S
E &
S 3.0.0% [ \\,eo“’
A
£ <
= 20.10° [
=
E Koo = 10°
E 1.0.10° | K ey = 10¢
Kiegn = 10°
0.0 - - - - - - - S Ky = 107

0 20000 40000 60000 80000 100000 120000 140000 160000

Time (s)

Figure 5: Outputs for the steady function (y = 5.73.10%). (A) Amount MR species (or solute
accumulated) in the resin domain with a site density, [R] = 100 mol.m™. (B) Amount MR species (or
solute accumulated) in the resin domain with a site density, [R] = 1 mol.m. The black dashed line
represents the “ideal behavior” according to Fick’s law and DGT theory from Davison and Zhang (1994).

Kresin are In LmO"l

Transient signals were tested and results are shown in Figures 6A and 6B. It appears that
DGT accumulation is not linear and seems to depend on the shape of the applied signal (fig. 6A).
The “ideal behavior” represented in these figures (black dashed lines, fig. 6A and 6B)
corresponds to the total accumulation over tested time according to Fick’s law. The slopes
variations for the modeled scenarios can be explained by a change in the accumulation regime.
Indeed, the steady accumulation regime as described in Jimenez-Piedrahita et al. (2017) is

reached within 600 seconds - this step is not visible in our results because the considered time
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scale is bigger (160 000 s) - which means DGTs are sensitive enough. The changing slope

recorded in the modeling could be explained by adapting “ideal behavior” to transient signal. In

addition, the accumulated solute for the total time of calculation seems to confirm the latest

hypothesis (fig 6A).
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Figure 6: (A) Outputs for the first transient signal (Borrok et al., 2008; appendix 2, fig. A3): Amount

MR species (or solute accumulated) in the resin domain with a site density, [R] = 100 mol.m™. (B)

Outputs for the second transient signal (appendix 2, fig. A4): Amount MR species (or solute accumulated)

in the resin domain with a site density, [R] = 1 mol.m™. The black dashed line represents the “ideal

behavior” according to Fick’s law and DGT theory from Davison and Zhang (1994). Kesin are in L.mol*

DGT device response is clearly affected by transient signals. It seems that the key parameters

are the deployment time, the length and intensity of the transient signal, and the site density on
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the binding layer. Moreover, DGT can integrate transient signal without over or under estimate

Ra-accumulation, if deployment time is long enough to allow DGT to reach the “ideal behavior”.

7. CONCLUSIONS

It seems that a strong matrix effect is inhibiting radium transfer to DGT Mn-oxides binding
layer and appears as a major drawback to the use of Ra-DGT in many environmental waters.
Moreover, Ra-DGT Mn-oxides binding layer is reduced under anoxic conditions, which induces
a loss of the binding agent from the agarose gel and so no radium adsorption is possible.
Henceforth it is not recommended to use Ra-DGT in anoxic environments. According to our
modeling results, Ra-DGT design can record steady and transient radium concentration signals in
multiple aquatic environments but it is deployment time and site density dependent. However,

these results suggest choosing carefully the binding agent to avoid any low estimate.

In order to use Ra-DGT, it should be restricted to specific environments with very soft and
oxic water, soil or sediment conditions. Otherwise, a more radium specific binding agent needs to
be investigated. This Ra specific binding agent should work on a range of environmental pH
(from 4 to 9) and should not vary with redox conditions. Possible candidates could be crown-
ethers fixed on a sulfonic acid cation exchange resin (Chiarizia et al., 2007) or on an organic
polymer (L’Anunziata, 2012), or on magnetic nanoparticles (Mesnic et al., 2013). All were
investigated for the rapid extraction of 2°Ra from water samples. It could be interesting to use it
as a binding layer in a Ra-DGT.
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APPENDIX 1: Parameters and interferences in 226Ra measurement with HR-ICP-MS

Element 2 (Thermo Scientific)

Table Al: Operating conditions and data acquisition parameters for HR-ICP-MS Element 2 used for

226Ra measurements.

HR-ICP-MS

Rf power (W) 1350
Sample uptake rate (mL.min?) 0.2

Argon flow rates (L.min)

Cool 16
Auxiliary 1.0
Sample Between 0.9 and 1.0 (depends of sensibility)
Torch Quartz torch with a separate quartz injector tube
Nebulizer PFA ST microflow nebulizer
Spray chamber Quartz Cyclo spray chamber
Sampler cone Nickel
Skimmer cone Nickel
Data acquisition Low Resolution Medium Resolution
No. of passes 3 3
Mass window (%) 20 125
Search window (%) 0 60
Integration window (%) 20 20
Samples per peak 25 20
Sample time (s) 15 0.5
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Table A2: Observed isobaric interferences at mass 226 for HR-ICP-MS Element 2 in low resolution

before measurements.

Apparent 226 Ra concentration

[Ba] & [Sr] (ppm) [Pb] (ppb) (mol.L%)
0.01 0
0.1 0
1 3.24 .10
10 3.46 .10
100 1.19 .10
1 0
10 0
100 1.24 .10

APPENDIX 2: Model inputs
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Figure A3: Evolution of a solute concentration function of time. Extracted from Borok et al. (2008%)

and used as input during modelling. Total time is 158400 seconds.

33Borrok, D. M., Nimick, D. A., Wanty, R. B., & Ridley, W. I. (2008). Isotopic variations of dissolved copper and
zinc in stream waters affected by historical mining. Geochimica et Cosmochimica Acta, 72, 329-344.
http://doi.org/10.1016/j.gca.2007.11.014
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Figure A4: Transient signal designed to represent a contaminant plume. Total time is 158400
seconds. Equation is explained below and is from

Table A5: Equation and associated parameters used to define the signal in figure A4.

Equation:
2
gt)=A+hx exp [—(ln(t/tpuls)/w) ]
Parameters Value or interval Comment
A 30 104 Correspond to the geochemical
background

h 5.0.10%

tpuls 53265
T 0 - 158400
Q 0.1705
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Table A6: Parameters used to model resin (R) affinity to the solute M according to equation 4

Kgr (L.mol™?) ki (L.s1.mol™?) Kaiss ()
10%2 10%° 10*3
10*3 10*1 107
10* 10%° 10*1
10" 10*9 10*
10*6 10*1 107
10*7 10*° 107
10*8 10+° 10*1
10*9 10*1 108
10+10 10+5 10-5
10t 10*9 107
10+12 10+l 10-11
1013 10*° 108
10+14 10+° 107
10*15 10*9 10
10+16 10*° 1011
10+17 10+9 10-8
10+18 10*° 1013
10*%0 10*9 1011
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1. INTRODUCTION

Thallium is known to be associated to sulfur deposits (Biagoni et al., 2013; Hetmann et al.,
2014; D’Orazio et al., 2017) and in some area, high concentrations were measured (Casiot et al.,
2011; Campanella et al., 2016; Campanella et al., 2017). Thanks to collaboration with BRGM
(Bureau de Recherche Geéologique et Miniére, Orléans, France), we had access to the former
French mining sites. The area of Pontgibaud was selected for its geological background rich in
sulfur and its potential TI high levels. Consequently, the area of Roure-Les Rosiers was chosen to
assess the fate of thallium in a small watershed associated with sulfur deposits. Both waters and
solids were sampled. Waters were analyzed and results are presented here, results on solids are

not shown bu samples are still available for further investigations.

2. MINING DISTRICT OF PONTGIBAUD

The mining district of Pontgibaud is located in the western district of Clermont-Ferrand
(Auvergne, France). The district was known for its mining activities since the Gallo-Roman era
but achieved its prosperity during the XIX™ century when it became the French first lead
producer. Between 1850 and 1897, 50 000 tons of lead and 100 tons of silver were extracted.

Mining activities ended in 1897 and the mine was definitively shut down in 1903.
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2.1. Geological settings
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Figure 1: Geology of the French Massif Central from Bril et al., 1991. a: sedimentary rocks from
Mesozoic and Cenozoic; b: Neogene volcanism; c: granites; d: metamorphic base; 1: Distric of Brioude-

Massiac; 2: District of Pontgibaud; 3: District of Pontvieux-Labessette
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The district of Pontgibaud is part of the Massif Central mountainous area, which is a segment
of Hercynian formation in Europe (fig. 1A). The area around Pontgibaud is standing on both
metamorphic and granitic basement dated between 430 and 350 My (fig. 1; Bril et al., 1991). The
district was later intruded by multiple mineralizations in vein due to hydrothermal activities (Bril
et al., 1991). Three phases were identified (Négroni, 1981; Bril et al., 1991):

(1) High-temperature mineralization with precipitation of arsenopyrite in Les Peyrouses dated
around 295 £ 6 My (fig. 2),

(2) Mineralization with formation of Ag-rich galena, pyrite and Cu-Ag sulfosalt in Brousse,
Pranal, Brousse and Rosier (fig. 2). This phase was at the origin of the Pb-Ag ores exploited at
Pontgibaud,

(3) Fluo-barite mineralization in the northwestern part of the district (fig. 2).

Every phase of mineralization was associated with hydrothermal alteration and secondary

mineral formations such as illite, smectite, phengite and kaolinite (Bril et al. 1991).
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2.2. Sites location and description

100 m

Figure 3: Sampling locations in Roure-Les Rosiers site, District of Pontgibaud (France). Black

arrows show the stream flow direction.

During mining activities in the district, Roure-Les Rosiers was dedicated to the storage of
mining residues. In a small valley, the thin material was stored in small hillocks along La
Veyssiéere riverbanks (fig. 3). A pond of 2.60 meters depth on its right bank (P6, fig. 3) collects
run-off of the nearby hillocks. The pond is connected to the river by a small stream identified as
P2 in figure 3. Birch and pine trees were the dominant vegetation on the mining residues. Around
the storage sites, land occupation was divided between forest and pasture. La Veyssiere River

ends in the Sioule River approximately 1.5 km after P8 sampling point (fig. 3).

3. EXPERIMENTAL SECTION

3.1. Sample collection and processing

A first campaign took place in April 2016 on the entire district of Pontgibaud to identify
which sites in the different rivers (fig. 2) show the higher thallium concentrations. It appears that
the sites located between Roure and Les Rosiers (fig. 2 and 3) showed the highest Tl values and

were then chosen for further sampling. A second campaign was done in February 2017. The
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previous selected sampling sites (P1 to P6) were sampled. P7, P8 and P10 along the Sioule River
(fig. 3) were added.

At each point, water samples were sampled for total content (no filtration) and filtered at
0.22 pm, 0.45 um (Polyethersulfone membrane, Minisart®, Satorius) then stored in tubes 14mL
Polypropylene tubes (Falcon®). Major anions (SO.*, F, CI, NOs and YPO.*) and other
elements (Ca, Na K, Mg, Mn, Fe, Al, Si, Ba and Sr) were analyzed using 0.22 um-filtered
samples. Thallium was analyzed in 0.22-um, 0.45-pum filtered samples and in total samples. DOC
(Dissolved Organic Carbon) and alkalinity were measured in the below 0.22 um fractions and
stored in fume glass bottle. Samples for other elements analysis were acidified with Suprapur
nitric acid (HNOs; Merck). Blanks of filters, syringes and acids were collected on the field. 8
Diffusive Equilibrium in Thin-films (DET; DGT Research “'%") were deployed at each sampling
points. Contact time was 24 hours. Two unused DET served as blanks. All liquid samples were
analyzed within the week following sampling. DET compartments were gathered five pieces at a
time, stored in 14 mL Polypropylene tubes (Falcon®) and diluted with 10 mL of HNO; 2%

(Merck). Between each step, tubes were weighted to calculate an accurate dilution factor.

For P1, P4, P6 and P10 water column particulate matter was collected on Glass fiber filter.
At P7, sediment samples (triplicates) were drilled with a transparent PVVC core tube and kept in
anoxia (with corks and a high water column in the pipe), for later flux measurements. Lastly, one

sample of the mining residue was collected on the hillbock nearby P7.

Water river physico-chemical parameters were collected thanks to a multi-parameter
HORIBA probe (U-50 multi-parameter water quality meter): pH, conductivity, redox potential
(Eh), temperature, dissolved oxygen concentration, TDS (total dissolved solid), turbidity. All

samples were taken in surface.

3.3. Analvtical section

Thallium was measured with an HR-ICP-MS Element 2 (Thermo Scientific) in a clean room
with a solution of °In 5 ppb as internal standard. For each sample, nine measurements in a row
were done (3 x 3 runs). Then, the average and the standard deviation were used as concentration
value and the measurement error, respectively. Concentrations were corrected for signal drift by
internal standard. Certified materials TM23.4 and TM24.4 (Environment Canada) validated TI
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analysis and the limit of quantification was 7.5.10"2 mol.L* for TI. Other elements were
analyzed with an ICP-AES ICAP 6200 (Thermo scientific) whereas anions were analyzed by
ionic chromatography with an ion chromatographer DIONEX ICS-1100 (Thermo Scientific).
DOC was measured with a Total Carbon Analyzer TOC-Vchs (Shimadzu). Alkalinity was
determined by titration with a titrator, 809 Titrando (Metrohm).

Additional MEB-EDS analyses were performed on collected suspended particle samples and
sediments from P7, P4 and P6. One XRD qualitative analysis was performed on bulk sediment.

Total analysis of solid samples was not performed for this study.

3.2. Fluxes measurements and calculations

In the following hours of sampling sediment, sediment columns were installed at the
laboratory to measure thallium fluxes between the sediment and the water column. Triplicates
incubations were done. In each column, sediment top water was removed and new water from La
Veyssiére River was added (low TI concentration). The water column was oxygenated by
bubbling during the length of the experiment. In order to calculate flux values, water samples (15
mL) were collected after 1h40, 10h30 and 16h45. Blanks were collected at the beginning of the
experiment. Samples were filtered, acidified and then stored in 14 mL Polypropylene tubes

(Falcon®).

The flux (in mol.m2.s) was calculated according the following equation:

Fzﬂx
At

(Eq. 1)

wnil<

with V (in m®) and S (in m?), respectively the volume and the surface of overlaying water. A[TI]
is the Tl concentration variation (in mol.m®) and At (s) is time variation. Equation 1 can be
simplified as:

_ A, 1
F= X3 (Eq. 2)

Ant correspond to the variation of thallium (in mole) in the water pipe water column. Then,
for each transparent PVVC core tube (@ 17.1 cm), thallium concentrations at each sampling times

were measured and converted in amounts of thallium (nt). nti as function of time was linear (see
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appendix 1, fig. S1), so % corresponds to the slope a (mol.s™) of this linear relationship. Then,

an average flux was calculated with the duplicate (appendix 1, Table S1). The latest value was

normalized by the pond surface (estimated at 2200 m?) and converted in mole per year.

4. RESULTS AND DISCUSSION

Measured parameters, Eh, pH, dissolved oxygen, temperature, and conductivity of each
sampled points are summarized in table 1. Conductivity and pH were relatively homogenous and
all samples were in oxidative conditions (table 1). Eh (mV) suggests that water samples are in the
stability domain of Thallium(l) (Lin and Nriagu, 1998).

Tableau 1: Physico-chemical parameters measured during February 2017 campaign.

-1

Sample T (°C) pH (ugécnnc]’_l) DO (mg.L) Eh (mV) DOC (mg.L")
P1 6.31 6.60 77 11.07 133 254
P2 6.50 6.09 90 15.60 199 1.48
P3 6.01 6.03 79 14.70 83 2.64
P4 6.10 5.94 73 14.87 113 2.32
P6 7.30 6.01 89 15.70 226 1.51
P7 6.91 6.17 95 12.75 168 0.74
P8 7.29 6.02 81 15.00 114 2.55
P10 7.30 7.42 97 14.00 242 1.91

Thallium concentrations ranged between 5.28.10*' and 1.20.10° mol.L? represent the
fraction below 0.22 um (table 1). Thallium concentrations are similar for the two campaigns. For
all samples, thallium in the 0.22 um fraction represents more than 75% of total thallium for all
samples, meaning that thallium is mostly dissolved or complex to colloids.This oberservation is
similar to others studies (Nielsen et al., 2005; Law and Turner, 2011; Casiot et al., 2011,
Campanella et al., 2017).

P2 and P6 stations are located in the main and deepest vegetated basin of the pond and show
homogeneous concentrations. P7 station corresponds to a shallow unvegetated basin (10 to 40 cm
depth) where water directly overlays mine tailings. This station shows the highest TI

concentration (table 2).
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Table 2: Thallium in different fractions for the water column

T|o,22 T|0_45 Total Tl .
Sample (. 10* mol.L ) (.10%mol.LY) (10 mol.LY) % of tot$I T![.m 0.22
04/2016 02/2017 02/2017 02/2017 Hm traction
P1 5.28 +0.26 5.95+0.41 6.41 +0.09 7.68 +0.20 78
p2 3494 +1.74 33.78 + 1.64 33.58 + 0.58 35.12 + 0.53 96
P3 8.92 +0.45 6.35+0.16 6.25+0.26 7.45+0.20 85
P4 8.14+0.41 13.16 £ 2.48 7.57+0.12 8.40 + 0.57 100
P6 3463+ 1.73 35.46 + 0.90 36.03 + 0.66 37.17 £ 0.80 95
pP7 - 120.12 + 7.27 123.61 + 3.07 122.99 + 3.30 98
P8 - 6.88 + 0.64 6.66 + 0.21 7.95+0.14 86
P10 - 1.63 +0.08 1.56 £ 0.04 1.76 £0.19 93

Speciation calculation (as calculated in chapter I, section 3.1) shows that TI" is the main
thallium species in solution in the pond, la Veyssiere River and at the sampling point in the
Sioule River (table 3). TI-HA (Tl complex with humic acid) represents less than 2 % of total
dissolved thallium and TISO4 counts for less than 1 %. (table 3). Those values are low compared
the concentrations measured by Casiot et al. (2011) or Campanella et al. (2017). Nevertheless,
Law and Turner (2011) in partly mineralized catchements, measured thallium concentrations
mostly between 2.45 .10 and 3.00 .107%° mol.L™.

Table 3: Calculated Thallium(l) speciation for the fraction below 0.22 um. ECOSAT software
(Keizer, 1994) was used for modeling. TIOH, TICI, TICIy, TICOs;-, TIHCOs, TIHPO, and TIPO4* do not

contribute to TI speciation in the system. All minerals had negative saturation index.

Sampling point TI" (% of total TI) TI-HA (% of total TI)  TISO4 (% of total TI)
P1 98.35 1.43 0.17
P2 98.83 0.51 0.63
P3 98.58 1.12 0.18
P4 99.16 0.77 -
P6 99.54 0.37 -
P7 99.08 0.10 0.79
P8 98.41 1.35 0.19
P10 97.75 2.08 -

The average calculated flux of 1.60 + 0.03 10° mol.y! at sediment-water interface and
column displays thallium release from the sediment toward the water column. Hence, the pond is
enriched in thallium by its sediment. Figure 3 shows that interstitial thallium concentrations are
rather homogenous in the pond system, which is coherent with observations at the sediment-
water interface. Other DETs were under limit of detection so no profiles are available.

Concentrations measured at the outlet of the pond (P2, table 2) suggest that a part of the thallium
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is released in the nearby river and undergo subsequent dilution along La Veyssiére river until it

reaches the Sioule river.
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Figure 3: Thallium concentrations vs. depth at P7

XRD and MEB-EDS results identified quartz, kaolinite, illite, micas, (Ba,Sr) sulfate,
bassanite (CaSQO4 0.5H20), lead oxides and traces of stibnite (Sb.Ss3) and arsenopyrite (FeAsS) in
the sediment.
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Figure 4: (A) Barium function of thallium concentrations for 0.22 um fractions. (B) Sulfates function

of thallium concentrations for 0.22 um fractions. (C) Barium function of sulfates concentrations. Red line

corresponds to regression line of the dataset.

Thallium dissolved concentrations are correlated with sulfates and barium in the three

sampled systems (fig. 4A and 4B). Barium and sulfate are correlated in all systems (fig. 4C). The

green point outside of the regression in figure 4A, 4B and 4C corresponds to P7. At this point,

water level seemed to vary with forecast/season, which can disconnect this point to the main

pond, meaning differences in the accumulation state. Figure 5A displays also thallium correlation

with silica, except for the Sioule River. Lead is also correlated with thallium for the sample in the

pond system (fig. 5B). This suggests that mineralization or residues containing sulfide (then

oxidized in sulfates) are likely to be the source of thallium for the three systems. Nevertheless, as

well in the pond and in la Veyssiere River, both silica and lead (for pond system only) indicate

the mining residues as Tl source. Quartz and lead oxides were identified in sediments.
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Figure 5: (A) Silica function of thallium concentrations for 0.22 um fractions. (B) Lead function of

thallium concentrations for 0.22 um fractions. Red line corresponds to regression line of the dataset.

5. CONCLUSIONS AND PERSPECTIVES

Thallium concentrations in aquatic system from Roure-Les Rosiers was low with the higher
values measured in a pond directly related to mining residues. In both the pond and the nearby
river, thallium was almost exclusively free. The different observations suggest that mining

residue is the source of thallium.

The next step would be to identify Tl-bearing phases in the sediment and then confirm the
source of thallium for aquatic systems. Calculation of partitioning coefficient between dissolved
(< 0.22 pum) and particulate matter would also be interesting, even if the majority of thallium in

the water column was measured as free thallium.
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Illite, smectite were identified in the sampled sediment so it would be interesting to study
their interactions with thallium for this system. The first step would be to identify the source of
clay minerals: whether they come from the hydrothermal alterations observed in the area (Bril et
al., 1991) or they are secondary clays from weathering. Then, if adsorbed thallium is measured,
the second step would be to distinguish geogenic thallium, from hydrothermal alteration and

thallium adsorbed by clays in these sediments.
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APPENDIX 1: Data for flux calculation
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Figure S1: Evolution of thallium amounts (nTl) as function of time for pipe n°4 in orange and for

pipe n°3 in blue.

Table S1: Parameters used for flux calculation between sediment and water column

Initial volume of overlying

H o H 2 o-1
Pipe n Height of water (m) water (m?) Flux (mol.m=.s™)
2 0.11 Loss of water due to a leak
3 0.10 5.74 .10* 8.73 .10
4 0.12 6.89 .10* 8.99 .1016
Avergage flux 8.86 +0.19.107°
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APPENDIX 2: Correlations between Tl and other measured elements/parameters
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Chapitre VI : Conclusions et perspectives

Ce travail s’inscrit dans le cadre de 1’étude du comportement du radium et du thallium dans
I’environnement. Le premier objectif était d’étudier les phases porteuses dont les interactions
étaient peu décrites pour ces éléments et de discuter leur réle dans le cycle du radium et du
thallium. Aprés 1’analyse bibliographique, le choix s’est d’abord port¢ sur I’étude de la
complexation avec la matiére organique naturelle puis sur 1’étude de 1’adsorption sur les
minéraux argileux. Le second objectif de cette étude était de tester un outil permettant de
répondre a la question de la mesure du Radium aux interfaces naturelles, et notamment de
répondre aux questions des faibles concentrations environnementales de Ra et des faibles

volumes disponibles a ces interfaces.
1. BILAN SUR LES INTERACTIONS AVEC LES PHASES PORTEUSES

1.1. La matiére organigue naturelle

En utilisant la Donnan Membrane Technique et le modéle NICA-Donnan, cette étude a
permis dans le chapitre 1l de décrire la complexation du radium et du thallium dans un systéeme
simple cation-acide humique a différents pH et concentrations. Cela a amené aux calculs des

paramétres de NICA-Donnan (K; 1, K; ,, ni1 et ni2) jusqu’ici inexistants pour ces deux éléments.

Le thallium(I) a montré peu d’affinité pour cette phase, comparée a un autre cation
monovalent, I’argent. Dans les environnements aquatiques, TI(I) est donc majoritairement présent
sous sa forme libre TI*. Cependant le thallium est également présent sous 1’état d’oxydation +3 et
cette forme pose régulierement question quant a sa stabilité dans les environnements de surface.
Les complexes colloidaux et/ou dissous sont soupconnés, en complexant TI(IIl) de maintenir
cette espece dans 1’environnement ou TI(I) est la forme thermodynamiquement stable. Il serait
donc intéressant d’étudier les interactions entre TI(III) et la matiere organique naturelle pour voir

si ces types de ligands pourraient jouer un réle dans le cycle de cette forme de thallium.

Le radium a montré une affinité pour la matiére organique naturelle (MON) similaire aux
autres alcalino-terreux, notamment le strontium plus que le baryum. Des calculs de spéciation du
radium sur des solutions de sols ont montré que le complexe AH-Ra était ’espéce dominante de

radium. Ces données sont venues confirmer et compléter le r6le potentiellement important de la
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matiéere organique dans la spéciation du radium dans les sols ou les tourbieres par exemple. Des

¢tudes complémentaires sur des sites naturels permettraient d’étayer ces hypothéses.

1.2. Les minéraux argileux

L’¢étude des interactions entre les minéraux argileux et le thallium(I) a permis de mettre en
évidence une adsorption plus importante du thallium sur I’illite que sur la smectite. Ces résultats
confirment les hypothéses du réle important de I’illite par rapport aux autres phases minérales

tout en restant limité par rapport aux oxydes de manganese.

Ces travaux ont également montré que le thallium décrivait des réactions d’échange,
réversibles, avec les sites réactifs des minéraux argileux et les effets de compétition avec les
cations majeurs sont responsables de variation dans le comportement de sorption du thallium.
Plus de thallium sera adsorbé en présence de sodium qu’en présence de calcium. L’utilisation du
modéle d’échange d’ions multi-site a également permis de calculer des coefficients de sélectivité
pour le thallium par rapport aux protons et par rapport & Na* et Ca®*. Ce formalisme a mis en

avant la forte affinité du thallium pour les sites réactifs de faible capacité.
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Figure 1 : Comparaison des interactions matiére organique thallium et illite/smectite et thallium.

La comparaison des données expérimentales des minéraux argileux avec des données de
modeélisation du complexe TI-HA dans des conditions similaires (de concentration et de solution
de fond), a montré qu’autant de thallium est piégé sur la mati¢re organique que sur les argiles a
pH inférieur a 8 (fig. 1). Cette tendance change a pH alcalins ou la matiére organique semble
alors dominer (fig. 1).
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Tableau 2 : Comparaison de la quantité de thallium adsorbé/complexé par rapport a la densité de site

des phases porteuses.

Phases porteuses mol.eq?
Acide humique dans NaCl 8,04 .10
Acide humique dans CaCl; 1,90 .107

Na-illite 2,09 .10
Ca-illite 2,03.107
Na-smectite 5,65.108
Ca-smectite 2,60 .10

Ces observations sont confirmées lorsque 1’on regarde la quantité de thallium par densité de
sites des phases porteuse (tableau 1). Il apparait que le thallium a autant d’affinité pour la matiére
organique que pour les argiles. Pourtant, les études sur la spéciation du thallium dans les
environnements de surface ont montré que peu de thallium était complexé a la matiére organique,
tandis que I’illite était I'un des minéraux qui contrdlait le plus la disponibilité du thallium. Cette
différence s’explique probablement par la surface réactive des argiles, supérieure a celle de la
matiere organique. En conséquence il serait intéressant d’étudier les interactions du thallium avec
ses phases porteuses dans des systemes plus complexes, comme par exemple un systeme acide
humique, illite et thallium et d’étudier le comportement de sorption du thallium. De méme, ces
perspectives ne limitent pas aux argiles et a la matiére organique, mais doivent inclure d’autres
phases porteuses du thallium comme les oxydes de manganese et les oxyhydroxydes de fer. Il
serait également interessant d’étudier le réle de la biologie et notamment le role des biofilms
bactériens dans le cycle géochimique du thallium en s’incrivant dans la continuité des travaux de
Smeaton et al. (2012).

Comme il I’a déja été mentionné dans le manuscrit, le role des argiles et notament de 1’illite
semble determinant dans le cycle géochimique du thallium, dans les sols notamment (Jacobson et
al., 2005; Voegelin et al., 2015). Les sédiments de 1’ancien site minier étudié au cours ce projet
semblent riches en illite et en smectite, il serait donc intéressant d’étudier leurs interactions avec
le thallium. La premiére étape serait alors d’identifier I’origine des minéraux argileux, qu’ils
soient d’origine hydrothermale ou que se soit des minéraux secondaires liés a 1’érosion/altération
des roches et du stérile minier. Ensuite, si du thallium adsorbé est mesuré, il faudrait savoir si ce
thallium provient de la circulation des fluides hydrothermaux (thallium déja présent) ou si ce

thallium a été adsorbé aprés une remise en solution.
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2. MESURE DU RADIUM AUX INTERFACES NATURELLES.

Dans cette étude, le choix s’est porté sur l’utilisation de capteurs passifs de type DGT
(Diffusive Grandient in Thin-films) pour répondre aux contraintes liées a la mesure du radium aux
interfaces naturelles. Ces contraintes sont la faible concentration du radium, la difficulté d’acces a
ces interfaces, les faibles volumes disponibles ainsi que les conditions changeantes de
concentrations et de redox. La littérature recommandait 1’utilisation des oxydes de manganese
pour preé-concentrer le radium. Les conditions d’utilisation de ces oxydes ont donc été testées par
rapport aux effets de compétition et au changement de redox du milieu. Ces tests ont montré que
les oxydes n’étaient pas stables en milieu anoxique et qu’ils n’étaient pas suffisamment s¢lectifs
pour le radium dans les milieux naturels. Ensuite, grace a la modélisation de la réponse des DGT
aux signaux transitoires de concentrations, il a été possible de montrer un fonctionnement
classique du capteur. Cependant, la capacité du capteur a enregistrer ces signaux est dépendante
du temps de déploiement. Il faudrait mener des tests supplémentaires pour optimiser ce temps de
déploiement et ainsi ajuster le fonctionnement du DGT en conséquence. Concernant la mesure du
radium avec ce type de capteur, il faudrait tester d’autres agents chélatants, plus spécifiques au

radium et moins sensibles au redox.
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Annexe A : Propriété physico-chimique du thallium

ANNEXE A : Propriétés physico-chimique du thallium (d’apreés Lide,
2009 et Nriagu, 1998)

Tableau Al : Propriétés physico-chimique de 1’é1ément T1

Propriété Valeur
Numéro atomique 81
Configuration électronique [Xe]4f*45d%6s26p!
Point de fusion (K) 577
Point d’ébullition (K) 1746
Energie d’ionisation (kJ.mol™?)
M — M* 589,3
M* — M?* 1971,0
M2t — M3 2878
M3t — M** ~ 4900
Densité (g.cc?) 11,85
Résistivité électrique (Qm) 18 .10
Conductivité thermique a 300K (W.m1.K1) 46,1
AHyap & 298K (kJ.mol?) 180,9
AHatom a 298K (k\]mOI_l) 182,2
S 4 298K (kJ.mol?) 64,18
Electronégativité
Echelle de Pauling 1,62 (TI*) 2,04 (TI*)
Echelle d’Allred 1,44
Echelle de Scanderson 1,96 (0,99 TI*; 2,25 TI*Y)
Echalle de Pearson 3,2
Rayon atomique (A) 1,704 (forme o)
Rayon covalent (A) 1,55
Rayon de van der Waals (A) 2,00
Rayon ionique en coordination VI (A)*
TI* 1,50
T3 0,885
Potentiel redox standard
TI* +e — TI(s) -0,336
TI* +3e — TI(s) +0,1741
TR +2¢ - TI* +1,28

*d’aprés Shannon 1976

REFERENCES

Lide, D. R. (2009) CRC Handbook of Chemistry and Physics. CRC Press Inc, 90th ed., 2804 p.
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Nriagu, J. O. (1998), Thallium in the Environment. Wiley Series in Advances in Environmental
Science and Technology, 29, 284p. John Wiley & Sons, Inc. New York
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ANNEXE B : Les espéces de thallium

Tableau B1 : Constantes de stabilité des différents complexes de TI(I)

Equations

logK (298 K)

Kaplan et
Mattigod
1998

Lin et
Nriagu,
1998

Laforte et
al., 2005

Xiong,
2007

Xiong,
2009

Brown et
Ekberg,
2016

TI"+ OH < TIOH
TI* + SO4% < TISOs
TI* + 2S04% <
TI(SO4)*

TI* + CI" - TICl(aq)
TI" + 2CI" - TICIy
TI" + CO3% <> TICO3
TI* + 2CO5* «
Tl(C03)23'

TI* + NOs™ <> TINO3s(aq)
TI* + HCOs; « TIHCO;3;
TI* + HPOs* < TIHPO4
TI* + POs& < TIPOs*

TI* + H,POs— TIHPOS

T + HP2073'<—>
TIHP,0;%

TI* + P,O* TIP,O/*
TI* + HS < TIHS
2TI" + HS - TIL,HS*
2TI* + 2H,0 + 2HS
T|2(OH)2(HS)22' + 2H*
2TI" + H,0 + 3HS
leOHz(HS)sz' + H*
TH+F < TIF
T + Br < TIBr
THF+ 1< T
TI* + Cit* « TICit*
TI* + Ox% o TIOX
TI" + Ac < TIAC®
TI* + Suc® < TISuc
TI* + Mal? < TIMal
TI* + EDTA* &
TIEDTA®
TI* + NTA < TINTA®
TI* + Fulvl < TIFulv1®
TI* + Fulv2" & TIFulv2°®

0,79
1,8

0,49
0,0
2,25

0,33
1,2
1,2

3,14

0,68

0,95
1,02
0,52

2,79

0,45
3,42
3,31

0,79
1,37

0,51
0,28
0,51

0,11

0,69
1,38

0,49
0,003
2,16

0,9

3,54

0,63
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Tableau B2 : Constantes d’équilibre des solides de TI(I). Certaines valeurs sont calculées a partir des

constantes thermodynamiques provenant de Xiong (2007).

Equations logK (298 K) Référence
TI* + H,0 < TIOH(Ss) + H* -12,919 Laforte et al., 2005
2TI* + CO3* «> T1,CO4(s) 3,837 Laforte et al., 2005
2TI* + SO4% > T1,S04(s) 3,787 Laforte et al., 2005
2TI" H20 « TIO(s) + 2H* -27,091 Laforte et al., 2005
2TI" HS « TI,S(s) + H* 7,19 Laforte et al., 2005
TI* 2504% +3Fe3* + 6H,0 «> TIFe3(SO4)2(OH)s(s) + 6H* 2,245 Casiot et al., 2011
TI" + AR + 25042 + 12H,0 <> TIAI(SO4)2:12H0 (s) 16,551 Casiot et al., 2011
TI* + H,AsO3 + 2HS + 2H <> TIASS; (s) + 3H,0 38,256 Casiot et al., 2011

Tableau B3: Constantes d’équilibre et de stabilité des différents composés de TI(III).

logK (298 K)
Equations Lin et Laforte et al., Brown et Casiot et al.,
Nriagu, 1998 2005 Ekberg, 2016 2011
TI¥* + 30H" < TI(OH)s(aq) 6,58 - - -

TB* + OH < TI(OH)?* 11,31 - 13.77 -
TI¥* + 20H" < TI(OH),* 7,64 - - -
TP + 40H < TI(OH)s 5,22 - - -

TP + SO4* « TISO4* 9,02 - - 1,929
TB* + 25042 < TI(SO4)2 9,28 - - 3,719

TI¥* + SO4* + H* <> TIHSO4** - - - 3,129

TP + 2S04* + 2H" &

TI(HSO.)2* i ) ) 5.939

TI¥* + Cl & TICI? 8,14 - - 7,72

TI¥* + 2CI - TICI,* 13,60 - - 13,48

TI¥* + 3CI- < TICls(aq) 15,78 - - 16,5

TP + 4ClI" & TICly 18,00 - - 18,3
TI¥* + COs* « TICOs* - - -
TI* + 2COs* <> TI(CO3), 15,76 - -

TI** + NOs < TINOg?* 7,20 - - 3,129
TI* + HCO3 «» TIHCOz? 18,07 - - 5,939
TI* + HPO4* < TIHPO,* 17,66 - - -

TP+ F < TIF? 6,44 - - -

TI* + Br < TIBr?* 9,70 - - -

TP + 2Br « TIBr," 16,60 - - -

TI¥* + 3Br « TIBr3 21,20 - - -

TI* + 4Br < TIBry 23,90 - - -

TR+ THZ 11,42 - - -

T + 21 & TIIL* 20,88 - - -

TE + 31" Tll3 27,60 - - -

TR+ 41 & Tl 31,82 - - -

TI¥* + Cit* < TICit? 12,02 - - -

TR + Ac < TIAC* 8,42 - - -

TP + EDTA* < TIEDTA 22,50 - - -

TP + NTA < TINTA? 16,81 - - -
TI* + 2H" + 0.50; < TI¥* + H,0 - - - -0,2751
TI* + 3H,0 — TI(OH)3(aq) + - - - -3,291
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3H*

TI3* + H0 © TIOH?* + H* - - - 0,597
TI* + 2H,0 < TI(OH),* + 2H* - - - -1,394
TI3* + 4H,0 © TI(OH)s + 4H* - - - -14.988

3+ - +
TP +ClI + Hi—|o+ <« TIOHCI* + ) } - 7,338
TI3* + 3H,0 < TI(OH)s(s) + 3H* - - - 2,15
2T|(OH)3(Z:13(B g T1204(s) + . - - 16,3237
2
TI(OH)3(aq)3 |: %H+ o TR+ ] 3201 ] )
2
TI(OH)3(aq) + 2H* « TIOH?* i - -
+ 2H,0 2,694
TI(OH)s(aQ):HH; <> TI(OH)." ; 1,897 - -
2
TI(OH)3(ag) + H20 « . - - -
TI(OH)4 + H* 11,697
TI(OH)s(aq) + 2H" + CI i ] -
TIOHCI* + 2H,0 10,629
TI(OH)s(aq) + 3H* + Cl' & ) ) )
TICI?* + 3H,0 1101
TI(OH)s(aq) + 3H* + 2CI" - ) ] .
TICI,* + 3H,0 16771
TI(OH)3(ag) + 3H* + 3CI" & ) ) i
TICIs + 3H.0 19,791
TI(OH)s(ag) + 3H* + 4Cl" & i ] -
TICIs + 3H.0 21,591
TI(OH)s(ag) + 3H" + SO4* i 5,22 : -
TISO,* + 3H,0 ’
TI(OH)3(aqg) + 3H* + 2S04% « . 7,01 - -
TI(SO4)7 + 3H20 ’
TI(OH)s(aq) + 4H* + SO4% ] 6.42 ; -
TIHSO42" + 3H,0 ’
TI(OH)s(aq) + 5H* + 2S04 — ) 923 ; -
TI(HSO4)," + 3H.0 ’
TI(OH)3(aq) = TI(OH)s(s) - 5441 - -
Suite tableau B3
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ANNEXE C : Le thallium dans le bassin amazonien

Tableau C1 : Concentration en thallium dissous (< 0,45 pm) des grands fleuves amazoniens. Les
concentrations en thallium représentent les moyennes de 2 séries de mesures effectuées au premier
trimestre 2017 sur HR-ICP-MS Element 2 (Thermo Scientific). Les échnatillons proviennent de
différentes missions effectuées par des chercheurs de I’Institut de Physique du Globe de Paris.

Fleuve Localisation [TI] (mol.L?)

Rio Negro ? 4,82 +0,34.10" (n=2)
Rio Amazonas Obidos, Para, Brésil 3,27 £0,67.101(n=2)
Rio Solimdes Tamshiyacu, Loreto, Pérou 3,44 £0,26 .10 (n=2)

Rio Madeira Foz Madeira ? 2,04 £2,50.10" (n=2)
Rio Beni Rurrenabaque, Beni, Bolivie 4,35 +0,38.10* (n=4)

Rio Madre de Dios Riberalta, Beni, Bolivie 2,52 £0,24.10" (n=2)
Rio Mamoré Guayaramerin, Beni, Bolivie 3,39 £0,35.10" (n=2)
Rio Ucayali Jenaro Herrera, Loreto, Pérou 2,18 £0,01.10*(n=2)
Rio Marafion San Regis, Loreto, Pérou 4,45 +0,57 .10 (n=2)
Rio Morona ? 3,50 £0,50.10" (n=2)
Rio Tigre Nueva York, Loreto, Pérou 8,52 +0,26.10* (n=2)

Tableau C2 : Concentrations en Tl dissous (< 0,2 um) au niveau de la zone de confluence entre le
Rio Negro et le Rio Solimdes. Les veleurs en thallium représentent les moyennes de duplicats. Les
mesures ont été effectuées au premier trimestre 2017 sur HR-ICP-MS Element 2 (Thermo Scientific). Les

échnatillons proviennent de 1’étude de D. Guinoiseau (Guinoiseau et al., 2016a et Guinoiseau 2016b).

Id [TI] (mol.L?) Profondeur (m) Fleuve
N2-A 3,60+ 0,09 .10 2,0 Rio Negro
N2-B 3,95+0,12 .10 9,0 Rio Negro
N2-C 4,30 £ 0,24 .10 19,0 Rio Negro
N2-D 4,01+0,43 .10 29,0 Rio Negro
N2-E 4,18 +0,14 .10 39,5 Rio Negro
N3-A 3,85+ 0,09 .10 2,0 Rio Negro
N3-B 3,83+0,28 .10 12,0 Rio Negro
N3-C 3,68 +£0,30 .10 22,5 Rio Negro
N3-D 3,80+ 0,03 .10 32,1 Rio Negro
N3-E 3,57 +£0,22 .10 42,3 Rio Negro
N5-A 3,35+0,02 .10 2,0 Rio Negro
N5-B 3,44 £ 0,09 .10 11,0 Rio Negro
N5-C 3,54 £ 0,07 .10 19,0 Rio Negro
S3-A 3,38 +0,01.10 2,0 Rio Solimdes
S3-B 3,19+ 0,02 .10¢ 11,2 Rio Solimdes
S3-C 3,16 £ 0,01 .10t 18,0 Rio Solimdes
S3-D 3,35+0,01 .10 24,0 Rio Solimdes
S3-E 3,37 +0,02 .10 30,0 Rio Solimdes
Al-A 3,93 +0,35.101 2,0 Rio Amazonas
Al-B 3,49 + 0,30 .10t 12,0 Rio Amazonas
Al1-C 3,28 £ 0,02 .10¢ 24,0 Rio Amazonas
Al-D 3,62+0,11 .10 36,0 Rio Amazonas
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Al-E 3,73+0,09 .101* 46,0 Rio Amazonas
A4-A 3,23+0,24 .10 2,0 Rio Amazonas
A4-B 3,38+0,19 .10 12,0 Rio Amazonas
A4-C 3,42 +£0,01 .10 24,0 Rio Amazonas
A4-D 3,28 £0,13 .10¢ 36,0 Rio Amazonas
A4-E 3,64+0,11 .10 49,0 Rio Amazonas
A5-A 3,28 £ 0,04 .10* 2,0 Rio Amazonas
A5-B 3,18 £ 0,05 .10 11,0 Rio Amazonas
A5-C 3,38 £ 0,04 .10¢ 22,0 Rio Amazonas
A5-D 3,28 +0,09 .10 32,0 Rio Amazonas
A5-E 3,35+0,12 .10 41,0 Rio Amazonas

Suite tableau C2
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