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"These elements perplex us in our researches, baffle us in our speculations, and
haunt us in our very dreams. They stretch like an unknown sea before us - mocking,
mystifying and murmuring strange revelations and possibilities."

Williams Crookes (1887) talking about Rare Earths
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hydrogéologiques. Reunion des Sciences de la Terre (RST Conference), Bordeaux,
France. 25-29 Octobre. p. 225.

5. Josso P., Dupouy M., Dutour E., Combaud A., Laurent-Charvet S. et Pourret O. (2011)
Automatisation de [I’analyse de corrélation entre un réseau hydrographique et les
anisotropies linéaires. SIG2011, conférence francophone ESRI, 5-6 Octobre 2011,
Versailles, France.

6. Hoang L.V., Trapy P.H., Acha V., Coste C., Marion R., et Pourret O. (2012) Traitement par

ozone des lixiviats de décharge de sites pollués dans un pilote semi industriel. 20émes
Journees Information Eau, 25-27 Septembre 2012, Poitiers, France.

Séminaires invités

1. Pourret O. (2007) Géochimie des Terres Rares dans les eaux naturelles: modélisation du réle
de la matiére organique. 16 janvier 2007, Hydrosciences Montpellier, France.

2. Pourret O. (2007) Rare Earth Elements geochemistry in natural waters: experimental study
and modelling of the role of organic matter. 1°" mars 2007, Center for Ecology and
Hydrology Lancaster et University of Lancaster, Royaume Uni.

3. Pourret O. (2007) Modélisation de I'impact de la matiére organique sur le comportement des
terres rares en solution. 7 mars 2007, Institut de Physique du Globe Paris et Université
Paris 7, France.

4. Pourret O. (2007) Modelisation de la spéciation des terres rares aux interfaces eaux-roches:
vision actuelle et développements futurs. 19 mars 2007, EOST Strasbourg, France.

5. Pourret O. (2008) Rdle des colloides sur la composition chimique des eaux naturelles. 19
mars 2008, Séminaire interne Institut Polytechnique LaSalle Beauvais, France

6. Pourret O. (2008) Role de la topographie sur le transfert des terres rares dans un aquifere de
surface vu par la géochimie : un autre aspect de I’érosion... 28 mars 2008, 5°™° Journées
de I’Environnement. Institut Polytechnique LaSalle Beauvais, France.

7. Pourret O. (2008) Mobilité des métaux dans I’environnement. 28 novembre 2008, Journée
Valorisation de la Recherche. Institut Polytechnique LaSalle Beauvais, France.

8. Pourret O. (2010) Modélisation de la speciation des terres rares aux interfaces eaux-roches et
application a des études de sites. 27 janvier 2010, CEA-DAM, Bruyere-le-Chéatel, France.

9. Pourret O. (2011) Traitement des polluants organiques dans les lixiviats et terres brutes par

ozonation. 29 septembre 2011, Journée dépollution des sols. Agence Régionale Innovation
Picardie, Amiens, France.
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10. Pourret O. (2012) Traitement d’eaux polluées par procédés d’ozonation : Tests sur pilote
semi-industriel. 1°" décembre 2012, Table ronde Procédés d’oxydation avancée. Pollutec,
Paris, France.

11. Pourret O. (2012) Le cycle externe des terres rares  revisité,
vers de nouvelles ressources? 22 mars 2012, SEG Student Chapter LaSalle France,
Beauvais, France.

12. Pourret O. (2012) Reassesment of the rare earth elements external cycle in french
watersheds. 16 juillet 2012, University of Freiburg, Allemagne.

13. Acha V., Hoang L.V., Trapy P.H. et Pourret O. (2012) Traitement par ozonation des lixiviats
de décharges - avancée des travaux de R&D. 19 septembre 2012, Journée dépollution des
sites et sols. Agence Régionale Innovation Picardie, Amiens, France.

14. Pourret O. (2013) Adsorption de terres rares sur oxydes de manganése hydrogénés. 16 avril
2013, Ifremer, Brest, France.

Contrats publics et privés

Programmes de recherche financeés

1. 2009-2012 Programme Hubert-Curien — Volubilis: Les ressources en eau dans la région de
Marrakech. Prospection, caractérisation, sources de pollution, périmétre de protection:
apport de I’outil géophysique.

Porteur : Roger Guérin (UMR 7619 Sisyphe)
Partenaires : Lahcen Zouhri (correspondant LaSalle Beauvais), Lahoucine Hanich
(Université Cadi Ayyad, Marrakech — Maroc)

Collaborateur : Olivier Pourret (géochimie)

2. 2010 Programme ioStipend : Caractérisation géochimique de I’altération de quatre différentes
lithologies et transfert des éléments traces métalliques vers le réseau hydrographique -
secteur de Malaval (Massif Central, France).

Porteur : Olivier Pourret
Partenaire : Marc Steinmann (UMR 6249 Chrono-Environnement - Université de Franche-
Comté — Besancon)

3. 2011 Bonus Qualité Recherche — Université de Reims Champagne-Ardenne - Dossier
Partenariat : Etude du comportement des éléments traces métalliques dans les sols d’un site
fortement anthropisé : approche expérimentale et intercomparaison de modeles de
spéciation géochimiques.

Porteur : Marie Ponthieu (GEGENAA - URCA)
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Partenaire : Olivier Pourret (correspondant LaSalle Beauvais)
4. 2011-2014 Programme ANR Ecotech — Analyse Systémique des Terres Rares : Flux et Stocks.

Porteur : Johann Tuduri (brgm)
Partenaire : Olivier Pourret (correspondant LaSalle Beauvais)

5. 2012 Filipino-French Scientific Cooperation Program (FFSC): Phytogeography and
biogeochemistry of flora from metalliferous soils in the Philippines: Implications in the
phytoremediation and phytostabilization of soils contaminated by trace metals.

Porteur : Michel-Pierre Faucon (LaSalle Beauvais)
Collaborateur : Olivier Pourret (biogéochimie)

6. 2012-13 Projets de recherche SFR Condorcet : Caractérisation physico-chimique des sols d’un
site fortement contaminé en éléments traces métalliques (CASICO).

Porteur : Béatrice Marin (GEGENAA — URCA)
Partenaire : Olivier Pourret (correspondant LaSalle Beauvais)

7. 2012-2013 NEEDS Projet Fédérateur « Ressources »: Caractérisation géochimique et
géochronologique du gisement uranifére de Pen Ar Ran (Massif Armoricain) et de son
environnement: du réle respectif du granite de Guérande et des formations métamorphiques
encaissantes dans la genése de la minéralisation.

Porteur : Marc Poujol (Université de Rennes 1)
Partenaire : Jessica Bonhoure (correspondant LaSalle Beauvais)
Collaborateur expert : Olivier Pourret (modélisation spéciation chimique U)

8. 2013 Projets de recherche SFR Condorcet : Spéciation des éléments traces métalliques dans les
sols et leur accumulation dans la plante (SOLMETPLANT).

Porteur : Michel-Pierre Faucon (LaSalle Beauvais)

Partenaires : Benjamin Cancés (GEGENAA-URCA), Gilles Colinet (AgroBioTech Gembloux)
Collaborateur : Olivier Pourret (biogéochimie)

Programmes de recherche & développement financés

1. 2010-2013 Programme Région Picardie/FEDER : Identification des critéres physico-chimiques
et morphologiques pour le choix des sables utilisés en fonderie automobile (ECOSABLE).

Porteur : Montupet SA
Partenaires: Sébastien Laurent-Charvet (LaSalle Beauvais), Patrick Goblet (Armines, Paris)
Collaborateur : Olivier Pourret (géochimie)

2. 2010-2013 Programme Acquisition en Connaissances Nouvelles ADEME : Optimisation des
parametres d’ozonation en phase liquide des polluants multiples de site pollué (OPOPOP).
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Porteur : Olivier Pourret (LaSalle Beauvais)

Prestations industrielles

1. Pourret O. (2007) Analyses minéralogiques sur fractions argileuses par diffractométrie des
rayons X (lots LGV SEA et LYON TURIN CA) — Groupe J.

2. Laurent-Charvet S., Pourret O. et Gagnaison C. (2008) Analyses minéralogiques,
caractérisations d’échantillons de sables — SIFRACO.

3. Pourret O. (2008) Analyses minéralogiques sur fractions argileuses par diffractométrie des
rayons X - SPL.

4. Pourret O. (2008) Analyses minéralogiques sur fractions argileuses par diffractométrie des
rayons X — Groupe J —Sous-traitance RFF.

5. Pourret O. (2008) Analyses minéralogiques sur fractions argileuses par diffractométrie des
rayons X - UNISOL.

6. Tuduri J. et Pourret O. (2008) Analyses minéralogiques par diffractométrie des rayons X et
par microscopie électronique a balayage — Imerys.

~

. Pourret O. (2009) Analyses minéralogiques sur fractions argileuses par diffractométrie des
rayons X - UNISOL.

8. Pourret O. (2009) Analyses minéralogiques sur roches totales par diffractométrie des rayons
X — Silverlake Resources.

(o]

. Pourret O. (2009) Analyses minéralogiques sur roches totales par diffractométrie des rayons
X = Cominor Cl — La Mancha.

10. Potel S. et Pourret O. (2009) Analyses minéralogiques sur roches totales et sur fractions
argileuses par diffractométrie des rayons X — Toreador Energy.

11. Potel S. et Pourret O. (2010) Analyses minéralogiques sur roches totales et sur fractions
argileuses par diffractométrie des rayons X — Toreador Energy.

12. Pourret O. (2013) Analyses géochimiques sur roches totales — Safege.
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Collaborations

Internes

1. Michel-Pierre Faucon : écodynamique des éléments dans systéme sol-plante.

2. Petru Jitaru, Victor Acha et Le Vinh Hoang : écodynamique des éléments en solution.
3. Romain Armand et Claudia Cherubini: mobilité métaux sol, réseau hydrographique.
4. Sébatien Potel : caractérisation argiles.

5. Jessica Bonhoure : mobilité métaux roche.

Nationales

1. UMR 6118 Géosciences Rennes — Université de Rennes 1 — Rennes, Mélanie Davranche,
Aline Dia, Gérard Gruau: Modélisation du comportement des terres rares en solution ;
Marc Poujol, Philippe Boulvais : Modélisation du comportement de I’uranium en solution.

2. UMR 6249 Chrono-Environnement - Université de Franche-Comté — Besangon Marc
Steinmann: Transport et fractionnement des terres rares en solution.

3. ENAG-BRGM - Johann Tuduri, Eric Gloaguen: Frationnement des terres rares dans les
environnements géologiques de surface.

4. GEGENAA, Université de Reims Champagne-Ardenne : Beatrice Marin, Marie Ponthieu,

Benjamin Cancés : Modélisation du fractionnement des éléments traces métalliques dans
des environnements contaminés.

Internationales

1. Institut fir Geowissenschaften - Mineralogie, Geochemie — Freiburg University, Allemagne,
Raul E. Martinez: Modélisation du comportement des élements traces métaliques en
solution.

2. Unité Systeme Sol Eau — Université de Liege, Gembloux AgroBiotech, Belgique, Gilles
Colinet : Modélisation du fractionnement des élements traces métalliques dans les sols.

3. Hiroshima University, Japon, Yoshio Takahashi : Modélisation du comportement des terres
rares en solution.

4. Musée Royal de I’Afrique Centrale, Tervuren, Belgique, Sophie Decrée : Fractionnement des
terres rares.
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Responsabilités collectives et administratives

Secrétaire (2001) et Président (2004) de Géocontact: association des étudiants,
enseignants et chercheurs en sciences de la terre de I’Université de Rennes 1.

Membre élu (représentant doctorant) au Conseil de I’Ecole Doctorale Sciences de la
Matiére, Univeristé de Rennes 1 (2005).

Membre nommé au Comité Scientifiqgue de I’Institut Polytechnique LaSalle Beauvais
(depuis 2007).

Responsable (fondateur) de I’Unité de Recherche HydrISE (depuis 2008).

Membre nommé au Conseil Scientifique de I’Institut Polytechnique LaSalle Beauvais
(depuis 2008).

Délégué du personnel élu (suppléant de 2010 a 2013) et titulaire (depuis 2013) de
I’ Institut Polytechnique LaSalle Beauvais.

Membre nommé du Comité de Direction et du Conseil Scientifique de la SFR Condorcet (depuis
2012).

Membre de I’Editorial Board de Journal of Chemistry (depuis 2012).

Co-organisateur session «Rare Earths and Rare Metal Mineralization» a la Goldschmidt
Conference 2013 (Florence, Italie).

Appartenance a des societés savantes

1. American Chemical Society.

2. American Geophysical Union.

3. European Association for Geochemistry.
4. Geochemical Society.

5. Society of Economic Geologists (membre Fellow depuis 2011).
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Expertises

Evaluations d’articles pour des revues de rang A: Geochimica et Cosmochimica Acta (13),
Journal of Colloid and Interface Science (9), Applied Geochemistry (8), Geochemical
Journal (3), Naturwissenschaften (2), Analytica Chimica Acta (2), Colloids and Surfaces A
(2), Chemical Geology (2), International Journal of Environmental Analytical Chemistry
(1), Natural Resources Research (1), Environmental Earth Sciences (1), Earth Science
Reviews (1), Gondwana Research (1), Science of the Total Environment (1).

Evaluations de projets pour American Chemical Society — Petroleum Research Fund, Fond
National Suisse, Commission Européenne.

Expert pour Prix Roberval catégorie Enseignement Supérieur.
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Activités et responsabilités d’enseignement

Mon activité d’enseignement consiste en des missions variées tant sur leur contenu (de la
géologie classique dont de la géologie de terrain a des enseignements plus pointus en geochimie
de surface) que sur le niveau des étudiants ciblés (de la premiére année de Licence aux Masters
2). Cette experience abordee en thése (via un contrat d’allocataire moniteur) suivi par un demi-
poste d’ATER se poursuit depuis septembre 2007 a LaSalle Beauvais et mon recrutement en tant
gu’enseignant-chercheur en géochimie.

Moniteur (octobre 2003 a septembre 2006)

2003-2004 :

Formation Matiere Type Charge réelle
MSTU-BGG TGFA Terrain Géol. Fond. et Ap. ... TD 12
MSTU-BGG TPT Terrain Pétro-Tecto TD 24
DEUG-SV2 GEO2 Géologie 2 (UE14G) TP 24
MAIT-BPE SCET Sciences de I'environnement... TD 12
2004-2005 :

Formation Matiere Type Charge réelle
L3-ST 1-29 Levée d'une carte géologique D 48
M1-ENV 1FHT Fonctionnement et hydrochimie des sols D 6
M1-ENV 1HST Hydrol. De surf. et systemes aquifers D 6
MSTU-BGG TPT Terrain Pétro-Tecto TD 6
2005-2006 :

Formation Matiere Type Charge réelle
L3-ST 1-27 Atmosphere et hydrosphére TP 4
M1-ENV 1FHS Fonctionnement et hydrochimie de sols D 8
M1-ENV 1FHT Fonctionnement et hydrochimie de sols D 6
M1-ENV 1HSA Hydrol. De surf. et systemes aquifers TP 18
M1-ENV 1HST Hydrol. De surf. et systemes aquifers D 6
M1-ST 2CBG SPM Cycle hydrobiogéochimique TP 6
L2-SVT G30 Matériaux Géologiques TP 38

Attaché Temporaire d’Enseignement et de Recherche a I’Université de Rennes

1 (septembre 2006 a adut 2007)

2006-2007

Formation Matiere Type Charge réelle
L3-ST 235T Climats-sols-érosion — terrain D 6
M1-ENV 1FHS Fonctionnement et hydrochimie de sols D 10
M1-ENV 1FHT Fonctionnement et hydrochimie de sols D 12
M1-ENV 1HSA Hydrol. De surf. et systemes aquiféres D 8
M1-ENV 2TER Terrain TD 18
M1-ST 2CBG SPM Cycle hydrobiogéochimique CM 4
M1-ST 2CBG SPM Cycle hydrobiogéochimique TD 12
M1-ST 2CBG SPM Cycle hydrobiogéochimique TP 18
M1-GIBV IPE (SPM) de l'individu a la population TD 9
M2-GIBV UE - Approche intégrée de terrain TD 6
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Enseignant-chercheur a I’Institut Polytechniqgue LaSalle Beauvais (depuis
septembre 2007)

Responsable de modules d’enseignement de la formation Ingénieur en Géologie: Cristallochimie
puis Minéralogie (L2), Bibliographie (L2), Géochimie 2 puis Mobilité des élments (L3),
Hydrochimie (M1), Eau et déchets puis Sites et Sols Pollués (M2) et Environnement industriel
(M2).

Responsable du parcours fléché (M1) Aménagement et environnement de la formation Ingénieur
en Géologie depuis septembre 2011.

Organisation et gestion d’intervention de professionnels extérieurs a LaSalle Beauvais (ADEME,
Eurovia, veolia, brgm...).

Missions développement échanges internationaux
- Mars 2009 Université du Québec a Chicoutimi et Université Laval, Canada.
- Avril 2009 Université Caddi Ayyad, Marrakech, Maroc.

Responsable métiers “Eau et environnement industriel”, relation avec le secteur professionnel
« sites et sols pollués » et « environnement minier » - encadrement et suivi de stages en entreprise
technicien et ingénieur.

Missions relations entreprises

-Février 2009 PDAC Toronto (Canada) ;

-Décembre 2009 Pollutec Paris, représentant LaSalle Beauvais sur stand Région Picardie ;
-Mars 2010 PDAC Toronto (Canada), représentant LaSalle Beauvais sur stand UBI France ;
-Décembre 2010 Pollutec Lyon, représentant LaSalle Beauvais sur stand Région Picardie ;
-Décembre 2011 Pollutec Paris, représentant LaSalle Beauvais sur stand Région Picardie ;
-Novembre 2012 Pollutec Lyon, représentant LaSalle Beauvais sur stand Région Picardie.

Recrutement
-Salon Etudiants Rennes (janvier 2008, 2009, 2010 & 2011), salon Etudiants Amiens (2012),
entretiens de motivation.

Academic advisor student chapter SEG depuis 2011.

2007-2008

Formation Matiere Type Charge réelle
L1 Excursion Terrain Bretagne TP 40
L2 Cristallochimie CM 12
L2 Cristallochimie D 24
L2 Géodynamique interne CM 24
L2 Ecole Terrain en cartographie TP 24
L2 Ecole Terrain en domaine magmatique TP 110
L3 Initiation aux techniques de laboratoire TP 8
M1 Hydrochimie CM 16
M1 Hydrochimie — Modélisation TP 8
M1 Metallogénie CM 4
M1 Ecole Terrain Hydrogéologie TP 40
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2008-2009

Formation Matiere Type Charge réelle
L1 Excursion Terrain Bretagne TP 40
L2 Cristallochimie CM 10
L2 Cristallochimie TD 24
L2 Bibliographie CM 4
L2 Bibliographie D 6
L2 Ecole Terrain en cartographie TP 24
L2 Ecole Terrain en domaine magmatique TP 104
L3 — Prepa Géologie générale CM 4
L3 - Prepa Petrographie CM 4
L3 - Tech Pollution-Dépollution TD 16
L3 Initiation aux techniques de laboratoire TP 6
L3 Géochimie 2 CM 24
L3 Géochimie 2 D 24
M1 Hydrochimie CM 16
M1 Hydrochimie — Modélisation TP 8
M1 Metallogénie CM 2
M1 Ecole Terrain Hydrogéologie D 40
M2 Environnement Industriel D 4
M2 Eau et Déchet CM 6
M2 Transport de colloides - Modélisation CM 6
2009-2010

Formation Matiere Type Charge réelle
L1 Excursion Terrain Bretagne TP 40
L2 Cristallochimie CM 10
L2 Cristallochimie TD 24
L2 Bibliographie CM 2
L2 Bibliographie D 12
L2 Ecole Terrain en cartographie TP 24
L2 Ecole Terrain en domaine magmatique TP 104
L3 - Prepa Géologie générale CM 6
L3 - Tech Hydrogéologie appliquée TD 16
L3 Initiation aux techniques de laboratoire TP 4
L3 Géochimie 2 CM 24
L3 Géochimie 2 TD 36
M1 Hydrochimie CM 16
M1 Hydrochimie — Modélisation TP 8
M1 Metallogénie CM 2
M2 Transport de colloides - Modélisation CM 6
M2 Environnement Industriel CM 4
2010-2011

Formation Matiere Type Charge réelle
L1 Excursion Terrain Bretagne TP 40
L1 - Tech Géologie de la France CM 4
L2 Cristallochimie CM 10
L2 Cristallochimie D 24
L2 Géochimie 1 CM 2
L2 Géochimie 1 TD 6
L2 Bibliographie CM 2
L2 Bibliographie D 12
L2 Ecole Terrain en cartographie TP 24
L2 Ecole Terrain en domaine magmatique TP 104
L3 — Prepa Géologie générale CM 4
L3 - Tech Hydrogéologie appliquée TD 6
L3 Géochimie 2 CM 16
L3 Géochimie 2 TD 24
M1 Hydrochimie CM 16
M1 Hydrochimie — Modélisation TP 8
M1 Metallogénie CM 2
M2 Transport de colloides - Modélisation CM 6

M2 Eau et Déchets CM 12




2011-2012

Formation Matiere Type Charge réelle
L1 Excursion Terrain Bretagne TP 40
L1 - Tech Géologie de la France CM 4
L1 - Tech Principes de datations - Isotopie CM 4
L2 Minéralogie CM 10
L2 Minéralogie D 18
L2 Ecole Terrain en cartographie TP 24
L2 Ecole Terrain en domaine magmatique TP 104
L2 - Tech Géochimie environmentale CM 12
L3 - Prepa Géologie générale CM 4
L3 Géochimie 2 CM 16
L3 Géochimie 2 TD 24
M1 Hydrochimie CM 16
M1 Hydrochimie — Modélisation TP 8
M2 Transport de colloides - Modélisation CM 6
M2 Sites et sols pollués CM 6
2012-2013

Formation Matiere Type Charge réelle
L1 Excursion Terrain Bretagne TP 40
L2 Minéralogie CM 10
L2 Minéralogie D 18
L2 Ecole Terrain en cartographie TP 24
L2 Ecole Terrain en domaine magmatique TP 104
L2 - Tech Géochimie environmentale CM 12
L3 - Prepa Géologie générale CM 4
L3 Géochimie - Mobilité des éléments CM 6
L3 Géochimie — Mobilité des éléments TD 18
M1 Hydrochimie CM 16
M1 Hydrochimie — Modélisation TP 8
M2 Environnement Industriel CM 6
M2 Sites et sols pollués CM 6

Mobilité Erasmus Enseignant

Novembre 2012 Université de Lieége, Gembloux AgroBioTech, Belgique.

Jury de mémoire de fin d’étude Ingénieur LaSalle Beauvais

2007-08

Rapporteur interne : 7 dont 5 Président du Jury

2008-09
Rapporteur interne

2009-10
Rapporteur interne

2010-11
Rapporteur interne

2011-12
Rapporteur interne
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: 13 dont 5 Président du Jury

: 6 dont 3 Président du Jury

: 9 dont 5 Président de Jury



Jury de mémoire de master 2

2008-09
Rapporteur externe (Université de Franche Comté) : 1

2010-11
Rapporteur externe (Université de Lille 1) : 1
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Encadrement d’étudiants, doctorants et post-doctorants

Doctorant a I’Université de Rennes 1 (2003 a 2006)

1. Lucille Gouriou (Licence 3, Université de Rennes 1). Mai 2005 - Juin 2005: Validation de
cellules d’ultrafiltration pour la caractérisation de la matiére organique dissoute.

2. Dominique Gaertner (Master 1, ETH Zurich, Suisse). Octobre 2005 — Mars 2006: Compétition
ente acides humiques et oxydes de manganese vis a vis de la complexation/ adsorption des
terres rares (co-encadrement Mélanie Davranche).

3. Dan Jin (Master 1, Université de Rennes 1). Avril 2006 - Juin 2006: Etude de la complexation

compétitive des terres rares a la surface de matiére organique et d'oxydes de manganése
(co-encadrement Mélanie Davranche).

ATER a I’Université de Rennes 1 (2006-2007)

1. Jennifer Ponte (Licence 3, Ecole Centrale de Nantes). Avril 2007- Juillet 2007: Etude de la
zétametrie - Prise en main et élaboration d’un guide de fonctionnement de I’appareil
Zetaphoremeter 1V (co-encadrement Xavier Chatellier).

Enseignant-chercheur a I’Institut Polytechnique LaSalle Beauvais (depuis

2007)

Etudiants en licence 3 (projets d’initiation a la recherche)

1. Marion Bourges, Marie-Charlotte Brés et Mélanie Carillo (Institut Polytechnique LaSalle
Beauvais). Septembre 2007 — Juin 2008: Les paléoaltérites: notion d’aquifere de socle -
application a la prospection en eau (Lozeres, France) (co-encadrement Johann Tuduri).

2. Thomas Deloges et Antoine Gielen (Institut Polytechnique LaSalle Beauvais). Septembre 2007
—Juin 2008: Bilan géologique et hydrogéologique de la zone de Bonneuil-en-Valois (Oise).

3. Alexandre Kinsman et Farah Nouari (Institut Polytechnique LaSalle Beauvais). Septembre
2007 — Juin 2008: Hydrogéologie de la nappe des Rocailles (Haute- Savoie, France).

4. Francois Grobel et Julien Trinel (Institut Polytechnique LaSalle Beauvais). Septembre 2007 —
Juin 2008: Hydrogéologie de la nappe de Fillinge (Haute-Savoie, France).

5. Francois-André Duboin et Pierre-Alban Maistre (Institut Polytechnique LaSalle Beauvais).
Septembre 2007 — Juin 2008: Hydrogéologie de la nappe du Vidourle (Gard, France).
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6. Pierre Le Barbanchon et Pierre Revellin-Falcoz (Institut Polytechnique LaSalle Beauvais).
Septembre 2008 — Juin 2009: Etude géochimique des craies sénoniennes de la région de
Beauvais (Picardie) : approche minéralogique.

7. Florian Obry et Yaya Ouattara (Institut Polytechnique LaSalle Beauvais). Septembre 2008 —
Juin 2009: Caractérisation géophysique de I’aquifere de la craie. Transect Le Gros Chéne -
Le Therain (méthodes électriques) (co-encadrement Lahcen Zouhri et Pascal Lutz).

8. Benjamin Groschaus et Elodie Laurent (Institut Polytechnique LaSalle Beauvais). Septembre
2008 — Juin 2009: Suivi hydrologique de la nappe de la Craie sur le site experimental du
campus LaSalle Beauvais (co-encadrement Lahcen Zouhri).

9. Fanny Brulfert, Aurélie Fisne et Aladine Navarro (Institut Polytechnique LaSalle Beauvais).
Janvier — Juin 2009: Caractérisation géochimique et pétrographique de roches magmatiques
d’origines différentes : Exemple du Tianshan (NW Chine, Asie Centrale) (co-encadrement
Sébastien Laurent-Charvet).

10. Thomas Routier et Ludovic Chaux (Institut Polytechnique LaSalle Beauvais). Septembre
2009 — Mai Juin 2010: Caracteérisation des processus d’altération dans le bassin versant du
Malaval (Massif Central).
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Bilan de mes activités de recherche

Avant-propos

Mes activites de recherche concernent de fagcon générale I’étude des interactions entre des
éléments majeurs et traces et les phases minérales et organiques des eaux et des sols dans les
cycles biogéochimiques. Mes travaux de thése ont porté sur I'étude expérimentale et la
modélisation de I'impact de la matiere organique sur le comportement des terres rares en solution.
Ce travail s’est poursuivit pendant mon contrat d’ATER par I'application des principaux résultats
de ma thése a des exemples de terrain pour lesquelles de nombreuses données étaient disponibles
au laboratoire Géosciences Rennes dans le cadre de 'ORE AGHRYS. Depuis mon recrutement
en tant qu’enseignant-chercheur a LaSalle Beauvais, outre I’utilisation des modeéles développés
précedemment, j’ai participé a la création de I’unité de recherche HydrISE (Hydrogéochimie et
Interaction Sol-Environnement). Ces derniéres années, j’ai initié la construction d’un projet de
recherche collectif en parralele de nouveau recrutement et de la création d’un parc analytique
dédié aux analyses géochimiques (nouveaux investissements : ICP-MS et couplage HPLC, ICP-
AES, AA...). J’ai défendu ce projet devant I’AERES en février 2011 ; ce projet a été valide par le
conseil scientifique de LaSalle Beauvais en décembre 2011 et I’équipe reconnue officiellement
par le Ministere de I’ Agriculture (ministére de tutele de I’établissement). Cela a permis a I’équipe
d’intégrer la SFR Condorcet du PRES bi-régional UFECAP et d’étre rattachée a I’école doctorale
en Sciences, Technologies et Santé n°547. Dans le cadre de ce projet d’unité qui s’intéresse a
I’écodynamique des élements traces meétalliques, mes activités de recherche portent plus
particulierement, sur le fractionnement et la mobilité des terres rares dans le systeme roche-eau-
sol-plante. Pour répondre a ces questions, de nouveaux systémes expérimentaux ont été
développés (adsorption, oxydation...). Cette expérimentation est menée en paralléle avec le
développement de la modélisation, qui consiste a utiliser, tester et adapter des modeles de
spéciation en solution préexistants dans la littérature. Ce travail sur les terres rares me permet, en
outre, d’avoir une reconnaissance dans ce domaine [nomination en janvier 2011 en tant que
Fellow Member de la Society of Economic Geologist, participation a un projet ANR sur les terres
rares et co-organisation d’une session sur le sujet a la prochaine Goldschmidt Conférence
(Florence, Italie en aolt 2013)]. Cette approche sur les terres rares a été élargie et appliquée a
d’autre éléments chimiques (Cu, Co, U) dans le cadre de recherches menées en paralléles et en
collaboration avec mes collégues de I’unité HydrISE et des unités partenaires de GEGENAA
(URCA) et Systeme Sol Eau (AgroBioTech Gembloux).

Approches scientifiques

La démarche de ce travail s'est construite autour de trois axes complémentaires: (i)
expérimentations en laboratoire, (ii) analyses d'échantillons naturels, (iii) modélisation.

I- Expérimentation en laboratoire

Quatre grands types d'expérimentation en laboratoire ont été menés : (i) adsorption (terres rares
ou complexe organique de terres rares sur des oxydes de fer et de manganeése); (ii) complexation
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(terres rares - matieres organiques); (iii) complexation compétitive (terres rares - matieres
organiques - carbonates ou terres rares - matieres organiques - oxydes de manganése); (iv)
adsorption-oxydation simultanée (terres rares et manganese), et différents paramétres ont été
testés (e.g., pH; concentrations en terres rares, matiéres organiques, carbonates, oxydes; rapport
de concentrations; force ionique). La matiere organique choisie est un acide humique standard
commercial qui est une molécule organique modéle bien caractérisée. Les oxydes de fer et de
manganese ont eté choisis pour leur ubiquité dans les sols et leurs propriétés oxydantes et
adsorbantes. Les carbonates ont été choisis pour leur complexation préférentielle des terres rares
lourdes a pH alcalins.

Il — Analyses d’échantillons naturels

Differents types d’echantillons naturels ont été analysés: (i) des eaux souterraines
(analyses totales et fractionnement par ultrafiltration) ; (ii) des eaux de riviéeres (analyses totales
et fractionnement par ultrafiltration) ; (iii) des roches et des profils d’altération (analyses totales
et fractionnement par extractions séquentielles); et (iv) des sols (analyses totales et
fractionnement par extractions séquentielles).

Il - Modélisation

Afin de mieux comprendre la spéciation des terres rares en contexte inorganique et
organique, une phase de modélisation a été développée. Plusieurs modeles disponibles dans la
litterature (WHAM, Visual Minteq, PHREEQC, PhreePlot...) ont éte testés, validés (graces a des
travaux experimentaux) et améliorés (par la détermination de nouvelles constantes) pour
modéliser le comportement avec les matieres organiques. Les bases de données de ces modeles
ont été complétées afin d'intégrer les constantes de complexation inorganiques et organiques
pour I'ensemble des terres rares et harmonisées, notamment les constantes de complexation des
cations majeurs compétiteurs des terres rares (Ca, Fe, Al...). Les constantes de complexation des
terres rares par la matiére organique n'existant pas, celles-ci ont dans un premier temps été
extrapolées et ensuite déterminées par modélisation inverse de données expérimentales. Un
travail identique a été aussi réalisé concernant I’adsorption des terres rares par les oxydes de
manganese.

Résultats scientifiques

Les recherches que je poursuit actuellement ont pour but de comprendre I'impact de la
matiére organique sur le comportement des terres rares en solution. A ce titre, ces travaux ont
permis des avancees scientifiques significatives dans la compréhension des mécanismes
responsables de la spéciation des terres rares dans les eaux naturelles riches en matiére organique.
Ces travaux ont permis de:

(i) montrer pourquoi le développement d'anomalie de cérium négative dans des eaux
organiques oxydantes ne se produit pas systématiquement;

(ii) identifier le fractionnement des terres rares lors de complexation compétitive des
terres rares a la surface d'acides humiques et d'oxydes de manganése.
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(iii) tester la capacité de deux modeles thermodynamiques spécifiques a la matiere
organique a prédire la distribution des terres rares dans les eaux organiques de maniere fiable et
précise;

(iv) fournir un jeu de constantes terres rares - acides humiques spécifiques & Model VI; et
terres rares oxydes de manganése specifiques a PHREEQC ;

(v) tester l'impact des réactions de compétition entre des ligands organiques (acide
humique) et inorganiques (carbonates) forts pour la complexation des terres rares sur leur
distribution;

(vi) mettre en évidence un nouveau mecanisme capable de produire une anomalie
négative de Ce dans les eaux organiques naturelles.

(vii) comprendre I'évolution de la spéciation des terres rares dans des eaux naturelles
(souterraines, zones humides, rivieres) ;

(viii) mettre en évidence le réle majeur de la complexation organique des terres rares dans

I’enrichissement en terres rares responsable de concentration a valeurs économiques.

Les principaux résultats obtenus sont résumés dans la synthese qui suit.
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Introduction

Les terres rares (REE pour rare earth elements) ou lanthanides, forment une famille de 15
éléments chimiques (du La au Lu) du groupe I1IA dans la classification périodique des éléments,
du numéro atomique 57 au 71. Conventionnellement, les REE légéres (du La au Gd) sont
distinguées des REE lourdes (du Th au Lu). Les REE peuvent aussi étre subdivisées en trois
groupes les REE légéres (du La au Nd), les REE intermédiaires (du Sm au Tb) et les REE lourdes
(du Dy au Lu). Les REE sont caractérisées par une structure électronique de type [Xe]4f" [0(La)
< n < 14(Lu)] et forment des composés qui presentent des liaisons a caractére ionique dominant.
Le remplissage de la couche électronique 4f depuis le La jusqu'au Lu, génére une augmentation
de l'attraction du noyau sur les électrons, ce qui entraine une diminution des rayons ioniques et
atomiques le long de la série, classiguement nommée contraction des lanthanides. Cette
diminution reste cependant faible, ce qui explique les propriétés chimiques trés voisines des
lanthanides (Henderson, 1984). La chimie des REE est caractérisée par la prédominance du degré
d'oxydation +IIl. Deux Deux exceptions existent cependant: I'europium qui peut passer a I'état
d'oxydation +II dans des conditions réductrices typiques de fluides hydrothermaux ou
métamorphiques (e.g., Sverjensky, 1984; Bau, 1991), et le cérium qui peut étre oxydé en Ce(IV)
dans des conditions de pression et de température supergénes (e.g., De Baar et al., 1988;
Elderfield, 1988). Cette oxydation peut se produire abiotiquement grdce & un mécanisme
d’adsorption-oxydation (oxidation-scavenging en anglais) du Ce(lll) a la surface de solides
oxydants comme les oxydes de Mn ou de Fe (Koeppenkastrop et De Carlo, 1992; De Carlo et al.,
1998; Bau, 1999; Ohta et Kawabe, 2001) mais ce mécanisme est cependant questionnable (Bau et
Koschinsky, 2009).

Les propriétés chimiques intrinseques des REE ont permis d'utiliser leur abondance et leur
fractionnement dans les roches comme traceurs des processus cosmochimiques, géodynamiques
et pétrogénétiques (e.g., Henderson, 1984; Taylor et McLennan, 1985). Ces travaux ont permis de
mieux contraindre les processus de différenciation et d'évolution chimique de la Terre. Ce n'est
cependant que depuis une vingtaine d'années, grace a la mise au point des techniques ICP-MS et
a l'abaissement des limites de quantification, que les REE sont utilisées, et notamment leur
fractionnement, dans les différents réservoirs de I'hydrosphere que sont les océans et les mers
(Goldberg et al., 1963; Martin et al., 1976; Elderfield et Greaves, 1982; De Baar et al., 1983,
Hoyle et al., 1984; De Baar et al., 1985; De Baar et al., 1988; Elderfield, 1988; Byrne et Kim,
1990; German et al., 1991; German et al., 1995; Bau et al., 1996; Byrne et Sholkovitz, 1996; Bau
et al., 1997; Duncan et Shaw, 2004; Lawrence et Kamber, 2006), les fleuves et les riviéres
(Goldstein et Jacobsen, 1988; Elderfield et al., 1990; Sholkovitz, 1993; Sholkovitz, 1995; Bau et
Dulski, 1996; Dupré et al., 1996; Gaillardet et al., 1997; Viers et al., 1997; Dupré et al., 1999;
Elbaz-Poulichet et Dupuy, 1999; Tricca et al., 1999; Ingri et al., 2000; Deberdt et al., 2002;
Shiller et al., 2002; Gerard et al., 2003; Gaillardet et al., 2003; Andersson et al., 2006 ; Steinmann
et Stille, 2008), les lacs (Fee et al., 1992; Mdller et Bau, 1993; Johannesson et Lyons, 1994;
1995; Johannesson et Zhou, 1999; De Carlo et Green, 2002; Gammons et al., 2003; Shacat et al.,
2004) et les eaux souterraines (Smedley, 1991; Johannesson et al., 1995; 1996b; 1997; Viers et
al., 1997; Braun et al., 1998; Johannesson et al., 1999; Dia et al., 2000; Johannesson et Hendry,
2000; Johannesson et al., 2000; Aubert et al., 2001; Janssen et Verweij, 2003; Duncan et Shaw,
2004; Gruau et al., 2004; Johannesson et al., 2004; Nelson et al., 2004). Dans ce cadre, les REE
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sont utilisées pour tracer les circulations d'eau et de matiére et/ou contraindre les mécanismes de
I'altération.

De plus, les REE ont connus un regain d’intéréts ces dernieres années pour leur intérét
économique, notamment quant a la grande demande en ces éléments et leur utilisation dans les
nouvelles technologies dites vertes (aimants permanents, luminophores...). La croissance de la
demande a engendré la réouverurte des exploitations americaines et australiennes, permettant de
commencer a contrebalancer le monopole chinois (Figure 1). Il est donc nécessaire de
comprendre comment se forme un dépdt minéral a valeur économique de REE. Ainsi, White
(1968) a définit quatre étapes indispensables (i) une zone source doit fournir les métaux; (ii) le
mineral doit se dissoudre dans I’eau; (iii) les fluides doivent transporter les métaux en solution;
(iv) le mineral doit précipiter sur le site de dépdt. De plus, selon la nomenclature de Kanazawa et
Kamitani (2006), il existe trois grands types de gisements de REE: (i) les gisements ignées (i.e.,
hydrothermaux, carbonatites, granites et autre roches alcalines); (ii) les gisements sédimentaires
(i.e., placers, conglomerats) et (iii) les gisements secondaires avec notamment les gisements
d’altération de granite alcalins (e.g., argiles ioniques). A I’exception des premiers, les gisements
sédimentaires et d’altération vont faire intervenir un facteur eau de surface, vecteur de mise en
solution et de transport.
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Figure 1. Evolution de la production d’oxyde de terres rares (kt)

Ainsi, les REE dans les eaux superficielles (vecteur de transport en solution) se distribuent
entre deux composantes principales traditionnellement séparées par filtration a 0,2 um. La
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composante supérieure a 0,2 um correspond a la fraction particulaire, tandis que la composante
inférieure regroupe les fractions colloidales (organiques et minérales) et le "dissous vrai"
(Sholkovitz, 1995; Viers et al., 1997; Braun et al., 1998). Les REE liées aux colloides peuvent
étre distinguées des REE en solution grace a des techniques d'ultrafiltration. Afin de corriger des
variations d'abondances systématiques entre REE de numéros atomiques pairs et impairs, les
teneurs en REE des eaux sont normalisées par rapport a celles de réservoirs de références et
représentées sous forme de spectres. Les REE des eaux proviennent de I'altération des enveloppes
superficielles de la Terre, de ce fait les réservoirs de référence utilisés sont des réservoirs
"rocheux™ de surface. Deux types de réservoirs sont généralement utilisé: (i) la crodte
continentale supérieure et (ii) les "Shales" (Haskin et al., 1968; Taylor et McLennan, 1985;
McLennan, 1989). La puissance des spectres de REE en tant que marqueur de mélange d'eau ou
des processus d'altération tient de la diversité des spectres de REE rencontrés dans les eaux.

Les REE libres en solution sont peu abondantes, du fait de leur faible hydrosolubilité. De
nombreuses études s'accordent pour attribuer un réle majeur a la chimie des solutions et des
interfaces dans le contrdle des concentrations en REE des eaux de surface, comparé a celui joué
par les teneurs dans les roches meres (Goldstein et Jacobsen, 1988; Elderfield et al., 1990;
Sholkovitz, 1995). La forme des spectres de REE des eaux et la teneur en REE en solution
résultent de la conjonction d'un ensemble de processus susceptibles d'induire leur fractionnement.
Ces processus sont eux-mémes sous le contr6le dun certains nombre de facteurs
environnementaux (pH, température, potentiel redox, force ionique...). Parmi ces processus,
quatre processus majeurs peuvent ainsi étre distingués: (i) la complexation avec les anions
inorganiques (e.g., carbonates, sulfates) et les anions organiques simples de bas poids moléculaire
(e.g., acide acétique, acide lactique), (ii) la complexation avec les colloides organiques (e.g.,
substances humiques), (iii) les processus d'adsorption/désorption avec la surface des minéraux et
les colloides inorganiques (e.g., oxyhydroxydes de Fe, Mn et Al, argiles) et (iv) les processus de
précipitation (e.g., CeO,). Ainsi le spectre d'une eau filtrée correspondant au spectre du matériau
source modifié des constantes de complexation/adsorption des REE vis a vis des particules, des
colloides et des divers ligands en solution. Il en resulte une diversité de formes de spectres de
REE, s'exprimant soit par des degrés d'enrichissement ou d'appauvrissement relatifs en REE
lourdes variables, soit par la présence ou lI'absence d'anomalies négatives en cérium.

Elderfield et al. (1990) classent les eaux continentales en deux groupes en fonction de
leurs spectres de REE (Figure 2). Le premier correspond aux spectres qui montrent un
enrichissement en REE légéres et intermediaires (Figure 2a). Le deuxiéme groupe est caractérisé
par des spectres montrant un enrichissement continu du La au Lu (Figure 2b). Le premier type de
spectre serait caractéristique des eaux a pH acide contenant de fortes concentrations en REE,
tandis que le deuxieme serait plutot associeé a des eaux présentant des pH alcalins et des teneurs
en REE plus faibles. Ces auteurs expliquent le premier type de spectre par une complexation
préférentielle des REE légeres a intermédiaires par les colloides et le deuxieme par une
complexation préférentielle par des ligands inorganiques en solution des REE lourdes, associéee a
une adsorption préférentielle des REE légeres sur la fraction particulaire. Goldstein et Jacobsen
(1988) précisent que la présence de matiére organique dans les eaux pourrait expliquer les
spectres convexes observeés, tandis que les spectres enrichis en REE lourdes seraient controlés par
la formation de complexes carbonatés et hydroxylés. Sholkovitz (1995) propose un contrble des
concentrations en REE dans les eaux de rivieres par les réactions avec les surfaces minérales. A
la vue de ces interprétations, il semble important de comprendre la spéciation des REE en
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solution. En effet, leur liaison a des colloides peut avoir un réle prépondérant dans la mesure ou
la spéciation des REE peut dépendre des changements de propriétés. 1l peut donc en résulter des
différences d'adsorption, des variations de la chimie redox du Ce, des différences de transport
et/ou de mélange.
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Figure 2. Spectres de REE normalisés a la Crolte Continentale Supérieure d'eaux de rivieres
montrant (a) un enrichissement en REE Iégeres a intermédiaires et (b) un enrichissement en REE
lourdes (Deberdt et al., 2002; Elderfield et al., 1990; Goldstein and Jacobsen, 1988; Sholkovitz,
1995).

La compréhension et la modélisation de I'information portée par la trés large variété de
spectres de REE rencontrée dans I'hydrosphere nécessite de connaitre parfaitement les propriétés
thermodynamiques des complexes aqueux de REE avec les ligands organiques simples (e.g.,
acide acetique) et inorganiques (e.g., sulfates, carbonates). Actuellement, comme I'ont souligné
Wood (1990; 1993) et Byrne et Li (1995), les conditions expérimentales dans lesquelles les
constantes de complexation ont été determinées manquent de cohérence. Cependant, les
constantes inorganiques proposees par Klungness et Byrne (200), Luo et Byrne (2004) et Schijf
et Byrne (2004) peuvent servir de base. Par ailleurs, le role des complexes organiques comme
vecteur de mobilité des REE n'a été mis en evidence que depuis une quinzaine d'années (Dupré et
al., 1996; Viers et al., 1997; Dia et al., 2000) dans des eaux continentales. Le manque de données
expérimentales fiables concernant les complexes organiques de REE a suscité l'utilisation de
codes de calculs théoriques ou empiriques (Wood, 1990; Lee et Byrne, 1992; Millero, 1992;
Wood, 1993; Fairhurst et al., 1995; Tang et Johannesson, 2003). Néanmoins, l'acquisition de
données expérimentales reste nécessaire afin de valider ces prédictions (Fairhurst et al., 1995;
Lead et al., 1998; Tang et Johannesson, 2003). Il en est de méme pour les oxyhydroxydes de Fe
et de Mn ou seules quelques études ont essayées de décrire I’adsorption des REE sur ses surfaces
(e.g., Quinn et al., 2007). Ainsi cette étude s’attachera a étudier :

Q) Impact des colloides sur le comportement des REE en solution ;

(i) Quantification des rdles respectifs de la matiere organique et des oxydes de Fe et
de Mn sur la spéciation des REE dans des eaux naturelles (eaux souterraines et de
rivieres) ;

(iii)  Utilisation du fractionnement des REE dans la compréhension de minéralisation.
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I- Impact des colloides sur le comportement des terres rares en solution

Dans cette premiere partie la complexation inorganique et organique des REE a été
étudiée, notamment comment la complexation influence le comportement des REE en solution et
quelle a role a t’elle sur I’inhibition sur d’autres reactions potentielles en compétition (e.g.,
oxydation). Cette étude est basée sur une démarche expérimentale couplant des experiences en
laboratoire d’équilibre en réacteurs fermés et des calculs de spéciation a I’aide de programmes
spécifiques aux calculs de spéciation avec des surfaces solides inorganiques, PHREEQC
(Parkhurst et Appelo, 1999) et PhreePlot (Kinniburgh et Cooper, 2009) et & la matiere organique,
WHAM VI (Tipping, 1998).

I.1. Expériences d'adsorption/oxydation sur oxydes de manganese

Les oxydes de manganése sont des complexants importants des REE dans les
hydrosystemes. Cependant, il est difficile d’inclure les oxydes de Mn dans les modéles de
spéciation en raison de I'absence d'un ensemble complet deréactions de sorption en accord avec
un modeéle de complexation de surface), ainsi que des incohérences entre les données de sorption
publiées et les prévisions en utilisant les modeles disponibles. Les réactions de complexation de
surface pour un oxyde de manganése hydraté ont été décrites en utilisant un modele a deux sites
de surface, et la double couche diffuse. La surface spécifique, densité de site surface, et le pHzp
ont été fixés & 746 m?/g, 2,1 mmol/g, et 2.2, respectivement, comme proposée par Tonkin et al.
(2004). Deux types de sites (=XOH et =YOH) ont également été utilisés avec des valeurs de pKa,
de 2,35 (=XOH) et de 6,06 (=YOH). La fraction des sites de haute affinité a été fixée a 0,36. Des
données sur la sorption des REE publiées ont ensuite été utilisées pour déterminer les constantes
de complexation de surface a I'equilibre, tout en tenant compte de l'influence du pH, de la force
ionique, et la concentration en métal (Figure 3). Les log K augmentent des REE légéres aux REE
lourdes et, plus particulierement, développent un effet tétrade convexe (Figure 4). A faible
concentration en métal, les sites de type =YOH expriment fortement leur affinité pour les REE,
alors que pour des concentrations en métal plus fortes, les sites de type =XOH vont s’exprimer.
Cette étude apporte ainsi la preuve de [I'hétérogénéité dans la distribution des sites de
complexation de surface des oxydes de manganese envers les REE et une série de constantes
capables de reproduire I’adsorption des REE en fonction du pH, le développement d’une
anomalie de Ce et I’effet Tetrad. Cependant, le mécanisme d’adsorption-oxydation du Ce(lll) a la
surface des oxydes de Mn est toujours questionnable comme I’ont soulignés Bau et Koschinsky
(2009).
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Figure 3. Comparaison entre %La adsorbé a la surface des oxydes de manganeses observés
(points) et modélisés (traits pleins) obtenus avec les nouvelles constantes de stabilite.
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Figure 4. Spectres de REE modelisés (conditions expérimentales, Ohta et Kawabe, 2001).

1.2. Complexation compétitive des terres rares a la surface d'acides humiques
et d'oxydes de manganeése.

Des cinétiques d’adsorptions simultanées de REE sur des oxydes de manganése et des
acides humiques ont montrées que le taux d'adsorption des REE et d'oxydation du cérium variait
dans le temps et en fonction du pH. Les REE libres sont immédiatement adsorbées par les acides
humiques, une déstabilisation du complexe, due a la présence de I'oxyde de Mn qui se comporte
comme un competiteur, se produit au cours de I'expérience. Ce phénoméne est marqué par le
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développement d'une anomalie de Ce sur le spectre de REE qui reflete la compétition avec
I'oxyde de manganese. Un fractionnement entre les REE légeres et lourdes est observé.
L'ensemble de ces résultats suggére que plus le rapport matiere organique/oxyde est faible et plus
le pH est acide plus la compétition entre les oxydes et la matiére organique est marquée. Des
expériences d'adsorption des complexes REE-acides humiques a la surface d'oxyhydroxydes de
fer et de manganése ont montré que la complexation des REE par la matiere organique inhibait &
la fois, I'oxydation du Ce(lll) en Ce(IV) et le développement d'un effet tetrad au niveau des
spectres de REE des eaux. Cette inhibition est due au développement d'un écran organique entre
les REE et les surfaces oxydantes/adsorbantes que représentent les oxydes de fer et de
manganese.
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Figure 5. Spectres des coefficients de partage des REE (normalisation au La) adsorbées sur des
oxydes de fer et de manganese si les REE se trouvent sous forme (a et ¢) d'ions libre ou (b et d)

de complexes organiques.

Les spectres obtenus (Figure 5), en conditions inorganiques, mettent en évidence le
développement d’une anomalie de Ce, trés faible pour HFO de I’ordre de 0,15 et importante pour
MnO, puisqu’elle atteint une valeur de 1,23 a I’équilibre. Des résultats similaires ont été obtenus
par Ohta et Kawabe (2001) dans une étude de coprécipitation de MnO, en presence de REE.
Dans le cas des expériences organiques d’adsorption du complexe REE-acide humique, non
seulement I’anomalie de Ce ne se développe plus mais, les spectres sont plats (Figure 6). Les
valeurs de log Kq chutent également de fagcon importante. Les log Kq varient entre 3,3 et 4 pour
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HFO et 3,2 et 4,2 pour MnO; lorsque les REE sont introduites sous forme inorganique et entre 3
et 3,1 pour HFO et 3,2 et 3,4 pour MnO; lorsque les REE sont introduites sous formes de
complexe REE-acide humique. Ces résultats montrent, tres clairement, que la complexation
organique a, non seulement un effet sur le taux d’adsorption des REE mais aussi, sur leur
comportement a la surface des oxyhydroxydes. Les log Ky des REE et du COD a la surface de
HFO ou MnQO; évoluent de fagon conjointe (Figure 6).

(b) HFO
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Figure 6. Evolution temporelle des log Ky de La, Ce, Pr et du COD lors des expériences
d’adsorption du complexe REE-acide humique a la surface de (a) HFO et (b) MnO..

Gréce a ces résultats, il a été possible de proposer un mécanisme permettant d’expliquer
non seulement la disparition de I’anomalie de Ce, mais également la chute du taux d’adsorption
des REE a la surface des solides lorsqu’elles sont sous forme de complexes organiques.
L’anomalie de Ce ne se développe plus a la surface des solides oxydants parce que ceux-ci n’ont
plus la possibilité d’oxyder le Ce(lll) en Ce(IV). En effet, les REE restent liées aux acides
humiques lors de leur adsorption. L hypothese est que ces derniers forment un écran organique
entre le solide et les REE, le solide n’est plus en contact avec le Ce, la réaction d’oxydation de
surface est impossible. La formation de I’anomalie de Ce est donc bloquée. De plus, toutes les
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REE étant liees indifferemment a I’acide humique, il est impossible de différencier leur
comportement. L’adsorption a la surface des solides est, en fait, une adsorption de type anionique
qui se produit selon la réaction:

=S-OH + REE-AH = =S-AH-REE + OH

avec =S -OH qui représente les fonctions de surface du solide : I’acide humique. Le complexe
REE-acide humique s’adsorberait a la surface du solide par son coté ‘humique’ pour former un
complexe ternaire de surface (Schindler, 1990; Nowack et Sigg, 1996). Cette réaction est
favorisée par les conditions expérimentales de I’étude. Toutes les expériences ont été réalisées a
un pH inférieur au pHz .. Une conséquence importante de ce mécanisme est le contréle du taux
d’adsorption des REE a la surface de I’oxyde par le taux d’adsorption des acides humiques. Il
apparait que des 10 mg/L de COD initial, le log de Ky n’évolue plus et se stabilise a une valeur de
3,3 (Figure 7). La surface de MnO, est saturée par les acides humiques. La valeur de saturation
de 3,3 obtenue est tres proche des valeurs obtenues dans les experiences d’adsorption organique
de REE a la surface de MnO, (condition expérimentale 10 mg/L de COD et 100 mg/L de MnO,).
Cette valeur confirme le fait que le processus d’adsorption des REE dans les expériences
organiques est totalement contrélé par le comportement propre des acides humiques.
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Figure 7. Evolution des log K4 COD/MnO, en fonction de la concentration initiale en COD dans
une suspension de 100 mg/L de MnO..

1.3. Complexation des terres rares a la surface d'acides humiques

Des expériences de complexation REE - acides humiques ont montré une forte
dépendance au pH. La proportion de complexe organique de REE augmente significativement
avec les forts pH. Une complexation plus marquée des REE intermédiaires a également été
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observée sur les différents spectres obtenus. Ces données ont été modélisées avec Model VI, ce
qui a permis d'obtenir une série de constantes de complexation REE - acides humiques,
specifiques a ce modele [log Kma (REE-HA)]. Les constantes obtenues pour Model VI montrent
un fractionnement des REE similaire a celui obtenu avec des groupements carboxyliques simples
comme les acides acétiques. La détermination de la spéciation des REE dans les eaux organiques
par l'approche combinée de codes de calculs (SHM et Model VI) et d'une technique physique de
fractionnement (i.e., ultrafiltration), a permis de caracteriser la spéciation des REE dans des eaux
de riviéres et dans des eaux de nappes superficielles. Les calculs de spéciation, utilisant des
constantes de complexation extrapolées, montrent une forte complexation des REE avec la
matiere organique (i.e., > 60 % pour 5 < pH < 8,5) dans les eaux de riviéres moyennes mondiales.

L’étude précédente a montré I’influence de la complexation organique sur le
comportement des REE a I’interface solide/liquide. Cette complexation est, a la fois, capable de
modifier quantitativement (chute du taux d’adsorption), mais aussi qualitativement (modification
de la forme des spectres de REE et suppression du développement de I’anomalie de Ce), la
distribution des REE. 1l est donc apparu indispensable d’évaluer quantitativement la
complexation des REE par la matiére organique. Le but de cette étude est de déterminer un jeu de
constantes REE-acide humique et de les utiliser afin de prédire la spéciation des REE dans divers
types d’eaux continentales oxydantes. Récemment, Tang et Johannesson (2003) ont effectué une
étude dans ce sens. Cependant, leurs études sont basées sur un jeu de constantes estimées a partir
des constantes de complexation d’acides organiques simples (acide acétique, acide lactique) avec
d’autres métaux et spécifiques a Model V (Tipping, 1994). Plus récemment, Sonke et Salters
(2006) et Sonke (2006) ont déterminé des constantes REE-acide humique pour I’ensemble du
groupe et spécifique a Model V. Cependant, les constantes ont été déterminées une par une, pour
chaque REE, par conséquent, elles ne tiennent pas compte de la compétition entre REE,
compétition qui peut étre importante puisque dans le milieu naturel, les REE interviennent
toujours ensemble. Etant donné le rble que peut jouer la complexation organique sur le
comportement des REE, il est donc apparu indispensable de déterminer un jeu de constantes
directement utilisable et fiable sur toute la gamme de pH des eaux naturelles afin de I’appliquer
pour déterminer la spéciation des REE dans les eaux continentales. Les constantes ont été
déterminées a partir d’expériences de complexation REE-acide humique en fonction du pH et de
la concentration en acide humique. Les données expérimentales ont été ajustées a I’aide d’un
modele de complexation, spécifique a la matiere organique, Model VI, introduit dans le code de
calcul WHAM 6 (Tipping, 1998). Le jeu de constantes a, ensuite, été confronté aux constantes
estimées de Tang et Johannesson (2003), ou a des jeux de constantes REE-acides organiques
simples afin d’étre validé puis utilisé. La figure 8 présente I’évolution en % de la complexation
de La par I’acide humique (HA) en fonction du pH et de la concentration en HA. Le taux de
complexation est dependant a la fois de la concentration en acide humique et du pH. Ainsi, plus
la concentration en acide humique est importante, plus la complexation a lieu a bas pH. De
méme, plus la valeur de pH est forte plus le pourcentage de La complexé augmente. A partir de
pH 6, quelque soit la concentration en acide humique, 100 % du La est complexé a la matiére
organique.
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Figure 8. Pourcentage de La complexé aux acides humiques (HA) en fonction du pH et de la
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Figure 9. Spectres de REE de la solution inorganique en fonction du pH pour une concentration
en acide humique de 5 mg/L.

Les spectres de REE (Figure 9) sont fractionnés et montrent un enrichissement en REE
intermédiaires (du Sm au Th). Ce fractionnement disparait pour les fortes valeurs de pH dans la
mesure ou 100 % des REE sont complexés a I’acide humique.

Les constantes de complexation REE-acide humique spécifiques a Model VI ont été

déterminées par calage (itérations manuelles) de fagon a obtenir la meilleure adéquation entre
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données expérimentales et calculées. Un jeu de données a été calculé pour chaque concentration
en acide humique. La figure 10 illustre la bonne corrélation entre les données expérimentales et
les données calculées a I’aide des constantes calées. Ces résultats démontrent le caractére réaliste
des valeurs calculées des constantes tout en illustrant la capacité de Model VI a modéliser la
complexation organique des REE.
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Figure 10. Donnees expérimentales et des données calculées a partir des constantes calées a
I’aide de Model V1.
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Figure 11. Distribution des log 8 pour les complexes REE-acide acétique (Martell et Smith,
1998), (a) REE-acide fulvique (Yamamoto et al., 2005) et REE-acide humique (Suwannee river)
(Yamamoto et al., 2006) et (b) des log Kua pour les complexe REE-acide humique (cette étude).

Ces valeurs de constantes ont également été validées par rapport a la littérature : la forme
du spectre des constantes calculées (log Kua) dans cette étude a été comparée a la forme du
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spectre des constantes (log B) de complexation de REE a un acide acétique (Martell et Smith,
1998), un acide fulvique (Yamamoto et al., 2005) et un autre type d’acide humique (i.e.,
Suwannee River) (Yamamoto et al., 2006). L’acide acétique a été choisi car il représente le
modeéle des fonctions carboxyliques qui sont les sites les plus abondants a la surface des acides
humiques (Figure 11). Les quatre spectres présentent la méme distribution relative, a savoir un
enrichissement en REE intermédiaires (de Sm a Thb) qui valident donc les résultats obtenus dans
cette étude. Cette tendance se retrouve lorsque ces constantes sont comparées a une compilation
des constantes de complexation des REE avec des ligands organiques (Figure 12). Enfin, comme
pour les oxydes de mangnese, la modélisation permet de confirmer que les liaisons MO-REE se
produisent principalement grace aux sites faibles (ca. 80%) et seulement 20% sont attribués aux
siytes forts. Le premier type de sites est attribué aux groupements carboxyliques, et le second aux
groupements phénoliques. En outre, ceux-ci témoignent d’une hétérogénéité et engendre un
fractionnement des REE (Figure 13).
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Figure 12. Compilation de constantes de complexation des REE avec ligands organiques
extraites de la littérature.
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Figure 13. Distribution des densités de sites (mol Ln**/mg HA).

1.4. Compétition acides humiques/carbonates

Des expériences de complexation compétitive carbonate/acide humique vis a vis des REE
ont montré une forte dépendance au pH et a l'alcalinité. Aucune donnée ne permet d'identifier la
formation de complexe ternaire de surface mettant en jeu des REE. Les calculs de spéciation avec
Model VI reproduisent quantitativement les dépendances au pH et a la concentration en
carbonates des résultats expérimentaux. Ces nouvelles données permettent de valider la série de
constantes [log Kya (REE-HA)] déterminées précedemment, qui peut étre utilisée avec confiance
pour prédire la spéciation des REE dans des eaux alcalines. Ainsi, les modeles WHAM 6 et
Model VI sont confortés dans leur capacité a calculer de maniére fiable la spéciation des REE en
milieu organique et alcalin.

Cette spéciation, dans un souci de validation non seulement des calculs mais aussi du jeu
de constantes, a été comparée aux calculs réalisés par Tang et Johannesson (2003). Leurs calculs
aboutissent a une spéciation différente des REE sur la gamme de pH considéree. Ainsi, REE-HM,
I’espéce complexée aux substances humiques est dominante sur une gamme de pH plus restreinte
et les pourcentages de complexation atteints sont beaucoup plus faibles. En fait, il apparait que
les espéces carbonatées sont plus compétitives vis-a-vis des substances humiques que dans nos
propres calculs. Ceci est di au fait que les valeurs des constantes estimees de Tang et
Johannesson (2003) sont plus faibles que les wvaleurs des constantes déterminées
expérimentalement dans cette étude. A la vue de cette différence, il nous est paru indispensable
de réaliser une étude expérimentale de compétition entre acide humique et carbonate pour la
complexation des REE en solution et de comparer les résultats expérimentaux aux résultats
calculés avec Model V1 a I’aide des constantes déterminées expérimentalement. Les expériences
ont été réalisées entre pH 6,5 et 10,5, pour trois valeurs d’alcalinité (102 5 10 et 10° mol/L). La
solution organique (complexe REE-acide humique) a été séparée de la solution inorganique
(REE-carbonate) par ultrafiltration a 5 kDa. Les resultats des expériences de compétition et des
calculs de spéciation sont présentés sur la figure 14. Seuls les complexes REE-carbonate
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expérimentaux et calculés sont représentés. Model VI, modifié par le jeu de constantes
déterminées expérimentalement, reproduit bien les résultats expérimentaux sur tout le groupe des
REE. Ces resultants permettent donc (i) de valider définitivement le jeu de constantes REE-acide
humique obtenus dans ce travail, de (ii) valider la capacité de Model VI a modéliser le
comportement des REE en milieu organique et enfin (iii) de valider la spéciation des REE
calculée dans cette étude pour la World Average River Water.
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Figure 14. Pourcentage de REE complexées aux carbonates, mesurés (points) et calculés a I’aide
de Model VI (lignes) dans les expériences de complexation compétitive entre carbonate et acide
humique (10 mg/L).
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1.5. Nouveau processus de formation d'anomalie de cérium

Des expériences de compétition entre carbonates et acides humiques pour la complexation
des REE ont également mis en évidence un fractionnement des REE entre ces complexants. En
utilisant une méthode d'ultrafiltration, les phases complexées avec les acides humiques et les
carbonates ont pu étre séparées. Les résultats ont permis de mettre en évidence le développement
d'une anomalie négative de Ce dans la fraction inorganique de la solution pour des pH supérieurs
a 8, dont I'amplitude croit avec l'alcalinité. En vis-a-vis, une anomalie de Ce positive se
développe sur les colloides organiques. Pour des pH > 8, le cérium s'oxyde sous forme Ce' par
formation d'un complexe carbonaté Ce'V(CO3)s%, qui peut étre qualifié de précurseur. Une fois
formé, ce complexe est déstructuré par les acides humiques de la solution. En effet, les constantes
de complexation REE - acides humiques plus fortes que les constantes REE - pentacarbonate
entrainent sa déstructuration au profit de la formation d'un complexe REE-HA. Le Ce' ayant
plus daffinité pour les substances humiques que les autres REE trivalentes, celui-ci est
préférentiellement adsorbé par les acides humiques de plus en plus électronégatifs. Il en résulte le
développement d'une anomalie de Ce positive au sein de la fraction organique de la solution, et
négative dans la fraction inorganique. La figure 15 illustre les spectres de distribution des taux de
complexation des REE par les carbonates et les acides humiques, déterminés dans I’étude
précédente. Une anomalie de Ce se développe pour les valeurs de pH supérieur a 9,1. Cette
anomalie est positive pour la phase colloidale organique et négative dans la solution carbonatée.
Ce développement d’une anomalie de Ce est accompagné d’une diminution et d’une
augmentation en REE, respectivement dans les solutions organique et inorganique. A partir de
pH 8, cette evolution est représentative d’une forte augmentation de la complexation des REE par
les carbonates au detriment de la complexation organique. Plus le pH augmente, plus la
concentration des carbonates est importante et plus ils sont compétitifs des acides humiques.
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Figure 15. Spectre de répartition des REE correspondant respectivement, aux solutions
inorganique (REE-carbonate) et organique (REE-acide humique) de [I’expérience de
complexation compétitive de I’acide humique et des carbonates pour REE.
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Si I’évolution globale de la forme du spectre est facile a expliquer, il n’en est pas de
méme pour I’anomalie de Ce. Quel est le mécanisme responsable de son développement? La
formation d’une anomalie de Ce est, comme nous I’avons vu précédemment, le fait d’une
oxydation de Ce(l11) en Ce(IV). Dans les eaux oxydantes rencontrées a la surface de la terre cette
oxydation ne peut normalement avoir lieu (pe® (Celll/CelV) = +29,47 se trouve hors du domaine
de potentiel de I’eau), si ce n’est en présence de surfaces oxydantes et/ou de bactéries spécifiques
(Moffet, 1990; Koeppenkastrop et De Carlo, 1992; De Carlo et al., 1998; Bau, 1999; Ohta et
Kawabe, 2001). Dans I’expérience de complexation compétitive des REE, I’un ou I’autre des
ligands présents pourrait donc induire une chute du pe’ du couple redox Ce(IV)/Ce(Ill) est
induire I’oxydation du Ce(lll) en Ce(IV). Mdller et Bau (1993) ont observe dans les eaux
alcalines du lac Van (Turquie), la formation d’une anomalie positive de Ce. lls I’ont expliqué par
la formation d’un complexe pentacarbonaté de Ce(IV), Ce'(COs)s™, permettant la stabilisation
du Ce dans la solution par rapport aux autres REE et donc la formation d’une anomalie positive
de Ce. La formation d’un tel complexe a également été mis en évidence par DoleZal et Novak
(1959), et Riglet-Martial et al. (1998) dans des études electrochimiques. Ils ont ainsi proposeé la
demi-équation de formation suivante:

Ce"'(CO3), +3 CO5” = Ce™V(CO3)s™ + 6

16

T 1=0,008 mollL

70 75 8,0 85 9,0 95 10,0

Figure 16. Diagramme pe-pH du systeme Ce-C-O-H retracé pour la force ionique de
I’expérience de complexation compétitive des REE par I’acide humique et les carbonates. Les
lignes noires représentent les réactions stables et les lignes en pointillées les réactions
métastables. La fleche noire correspond aux conditions de pe et pH des expériences (données
issues de Dolezal et Novak, 1959; De Baar et al., 1988; Mdller et Bau, 1993).
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La question est maintenant de savoir si une telle réaction peut se produire dans les conditions
expérimentales de I’expérience de complexation compétitive. Pour cela, un

diagramme pe-pH du systéme Ce-C-O-H a éteé réalisé a la force ionique de nos experiences
(données issues de Dolezal et Novak, 1959; De Baar et al., 1988; Mdller et Bau, 1993; Figure
16). Comme montré par Moéller et Bau (1993), méme si la valeur exacte du coefficient d’activité
v du complexe pentacarbonaté-Ce'Vest inconnue, une valeur estimée de 6 peut étre utilisée dans le
calcul de la constante log Q avec Q = y(Ce'"'(C0O3),) / y(Ce'(CO3)s™). Pour des pH compris entre
8 et 9 et pour un pe de I’ordre de 7, il apparait clairement que I’équilibre a(Ce''(CO3),)/
a(Ce'V(CO3)s%) est atteint avant I’équilibre a(Ce'"'(CO3),)/a(Ce'V0,). Ainsi, le Ce ne peut pas
précipiter sous forme de CeO, car il se complexe aux carbonates pour former le complexe soluble
Ce'(CO3)s™. L’oxydation du Ce (Il) en Ce(lV) est donc tout & fait possible du fait de la
complexation par les carbonates. Etant données les conditions expérimentales et la composition
de la solution lors de I’oxydation du Ce(lll) en Ce(IV), I’équation de réduction correspondante
est probablement la réduction de I’oxygéne dissous (pe” = +20,75 pour le couple O(g)/H0),
selon la réaction :

4 Ce"'(COz), + 12 COs* + O, + 4 H' = 4 Ce™(CO3)s> + 2 H,0

Afin de connaitre la faisabilité d’une telle réaction, la variation d’énergie libre de la réaction
(AGRY) a été calculée. Les AG. des complexes Ce'"'(CO3),” et Ce'V(CO3)s® n’étant pas disponibles
dans la littérature, ils ont été extrapolés a partir des constantes de formation de chaque complexe
(Riglet-Martial et al., 1998) et recalculées pour une force ionique 0, grace a I’équation de Davies.
La variation d’énergie libre de la réaction est égale a -947,84 KJ/mol. Les AGg’ étant négatif, la
réaction est donc spontanée. Dans le cas de la réaction décrite plus haut, I’oxydation du Ce(ll1) en
Ce(1V) devrait aboutir a la formation d’une anomalie positive de Ce dans la solution inorganique,
d’une maniere équivalente a ce qui est décrit par Maller et Bau (1993). Or, ce sont les complexes
organiques colloidaux qui portent I’anomalie positive de Ce. Le Ce tétravalent a plus d’affinité
pour les surfaces solides ou colloidales que les REE trivalentes et sera donc plus adsorbé que les
REE voisines qui elles restent trivalentes. Ainsi, Nash et Sullivan (1991) ont montré que la
constante de complexation Ce(IV)-carboxylate est de 2 ordres de grandeur supérieurs a la
constante Ce(lll)-carboxylate. En considérant que les fonctions carboxyles sont les fonctions de
surface les plus abondantes & la surface de I’acide humique, une fois le complexe Ce'V(CO3)s™
formé et donc le Ce oxydé en Ce(IV), le complexe est détruit par compétition avec I’acide
humique selon la réaction :

CeV(COs)s” + HA = Ce'VHA® + 5 COs>

Le complexe Ce'(CO3)s® joue donc le réle de précurseur & I’adsorption de Ce(1V) par I’acide
humique.
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Partie 11

Quantification des roles respectifs de la
matiere organigue et des oxydes de Fe et de
Mn sur la spéciation des terres rares dans des
eaux naturelles (eaux souterraines et de
rivieres)
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Il - Quantification des roles respectifs de la matiere organique et des oxydes de
Fe et de Mn sur la spéciation des terres rares dans des eaux naturelles (eaux
souterraines et de rivieres)

11.1. Eaux souterraines de versant

Le suivi temporel des concentrations et des formes de spectres de REE le long d'un
transect d'un bassin versant expérimental a été effectué (Figure 17). Une grande stabilité des
formes de spectres de REE a été observee au cours du temps alors qu'une variabilité spatiale a été
observé le long du transect. Des ultrafiltrations ont été effectuées sur certains de ces échantillons
et ont montré que la spéciation de ces échantillons était plus ou moins contr6lée par la matiére
organique dissoute (Figure 18). Ces échantillons présentent, en effet, des concentrations en
carbone organique dissous croissantes d'amont en aval. Comme suggére lors de différentes
expérimentations, le spectre global de REE d'un échantillon d'eau naturelle représente la somme
de différentes fractions organiques et inorganiques. Des calculs de spéciation ont été effectués sur
ces mémes echantillons et ceux-ci ont montrés qu'il s'agissait d'un mélange entre une eau amont
inorganique et une eau de versant organique (Figure 19). Une telle modélisation permet, en outre,
de quantifier I'impact d'une variation de pH sur un tel mélange (Figure 20). En effet, les données
révelent que I'amplitude des anomalies Ce diminue avec la pente et correspond au changement de
spéeciation des REE ; les eaux souterraines en bas de versant ayant des REE principalement liés a
des colloides organiques. Le suivi temporel montre que la source des colloides est située dans les
horizons riches en matiére organique du sol, et que lintroduction de colloide se produit
principalement quand la nappe phréatique monte lors des saisons humides. La topographie est,
par conséquent, le facteur clé qui contrdle la variabilité spatiale de I’anomalie de Ce dans ces
eaux souterraines peu profondes (Figure 21). Enfin, dans la fraction <0,2 um la signature en REE
vient de deux sources solides: la premiere est située dans le schiste profond, l'autre située dans
I’horizon de sol riche en matiere organique.
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Figure 17. Evolution des spectres de REE normalisés a la créute continentale supérieure en

fonction de la pente, transect de Guériniec, Kervidy-Naizin (France).
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Figure 18. Spectres de REE normalisés a la créute continentale supérieure apres ultrafiltrations
successives (0,2 um, 30 kDa, 10 kDa et 5 kDa) pour les piezométres (a) PG3 et (b) PG4.
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Figure 19. Résultats des calculs de spéciation en utilisant Model VI pour les eaux souterraines
PG3, PG4 et PG5 en mai 2004.

66



30

NW SE
@ Upland
i L groundwater
20 — @ Colloidal
infiltration -
L Secondary n T _ o S
_/} alteration front 3):00 PSR Di?ff_,‘:;rnr.)g L
| groundwater LN “ Weatr_lered I
10 Mixing zone : ?F_hlStl ,
E 0 =1 Bottornland """?:’ DOC=3mg L’ : 2
_‘§ - groundwater ‘-:»;- W 7 . // / 7 //
g : 7, . 7o // 7
2 10 |t poc=smgL” ////Z/ ////
i
/4/@) Deep /////,// / /4/
//% groundwater //%// 7 /
20 /// — /é// / //
7 / //// boc~omgL” Fresh, fractured 7
/ / / i / / 7 //g schist
-30 T | o
200 300 400 500 600

Distance from stream (m)

Figure 20. Scénario illustrant le fonctionnement du transect de Guériniec et la présence de trois
flux expliquant la signture géochimique des eaux souterraines du bassin versant de Kervidy
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Figure 21. Evolution de I’anomalie de cérium en fonction de la distance a I’éxutoire.
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11.2. Eaux souterraines de zone humide

De petites cellules d’ultrafiltration de seuils de coupure décroissants (30 kDa, 10 kDa et 5
kDa) ont été testées sur des eaux de zones humides, riches en matiéres organiques dissoutes
(MOD), dans le but d’étudier les interactions MOD-metaux. Il s’agissait de distinguer la
proportion de métaux traces présents a I’état libre de cations hydratés (correspondant & une
fraction biodisponible), de la proportion de métaux complexés a de la matiére colloidale
organique ou inorganique. Alors que les éléments alcalins, alcalino-terreux et le Ni semblent se
comporter comme des éléments libres, non complexes par la MOD colloidale, I’U, le Cu ou les
REE semblent directement portés par la fraction colloidale organique (Figure 22). Ces résultats
sont en accord avec les calculs de spéciation realises avec Model VI (Figure 23). Dans la mesure
ou le piégeage et le transport des éléments traces liés a la matiére organique doivent étre mieux
appréhendés pour comprendre le role fonctionnel joué par la matiére organique a I’interface
eau/sol quant a la dynamique des éléments traces métalliques, d’autres études dédiées aux
variations conjointes des distributions de la MOD colloidale et des éléments traces devront étre
entreprises dans des eaux provenant de différents environnements riches en MOD. Ces
expériences d'ultrafiltration d'eau de sols riches en matiéres organiques ont montré un
fractionnement des REE entre les différentes tailles de matiéres organiques (~ 90 %) et la phase
inorganique (~ 10 %). Une relation linéaire est observée entre la concentration en REE et la
concentration en carbone organique dissous.

Comme suggéré précédemment, le spectre global de REE d'un échantillon d'eau
souterraine représente la somme de différentes fractions organiques et inorganiques. La
comparaison d'expériences d'ultrafiltration sur deux échantillons d'eaux de sol riches en matiéres
organiques (Figure 24), I'un en conditions réductrices et I'autre en conditions oxydantes, montre
une variation de l'intensité de I'anomalie de Ce de la fraction inorganique (i.e., fraction < 5 kDa).

(b) PF3

(a) PF1

SN S L A=, L

N
Na Mg Si Rb SrK Ca Ba Ni Cu Cr U boc Co Mn Th V Al REE Fe Na Mg Si K Rb Ca Ba Sr Ni Mn Co Cr CuV REE U DOC Th Al Fe

Figure 22. Classifications hiérarchiques ascendantes des eaux de zone humides (a) PF1 et (b)
PF3.
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Figure 23. Pourcentage d'éléments complexés aux substances humiques calculé (avec Model V1)
en fonction du pourcentage d'éléments complexés aux substances humiques observé (par
ultrafiltration).
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Figure 24. A Spectres de REE normalisés a la crolte continentale supérieure pour les différentes
ultrafiltrations réalisées pour des échantillons d'eau de zones humides (a) en conditions
réductrices (Eh = 235 mV) et (b) en conditions oxydantes (Eh = 378 mV).
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11.3 Eaux de rivieres

11.3.1. Spéciation des REE dans une eau de riviére de composition moyenne et oxydante

% d'especes

80+

@
o
I

% d'especes
¢

20

Figure 25. Spéciation calculée des La, Eu et Lu dans la World Average River Water a partir des
log Kuva expérimentaux spécifiques a Model VI (partie 1).

Le jeu de constantes précédemment déterminé (partie 1) a été utilisé afin de calculer la
speciation des REE dans une eau de riviére de composition moyenne, la “World Average River
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Water’. Cette composition moyenne d’eau de riviére a été choisie de facon a comparer nos
résultats a ceux obtenus par Tang et Johannesson (2003) pour la méme eau, mais a I’aide de
constantes estimées et de Model V. Les calculs ont donc été réalisés en utilisant les mémes
concentrations moyennes en ions majeurs, cations compétiteurs (i.e., Fe, Al), et COD (5 mg/L)
que celles utilisées par Tang et Johannesson (2003). Dans ces calculs, les substances humiques
sont supposées étre constituées de 80 % d’acides humiques et de 20 % d’acides fulviques. De
plus, les concentrations totales en éléments sont considérés comme invariantes sur la gamme de
pH sauf pour les carbonates, HCO3 et CO43%.

Le jeu de constantes introduit dans Model VI montre que les REE sont sous forme
d’espéces libres REE®* et sulfates & pH acide (Figure 25). Puis entre pH 5-5,5 et 7-8,5, I’espéce
dominante est la forme complexée aux substances humiques (REE-HM > 60 %). Au-dela de
pH>8, la forme complexée aux carbonates devient prépondérante. Elle atteint ainsi un
pourcentage de 80 % pour le Lu. Cette spéciation, dans un souci de validation non seulement des
calculs mais aussi du jeu de constantes, a eété comparée aux calculs réalisés par Tang et
Johannesson (2003). Leurs calculs aboutissent a une spéciation différente des REE sur la gamme
de pH considérée. Ainsi, REE-HM, I’espéce complexée aux substances humiques est dominante
sur une gamme de pH plus restreinte et les pourcentages de complexation atteints sont beaucoup
plus faibles. En fait, il apparait que les espéces carbonatées sont plus compétitives vis-a-vis des
substances humiques que dans nos propres calculs. Ceci est di au fait que les valeurs des
constantes estimées de Tang et Johannesson (2003) sont plus faibles que les valeurs des
constantes déterminées expérimentalement dans cette étude.
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Figure 26. Spectres de REE d’eaux de riviéres présentant (a) un enrichissement en REE lourdes
(Taylor et McLennan, 1985), (b) un enrichissement en REE moyennes, spectres concaves
(Goldstein et Jacobsen, 1988; Elderfield et al., 1990; Sholkovitz, 1995; Deberdt et al., 2002).
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11.3.2 Les processus de transport et de fractionnement des terres rares dans l'eau des
ruisseaux - dynamique

Comme vu précédemment I’étude des REE est un outil puissant pour comprendre le
comportement des métaux traces dans les eaux superficielles et souterraines. La distribution des
REE est ainsi utilisee pour comprendre leur fractionnement et ainsi identifier les processus tels
que la complexation de surface et les complexations en solution ou encore identifier la
précipitation et la dissolution des phases minérales spécifiques (Gaillardet et al., 2003). Des
études récentes ont montré que la fraction de REE <0,45 ou <0,22 um des eaux de surfaces et
souterraines est principalement présente sous forme colloidale plutdt que vraiment dissoute
(Gaillardet et al., 2003). Les colloides organiques et/ou minéraux jouent un réle majeur dans la
mobilisation et la spéciation des éléments traces dans les eaux de riviéres. Les parameétres
physico-chimiques (pH, Eh, T, force ionique ...) sont les facteurs qui contrélent la mobilisation
colloidale.

Récemment, Steinmann et Stille (2008) ont observé sur des échantillons d'eau filtrés a
0,45 um dans un cour d'eau du Massif Central francais un appauvrissement croissant en REE
Iégeres d’amont en aval, sur une distance de moins de 10 km. Cette évolution est liée a l'indice de
saturation (SI) des oxyhydroxydes de Fe. Les eaux des cours d'eau ont des spectres de REE
semblables ceux de la roche basaltique en amont, ou les échantillons sont fortement sursaturés
par rapport aux oxyhydroxydes de Fe. Steinmann et Stille (2008) ont interprété cette évolution
par la présence de colloides de Fe / Mn porteurs de REE qui se forment dans le flux d’eau et
enfin précipitent sous forme de particules de Fe / Mn-oxyhydroxyde.

Pour confirmer ces hypotheses, des expériences d'ultrafiltration utilisant de petits
dispositifs d’ultracentrifugation ont été effectuées (30 kDa, 10 kDa et 3 kDa) pour étudier le
contréle colloidal sur le fractionnement des éléments majeurs et traces dans ces cours d'eau. Six
sites ont ainsi été échantillonnés dans le bassin versant du Malaval, d'amont en aval (Massif
Central, France) au cours de deux campagnes d'échantillonnage (Septembre 2009 et Juin 2010) et
analysés pour les eléments majeurs et traces, et le carbone organique. En plus de I'évolution
spatiale, des mélanges entre deux confluences du Malaval ont été également étudiés. L’objectif
principale de cette étude est de veérifier I'hypothese de Steinmann et Stille (2008) par une analyse
directe de la fraction colloidale utilisant la proceédure d’ultrafiltration décrite par Pourret et al.
(2007b) pour séparer les colloides. Cette nouvelle méthode d'analyse a été complétée par des
calculs de speciation afin d'évaluer plus en détail la competition entre les colloides organiques et
inorganiques sur le transport des REE et le fractionnement dans l'eau du ruisseau. Les
interactions avec les colloides organiques ont été décrites a l'aide de Model VI comme décrits par
Pourret et al. (2007a) et intégré dans PHREEQC par Marsac et al. (2011) ; ceci a ainsi permis de
considérer I’adsorption sur les oxyhydroxydes de Fe.

Les spectres de REE montrent une anomalie de Ce variable et un enrichissement en REE
lourdes d’amont en aval (Figures 27 et 28). De plus, la plupart des éléments se comportent de
maniére cohérente dans le temps et leur spéciation évolue avec la distance a la source. Basé sur
I'analyse en composantes principales et des classifications ascendantes hiérarchiques (Figure 29)
effectuée sur l'ensemble des données d'ultrafiltration, trois groupes d'éléments ayant un
comportement chimique spécifique peuvent étre distingués: (i) un groupe dissous (Na, Mg, Si, K,
Ca, Rb, Sr), (ii) un groupe réactif (Al, Fe, Y, Pb, Cu, Ni, As, U, Zr) et, (iii) un groupe
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intermédiaire (Co). En regardant plus en détail chacun de ces groupes, les résultats suggerent que
(i) les alcalins et les alcalino-terreux sont présents sous forme d'especes dissoutes, tandis que (ii)
les REE et la plupart des autres éléments métalliques sont liés a la matiére colloidale. Enfin, (iii)
quelques éléments, comme le cobalt, ont un comportement ambivalent: dans certains
échantillons, ils se comportent comme le premier groupe et dans d'autres comme le deuxieme
groupe. Cependant, concernant le groupe colloidal, il est difficile de distinguer le réle respectif
des matiéres organiques et des oxyhydroxydes de Fe et Mn. Il est a noter que lors des
ultrafiltrations une part importante (50 a 60%) des REE se trouve sous forme colloidale, et une
faible part peut étre interprétée comme organique (Figure 30). Ceci est confirmé par la
modeéelisation qui montre qu’en amont la spéciation des REE est gouvernée par les matiéres
organiques alors qu’en aval il y a une compétition entre phse carbonatée et phase organique
(Figure 31).
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Figure 27. Spectres de REE normalisés a la créute continentale supérieure pour les échantillons
du cours d’eau Malaval.
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Figure 30. Spectres de REE normalisés a la croute continentale supérieure apres ultrafiltrations

successives (0,2 um, 30 kDa, 10 kDa et 5 kDa) pour les échantilons (a) M28 et (b) M29.
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Figure 31. Résultats des calculs de spéciation en utilisant Model VI pour les eaux souterraines
M24, M25, M26 et M27 en septembre 2009.
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I11 — Utilisation du fractionnement des terres rares dans la compréhension de
minéralisations

I111.1. Altération et mise en solution

L’altération des roches, se produit au sein de la zone critique a linterface entre
I'atmosphere, la biosphére, I'hydrosphere et lithosphere. 1l s'agit d'un processus majeur dans
I’étude des cycles biogeochimiques globaux et contribue également a I'évolution des paysages
(Gaillardet et al., 2003). L'altération chimique consiste a dissoudre partiellement ou
complétement les minéraux des roches pour former des profils d'altération. Les ions dissous sont
transportés par les eaux de ruisselement, de surface, souterraine, vers les océans. Afin d'établir un
lien entre le mode de distribution des REE en solution et le substratum rocheux, une étude
détaillée de la modification du socle granitique et gneissique ainsi que du basalte d'un petit
bassin versant de montagne a été réalisé (bassin versant Malaval, Massif Central, France). La
minéralogie des échantillons frais et altérés a été déterminée par microscopie et diffraction des
rayons X. Les éléments majeurs et traces ont été déterminés par ICP-AES et ICP-MS. Une
comparaison entre les spectres de REE des horizons les plus altérés de chaque profil et la fraction
<0,22 pm du cours d’eau du Malaval a éte réalisée. Les résultats suggérent des mécanismes
d'altération similaires pour le granite et le gneiss, qui est principalement contr6lée par la
dissolution des plagioclases conduisant a des pertes en Na,O, CaO, SiO, et Al,O3 (Figure 32). La
mobilisation du K,O peut étre liée a la fracturation des feldspaths alcalins, tandis que I'évolution
des spectres de REE est principalement controlée par la distribution du zircon. Dans les profils
d'altération sur basalte, I’olivine est le premier minéral & étre oxydé conduisant a une
mobilisation de MgO. La transformation des plagioclases en argiles est accompagnée par des
pertes de Na,O et CaO. La chute des concentrations en fer est associée a la fracturation des
pyroxenes.

Les spectres de REE normalisés du profil d’altération des basaltes montrent un léger
appauvrissement tout en gardant les spectres des basaltes continentaux (Figure 33). Les
différentes extractions séquentielles montrent que moins de 0,1% des REE sont mobiles et sont
lessivables a I’eau ; les spectres de REE normalisés a la crolte continentale supérieure ont la
méme forme que les roches initiales (Figure 34). Si cette fraction est normalisee aux eaux des
cours (i.e., Malaval, voir partie 2), les spectres sont plats (Figure 35). Ainsi, une comparaison
entre les spectres de REE des horizons les plus altérés des profils d'altération suggere que la
chimie de I'eau du Malaval adjacent est principalement contrdlée par I’altération chimique du
basalte. Cette constatation est d’ailleurs confirmeée par les extractions sequentielles effectuées sur
des échantillons de basalte qui ont montrés que la fraction hydrolisable donnait la signature a
I'eau des ruisseaux (Figure 36).
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Figure 32. Diagramme ternaire Al,03/CaO+Na,O/K;0 illustrant le profil d’altération du basalte
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Figure 33. Spectres de REE normalisés a la croute continentale supérieure des échantillons du
profil d’altération des basaltes.
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Figure 36. Relation entre les différentes fractions issues des extractions séquentielles et la
signature chimique du cours d’eau du Malaval.

I11.2. Cycle externe des terres rares revisité

La combinaison de tous les résultats obtenus dans cette synthese permet d'établir un
schéma de formation des spectres des REE dans les eaux naturelles et d'expliquer la chute des
concentrations en solution en REE depuis les eaux du sol jusqu'a I'océan. Une réinterprétation du
cycle externe des REE est proposée et illustrée sur la Figure 37.

La chute de concentration en solution du Ce dans les océans et les riviéres
(développement d'une anomalie négative de Ce au niveau des spectres) a été attribuée a sa chimie
redox (e.g., Elderfield, 1988). Toutefois les différents processus pouvant mener a cette chute sont
mal identifiés. De facon plus générale concernant le fractionnement des REE dans leur globalité,
le processus le plus souvent discuté est celui qui propose que le fractionnement ait lieu pendant le
mélange estuarien favorisé par la réactivité extrémement élevée de particules (par exemple,
MnQO;) et qui aboutit a un enrichissement en REE lourdes (Elderfield, 1988; Elderfield et al.,
1990; Sholkovitz, 1995). La chute de concentration des REE pourrait également avoir lieu par
coagulation du "pool” colloidal de REE pendant les mélanges estuariens (Hoyle et al., 1984;
Elderfield, 1988; Elderfield et al, 1990; Sholkovitz, 1995). Dans ce cas, le fractionnement des
REE se produit par separation des "pools™ colloidaux et "dissous vrai" qui présentent chacun des
formes spécifiques de spectres de REE (Sholkovitz, 1992; Sholkovitz, 1995).

84



La compétition entre les acides humiques et les carbonates pour la complexation des REE
peut mener au fractionnement des REE. Ainsi, la chute de concentration des REE peut étre
controlée par la coagulation du "pool” colloidal de REE pendant les mélanges estuariens. Lorsque
les deux phases sont physiquement séparées, elles présentent deux spectres de REE différents: (i)
la phase organique montrant un spectre de REE relativement plat, (ii) la phase inorganique
montre un spectre enrichi en REE lourdes proche de celui de I'eau de mer. Or, dans le milieu
naturel, la séparation de la phase organique colloidale du dissous peut tout a fait se produire lors
d'une augmentation de salinité qui entrainerait la floculation de colloides organiques. Des
expériences d'ultrafiltration sur des eaux de nappe de sol riches en matieres organiques indiquent
qu'environ 90 % des REE sont présentes sous formes organiques. Environ 10 % du pool de REE
des eaux de nappes superficielles est transféré vers les fleuves et rivieres ou la spéciation est ici
considérée comme constante. Le transfert des fleuves vers les océans aboutit aux estuaires, ou ont
lieu des mélanges et ou les phases organiques et inorganiques sont séparées. Environ 90 % des
REE se retrouvent extraites de la solution par floculation du matériel organique. Les REE
inorganiques restant en solution peuvent également étre fractionnées en contact avec des
particules fortement réactives (comme les nodules de ferromanganéese) mais, cette proportion est
minimale (1 % des REE par rapport au retrait de 90 % par floculation organique). Ainsi, les
spectres de REE des océans semblent refléter les spectres de REE de la fraction inorganique des
eaux de rivieres. Une telle information est donc masquée jusqu'a ce que les phases inorganiques
et organiques soient séparées comme cela est le cas durant un mélange estuarien par exemple.
Finalement, le plateau continental de I'Atlantique pourrait étre considéré comme un piege
potentiel a REE. Cette derniére hypothése reste encore a tester en analysant différentes fractions
(detritique, oxydes de Fe-Mn, composés organiques) de sédiments déposés dans les estuaires sur
la marge de I'Atlantique Ouest.

Les resultats expérimentaux (partie 1) montrent que la compétition entre les acides
humiques et les carbonates pour la complexation des REE peut mener au fractionnement des
REE. Ces expériences illustrent et confirment le possible contréle de la chute de concentration
des REE par coagulation du "pool™ colloidal de REE pendant les mélanges estuariens (Elderfield
et al, 1990; Sholkovitz, 1995). Lorsque les deux phases sont physiquement séparées, elles
présentent deux spectres de REE différents: (i) la phase organique montrant un spectre de REE
relativement plat, (ii) la phases inorganique montre un spectre enrichi en REE lourdes proche de
celui de I'eau de mer. Or, dans le milieu naturel, la séparation de la phase organique colloidale du
dissout peut tout a fait se produire lors d'une augmentation de salinité qui entrainerait la
floculation de colloides organiques.

Les expériences d'ultrafiltration (partie 2) sur des eaux de nappe de sol riches en matiéres
organiques indiguent qu'environ 90 % des REE sont présentes sous formes organiques. Environ
10 % du pool de REE des eaux de nappes superficielles est transféré vers les fleuves ou la
spéciation est ici considérée constante. Le transfert des fleuves vers les océans aboutit aux
estuaires, ou ont lieu des mélanges et ou les phases organiques et inorganiques sont séparées.
Environ 90 % des REE se retrouvent extraites de la solution par floculation du mateériel
organique. Les REE inorganiques restant en solution peuvent également étre fractionnées en
contact avec des particules fortement réactives (comme les nodules de ferromanganese) mais
cette proportion est minimale (1 % des REE par rapport au retrait de 90 % par floculation
organique). Ainsi, les spectres de REE des océans semblent refléter les spectres de REE de la
fraction inorganique des eaux de rivieres. Une telle information est donc masquée jusqu'a ce que
les phases inorganiques et organiques soient separées comme pendant un mélange estuarien par
exemple.
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Ceci est illustré sur la carte de krigeage du La dans les cours d’eaux en France (Figure
38). Si nous prenons I’exemple du bassin versant de la Dordogne, la source des REE se trouve
dans le massif Central et son socle cristallin. Les REE sont essentiellement issues de I’altération
de basalte et auront des spectres similaires a ceux du bassin versant de Malaval avec une
anaomalie de Ce négative (Figure 39). Au cours du transport, les spectres de REE montrent un
enrichissement en REE intermédiaires et une diminution de I’anomalie négative de Ce.
L anomalie de Ce est en effet corrélée avec la distance a I’éxutoire (Figure 40) : en effet plus la
distance avec la source augmente plus les concentrations en REE et en MO augmentent (donnees
non présentées). La spéciation des REE devient organique (voir partie 2).

Figure 37. Cycle des REE des eaux souterraines en passant par les rivieres jusqu’aux océans. Les
données sont extraites de De Barr et al. (1988), Elderfield et al (1990) et Pourret et al. (2007c).
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Figure 38.
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Figure 39. Spectres de REE normalises a la croute continentale supérieure des échantillons du
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111.3. Controle par matiere organique

La distribution des REE des cours d'eau, normalisée a la crolte continentale supérieure
(UCC), a montré, de la source a I'exutoire du bassin versant, un fractionnement des spectres de
REE, de spectres enrichie en REE lourdes vers des spectres plus plus plat, enrichi en REE
intermédiaires. Une disparition progressive de I’anomalie Ce négative est aussi observée. En
conséquence, Pourret et al. (2012) suggérent que le plateau continental pourrait étre considéré
comme un piége a REE potentiel et donc que les roches sédimentaires du plateau, similaires aux
sédiments profonds meétalliferes (Kato et al., 2011), représentent une ressource potentielle en
REE et un guide pour leur exploration. La réévaluation du potentiel de REE de la France, nous a
permis de discuter du comportement des REE, du plateau continental a la plaine du bassin, en
utilisant les occurences de monazite authigenes au sein des schistes ordoviciens du massif
Armoricain (France).

Les monazites grises (phosphates de REE enrichis en REE intermédiaires) de
I’Ordovicien du massif Armoricain ont été reconnues comme source des monazites présentes
dans les placers du Grand Fougeray. L’étude pétrographique des schistes a mis en évidence la
présence de quartz, de feldspath, de mica de type muscovite, de chlorite et de pyrophyllite. La
matiére organique caractérisée par pyrolyse montre une matiére organique d’origine continentale.
La présence de la monazite grise dans les schistes de I’Ordovicien peut s’expliquer par un
enrichissement localisé dans ses schistes dans des niveaux riches en matiere organique et biotite.
Les grains de monazite (jusqu'a 2 mm de diameétre) sont principalement caractérises par leur
couleur grise, des inclusions minérales de schistes, leurs spectres de REE enrichis en REE
intermédiaires (Figure 41), une concentration en Th et U, une absence de cceurs hérités, qui
suggerent fortement une cristallisation authigene au cours de la diagenése. La composition
chimique souligne des cristaux zonés avec des cceurs enrichis en REE intermeédiaires (jusqu'a
10% en poids Sm,03; 1,3% en poids Eu,O3 et 5% en poids Gd,O3) et des bordures enrichies en
REE légéres. Ainsi les coeurs des grains sont caractérisés par des valeurs négatives et faibles en
log [(La/Sm)ycc] et des valeurs élevées en Eu alors que les bordures sont légerement négatives a
positives en log [(La/Sm)ycc] avec de faibles concentrations en Eu (Figure 42). Les spectres de
REE des monazites grises refletent aussi I’abondance en REE des schistes. Il y a un
enrichissement globale en REE lorsque le rapport REE légeres/ REE lourdes augmente (Figure
43). En effet, lorsque les schistes sont dans I’anchizone (200°C < T < 270°C), les monazites ont
des spectres de REE enrichis en REE intermédiaires, directement liés a la matiére organique,
alors que lorsqu’ils sont dans I’épizone (T > 270°C), la spéciation des REE est principalement
guidée par complexation avec des carbonates, ce qui entraine la formation de monazites enrichies
en REE légéres (Figure 44). En effet, comme I’a montré Nakada et al. (2010) la
décarboxylatation va entrainer un fractionnement des REE et comme illustré par Pourret et
Martinez (2009) il y aura enrichissment en REE légeres associées aux groupements phénoliques.
Cette derniére hypothese sera encore testée et renforcée par I'analyse des fractions organiques des
schistes et schistes noirs. Ce type de fractionnement est couramment admis pendant la diagenese
comme I’a montré Haley et al. (2004) et une telle hypothese a été proposée par Lev et al. (1989)
et Evans et Zalaziewics (1996) pour des environnements similaires de schistes a monazites
enrichies en REE intermédiaires.
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Comme, ces monazites ont de plus été concentrées dans des placers @ 2 kg / t et
exploitées (Donnot et al., 1973), ce site nous permettra de proposer un modele de gisement dans
le cadre du projet ANR ASTER et de mieux comprendre le rble des différents processus
géologiques dans la genese des minéralisations de REE.
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Figure 41. Spectres de REE normalises a la croute continentale supérieure des schistes du Grand-

Fougeray
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I11.4. Controle par oxydes de manganese et carbonates

La Copperbelt katangaise (RD Congo) abrite prés de la moitié des réserves mondiales en
cobalt. L’hétérogénite (CoOOH) est le minerai de cobalt oxydé le plus abondant dans cette
région. Il résulte de I'oxydation de la carrolite (CuCo,S,) lors de processus d’altération supergene
au Pliocene. Cela conduit a la formation d’une créute de surface enrichie en hétérogénite (Decrée
et al. 2010). Cependant, les processus détaillés conduisant a la formation d'hétérogénite ne sont
pas encore bien contraints. Ici, ces processus sont étudiés en considérant le fractionnement et la
distribution des REE, qui est un outil peu exploré mais puissant pour comprendre la formation
des oxyhydroxydes (Pourret et Davranche, 2013). En effet, étant donné que ces éléments se
comportent comme un groupe cohérent, le fractionnement des REE peut étre utilise comme
traceur des processus de mise en place. En premiére approche, I’étude des spectres de REE des
hétérogénites ne permet pas d’identifier les differents types d’hétérogénites (Figure 45).
Cependant, il est possible d’identifier différents comportements pour les hétérogénites de type 1
(Figure 46) : (i) le premier type est enrichi en REE intermédiaires, avec une anomalie de cérium
négative et une relativement faible teneur en REE; (ii) le second est enrichi en REE légeres, sans
anomalie de cérium et avec une concentration en REE supérieure.

Les processus d'altération conduisant aux minéralisations d’hétérogénite consistent
principalement en des I'équilibre eau-roche. A une forte activité de Co, I’hétérogénite précipite a
un pH voisin de la neutralité simultanément aux oxydes de manganése (i.e., pyrolusite). Les REE
sont principalement fractionnées entre ces deux phases solides: les spectres de REE des
hétérogénites sont clairement les complémentaires de ceux des oxydes de manganése. L’anomalie
de Ce variable pour le premier type dépend de la compétition entre Co, Cu, Fe et Mn (Figure
47).Comme l'activité du cobalt diminue, le champ de stabilité de I’hétérogénite se déplace vers
des pH alcalins. Dans ces conditions, la spéciation des REE est principalement gouvernée par la
complexation avec les carbonates, ce qui provoque la formation d’hétérogénite avec un spectre
enrichi en REE légéres (Figure 48).

Les deux types de signatures en REE sont conformes a la formation d'hétérogénite en
considérant un modele en deux étapes per descensum. Ainsi ce minéral (i) se forme en depdts
résiduels - similaires a des latérites - en association avec des oxydes de Mn, et ensuite (ii) se
dépose a partir d'un fluide riche en carbonate.

94



100 ¢
- i
S 10§
% -
O C
m L
g 01
-.3__ E
[}
g - —8— GE 10805—8— GE 13025 —A— GE 914
& oo —w— GE 924 —¢— GE DOL1—¢— GE 1304
3 —»— GE 660—8— GE 10801 —k— GE 10807
£ —&— GE 12996—@— GE 15884 —— GE 2839
[ —¢— GE 12979—— GE 10788 —— GE 10816
1E,3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100
E | (B) Type2
—— GE 14091
[ | —e—GE 10793
B 10k |—-AGE334
S : GE 3335
© i
g 1 =
£
O L
g_ 01k
Q_ E
2
(] L
E 001k
1E_3 1 1 1 L L 1 1 1 1 1 L 1 L 1 L
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100 ¢
£ [ (C)Type3
—m— GE 015TW|
[ | —e—GE 10734
B 10 |- GE4418
S £ GE 13017
o i
5 1L
£ ]
(&S]
o 01F
8: E
2
[]
E 001
1E_3 1 1 1 L L 1 1 1 1 1 L 1 L 1 L

la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho B Tm Yb Lu
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111.5. Controle par matiere organique, oxydes de Fe/Mn et fluide

La mine dargent d'Imiter (de classe mondiale) a été étudié pour ses minéralisations
hypogenes (Tuduri et al., 2006). Cependant, des processus supergénes ont remobilisés ses
mineéralisations primaires et engendrés un enrichissement en Ag. Cet enrichissement a été
interprété comme étant la résuultante d’une oxydation des minéralisations primaires. Le
développement d'une telle minéralisation supergene suggére fortement la présence de conditions
semi-arides. Le diagramme de mobilité des REE suggere une mise en solution par des chlorures
et/ou des fluorures (appauvrissement) et une repricipitation couplées avec oxydes de manganese
et matiére organique (Figure 49). Comme vu précedemment, les processus d'altération donnent
lieu a la mobilisation ainsi qu’a la redistribution des REE qui reprécipitent pour former des
minéraux secondaires (e.g., les oxydes de Mn, fluorocarbonates). Dans le gisement d’argent
d’Imiter (Maroc), une partie La présence de ligands aqueux, notamment les fluorures, les
carbonates vont affecter fortement la solubilité des REE. De plus, la formation de minéraux
secondaires de REE (e.g., synchisite ; Figure 50) peut indiquer les conditions de formation des
minéraux (a valeurs économiques notamment) associés a ceux de REE. Ainsi, afin d'établir les
conditions supergénes de la mise en place de minerai d’argent supergene, la spéciation des REE
en solution a été calculée en considérant différents types de solution (eau de mer réduite et eaux
souterraines enrichies en F). Les resultats montrent que (i) dans I'eau de mer réduite a pH proche
de la neutralité, les REE existent sous forme ionique, carbonatée et chlorurée, (ii) dans I’eau
souterraine enrichie en F, les REE existent sous forme ionique, carbonatée et fluorée. Bien qu'il
n'y ait aucune indication de la présence de fluides alcalins, il existe des preuves de la présence de
fluides enrichis en F. En effet, la précipitation de synchisite (fluorocarbonate de REE) suggére la
présence de F et de CO, dans le fluide aqueux, le tout piégé par un niveau enrichi en matiere
organique.
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Figure 49. Mobilité des REE d’aprés Nesbitt (1979)
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Figure 50. (A) Photographie par microscopie électronique a balayage d’un échantillon de
coroandite, synchisite et oxide de fer, (B) image élémentaire de la repartition du Ca, (C) image
élémentaire de la repartition du Ce, (D) diagramme ternaire illustrant la solution solide de la
synchisite.
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Bilan

Durant ces derniéres années, mes activités de recherche axées sur I’étude des mécanismes
aux interfaces solide/liquide dans les sols et les eaux et de leur impact sur la mobilité des REE a
permis de mettre en exergue I’importance des éléments suivants:

- le role de la complexation organique. L’ensemble des travaux effectués a montré toute
I’importance de la matiére organique dans les processus de mobilisation et de transport des REE.
Ainsi, la complexation par la matiere organique influence la spéciation des REE en solution et
peut contrdler leur précipitation. Elle doit donc étre systématiquement prise en compte dans les
études portant sur la composition des solutions naturelles et étre intégrée au cours des
modeélisations. Pour ce dernier point, de nombreux programmes (e.g., PHREEQC) de spéciation
devront étre modifies et améliorés de fagcon a modéliser plus en détail la matiere organique ou
méme intégrer un module de complexation organique lorsque ces derniers n’en possédent pas.

- du role des oxyhydroxydes de manganése. Méme si leur importance a été minimisée pour
certains éléments, il apparait que les oxyhydroxydes de Mn (et a un degré moindre de Fe)
peuvent étre les précurseurs de la mobilisation des REE en milieu oxydant. Ainsi, I’adsorption
préférentielle des REE sur les oxyhydroxydes de Mn entraine un fractionnement avec,
notamment, le compartiment organique du sol ou de la solution. La signature des différents
compartiments restant reflétera la différence entre la signature des oxyhydroxydes de Mn et le
spectre global de la source (e.g., signatures hétérogénites supergénes dans les sols du Katanga).
En effet, le contexte organique ou minéral d’un sol va jouer un réle primordial sur le contréle de
la mobilité des minéraux précipités et la signature de la solution du sol et des eaux superficielles
associees.

Enfin, ces travaux ont mis en évidence I’intérét de coupler observations de terrain-

expérimentation-modélisation dans la compréhension des systemes naturels et la prédiction de
leur évolution dans le temps et en fonction des conditions geologiques.
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Projet de recherche

Aux interfaces sol/solide/solution, il est souvent difficile d'identifier les paramétres les
plus influents sur les réactions géochimiques. Les REE sont particuliérement intéressantes dans
ce cas ; certaines réactions chimiques pouvant produire des spectres de REE caractéristiques. Les
REE constituent donc un outil précieux et puissant pour la compréhension et I'identification des
processus géochimiques aux interfaces sol/solide/solution. Cependant, les spectres de REE
d'échantillons naturels résultent de la superposition de plusieurs processus de fractionnement. En
effet, la forme des spectres est liée (i) a la nature et a I'abondance des phases solides mises en jeu
dans les réactions d'adsorption, (ii) aux compétitions entre surfaces et ligands en solution et, (iii)
aux parametres physico-chimiques (e.g., pH, force ionique, alcalinité).

Les surfaces solides impliquées dans les réactions d'adsorption sont les oxyhydroxydes de
Fe, Mn, les argiles, les sables, les matiéres organiques colloidales ou particulaires et les bacteéries.
A chaque nature de "solide" correspond un spectre spécifique de REE. D'une maniére générale,
I'impact des ligands inorganiques sur le fractionnement des REE a été plus souvent étudié.
Cependant, peu d'études traitent de la compétition des ces ligands inorganiques avec les surfaces
adsorbantes décrites précédemment.

Une étude intégrant I'ensemble de ces surfaces fournirait a la fois des spectres spécifiques
aux réactions, mais egalement des données expérimentales nécessaires a la détermination de
constantes thermodynamiques indispensables & la modélisation. Les spectres de REE obtenus
représenteront la somme des différents processus chimiques impliqués. De plus, les modéles
pourraient tenir compte de tous les équilibres chimiques permettant de modéliser I'ensemble des
réactions de complexation (dont les réactions redox) pour mieux contraindre le cycle des
éléments redox sensibles comme le Ce. Ces spectres de référence pourraient étre confrontés aux
spectres de REE de solutions naturelles et permettraient, apres déconvolution, d'identifier et dans
le méme temps de hiérarchiser les paramétres physico-chimiques influents (potentiel redox, pH...)
et les phases solides jouant un réle majeur dans un sol ou un aquiféere donné dans la mobilisation
des REE. Les modeles plus globaux couplant les cycles d'éléments traces pourraient ainsi profiter
d'une meilleure compréhension des interactions REE - colloides.

Pour comprendre le transfert de ces des REE dans les environnements de surface il est donc
nécessaire d’examiner :

(i) I’altération des roches et le transfert des REE de la roche vers I’eau et les sols ;

(ii) le fractionnement et la spéciation des REE dans I’eau ;

(iii) la rétention et la restitution des REE par les écosystémes.

En effet, I’évaluation des risques chimiques et biologiques liés aux REE nécessite
I’intégration de données concernant le transfert de ces REE dans le milieu, leur biodisponibilité,
leur transformation, et leur impact potentiel sur les différentes composantes de I’écosysteme. La
complémentarité des REE associée a leurs mécanismes de fractionnements complexes, rend leur
utilisation plus pertinente.

Si l'observation du milieu naturel a été et reste un pilier essentiel de la connaissance de
I'état et de I'évolution des écosystemes continentaux, elle doit étre accompagnée du
développement de nouveaux outils et démarches expérimentales originales. Les expérimentations
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en laboratoire et en conditions naturelles, qu’elles soient conduites a court terme ou long terme,
ne doivent pas étre opposées car elles remplissent des fonctions différentes. Les essais de longue
durée sont indispensables pour, d’une part, produire des données qui serviront a valider des
modeéles et, d’autre part, conserver des échantillons qui pourront étre analysés avec de nouvelles
techniques. Un couplage de ces observations avec des expérimentations aux interfaces
eau/roche et eau/sol, et une modélisation des différents processus pouvant intervenir permettrait
d'avoir une vision plus globale a I'échelle des grands cycles biogéochimiques.

Ce projet propose d’adopter la méme démarche méthodologique que déecrit précedemment
(i.e., observation systéme naturel, expérience en laboratoire, modélisation) et, sera prioritairement
réalisé dans le cadre du projet de I’équipe HydrISE, unité de recherche de I’ Institut Polytechnique
LaSalle Beauvais.

Fractionnnement et spéciation des terres rares en solution

Dans la continuité des travaux déja développés sur le transport et le fractionnement des
REE dans les eaux de surfaces (rivieres et souterraines) ou nous avons suggeré que le
fractionnement des spectres de REE était dd a la compétition entre colloides d'oxyhydroxides de
Fe et de Mn et la matiére organique, nous envisageons de dévelloper des outils pour mieux
comprendre le fractionnement et la spéciation des REE. Nous n'avons, pour l'instant, pas de
preuve directe de la présence de colloides, qui sont de petites particules minérales ou organiques
finement broyées ou des phases minérales ou organiques en cours de précipitation, responsables
du fractionnement des REE en solution.

La méthode analytique donnant accés a la phase colloidale est l'ultrafiltration. Le principe
de cette methode consiste a séparer plusieurs fractions colloidales jusqu'a environ 1 nm a partir
d'une eau prefiltrée a 0,22 ou 0,45 um. Cependant, cette méthode ne permet pas de distinguer les
colloides de tailles voisines entre eux. Pour cela, cette approche sera couplée a une technique
spécifiguement dédiée a la détermination de la distribution des masses moléculaires ainsi que la
conformation en solution des molécules, le fractionnement par flux-force (FFF). Cette technique
sera utilisée en couplage avec un ICP-MS (e.g., Alasonati et al., 2010; Baalousha et al., 2011,
Dubascoux et al., 2010). La séparation de la phase colloidale est techniqguement délicate et
soumise a des artefacts analytiques, cependant de premiers résultats semblent prometteurs (e.g.
Stolpe et al., 2013). C'est la raison pour laquelle des efforts considérables ont été fait pour
intégrer l'interaction entre REE et phase colloidale dans des modeles numériques. Ces modeles
permettront d'affiner I'interprétation des données analytiques. Nous envisageons donc de
continuer @ modéliser I'interaction des REE avec la phase colloidale et de comparer les résultats
avec les données analytiques.

Le développement de cet axe de recherche s’appuiera sur les compétences en chimie
analytique présentes au sein de I’unité HydrISE.
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Ecodynamisme des terres rares

L'étude des transferts des REE a l'interface sol-plante permettra, & la fois, de mieux
comprendre I'impact de la végetation sur les cycles géochimiques de surface, de documenter les
mécanismes de transfert des REE naturelles et anthropiques vers la biospheére, et de mieux
évaluer les risques sanitaires et environnementaux associés a la dispersion de REE anthropiques
(e.g., Brioschi et al., 2013).

Nous envisageons de quantifier la capacité de la végétation a stocker les REE et a
fractionner leurs spectre ; ceci en fonction des espéces vegétales. Ces données serviront de base
pour intégrer la végétation dans des bilans quantitatifs des transferts des REE a I'échelle du bassin
versant. L'objectif final de cette approche est de savoir dans quelle mesure les spectres de REE
mesurés, dans I'écoulement de surface a la sortie d'un bassin versant, reflétent les échanges avec
la végetation. Cette partie de I'étude sera entiérement basée sur des données de terrain.

Cette etude se focalisera aussi sur les mécanismes de transfert des REE a l'interface sol-
plante et I’accumulation chez les plantes. Ce volet a pour but de comprendre les variations des
spectres de distribution observés dans différents types de veégétaux accumulant ou non
spécifiguement d’autre métaux (e.g., Cu ou Co). Cette partie du projet sera a la fois basée sur des
données acquises sur le terrain et sur des résultats expérimentaux obtenus en conditions
contr6lées. Elle fournira une premiére caractérisation des parametres susceptibles de favoriser
I'accumulation des REE anthropiques ou non dans la végetation. La majorité des travaux
antérieurs a ignoré le réle de la végétation dans les transferts géochimiques et en tant que
réservoir d'éléments chimiques au sein des cycles géochimiques externes. Ainsi, cette étude
devrait contribuer a quantifier le réle de la végétation en tant que réservoir de REE et permettre
d’évaluer sa contribution au fractionnement des spectres de REE dans les systémes eau-sol-
plante.

Le développement de cet axe de recherche exige une approche
pluridisciplinaire réunissant des compétences en pédologie/géochimie, en écologie et en chimie
analytique présentes au sein de I'unité HydrISE et/ou de I’Institut Polytechnique LaSalle
Beauvais.
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Abstract

The binding of rare earth elements (REE) to humic acid (HA) was studied by combining ultrafiltration and Inductively Coupled
Plasma Mass Spectrometry techniques. REE-HA complexation experiments were performed at various pH conditions (ranging
from 2 to 10.5) using a standard batch equilibration method. Results show that the amount of REE bound to HA strongly increases
with increasing pH. Moreover, a Middle-REE (MREE) downward concavity is evidenced by REE distribution patterns at acidic
pH. Modelling of the experimental data using Humic lon Binding Model VI provided a set of log Ky values (i.e., the REE-HA
complexation constants specific to Model VI) for the entire REE series. The log Ky pattern obtained displays a MREE downward
concavity. Log Ky values range from 2.42 to 2.79. These binding constants are in good agreement with the few existing datasets
quantifying the binding of REE with humic substances but quite different from a recently published study which evidence a
lanthanide contraction effect (i.e., continuous increase of the constant from La to Lu). The MREE downward concavity displayed
by REE-HA complexation pattern determined in this study compares well with results from REE—fulvic acid (FA) and REE—acetic
acid complexation studies. This similarity in the REE complexation pattern suggests that carboxylic groups are the main binding
sites of REE in HA. This conclusion is further illustrated by a detailed review of published studies for natural, organic-rich, river-
and ground-waters which show no evidence of a lanthanide contraction effect in REE pattern. Finally, application of Model VI
using the new, experimentally determined log Kyi4 values to World Average River Water confirms earlier suggestions that REE
occur predominantly as organic complexes (=60%) in the pH range between 5-5.5 and 7-8.5 (i.e., in circumneutral pH waters).
The only significant difference as compared to earlier model predictions made using estimated log Ky values is that the
experimentally determined log Kya values predict a significantly higher amount of Light-REE bound to organic matter under
alkaline pH conditions.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Rare earth elements; Humic acid; Binding; Speciation; Ultrafiltration; Model VI

1. Introduction

Rare Earth Elements (REE) are commonly used as
tracers for geochemical processes in natural waters
(Elderfield and Greaves, 1982; Henderson, 1984;
Elderfield et al.,, 1990; Smedley, 1991; Sholkovitz,
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1995; Johannesson et al., 1997; Johannesson et al.,
2000). Ground- and river-waters do not exhibit uniform
REE patterns (Goldstein and Jacobsen, 1988; Elderfield
et al., 1990; Sholkovitz, 1995). Systematic variations in
REE patterns occur which have been attributed, in part,
to the presence of two REE pools — so-called
“dissolved” and “colloidal” pools — having different
REE fractionation pattern. For example, it is often
suggested that REE patterns of rivers result from the
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mixing between (i) a low REE concentration, dissolved
pool, Light-REE (LREE) depleted, but Heavy-REE
(HREE) enriched related to Upper Continental Crust
(UCC) (Taylor and McLennan, 1985) and (ii) a REE-
rich colloidal phase having a Middle-REE (MREE)
downward concavity pattern, namely a pattern that
exhibits both (La/Sm)ycc ratio below 1 and (Gd/
Yb)ycc ratio above 1 (Goldstein and Jacobsen, 1988;
Elderfield et al., 1990; Sholkovitz, 1995). Humic
substances constitute a significant part of the colloidal
phase in both ground- and river-waters (Thurman,
1985). Consequently, interpreting and understanding
the significance of REE fractionation pattern variability
in these waters rely, for a large part, on a better de-
scription of the binding of REE to humic materials (HM)
and of the REE fractionation patterns that may occur
during this binding.

Models based on thermodynamics principles offer an
interesting perspective in order to predict the complex-
ation of REE with HM and thus to explore the extent to
which the shape of ground- and river-water REE
patterns depends on REE fractionation by HM.
Modelling calculations were already performed in
seawater (Cantrell and Byrne, 1987; Byrne and Kim,
1990; De Baar et al., 1991) and ground-waters (Wood,
1990; Lee and Byrne, 1992; Johannesson et al., 1996b).
They evidence that hydroxides and carbonates (Cantrell
and Byrne, 1987; Lee and Byrne, 1993; Liu and Byrne,
1998; Luo and Byrne, 2004) are the major inorganic
complexing ligands of REE. However, organic com-
plexation is often not taken into account in these
calculations. Studies on REE—dissolved organic mate-
rial (DOM) interactions and in particular humic and
fulvic acids (HA and FA) are sparse in all respect (Dupré
et al., 1999; Tang and Johannesson, 2003; Johannesson
et al., 2004). Natural organic molecules contain
numerous and chemically different binding sites, and
thus it is difficult to define discrete equilibrium
constants for each complexation reaction (Crawford,
1996). Thus, addressing complexation with DOM in
existing aqueous speciation models is not obvious. Until
recently, REE—FA or —HA complexation constants were
generally determined for a single REE (e.g., for HA:
Sm-HA, Eu-HA, Tb—HA and Dy-HA) (Maes et al.,
1988; Bidoglio et al., 1991; Moulin et al., 1992; Dierckx
et al., 1994; Fairhurst et al., 1995; Franz et al., 1997,
Lead et al., 1998; Lippold et al., 2005) or a set of REE
(Ce, Eu, Gd, Tm and Lu) (Takahashi et al., 1997) while
accurate stability constants are needed for the 14
naturally occurring REE to model speciation of natural
water. Only two studies reporting REE—humate binding
constants for the 14 naturally occurring REE have been

so far published. They have unfortunately yielded to
somewhat different results. Yamamoto et al. (2005,
2006) studied complexation of REE with Suwannee
River FA (SRFA) and Suwannee River HA (SRHA)
using a solvent extraction method. Patterns of REE—FA
and REE-HA complexation constants obtained by these
authors show a general MREE downward concavity
similar to that obtained for REE—diacetic acid com-
plexation, sometimes superimposed to an overall
increase of complexation constants from LREE to
HREE. By contrast, Sonke and Salters (2006) studied
complexation of REE with SRFA, Leonardite coal HA
(LHA) and Elliot soil HA (EHA) using an EDTA-ligand
competition method. Complexation patterns obtained by
these authors are quite different from those reported by
Yamamoto et al. (2005) exhibiting a lanthanide
contraction effect, i.e., a regular and progressive
increase of the constants from La to Lu. It must be
added that experimental pH range is different in both of
these studies ranging between 4 and 5.5 in Yamamoto
et al. studies (2005, 2006) and 6 and 9 in Sonke and
Salters’ one (2006).

In this contribution, in order to further test pieces of
evidence provided by both studies (Yamamoto et al.,
2005; Sonke and Salters, 2006) and provide a more
accurate REE-HA complexation dataset, experiments
of REE—Aldrich HA (AHA) complexation were per-
formed for the 14 naturally occurring REE simulta-
neously. This new dataset was obtained using a third
experimental method which combines an ultrafiltration
technique and the Inductively Coupled Plasma Mass
Spectrometry method. Humic Ion Binding Model VI
(hereafter denoted as Model VI) was used to model the
experimental results (Tipping, 1998). Therefore, the
constants reported are not intrinsic equilibrium con-
stants but Model VI specific equilibrium constants (i.e.,
log Kya values). Considering the key role played by
organic colloids in natural terrestrial waters, the new
results were also used to revisit the significance of REE
patterns in organic-rich, ground- and river-waters.
Finally, the new constants were input in Model VI to
reinvestigate World Average River Water (Tang and
Johannesson, 2003) and further constrain the speciation
of REE in river-waters.

2. Materials and method

2.1. Experimental binding of rare earth elements by
humic acid

All chemicals used in this study were of analytical
grade, and all the experimental solutions used were
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prepared with doubly deionized water (MilliQ system,
Millipore™). REE-HA complexes were prepared in
polyethylene containers previously soaked in 10%
Ultrapure HNOj3 for 48 h at 60 °C, then rinsed with
MilliQ water for 24 h at 60 °C to remove all possible
REE contamination sources. Synthetic REE solutions
were prepared from nitrate REE standards (10 mg L™,
Accu Trace™ Reference Standard). All experiments
were carried out at room temperature, i.e., 20 °C£2.

2.1.1. Humic acid

Purified humate, referred to below as HA (humic
acid), was obtained from synthetic Aldrich™ humic
acid (Aldrich™, HI1, 675-2) following the protocol
described by Vermeer et al. (1998). HA sample was
freeze-dried and stored in a glass container at room
temperature. HA obtained was ash free and in its
protonated form, with the following elemental compo-
sition (as mass fraction): C=55.8%, O=38.9%,
H=4.6%, N=0.6%. REE concentrations in HA were
below the detection limit of ICP-MS measurement (i.e.,
<1ngL™"). HA has a mean molecular weight of 23 kDa
(Vermeer et al., 1998). Prior to use, the freeze-dried
humate was resuspended overnight in an 0.001 mol L™
NaCl electrolyte solution at pH=10, to ensure complete
dissolution of the sample (Davranche et al., 2004;
Davranche et al., 2005). Although AHA is sometimes
criticized as a weak model for humic substances (HS),
its ion-binding behavior and physico-chemical proper-
ties are rather similar to those of other HS (Avena et al.,
1999; Milne et al., 2001, 2003; Saito et al., 2005).

2.1.2. Experimental set-up description

REE complexation with HA was investigated using a
standard batch equilibration technique. REE (50 ppb of
each REE) and HA (5, 10 and 20 mg L™ ") were placed
together in solution, at an ionic strength 0f 0.001 mol L™
and at pH values ranging from 2.18 to 10.44. Prior to
addition of HA, pH-solution was about 4. The initial
hydroxide and carbonate concentrations were thus
negligible and concentrations of LnOH?" and LnCO3~
were therefore also negligible. The pH was measured with
acombined Radiometer Red Rod electrode. The electrode
was calibrated with WTW standard solutions (pH 4, 7 and
10). The accuracy of the pH measurement was =0.05 pH
unit. Experimental solutions were stirred for 48 h
(equilibrium time determined from preliminary kinetic
experiments) to allow equilibration and partitioning of
REE between the aqueous solution and the humate
suspension. Solution aliquots of about 10 mL were
sampled twice: first at the beginning of the experiment;
then after 48 h at equilibrium state. REE complexed by the

HA were separated from the remaining inorganic REE by
ultrafiltration. Ultrafiltrations were carried out by cen-
trifugating the 10 mL solution samples through 15 mL
centrifugal tubes equipped with permeable membranes of
5 kDa pore size (Millipore Amicon Ultra-15). All
centrifugal filter devices used were washed and rinsed
with 0.1 mol L™ " HCI and MilliQ water two times before
use in order to minimize contamination. Centrifugations
were performed using a Jouan G4.12 centrifuge with
swinging bucket rotor at 3000 g for 30 min. The
centrifugal force allowed the REE-HA complexes to be
quantitatively separated from inorganic REE species. The
used membrane can retain the humic material, while
permitting passage of smaller solutes. REE-HA com-
plexes have a mean molecular weight of 23 kDa, and are
therefore caught up by the 5 kDa membrane whereas
inorganic REE species went through it. The filtrate
contains only the free REE, while the retentate contains
HA and associate bound REE. The amount of metal
bound is determined by difference. The selectivity of the
5 kDa membrane regards to the REE-HA complexes was
verified by monitoring the Dissolved Organic Carbon
(DOC) contents of the ultrafiltrates. Results show that the
latter were systematically lower or equal to blank values
(0.1 mg L™ "). Even if the passage of small amounts of
low molecular weight FA through the ultrafiltration
membrane was previously described (Nordén et al.,
1993) in such measurement of metal binding by HS, we
considered that the purified HA (23 kDa) could not pass
through the membrane (5 kDa) as illustrated by
ultrafiltrate DOC values lower or equal to blank ones.
Possible adsorption of inorganic REE species onto the
membrane or onto cell walls was also monitored.
Inorganic REE solutions of known REE concentration
were ultrafiltered several times. Results showed that
between 98.91 (for Ho) and 99.98% (for Yb) of the REE
present in solution were recovered in the ultrafiltrates,
demonstrating that no REE were adsorbed on the
membranes or on the walls of the cell devices used.

In the following, REE complexation with HA is
described by quantifying the amount of REE that remains
into the <5 kDa ultrafiltrates after equilibration of the REE-
bearing aqueous solutions with HA and by comparing this
amount to the amount of REE which has been introduced
initially into the experimental solutions. All the removed
REE are assumed to have been complexed by the 23 kDa
HA. REE concentrations were determined at Rennes 1
University using an Agilent Technologies™ HP4500 ICP-
MS instrument. Quantitative analyses were performed
using a conventional external calibration procedure. Three
external standard solutions with REE concentrations
similar to the analyzed samples were prepared from a
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multi-REE standard solution (Accu Trace™ Reference,
10 mg L', USA). Indium was added to all samples as an
internal standard at a concentration of 0.87 pmol L™
(100 pg L™ 1) to correct for instrumental drift and possible
matrix effects. Indium was also added to the external
standard solutions. Calibration curves were calculated
from measured REE/indium intensity ratios. The accuracy
on REE analysis in our laboratory as established from
repeated analyses of multi-REE standard solution (Accu
Trace™ Reference, USA) and of the SLRS-4 water
standard is <£2.5% (Dia et al., 2000; Davranche et al.,
2005). Chemical blanks of individual REE were all lower
than detection limit (1 ng L™ "), which is negligible since
they are three to four orders of magnitude lower than the
concentrations measured in the synthetic solutions used in
the complexation experiments. DOC concentrations were
determined at Rennes 1 University using a Shimadzu 5000
TOC analyzer. The accuracy of DOC concentration
measurements is estimated at £5% as determined by
repeated analyses of freshly prepared standard solutions
(potassium biphtalate). In order to check that no retention
of REE occurs inside the membrane during ultrafiltration,
mass balance calculations were performed. The initial
concentration of each element is compared with the sum of
each element concentration in the ultrafiltrate and in the
retentate. In the presented experiments, mass balanced
calculations show that >98% of the REE and DOC was
recovered. Moreover, in order to verify that no precipita-
tion occurs, samples were filtered at 0.2 pum before
ultrafiltration. Concentrations of REE and HA were
systematically identical within analytical uncertainties in
the 0.2 um filtrates and the raw samples.

2.2. Humic lon Binding Model VI

Humic Ton Binding Model VI (Model VI) has been
described in detail by Tipping (1998). The model is a
discrete binding site model which takes into account
electrostatic interactions. There is an empirical relation
between net humic charge and an electrostatic interaction
factor. The discrete binding sites are represented by two
types of sites (types A and B), each comprising four
different site subtypes present in equal amounts. Types A
and B sites are described by intrinsic proton binding con-
stants (pK 5 and pKp) and spreads of the values (ApK, and
ApKg) within each type. There are n, (mol g~ ') Type A
sites (associated with carboxylic type groups) and ng=n, /
2 (mol g~ ") Type B sites (often associated with phenolic
type groups). Metal binding occurs at single proton binding
sites (monodentate complexation) or by bidentate com-
plexation between pairs of sites. A proximity factor is
introduced that quantifies whether pairs of proton binding

groups are close enough to form bidentate sites. Type A and
Type B sites have separate intrinsic binding constants
(log Kya and log Kyip), together associated with a pa-
rameter, ALK, defining the spreads of values around the
medians. A further parameter, ALK, takes into account a
small number of stronger sites (bidentate and tridentate
sites). For more details on whether mono-, bi- and tridentate
sites may form see Tipping (1998). By considering results
from many datasets, a universal average value of ALK is
obtained, and a correlation established between log Ky
and log Kya (Tipping, 1998). Then, a single adjustable
parameter (log Kya) is necessary to fully describe metal
complexation with HA in Model VI. Model VI parameters
for HA are presented in Table 1. Model VI was
preferentially selected because this model is a widely
accepted metal-organic matter speciation code whose
capability to model Eu complexation with HM has been
already tested and proved to perform reasonably well (Lead
et al., 1998). Binding of the first hydrolysis species REE
(OH) to humics was not included in Model VI simulations.

3. Results
3.1. Experimental results

Experimental data are reported in Appendix A and
illustrated for three REE (La, Eu, Lu) in Fig. 1. REE

complexation by HA is examined by considering the
proportion of REE-HA complexes formed as a function

Table 1

Model VI parameters for humic acid (Tipping, 1998)

Parameter Description Values

N Amount of type A sites (mol g~ ') 33x10°°

ng Amount of type B sites (mol g ') 0.5%nx

pKa Intrinsic proton dissociation constant for 4.1
type A sites

pKp Intrinsic proton dissociation constant for 8.8
type B sites

ApK A Distribution terms that modifies pK 2.1

ApKg Distribution terms that modifies pKg 3.6

Log Kva Intrinsic equilibrium constant for metal Fitted from
binding at type A sites experimental

data

Log Kyvp  Intrinsic equilibrium constant for metal 3.39 log Kya
binding at type B sites -1.15

ALK, Distribution term that modifies log Kyia 2.8 (REE)

ALK, Distribution term that modifies the 0.55 log
strengths of bidentate and tridentate sites  Kyny3=0.29

(REE)
P Electrostatic parameter -330
Kol Selectivity coefficient for counterion 1
accumulation
M Molecular weight 15,000 Da
R Molecular radius 1.72 nm
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Fig. 1. Proportions of (a) La—HA, (b) Eu-HA and (c) Lu-HA
complexes as a function of pH for various HA concentrations.

of pH. As shown in Fig. 1, the proportion of REE-HA
complexes increases with increasing pH. It also depends
on the HA concentration of the experimental solution.
More specifically, the pH at which 100% of the REE are
complexed by HA decreases with increasing HA
concentration: pH~4, 5.5 and 7 for HA concentrations
of 20, 10 and 5 mg L™, respectively (see Fig. 1). These
results are in good agreement with previously published
data (Maes et al., 1988; Dierckx et al., 1994; Franz et al.,
1997; Lippold et al., 2005). The observed pH dependence
of REE complexation by HA can be explained by the de-
protonation of the HA carboxylic and phenolic surface

groups at increasing pH, which is a classical feature of
metal ion complexation by humic acid (Fairhurst et al.,
1995; Lippold et al., 2005). Interestingly, patterns of the
proportions of REE-HA exhibit a MREE downward
concavity (i.e., (La—HA)/(Sm—HA)<1 and (Gd—HA)/
(Yb—HA)>1) when the amount of REE complexed with
HA is sufficiently low to evidence possible fractionation
among the REE series (i.e., under acidic pH conditions;
Fig. 2 and Appendix A). The same feature was already
observed in complexation experiments of the REE with
AHA using the dialysis method (Davranche et al., 2005).

3.2. Calculating log Ky values
Calculations were performed using the computer

program WHAM 6 (Version 6.0.13) which includes
Model VI. The three datasets corresponding to the three
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different HA concentrations used were separately
modelled. A classical strategy that consists in adjusting
log Ky for each REE simultaneously until a reasonable
fit is achieved was used. Values of [REE*'] (i.e., the
concentration of REE left in the <5 kDa ultrafiltrates)
and v (moles of REE bound per gram of humic acid; i.e.,
the difference between the concentration of REE left in
the <5 kDa ultrafiltrates and the concentration of REE
initially present in the experimental solutions) are
derived from the experimental data. The best fit is
obtained when the root mean square error of the
regression (rmse = sum of the squares of the differences
between observed and calculated log v) is minimized.
The three sets of optimized log Ky values thus
obtained are reported in Table 2 for the 14 analyzed
REE and illustrated in Fig. 3 for the case of La. As
indicated by rmse values (<0.07), fits could be
considered of good quality. The main characteristics of
the REE-HA experiments to be reproduced by Model
VI are a high proportion of REE-HA complexes at
relatively low pH and a marked increase of this
proportion with increasing pH. Log K14 values increase
with HA concentration of experimental solutions.
The overall difference is of ca. 0.3 for all REE, which
corresponds to a difference of ca. 12% on estimated
log Kyia values. As can be seen in Fig. 3, a 12%
difference on log Ky values may result in a difference
of up to 20% on the calculated proportion of REE-HA
complex if the pH and the HA concentration are low.
The default value is computed by taking the mean

Table 2
Log Kya values obtained for the three datasets using Model VI

[HA] 5 (rmse) 10 (rmse) 20 (rmse) mean sd
(mg L")

La 242 0.07 2.57 0.04 274 004 258 0.16
Ce 244 0.05 2.60 0.04 277 0.03 2.60 0.17
Pr 245 0.05 2.61 0.03 2.78 0.01 2.61 0.17
Nd 247 006 2.63 002 279 002 263 0.16
Sm 2.50 0.05 2.65 0.03 2.81 0.01 2.65 0.16
Eu 2.50 0.05 2,64 004 280 002 265 0.15
Gd 248 0.07 2.62 0.05 2.79 0.02 2.63 0.16
Tb 247 0.07 261 004 278 002 262 0.16
Dy 246 0.06 259 004 278 002 261 0.16
Ho 245 0.07 258 0.05 2.77 0.02 2.60 0.16
Er 245 0.07 2.57 0.02 277 0.02 260 0.16
Tm 244 0.07 256 002 276 002 259 0.16
Yb 245 0.06 2.57 0.01 2.77 0.03 2.60 0.16
Lu 244 0.07 256 004 276 002 259 0.16
La/Sm 0.97 0.97 0.98 0.97
Gd/Yb 1.01 1.02 1.01 1.01

rmse refers to root mean square error of the regression analysis (see
text for details) while sd refers to standard deviation on the mean.
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Fig. 3. Binding of La by HA. Dependence on pH of % La bound,
measured by ultrafiltration; the solid line is the best fit and the dash line
represents the calculated binding for the overall average log Kya
(2.58) for various HA concentrations of (a) 5 mg L™", (b) 10 mg L™,
and (¢) 20 mg L~ L

between the three sets of values. This procedures means
that equal weight is given to all the datasets obtained for
different HA concentration levels. It implies that dif-
ferences in log Ky for a given type of humic material
are due to variations from one sample to another
(Tipping, 1998). The adopted values are listed in
Table 2. Log Kya values increase from La (2.58) to
Eu (2.65), then decrease from Gd (2.63) to Lu (2.59). It
follows a log Ky pattern showing a MREE downward
concavity.
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4. Discussion
4.1. Comparison with published results

Data from previous studies (Moulin et al., 1992;
Fairhurst et al., 1995; Lippold et al., 2005; Sonke and
Salters, 2006) were modelled using Model VI to compare
them with the newly obtained set of log Kyia. Previous
studies (Moulin et al., 1992; Fairhurst et al., 1995; Lippold
et al., 2005) provide data for only a limited number of REE,
namely Tb, Dy and Eu. Experimental conditions and fit
results for these three studies are presented in Table 3.
Modelled log Ky values for Tb (2.57) and Eu (2.73 and
2.77) are within the error range of the average log Kyia
values obtained here for these two REE (2.62+0.16 and
2.65+0.15, respectively; see Table 2). Only results for Dy
are statistically different: 3.19 against 2.61+0.16 in the
present study. The present results have also been compared
to recently published results for the complexation of the 14
naturally occurring REE by Leonardite HA (LHA), a coal
derived HA (Sonke and Salters, 2006). Complexation of the
REE by LHA was experimentally studied at four different
pH (6, 7, 8 and 9) using an EDTA-ligand competition
method (Sonke and Salters, 2006). The corresponding
modelled log Ky values are reported in Table 4. Even if log
Ky values calculated for the LHA are of the same order of
magnitude than log Ky values calculated for the AHA, a
marked difference is noted in the REE fractionation pattern
of log Kyia values. REE-LHA complexation constants do
not evidence the same MREE downward concavity as
compared to that obtained with AHA, showing instead a
progressive and continuous increase of log Ky values from
La to Lu (i.e., log Kya(La—HA)/log Kya(Sm—HA)<1
and log Kya(Gd—HA)/log Kyia(Yb—HA)<1). This con-
tinuous increase of log Kya values from La to Lu as
obtained for the LHA has been ascribed to a lanthanide
contraction effect, and is quantified as the numerical
difference between the Lu and La binding constants
(A Pru—1a in Sonke and Salters, 2006). Such a feature
(i.e., lanthanide contraction) has already been attributed to
REE binding to coal derived HA (Takahashi et al., 1997).

The major difference between the results obtained here
and the only dataset so far published for the 14 naturally

Table 3

occurring REE with HA is thus in the shape of the log Ky
values: MREE downward concavity here against linear
increase from La to Lu for data published by Sonke and
Salters (2006). They compared the constants they found for
REE-LHA complexation with those found for 101 organic
ligands (Byrne and Li, 1995). They further suggested that
the lanthanide contraction effect they observed for LHA
was in fact shared by a large number of organic ligands and
could thus be a general feature of REE complexation by
organic compounds. In addition to LHA, Sonke and Salters
(2006) also determined REE complexation constants for
two other HM sources — namely, fulvic acid from the Su-
wannee River and Elliot soil humic acid — using the same
ligand—ligand technique as that used for LHA. They also
evidenced a lanthanide contraction effect of their constant
pattern. In the present study, no observation was found that
a lanthanide contraction effect should exist in the com-
plexation constants of REE by organic matter. Instead, the
existing databank (Wood, 1993; Byrne and Li, 1995) points
out that a MREE downward concavity of some constant
pattern could occur, as obtained in the present study.
Complexation constants of REE with SRFA and SRHA
were also determined by Yamamoto et al. (2005, 2006)
using a solvent extraction technique (Fig. 4a; see also Fig. 1
in Yamamoto et al., 2005). Pattern of log S (REE—FA) and
log f (REE-HA) looks very much like that found in the
present study for REE-HA, being characterized by a
MREE downward concavity shape (i.e., log Kya(La—
HA)/log Kpya(Sm—HA)<1 and log Kyva(Gd—HA)/log
Kya(Yb—HA)>1). Binding of the REE to humic subs-
tances occurs mainly through carboxylic functions (Yama-
moto et al., 2005). In this respect, simple organic
compounds possessing carboxylic functional groups such
as acetate can be regarded as analogue of complex organic
matter, such as HA and FA (Wood, 1993). Thus, log Kyia
pattern of REE complexation with FA, HA and acetic acid
can be together compared (Fig. 4) (Wood, 1993; Byme and
Li, 1995). As can be seen, patterns of log Ky values for
acetic and diacetic acids do not evidence a lanthanide con-
traction effect: They are MREE downward concave, mi-
micking both those obtained by Yamamoto et al. (2005,
2006) for SRFA and SRHA and through this study for
AHA. However, in some sample (particularly at pH 5.38)

Experimental conditions and fit of literature data (IE: ion exchange; S: spectrofluorometry)

REE [REE] (umol L™ I(mol LY [HA] mg L! pH Technique Log Kma rmse n References

Eu 0.001 0.05 10 2to 10 1IE 2.73 0.01 7 Fairhurst et al. (1995)
Eu 0.001 0.05 2 2to 10 IE 2.77 0.04 7 Fairhurst et al. (1995)
Tb 0.100 0.10 5 2to7 IE 2.57 0.06 7 Lippold et al. (2005)
Dy 2.000 0.10 0.5t09 5 S 3.19 0.03 13 Moulin et al. (1992)

rmse corresponds to root mean square error of the regression analysis (see text for detail).
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log S (REE-FA) shows both a MREE downward concavity
superimposed on an overall increase in log S (REE-FA)
from LREE to HREE (Yamamoto et al., 20006).

The argument used by Sonke and Salters (2006) that a
lanthanide contraction effect is observed in the constant
pattern of many organic compounds is questionable. In-
deed, their demonstration was built on the fact that a
positive correlation exists when Ay 3 ,, -1, of organic com-
pounds is plotted against the average REE constant (f,,.).
REE stability constant is not always a simple function of
atomic number. As suggested by Byrne and Li (1995), REE
are best viewed as two series of elements corresponding to
the LREE and HREE groups. The REE patterns of com-
plexation constants with many organic ligands (Wood,
1993; Byme and Li, 1995) or some inorganic ligands like
NO3 (Wood, 1990; Millero, 1992) are characterized by a
downward concavity centred on MREE. This shape corres-
ponds to a (La/Sm) ratio below 1 and (Gd/YD) ratio above 1
(Fig. 4a). Thus, such shapes are best viewed when REE are
considered as two subgroups. Indeed, (La/Lu) ratio does
not give an accurate description of the constants pattern. Let
us for example consider a (La/Lu) ratio<1. Such a value
may actually reflect a pattern showing a continuous in-
crease of the constant values from La to Lu, and thus a real
lanthanide contraction effect. However, it may also reflect a
REE pattern showing an increase of log 8 values only from
Lato Sm or Eu and then constant values from Gd to Lu (no
real HREE enrichment). It may even reflect a MREE
downward concave pattern, the only required feature in that
case being log f; ,<log B .. To test this possibility (Gd/Lu)
ratios (i.e., shape of the MREE and HREE part of the
constant pattern) for the same 101 organic compounds were

Table 4

Log Kya values obtained for the four Sonke and Salters’ datasets
(2006) using Model VI (pH 6 t0 9, 0.1 mol L™ ' NaNOs, 100 nmol L™
REE, 10 mg L™ LHA and 500 nmol L™! EDTA)

pH 6 7 8 9

La 2.57 2.44 2.22 2.16
Ce 2.56 2.44 225 2.20
Pr 2.53 2.44 2.26 2.23
Nd 251 2.40 2.26 222
Sm 2.52 2.42 2.30 2.28
Eu 2.54 2.46 231 225
Gd 2.54 245 231 223
Tb 2.59 245 2.34 2.30
Dy 2.59 248 2.37 237
Ho 2.60 245 2.39 2.38
Er 2.47 2.41 2.41
Tm 2.64 251 2.46 2.46
Yb 251 2.47 2.44
Lu 2.67 2.54 2.50 2.48
La/Sm 1.02 1.01 0.97 0.95
Gd/Yb 0.98 0.94 0.91

a
3.0

s-m-z.s
°] m L26

34 2.4

2‘.—-—"""—.—‘-_-’_““'—-——-_{—-—-——-—-

Yy 6o

log p

L2.2
1 —=— acetic acid —a— humic acid®
—w— fulvic acid® —e— humic acid®
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Fig. 4. REE patterns for (a) log f (REE—acetic acid), log # (REE-humic
acid)?, log 8 (REE—fulvic acid)* and log Ky (REE—humic acid)® and (b)
log B (REE-EDTA), log 8 (REE—fulvic acid)® and log 8 (REE—humic
acid)°. *Yamamoto et al. (2006); Pthis study; “Sonke and Salters (2006).

calculated and compared with (Gd/Yb) ratios and log f3 of
these compounds. As shown in Fig. 5, the comparison
shows that the positive correlation reported by Sonke and
Salters (2006) when reporting (La/Lu) ratios of 101 com-
pounds against their f,,. is lost when (Gd/Yb) is substituted
to (La/Lu) ratios. For the purpose comparison Yamamoto
et al. data for SRFA and SRHA (Yamamoto et al., 2005,
2006) and Sonke and Salters’ data for SRFA and LHA
(2006) were included in Fig. 5. In the present study, pre-
liminary REE—HA constants calculations (not shown) give
an order of magnitude for log f values. While Yamamoto’s
log 3 for SRFA and SRHA and our log 3 for AHA are in the
field of natural carboxylic and phenolic acids (Fig. 5),
Sonke and Salters’ log 8 for SRFA and LHA are in the field
of natural phenolic acids, natural amino-carboxylic acid
and synthetic iminoacetic acids such as EDTA (Fig. 5).
Observed differences between experiments presented in
this study, and literature data (Takahashi et al., 1997; Ya-
mamoto et al., 2005; Sonke, 2006; Sonke and Salters, 2006;
Yamamoto et al., 2006) strongly suggest the heterogeneity
of the complexing site (i.e., the coexistence of weak and
strong binding sites) in the humic acid (Kubota et al., 2002).
The main feature of our observations is that one can
interpret differences as due to high concentration of weak
sites (acetic-like sites) and low concentrations of strong
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Fig. 5. Literature compilation of REE—organic ligand constants (re-
calculated at /=0.1 mol L™ ! when necessary; Wood, 1993; Byrne and Li,
1995). Black triangles: amino-carboxylic acids; white squares: iminoa-
cetic acids; black circles: phenolic acids; grey circles: carboxylic acids;
white circles: natural carboxylic acids: dark grey circles: humic
substances, Aldrich humic acid (AHA), Suwannee River fulvic acid
(SRFA), Suwannee River humic acid (SRHA) and Leonardite humic acid
(LHA) (this study; ®Yamamoto et al. (2006); “Sonke and Salters (2006)).

sites (EDTA-like sites). The weak sites determine the be-
havior of humic complexation at high metal concentrations,
whereas the strong sites, although their concentration is
only in the range of a few percent of the weak sites, deter-
mine the complexation strength of humic substances at trace
metal concentrations (Hummel et al., 1995; Yamamoto
et al., 2005). In our study, HS/Ln ratios are between 5 and
20, whereas in Yamamoto et al. (2005) experiments they are
close to 80, in Sonke and Salters (2006) between 550 and
600 (in LHA experiments) and in Takahashi et al. (1997) as
high as 100,000. Such a feature was already observed by
Bidoglio et al. (1991) and Moulin et al. (1992) who
evidenced that the REE concentration exerts a relatively
great effect on the HM complexing capacity. This may be
explained by a loading effect: At low loading, stronger sites
will be favored whereas at large loadings, weaker sites will
be involved in the complexation. This “HS/Ln ratio” effect
is further marked by pH conditions: Phenolic sites are
predominant at alkaline pH whereas carboxylic are domi-
nant binding sites at acidic pH. Indeed, our study of pH
spans a 2 to 10 range with an analytical window lied in the
2—6 range, whereas in Yamamoto et al. (2005, 2006)
experiments pH varies between 4 and 5.5 and, in Sonke and
Salters (2006) it varies between 6 and 9. Eventually, the
understanding of this fractionation is not obvious and such a
MREE downward concavity remains to be explained.
However, the similar MREE downward concavity
patterns observed for REE complexation with HA (present
study), with FA (Yamamoto et al., 2005) and with model
molecule of carboxylic sites (acetic acid) (Wood, 1993),
evidence that this type of fractionation could be expected in
natural systems. Endly, the comparison of Sonke and

Salters (2006), Yamamoto et al. (2005), and present
datasets allows validating the new log Ky;o (REE-HA)
dataset presented in this study which could be then used to
predict REE speciation in natural waters.

4.2. REE speciation in natural river- and soil waters

Several authors confer a major role to the colloidal
fraction in the transport of REE by rivers (Hoyle et al., 1984;
Goldstein and Jacobsen, 1988; Cantrell and Byrne, 1987;
Elderfield et al., 1990; Sholkovitz, 1992). Elderfield et al.
(1990) proposed for example the existence of two REE
compartments in river-waters (Fig. 6): (i) a “truly” dissolved
pool, LREE depleted, but HREE enriched (Fig. 6a) and (ii) a
“colloidal” pool LREE enriched and HREE flat, i.e., close to
UCC (Fig. 6b) (Taylor and McLennan, 1985). Several
studies have suggested that the HREE enrichment of the
dissolved pool may be due to the greater solubility of HREE
carbonate complexes as compared to LREE carbonate ones
(Goldstein and Jacobsen, 1988; Elderfield et al., 1990;
Sholkovitz, 1992). However, one of the characteristics of
some river-waters is that (La/Sm)ycc and (Gd/Yb)ycc
ratios are commonly lower than and higher than 1, respec-
tively, producing a concave REE pattern (Fig. 6b) (Gold-
stein and Jacobsen, 1988; Elderfield et al., 1990; Sholkovitz,
1995; Viers et al., 1997; Deberdt et al., 2002). Such a
characteristic is also well evidenced in organic-rich ground-
waters (Viers et al., 1997; Dia et al., 2000; Deberdt et al.,
2002; Gruau et al., 2004). As shown on Fig. 7, (Gd/Yb)ycc
ratios increase while DOC content increases (Goldstein and
Jacobsen, 1988; Elderfield et al., 1990; Sholkovitz, 1995;
Viers et al., 1997; Deberdt et al., 2002). These features are
further illustrated by ultrafiltration studies of organic-rich
river- and ground-water samples. They indicate the absence
of fractionation of HREE relative to LREE with decreasing
pore-size cut-off (allowing colloidal separation) in the wide
range of investigated pH (from 5.6 to 7.7) (Sholkovitz,
1995; Viers et al., 1997; Douglas et al., 1999; Dupr¢ et al.,
1999; Dia et al., 2000; Deberdt et al., 2002), they even
evidence for some of them a MREE downward concavity
fractionation (e.g., Fig. 15 in Sholkovitz, 1995). However,
such a fractionation alone could not explain the whole REE
pattern fractionation. Indeed, Johannesson et al. (1996a)
suggested that MREE enrichment in hypersaline waters is
the result of mineral weathering due to dissolution of
MREE-enriched Fe- and Mn-rich particulates or surface
coatings. Hannigan and Sholkovitz (2001) also proposed
that MREE enrichment has to be related to the weathering of
co-precipitated phosphates minerals. The present study de-
monstrates that organic substances play a major control onto
REE speciation and thus onto REE fractionation pattern.
Based on this ability of HA to preferentially complex



O. Pourret et al. / Chemical Geology 243 (2007) 128-141 137

W)

1E-5+ \/'/‘/,x‘wa—*ﬂ—‘

1E-64

—=— Mississippi
—e— Indus
—v— Delaware
—4— Pampamga
—4— Vasterdalaven
—»— Tohibetsu

1E-74

Concentration / Upper Crust

T T T T T T T T T T T T T T
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

- 4
2
O 1E53 @
3 1
Q
a
= -
c 4
2
5 —&— Amazon
'E 1E'6i —e— RioNegro
8 ] —A—Ntalla
5 ] —w— Orinoco
o —&— Caroni
—4— Connecticut
—»— Mengong
e e o o e e e e I p
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
—m— Mercy
—e—LeHome
—&— Mar2

1E-34

154-: ',,M
E m
R e e

T T T T T T T T T T T T T T
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Concentration / Upper Crust

1E-54

Fig. 6. REE normalized (to UCC) (Taylor and McLennan, 1985) patterns
of river-waters showing (a) HREE enrichment and (b) MREE enrichment
(Goldstein and Jacobsen, 1988; Elderfield et al., 1990; Sholkovitz, 1995;
Deberdt et al., 2002), and (c) soil waters showing MREE enrichment
(Viers et al., 1997; Dia et al., 2000; Gruau et al., 2004).

MREE, REE fractionation patterns at the Earth’s surface can
be revisited. DOC-rich river- and ground-waters REE pat-
terns may reflect a mixing between (i) dissolved fraction of
DOC-rich soil solutions, surface runoff and river-waters
which display MREE downward concavity patterns (Viers
et al., 1997; Dia et al., 2000; Deberdt et al., 2002; Gruau
et al., 2004); and (ii) river suspended particles which are
slightly LREE enriched inherited from preferential adsorp-
tion of LREE (Sholkovitz, 1995).

Up to now investigations of REE speciation in natural
river- and soil waters were performed using Model V and
Model VI with extrapolated constants obtained from Linear
Free-Energy Relationships (LFER) (Tang and Johannes-

son, 2003; Pourret et al., 2007) and using Model V with
constants fitted from experimental complexation between
REE and HM (Sonke, 2006). Using the new determined
log Kya dataset, REE speciation calculations — as a
function of pH — were performed for the World Average
River Water (Tang and Johannesson, 2003) in order to va-
lidate the results obtained with extrapolated constants.
Major ions such as Fe and Al were adopted for re-calcu-
lating the REE speciation of the modelled World Average
River Water (see Table 11 in Tang and Johannesson, 2003).
We also followed their assumption that 80% of the active
HM in this sample is present as FA and 20% as HA. Thus,
the DOM content of World Average River Water is 10 mg
L™', of which only 5 mg L™ consists of HM able to
complex with the REE, with 4 mg L™' (80%) present as
FA, and 1 mg L™ ' (20%) as HA. Since pH is a key para-
meter to REE speciation, the REE speciation calculations
were performed in the same way of these authors (op. cit.),
i.e., holding the major solute composition constant (except
carbonate alkalinity varying as a function of pH). More-
over, a fair degree of similarity between the model cons-
tants obtained for fulvic and humic acids exists as
previously stated (Tipping and Hurley, 1992; Tipping,
1998) so log Kya(FA) was calculated from log Kya(HA),
obtained in Section 3, using Eq. (19) in Tipping (1998).
Binding of REE(OH) species and Fe and Al oxyhydroxide
precipitation was not considered in our calculation.

The obtained results are shown for La, Eu, and Lu in
Fig. 8. The REE—-HM species represent the proportion of
each REE complexed with humic substances. The Model
VI results are consistent with earlier investigations per-
formed using Model V and Model VI with extrapolated
constants from LFER (Tang and Johannesson, 2003;
Sonke, 2006; Pourret et al., 2007). Model VI predicts that
(1) REE occur predominantly as organic complexes (REE—
HM > 60%) in the pH range between 5-5.5 and 7-8.5 (i.e.,

3.5

3.04

2.5

2.0

(GdIYb) oq

0.5 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20

DOC (mg L™)

Fig. 7. (Gd/Yb)ycc ratios as a function of DOC concentrations; data are
from river-waters presented in Fig. 6 (when no DOC concentrations available
aconcentration of 1 was assumed for comparison purpose (Thurman, 1985)).
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Fig. 8. Model VI speciation calculations for (a) La, (b) Eu and (c) Lu in
World Average River Water as a function of pH.

circumneutral pH waters), (i) REE-HM complexes
become progressively less important with increasing ato-
mic number across the REE series, and (iii) pH at which
proportion of REE-HM species is maximum decreases
from La to Lu. The only noticeable difference is that the
new fitted constants allow Model VI to calculate signi-
ficantly higher proportions of REE complexed with organic
matter at high pH conditions than with extrapolated cons-
tants as already proposed by Sonke (2006) using Model V.
As an example, with the fitted constants Model VI predicts
La—HM ~ 85% at pH 9, while with extrapolated constants
it only predicts 60% of La—HM. However, these new cal-
culations are also a validation of the LFER method (Tang
and Johannesson, 2003; Pourret et al., 2007). Moreover,
these results are coherent with simple speciation calcu-

lations performed by Takahashi and co-workers (Takahashi
etal., 1997, 1999) which led them to speculate that humate
complexes should be the dominant species of REE(III)
dissolved in natural aquifers where DOM occurs significantly.

5. Conclusions

Experimental studies of REE-HA binding were carried
out using an ultrafiltration method. A strong pH depen-
dence resulting in a significant increase in the proportion of
REE-HA with increasing pH and a MREE downward
concavity fractionation at acidic pH were observed. More-
over, modelling was performed using Humic Ion Binding
Model VI. Experimental results were fitted to obtain a set of
constants (log Kya)- The constants presented in our study
are in good agreement with some literature constants.
However, they are different from those published by
Takahashi et al. (1997) and Sonke and Salters (2006) which
evidence a lanthanide contraction effect. Model VI cons-
tants in this study indicate that REE-HA complexation
involved a fractionation similar to the REE complexation
with simple carboxylic groups such as acetates. The similar
MREE downward concavity pattern observed for REE
complexation with HA (this study), with FA (Yamamoto
etal., 2005) and with simple organic acid such as acetic acid
(Wood, 1993; Byrne and Li, 1995), illustrates that this type
of fractionation could be expected in natural systems. All
these observations allow validating the present log Kya
(REE-HA) dataset that can be, therefore, used with
confidence to predict REE speciation in natural waters.
Essentially, experiments from this study coupled to obser-
vation made by Takahashi et al. (1997), Yamamoto et al.
(2005, 2006) and Sonke and Salters (2006) allow covering
a wide range of experimental conditions both in HS/Ln
ratio and in pH range (from 2 to 10) and are thus com-
plementary. Moreover, the results of the present study shed
more light on the REE cycle at the Earth’s surface. They
confirm that organic REE speciation plays a major role onto
REE fractionation in natural organic-rich river- and ground-
waters. Dissolved fractions of DOC-rich soil solutions,
surface runoff, and river-waters display MREE downward
concavity patterns. The new log Kyia were additionally
introduced in WHAM 6 to predict speciation of the World
Average River Water. REE occur predominantly as organic
complexes (REE-HM > 60%) in circumneutral pH waters
(pH range between 5-5.5 and 7.5-8). New fitted constants
allow Model VI to calculate high proportions of LREE
complexed with organic matter under alkaline pH condi-
tions. Overall, the results of this study suggest that further
considerations about organic matter should be taken into
account to model and thus better understand global con-
tinent—ocean trace metal cycles.
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[HA] 5mgL!

pH 247 2.95 4.06 425 435 4.99 6.29 10.44

La 6.34 9.44 43.01 44.74 50.20 65.83 93.05 99.86

Ce 9.23 13.66 50.65 52.92 57.97 72.98 95.15 99.83

Pr 10.33 15.83 54.59 56.81 61.77 76.13 95.89 99.85

Nd 11.33 15.77 55.44 57.98 62.81 77.37 96.08 99.84

Sm 12.61 19.05 60.12 62.84 67.27 80.96 96.86 99.84

Eu 12.10 17.55 58.86 61.45 66.06 80.13 96.70 99.83

Gd 9.18 14.12 53.04 55.78 60.87 76.16 95.80 99.83

Tb 9.07 13.52 52.01 54.94 59.90 75.47 95.58 99.83

Dy 7.87 12.48 49.95 52.99 58.07 73.94 95.22 99.83

Ho 6.93 10.79 46.92 49.66 54.99 71.50 94.60 99.83

Er 5.99 9.97 4574 48.11 53.55 70.22 94.28 99.82

Tm 6.39 10.35 45.73 48.16 53.62 70.38 94.33 99.82

Yb 6.16 10.49 46.89 49.16 54.53 71.39 94.61 99.82

Lu 6.07 9.99 4535 47.89 53.17 70.40 94.47 99.82

La/Sm 0.50 0.50 0.72 0.71 0.75 0.81 0.96 1.00

Gd/Yb 1.49 135 1.13 1.13 1.12 1.07 1.01 1.00

[HA] 10mg L'

pH 2.18 291 3.45 3.96 4.40 6.16 6.66 6.94 7.26

La 431 34.55 60.55 82.92 94.94 99.44 99.35 99.60 99.69

Ce 5.00 41.08 67.34 86.81 96.05 99.46 99.36 99.58 99.66

Pr 10.12 44.49 70.32 88.32 96.45 99.45 99.34 99.56 99.64

Nd 11.27 45.61 71.33 88.67 96.50 99.41 99.32 99.53 99.61

Sm 12.20 4931 74.69 90.25 96.90 99.42 99.30 99.53 99.59

Eu 10.95 47.67 73.40 89.89 96.78 99.41 99.28 99.52 99.59

Gd 7.52 42.00 68.91 87.63 96.15 99.36 99.24 99.49 99.57

Tb 7.50 41.10 67.93 87.33 96.02 99.36 99.22 99.49 99.57

Dy 5.91 39.21 66.30 86.50 95.71 99.31 99.19 99.47 99.56

Ho 5.79 36.82 63.87 85.07 95.27 99.27 99.15 99.44 99.53

Er 5.17 35.88 62.69 84.33 95.01 99.22 99.10 99.41 99.51

Tm 5.68 36.13 62.77 84.22 94.87 99.18 99.08 99.38 99.48

Yb 5.15 37.02 63.70 84.75 94.97 99.17 99.07 99.36 99.47

Lu 5.32 35.77 62.21 83.92 94.77 99.15 99.05 99.34 99.45

La/Sm 0.35 0.70 0.81 0.92 0.98 1.00 1.00 1.00 1.00

Gd/Yb 1.46 1.13 1.08 1.03 1.01 1.00 1.00 1.00 1.00

[HA] 20mg L'

pH 221 2.46 2.97 3.51 4.05 5.03 5.48 6.08 6.25 6.65 6.77
La 26.03 57.24 81.73 95.76 98.52 99.44 99.28 99.57 99.67 99.16 99.60
Ce 30.79 63.60 85.09 96.65 98.62 99.38 99.19 99.52 99.63 99.11 99.57
Pr 4125 67.06 88.39 97.06 98.58 9931 99.10 99.47 99.59 99.08 99.54
Nd 41.81 67.94 88.83 97.06 98.49 99.22 99.01 99.41 99.54 99.01 99.50

(continued on next page)
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[HA] 20 mg L!

Sm 45.53 70.12 89.96 97.32 98.50 99.20 98.94 99.40 99.54 98.97 99.47
Eu 4331 68.40 89.34 97.19 98.46 99.18 98.93 99.39 99.54 98.97 99.47
Gd 36.32 63.18 86.97 96.65 98.38 99.16 98.93 99.38 99.52 98.91 99.46
Tb 35.14 61.70 86.46 96.55 98.38 99.17 98.97 99.39 99.53 98.93 99.47
Dy 33.68 60.04 85.65 96.35 98.32 99.12 98.94 99.38 99.52 98.88 99.46
Ho 31.34 57.42 84.34 95.98 98.18 99.04 98.86 99.31 99.47 98.83 99.41
Er 30.33 56.94 83.87 95.74 98.02 98.96 98.77 99.25 99.42 98.77 99.36
Tm 31.41 57.32 84.02 95.70 97.91 98.87 98.69 99.21 99.37 98.73 99.34
Yb 32.64 59.02 84.81 95.76 97.80 98.81 98.59 99.16 99.35 98.73 99.32
Lu 31.37 57.32 83.81 95.41 97.63 98.70 98.48 99.07 99.27 98.62 99.26
La/Sm 0.57 0.82 0.91 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Gd/Yb 1.11 1.07 1.03 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00
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Lanthanide (Ln) binding to humic acid (HA) has been investigated by combining ultrafiltration and ICP-
MS techniques. A Langmuir-sorption-isotherm metal-complexation model was used in conjunction with a
linear programming method (LPM) to fit experimental data representing various experimental conditions
both in HA/Ln ratio (varying between 5 and 20) and in pH range (from 2 to 10) with an ionic strength
of 10~3 molL~'. The LPM approach, not requiring prior knowledge of surface complexation parameters,

IQZ{ZV Z;Cﬁ'h elements was used to solve the existing discrepancies in LnHA binding constants and site densities. The application
Humic acid of the LPM to experimental data revealed the presence of two discrete metal binding sites at low humic
Binding acid concentrations (5 mgL~'), with log metal complexation constants (log Ks j) of 2.65 £ 0.05 and 7.00
Speciation (depending on Ln). The corresponding site densities were 2.71 & 0.57 x 10~% and 0.58 +0.32 x 10~ mol
LPM model of Ln®+/mg of HA (depending on Ln). Total site densities of 3.28 +0.28 x 10~8, 4.99 + 0.02 x 108, and

5.01 +0.01 x 10~ molmg~! were obtained by LPM for humic acid, for humic acid concentrations of 5,
10, and 20 mgL~", respectively. These results confirm that lanthanide binding occurs mainly at weak sites
(i.e., ca. 80%) and second at strong sites (i.e., ca. 20%). The first group of discrete metal binding sites may
be attributed to carboxylic groups (known to be the main binding sites of Ln in HA), and the second metal
binding group to phenolic moieties. Moreover, this study evidences heterogeneity in the distribution of
the binding sites among Ln. Eventually, the LPM approach produced feasible and reasonable results, but
it was less sensitive to error and did not require an a priori assumption of the number and concentration
of binding sites.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The solution and mineral properties of lanthanides (Ln) make
these trace elements excellent probes of low-temperature geo-
chemical reactions. Interest in lanthanide geochemistry comes
from their systematic variation in chemical properties, which of-
ten leads to fractionation in geochemical systems [1]. Ln form a
coherent geochemical group of trace elements that generally occur
in the trivalent oxidation state. The effective ionic radii of Ln sys-
tematically decrease when atomic number increases [2], producing
characteristic regular features of normalized lanthanide patterns
defining the CHArge and RAdius-Controlled process (CHARAC) [3].
If a low-temperature geochemical system is characterized by
CHARAC behavior, elements of similar charge and radius such as Ln
are should display extremely coherent behavior. This behavior dis-
appears when chemical processes are mainly driven by electronic
external configuration, producing subpartition (non-CHARAC pro-

* Corresponding author. Fax: +33 344 062 526.
E-mail address: olivier.pourret@lasalle-beauvais.fr (O. Pourret).
1 Current address: Tiibingen University, Center for Applied Geosciences, Sigwart-
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doi:10.1016/j.jcis.2008.10.048

cesses). CHARAC behavior of Ln should thus generate smooth pat-
terns, whereas irregular patterns (excepting redox-related anoma-
lies) may indicate non-CHARAC behavior. By studying fractiona-
tion trends, it then becomes possible to quantify the underlying
fractionation processes in the natural environment (e.g., [3,4]).
In addition, quantification of lanthanide fractionation in natural
geochemical systems is essential for the modeling of the immobi-
lization and transport of radioactive elements, as Ln are often used
as naturally occurring analogs for the trivalent actinides [5].

In aquatic geochemical systems, lanthanide fractionation occurs
by complexation to organic or inorganic ligands or adsorption onto
aquifer minerals. In natural waters, Ln may be associated with
organic colloids that play a key role in complexing lanthanide
elements and facilitate the fractionation of the lanthanide series
(e.g., [6-10]). Dissolved organic matter (DOM), including humic
acids (HA) and fulvic acids (FA), is abundant in surface water and
groundwater systems [11]. HA are potent sorbents of dissolved
metal cations such as lanthanide elements (e.g., [10]). These prop-
erties emphasize the importance of HA in regulating the specia-
tion, transport, and subsequent fractionation of Ln in pristine and
contaminated aquatic environments. The physicochemical quantifi-
cation of lanthanide interaction with DOM in aquatic systems is
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needed to predict lanthanide fractionation by organic metal com-
plexation in aqueous systems. HA contain a large number of poten-
tial metal-complexing functional groups including carboxylic sites
(e.g., [12]). Their chemical arrangement and conformation at the
molecular level affects the ability of HA to complex lanthanide el-
ements. For this reason, surface complexation modeling of LnHA
acid interactions, using current surface complexation models such
as FITEQL [13], WHAM and Model V and VI [14], or NICCA Don-
nan [15] may provide different discrete metal-binding constants for
similar LnHA complexation reactions. Few studies have addressed
LnHA interactions as a function of pH, ionic strength, and differ-
ent lanthanide elements. Only a small number of single lanthanide
complexation constants with HA (SmHA, EuHA, TbHA, and DyHA)
have been evaluated [16-21]. Results from recent studies suggest
that most of the LnHA complexation constants have to be mea-
sured or interpolated, especially for the whole lanthanide series
[22,23]. In these studies LnHA interactions have been investigated
using binding interactions that are based on one- and two-site
conditional binding to discretized multisite (e.g., [24]) and con-
tinuous distribution models (e.g., [15]). Various electrostatic mod-
els have been developed to account for pH and I effects on ion
binding (e.g., [24]). Sonke and Salters [25] adopted a monoden-
tate (carboxylic) binding mechanism. The exact binding site nature,
multidentism, and polyelectrolyte effects of HA are ignored in the
monodentate binding concept and therefore implicitly included in
the conditional binding constant, which consequently is only valid
for a specific pH, I, and temperature. Sonke [26], Pourret et al. [27],
and Stern et al. [28] further investigated this feature using Mod-
els V and VI. However, such modeling of LnHA complexation only
considers specific constants and thus does not implicitly distin-
guish different binding sites.

The effects of HA on lanthanide fractionation was previously
studied by monitoring the concentration of Ln as a function of
increasing concentrations of HA [27]. The resultant sorption data
were analyzed to assess multisite metal surface binding using lin-
ear programming regression methods (LPM) [29-31]. Most previ-
ous studies have investigated humic acid surface interactions with
metals using single-site sorption isotherms that do not adequately
describe the heterogeneity of humic acid surfaces [32]. Despite the
previous application of LPM to describe metal binding to organic
surfaces [29-31], this modeling approach has not yet been applied
to study LnHA interactions.

2. Modeling of LnHA complexation data

The experimental data used in this study have been previously
published by Pourret et al. [27]. Lanthanide complexation with HA
was investigated using a standard batch equilibration technique. Ln
(ranging from 360 to 286 nmolL~! depending on lanthanide) and
Aldrich HA (5, 10, and 20 mgL~1) were placed together in solution
at an ionic strength of 1 x 10~3 molL™! and at pH values rang-
ing from 2.18 to 10.44. The present work will model lanthanide
complexation to HA using a surface complexation modeling ap-
proach, the LPM method as described previously by Martinez and
Ferris [30] and Martinez et al. [31], which does not require prior
knowledge of log K or binding site concentrations. In order to de-
scribe Ln>* complexation to deprotonated humic acid sites, HA™,
a competition reaction was assumed to take place in a 1:1 ratio,

HHA; + Lot = Lnl-m?+ +H™, (1)

where HHA; represents humic acid reactive sites. Ks j represents
the concentration apparent equilibrium constant for the reaction
in Eq. (1), conditional on ionic strength. For a jth deprotonated
binding site at the ith step of the titration, Ks j can be defined as

[LnHAT " Ji[H Imeas.

Ksj = -, )
[HHA;]; [LngjL]measA,i

where i =1,...,n are titrant additions and j=1,...,m binding
sites. In the above expression, Ks j implicitly embodies electro-
static parameters and is a function of experimentally determined
proton and metal concentrations, [HT Jyess.; and [Ln3+]meas,,-, and
of the amount of Ln3t bound to the jth site at the ith step of the
titration, [LnHA?*]i. The total bound metal at the ith titrant addi-

tion, [LnHA”]T,,-, and the total ligand concentration, [HA]r, can be
expressed as

m
[LnHA®Ir; = ) [LnHATY ], = [Ln**Tr — [L0*F Imeas.i (3)
j=1

and
[HAlr =) [HA;] = [LnHA3*"] + [HA
j=1

71+ [HHA;), 4)

where [HAJT] refers to the individual site density for a particu-
lar surface functional group type. The total concentration of bound
metal, [LnHA2+]T,i, can be expressed as a sum of complexed metal
concentrations for each of the jth surface ligands at the ith step
of the titration. However, experimental measurements of total,
[Ln3*]r, and free metal concentrations, [Ln3+]meas.,-, only allow di-
rect determination of [LnHAH]T,i, as indicated by Eq. (3).

The fraction of the total jth ligand concentration, bound by
Ln37 at the ith step of the titration, OLnHA,ij, €an be expressed as a
function of the bound metal (i.e., Ln3*) at the ith titrant addition,
[LnHA?*],', and the jth ligand concentration, [HAj‘], as follows:

[LnHA?"); [LnHAZ*); )
o Aij = — = .
MM IHATT T [LaHAZ ), + (HHA

The protonated jth ligand concentration at the ith step of the titra-
tion, [HHA;];, can in turn be expressed as a function of [LnHA?*]i
by rearranging the expression for the equilibrium constant Ks ; in
Eq. (2). The calculated bound metal concentration at the ith titrant
addition, [LnHA2+]T.calc,,', can then be determined as a function of
measured ([H |meas.i and [Ln3+]meas,,~) and adjustable ([HAJ._]) pa-

rameters, as shown below:

m

[LHHA2+]T.calc.i = Z(OanHA,ij [HA;])
=1

_Z “[Ln

The linear programming approach to multisite metal sorption
solves a matrix equation, b = A - x, for x. Here A is an n x m ma-
trix of arnna jj entries as defined in Eqs. (5) and (6). The b vector is
an n x 1 vector of calculated bound metal concentrations for each
titrant addition, [LnHA2+]T,calc,iv as defined in Eq. (6). The m x 1
vector x contains the adjustable parameters, [HA].’], for each of the
m binding sites. Numerical difficulties exist in attempting to fit the
model in Eq. (6) because binding constants and site densities are
correlated parameters. This problem is solved using a fixed interval
grid of log Ks j values and writing the problem in matrix form, as
described by Martinez et al. [31]. In addition, the nature of the ma-
trices as described above makes this an ill-posed problem, meaning
that more than one error minimum can be found from optimiza-
tion for x as a solution to the equation b = A - x, unless additional
assumptions are made about the nature of the solution [31].

Linear programming regression minimizes the number of bind-
ing sites and the absolute error, e = |[[LnHA?* |1 carc i — [LnHAZF ]1 1,
using a simplex method [29]. This approach finds one global min-
imum for the error function, which emphasizes zero as a possible

3+]meas iKSj [ _:|

HA~ |. (6)
+]meas IKS j + [H ]meas i !
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solution and avoids convergence problems such as those found in
FITEQL [30,31]. LPM optimizes parameters such as total binding
site concentrations. Each site density, [HA™], is assigned a posi-
tive value where zero is a possible result. This generates a log K
spectrum where discrete metal-binding sites are determined by the
number of logKs j values, which have a corresponding nonzero
metal-binding-site density. When [HAJ._] values are added, their
sum should approximate the total available ligand concentration
on the sorbent surface, [HA]r, for a maximum experimental pH
value.

In our simulations, the binding of the Ln first hydrolysis prod-
uct to HA was not considered. This choice is supported by the fact
that (i) all but two data points (among 28) have pH < 7; yet it
is well established that the proportion of Ln-OH complexes and
thus Ln-OH-HA complexes may become important only for wa-
ter samples having pH > 8 [17,33]; (ii) even for alkaline waters,
recent model calculations show that lanthanide speciation can be
reasonably well captured by considering only Ln3* complexation
with HA [34].

3. Results and discussion

Tables 1 to 3 summarize LPM optimization results of logKs ;,
[HA;], and [HA]r as defined by Egs. (2) and (4), respectively, for
experimental [Ln>*] sorption by three different initial humic acid
concentrations of 5 to 20 mgL~!, in the pH range of 2-10. Ta-
bles 1 and 2 indicate the logKs; and [HA]r values for all lan-
thanide elements at the full range of humic acid concentrations,
while Table 3 shows [HA]._] for two sites (i.e., j=2) at 5 mgL~!
HA. LPM optimization of Eq. (6) finds an optimal solution set of
binding site concentrations, [HA]T], which are assigned to the cor-
responding log Ks ; on a fixed interval grid. This procedure gener-
ates a discrete spectrum and by approximating the ideal condition
e= |[LnHA2+]T_c31C,, - [LnHA2+]T,j| = 0. LPM optimization should
generate a unique binding site density corresponding to a single
log Ks ; on the grid. However, double peaks resulted for particular
sites j (data not shown), because the true logKs j of the sample
falls at an intermediate position between two adjacent logKs j on
the grid [31]. Each doublet was converted to a single peak by aver-
aging the two log Ks ; values and computing the weighted average
of [HAj_]. The averaged values, along with existing single peaks,
in replicate spectra were used to calculate overall average log Ks ;
and [HAj_] values (log Ks j(ave) and [HAJ._](avg) ).

The logKs javgy and binding site densities obtained for the
three humic acid concentrations are reported in Tables 1 and 2
for the 14 analyzed lanthanide elements. The LPM fit results for
Ln, as a function of pH, are illustrated in Fig. 1 for La3T. Sam-
ple log Ks ; values for La3* are 2.6540.21 and 7, and 3.00 +0.14
and 3.85+0.07 for [HA]r =5, 10, and 20 mgL~!, respectively.
The main characteristics of the LnHA experiments, reproduced by
LPM, are a low proportion of LnHA complexes at relatively low
pH and a marked increase of this proportion with increasing pH.
The log Ks ; values increase with humic acid concentrations of ex-
perimental solutions (e.g., for La from 2.65 to 3.85 for humic acid
concentrations of 5 and 20 mgL~!, respectively). Moreover, log Ks,j
values increase from La (2.65) to Pr (2.75), and then decrease from
Eu (2.70) to Lu (2.60) for humic acid concentrations of 5 mgL~'.
This feature is further marked for a higher humic acid concentra-
tion (i.e., 20 mgL~!) where log Ks,j values increase from La (3.85)
to Eu (4.15) and then decrease from Gd (4.06) to Lu (3.95). It
follows a logKs ; pattern showing downward concavity of mid-
dle rare earth elements (MREE) (Fig. 2). As already proposed by
Pourret et al. [27], literature compilation of REE-organic ligand
constants as plotted against Gd/Yb ratio (Fig. 3) evidence that new
calculated log K5 j values are in the field of natural carboxylic acids

Table 1

log Ks,; values.

[HA] (mgL~1) 5 10 20

La 2.65+0.21 7.00 3.00+0.14 3.85+0.07
Ce 2.60 +£0.21 7.00 3.25+0.07 3.95 +0.07
Pr 2.75+0.21 7.00 3.15+0.21 4,05+ 0.07
Nd 2.60 +£0.21 7.00 3.40+£0.14 4.10+0.07
Sm 2.70 +£0.21 7.00 3.35+0.07 4.15+0.07
Eu 2.7040.21 7.00 3.3540.07 4.15+0.07
Gd 2.60 £0.21 7.00 3.25+0.07 4.05+0.07
Tb 2.60 +£0.21 7.00 3.25+0.07 3.95 +0.07
Dy 2.60 +£0.21 7.00 3.104+0.14 3.95+0.07
Ho 2.6540.21 7.00 3.10+0.14 3.95 4+ 0.07
Er 2.65+0.21 7.00 3.15+0.07 3.95 +0.07
Tm 2.65+0.21 7.00 3.1540.07 3.95 +0.07
Yb 2.6540.21 7.00 3.10+0.14 3.95 4+ 0.07
Lu 2.65+0.21 7.00 3.15+0.07 3.95 +0.07
Table 2

Total site density (in mol of Ln3*/mg of HA).

[HA] (mgL~1) 5 10 20

La 2.89 x 10~8 5.05 x 108 5.02 x 108
Ce 3.31 x 1078 5.00 x 10~8 5.02 x 10~8
Pr 3.21 x 1078 4.99 x 1078 5.01 x 1078
Nd 3.65 x 108 4.97 x 1078 5.00 x 10~8
Sm 3.75 x 1078 498 x 1078 5.00 x 1078
Eu 3.65 x 1078 4.98 x 1078 5.01 x 108
Gd 3.50 x 108 4.99 x 1078 5.00 x 1078
Tb 3.44 x 10~8 4.98 x 1078 5.01 x 108
Dy 3.30 x 1078 498 x 1078 498 x 1078
Ho 3.20 x 10~8 5.00 x 10~8 5.02 x 10~8
Er 3.04 x 1078 4.99 x 1078 5.01 x 1078
Tm 3.03 x 10~8 4.98 x 1078 5.01 x 108
Yb 3.01 x 10-8 498 x 1078 5.00 x 1078
Lu 3.00 x 10~8 4.98 x 1078 4.98 x 10~8
Table 3

Site density for both sites at a humic acid concentration of 5 mgL~! (in mol of
Ln*/mg of HA).

Site 1 Site 2
La 2.22 x 108 0.67 x 10~8
Ce 3.05 x 1078 0.26 x 108
Pr 2.56 x 10~8 0.65 x 10~8
Nd 3.30 x 108 0.35x 10~8
Sm 3.38 x 10~8 0.37 x 10~8
Eu 3.32x 1078 0.33x 1078
Gd 3.25 x 1078 0.25 x 10~8
Tb 3.20 x 1078 0.24 x 10~8
Dy 3.10 x 1078 0.20 x 10~8
Ho 2.40 x 1078 0.80 x 10~8
Er 2.04 x 10~8 1.00 x 10~8
Tm 2.05 x 1078 0.98 x 10~8
Yb 2.04 x 10~8 0.97 x 10~8
Lu 2.00 x 1078 1.00 x 10~8

and phenolic acids. As the objective of this study was not to doc-
ument fractionation among lanthanide series, differences between
Sonke and Salters [25] and Pourret et al. [27] were not discussed
(for that see discussions in [27,28]).

As evidenced in Table 1, two logKs j values are proposed by
LPM for a humic acid concentration of 5 mgL~!. This feature re-
flects the heterogeneity of humic acid binding sites, which are
known to be composed from carboxylic groups varying from 3.2
to 4.8 meqg~! and phenolic ones from 1.4 to 3.4 meqg~! [35].
This latter characteristic is only evidenced by the first experimen-
tal condition, as it is the only one that spans up to a pH of 10,
and thus only the conditions considering pHs greater than 7 can
allow development of binding sites at alkaline pHs (i.e., pheno-
lic or polycarboxylic ones). Indeed, the contribution of the second
site by just doubling the concentration of HA from 5 to 10 mgL~!
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Fig. 1. Binding of (a) La, (b) Eu, and (c) Lu to HA for various humic acid con-
centrations (i.e., 5, 10, and 20 mgL~!) as a function of pH. Points correspond to
experimental data [22], whereas solid lines correspond to LPM best fits, for which
the absolute error e is minimal.

should still be expected at 10 and 20 mgL~!, since the contribu-
tion of the second site may reach up to 30% (i.e., from Er to Lu) at
5 mgL~!. However, the analytical window does not allow this lat-
ter feature to be expressed at both humic acid concentrations of 10
and 20 mgL~! (i.e., pH does not exceed pH values of 7.26 and 6.77,
respectively) as phenolic functional groups are mostly expressed
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Fig. 3. Literature compilation of REE-organic ligand constants (recalculated at I =
0.1 molL~! when necessary [6,9]). Black triangles: amino-carboxylic acids; white
squares: iminoacetic acids; black circles: phenolic acids; gray circles: carboxylic
acids; white circles: natural carboxylic acids; dark gray circles: humic substances,
Aldrich humic acid (AHA), Suwannee River fulvic acid (SRFA), Suwannee River humic
acid (SRHA), Leonardite humic acid (LHA), Suwannee River natural organic mat-
ter (SRNOM), and Summit Hill soil humic acid (SSHA) (®this study; byamamoto
et al. [42]; “Sonke and Salters [25]; 9Stern et al. [28]).

from pH 8 to 10 [35]. This latter feature is also a verification of the
results of Stamberg et al. [36], who previously studied Eu>* com-
plexation to Aldrich HA and found that phenolic groups only occur,
in lanthanide complexation, at alkaline pHs after neutralization of
carboxylic groups. The corresponding total site densities ([HA]r)
are 2.89 x 108, 5.05 x 10~%, and 5.02 x 10~8 molg~" of HA for 5,
10, and 20 mgL~! of HA, respectively, for La (Table 2). These lat-
ter total site densities only correspond to ca. 1% of the available
sites on humic acid surfaces. Among these sites, as displayed in Ta-
ble 3 for a humic acid concentration of 5 mgL~!, two types of sites
may be considered. Weaker sites (i.e., sites with a mean logKs ;
value of 2.65) are predominant and represent 67 to 94% of the ac-
tive binding sites, whereas stronger sites (i.e., sites with a mean
log Ks ; value of 7.00) only represent 6 to 33% of the active bind-
ing sites. The corresponding site densities were 2.71 +0.57 x 10~8
and 0.58+0.32 x 10~8 mol of Ln>*/mg of HA. As already observed,
sites densities decrease with increasing log Ks ;j values [21].

Even if this study only considered monodentate sites, an in-
teresting feature would be evidenced by the three humic acid
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Fig. 4. Site density distribution (in mol of Ln3*/mg of HA) for the 14 Ln (data are from Table 3).

concentrations. The binding of Ln by several separate complexing
sites on HA may occur (i.e., carboxylic and phenolic binding sites),
resulting in the fact that metal binding will depend upon the to-
tal humic acid concentration. In other words, two monodentate
binding sites would result in lower total site densities available to
complex Ln, as compared to a unique binding site. This lower total
site density observed at the humic acid concentration of 5 mgL~!,
for all 14 lanthanide elements, indicates a direct correlation be-
tween the amount of Ln sorbed on the external surface microen-
vironment of HA and the concentration of added HA. Moreover,
this amount would increase with increasing humic acid concentra-
tion. This result confirms the results explained earlier, where the
concentration of complexed metal is proportional to the concentra-
tion of added HA [37]. Oppositely, for the same conformation (i.e.,
one single monodentate site at a humic acid concentration of 10
or 20 mgL~1), there is no concentration dependence. Albeit not
considered in this study, multidentate binding may also become
increasingly important with increasing pH.

As evidenced by Table 3 and Fig. 4, site density distribution
varies between Ln. Sites 1 are more predominant (i.e., represent
>80-90% of the binding sites) for the MREE (i.e., from Nd to Dy),
whereas for La or Lu they only represent 77% or 67% of the avail-
able binding sites. Complementarily, sites 2 in Table 3 are more
present for binding La and Lu as regards MREE (i.e.,, 23% or 33%
compared to <10-20%). This heterogeneity in the distribution of
site types may thus reflect the competition among lanthanide ele-
ments, which is responsible for the fractionation of the lanthanide
series. It must be noted that Ce does not follow this general trend,
which may be ascribed to its redox behavior. logKs ; values for
the lanthanide series are maximum for Sm>+. Binding site densi-
ties display the same feature. It may be the result of the lanthanide
coordination number change in the lanthanide complexes in solu-
tion from 9 to 8, which usually occurs in the Eut to Gd3>* range.
The number of water molecules about the inner lanthanide sphere
is 9 from La3>* to Nd3*, and 8 from Tb?* to Lu>* [38]. From a
thermodynamic point of view the free energy of the lanthanide
coordination number changes in the Eu3t to Gd3t range as a re-
sult of the sudden change of the coordination polyhedron type.
Indeed, Choppin and Peterman [39] pointed out that Eu-acetate
complexes occur as inner spheres and that as acetate represents a
model molecule of simple carboxylic sites on complex organic mat-
ter such as HA [9], such a coordination number change must be ex-
pected in the Eu* to Gd3+ range. These processes are induced by
variations of inter electronic repulsive potentials due to progressive
filling of the 4f orbital during structural changes that especially
involve inner coordination sphere of each lanthanide caused by an
equilibrium ligand exchange reaction (e.g., organic phase-aqueous

phase equilibrium). Indeed, when processes involve lanthanide ad-
sorption (or surface complexation) with an inner sphere mecha-
nism, a non-CHARAC effect may take place. The complexation be-
havior of Ln thus does not depend exclusively on its ionic charge
and radius, but is additionally controlled by its electron configu-
ration and by the type of complexing ligand, since the latter two
determine the character of the chemical bonding. Hence, aqueous
systems are characterized by non-CHARAC trace element behav-
ior [3], and electron structure must be considered as an additional
parameter. However, this behavior needs to be further explored
and refined.

As already discussed by Pourret et al. [27] and Stern et al. [28],
observed differences between experiments presented by Takahashi
et al. [40], Yamamoto et al. [41,42], Sonke and Salters [25], and
both of these studies (i.e., [27] and [28]) strongly suggest the het-
erogeneity of the complexing sites in HS: high concentrations of
weak carboxylic sites and low concentrations of strong pheno-
lic sites [35]. The weak sites determine the behavior of humic
complexation at high metal loading, whereas the strong sites de-
termine the complexation strength of humic substances at trace
metal concentrations [27,28], even when their concentration is
only in the range of a few percent of the weak sites (i.e., 10 to 22%
[35]). HS/Ln ratios considered in this study are between 5 and 20,
whereas in Yamamoto et al. [41,42] they are close to 80, in Sonke
and Salters [25] and Stern et al. [28] between 500 and 700, and
in Takahashi et al. [40] as high as 100,000. At lower loadings,
stronger sites are favored, whereas at higher loadings, weaker sites
are involved in the complexation. Moreover, phenolic sites are pre-
dominant at alkaline pHs, whereas carboxylic sites are dominant
binding sites at acidic pHs. Indeed, the pH range in this study
spans from 2 to 10 with an analytical window in the 2-6 range,
whereas in Yamamoto et al. [41,42], experimental pH varies be-
tween 4 and 5.5, and in Sonke and Salters [25] and Stern et al. [28],
it varies between 6 and 10. The present study sheds more light
on lanthanide loading by HA and needs to be extended to other
HS by modeling existing data [25,28] with LPM to generalize this
feature. In addition, all results, whether those of our study and
Pourret et al. [27] or those of Sonke [26] and Stern et al. [28],
suggest that the multifunctionality of the organic matter surface
site should be taken into account differently in speciation studies
and calculation codes. Indeed, whether Model V and VI, each of
the models assumes the existence of two groups of surface sites
that can form monodentate, bidentate (e.g., as in Model V [43]),
and tridentate (e.g., as in Model VI [14]) complexes. However, their
abundance and complexation constants are linked to one another
by mathematical expressions and as regards lanthanide behavior
(i.e., fractionation among lanthanide series as regards to binding
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site affinities), and may be refined by considering the results ob-
tained using LPM.

4. Summary

Linear programming modeling was able to determine differ-
ences in lanthanide speciation as a function of increasing humic
acid concentration. At low concentrations of dissolved organic mat-
ter, two lanthanide binding sites were found, whereas one site
is obtained at higher amounts. Lanthanide binding occurs mainly
at weak sites (i.e., ca. 80%; attributed to carboxylic groups) and
second at strong sites (i.e.,, ca. 20%; attributed to phenolic moi-
eties). However, heterogeneity in the distribution of the binding
sites among Ln is evidenced, which could explain lanthanide frac-
tionation patterns. Moreover, this study has been able to quan-
tify LnHA interactions, including the determination of metal bind-
ing constants and site concentrations without the need for initial
knowledge of these parameters, indicating the usefulness of the
linear programming modeling approach to solving surface metal
complexation in the presence of complex organic surfaces. Previ-
ous models including FITEQL have produced incomparable results,
emphasizing the use of LPM as a tool for quantification of metal-
ligand interactions, as previously suggested [29,31].
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ABSTRACT

Manganese oxides are important scavengers of rare earth elements (REE) in hydrosystems. However, it
has been difficult to include Mn oxides in speciation models due to the lack of a comprehensive set of
sorption reactions consistent with a given surface complexation model (SCM), as well as discrepancies
between published sorption data and predictions using the available models. Surface complexation reac-
tions for hydrous Mn oxide were described using a two surface site model and the diffuse double layer
SCM. The specific surface area, surface side density, and pH,,. were fixed to 746 m?/g, 2.1 mmol/g, and
2.2, respectively. Two site types (=XOH and =YOH) were also used with pK,, values of 2.35 (=XOH)
and 6.06 (=YOH). The fraction of the high affinity sites was fixed at 0.36. Published REE sorption data
were subsequently used to determine the equilibrium surface complexation constants, while considering
the influence of pH, ionic strength, and metal loading. LogK increases from light REE to heavy REE and,
more specifically, displays a convex tetrad effect. At low metal loading, the =YOH site type strongly
expresses its affinity toward REE, whereas at higher metal loading, the same is true for the =XOH site
type. This study thus provides evidence for heterogeneity in the distribution of the Mn oxide binding sites

among REE.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The distributions of rare earth elements (REEs) in natural
waters have been intensively investigated for more than 40 years
[1,2]. The absolute and relative concentrations of 14 stable REE
have been determined in a variety of open ocean environments
[3], estuaries [4], rivers [5], lakes [6], groundwaters [7], and hydro-
thermal fluids [8]. Although the complexation of hydrated trivalent
REE with various inorganic anions (carbonate, hydroxide, sulfate,
fluoride, and chloride) has been intensively studied [9], REE parti-
tioning and fractionation between solution and relevant mineral
surfaces are much less understood. To date, few studies have been
dedicated to REE sorption onto mineral surfaces [10-15], and the
most frequently used solids were Fe-oxyhydroxides [10,11,13-
15]. REE sorption by amorphous ferric hydroxide was measured
over a pH range of 3.5-9.0 and over a large ionic strength (IS)
range. For a constant pH and individual REE, the magnitude of
the estimated distribution coefficients differs by a factor of around
400. Although Mn-oxyhydroxides are as ubiquitous as Fe-oxyhy-
droxides and present high surface areas and a strong affinity for
many elements [16], fewer studies have focused on REE adsorption
by Mn-oxyhydroxides [10,13,17-19]. However, several studies
have demonstrated that Mn-oxyhydroxides partly controlled REE

* Corresponding author. Fax: +33 344 062 526.
E-mail address: olivier.pourret@lasalle-beauvais.fr (O. Pourret).

0021-9797/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.jcis.2012.11.054

fractionation and mobility in natural water. Thereby, they provided
the evidence that a negative Ce anomaly in solution is developed
through the oxidation/scavenging of Ce(IlI) onto the MnO, surface
[10,17,19]. REE scavenging by ferromanganese nodules was also
identified as a major process in controlling REE fractionation in
seawater [8,20,21]. The lack of data for REE binding by Mn-oxyhy-
droxides may be attributed to the high variety of Mn-oxyhydroxide
minerals and the heterogeneity of the published surface properties
which complicate modeling studies. However, in order to accu-
rately describe REE behavior, it is essential that REE binding to
Mn-oxyhydroxides is quantitatively modeled. Many surface com-
plexation models have been established to study and quantify cat-
ion sorption onto mineral surfaces. Each of them has their own
solid-solution interface description, model parameters, and set of
thermodynamic data, and many provide satisfactory fits to exper-
imental data (e.g., [22]). Partially as a result of this model flexibil-
ity, ion sorption data on Mn-oxyhydroxides have been fit using a
number of different surface complexation models (e.g.,, SCM).
Thereby, a triple-layer SCM was used to evaluate and predict the
surface complexation constants for hydrous manganese oxide
(HMO) [23]. A variation on the constant capacitance model [24]
was included in SCAMP to determine the model parameters for
sorption on Mn-oxyhydroxides [25]. Crystallographic data were
used as the basis for a new surface complexation model formula-
tion [26]. More recently, Tonkin et al. [16] provided consistent sur-
face complexation constants for several cations for a generic HMO
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and a diffuse double layer SCM for a system in which HMO is an
important scavenger.

In this study, a quantitative SCM model for REE sorption by
HMO at low substrate loadings (from 1.6 to 100 mg/L) was pro-
posed using the generic HMO surface parameters provided by Ton-
kin et al. [16]. The REE-HMO binding constant was extrapolated
using the linear free energy relationship (LFER) methodology and
by fitting experimental data sets with the PhreePlot program
[27]. Published experimental data cover an ionic strength range
from O to 0.7 mol/L and a relatively wide pH range from 4 to 9
[10]. This model was further used to discuss the nature and impor-
tance of REE sorption by manganese oxyhydroxides in the open
ocean.

2. Materials and methods
2.1. Surface complexation model description

The diffuse double layer SCM describes the sorption of solutes
onto oxide surfaces. This model is the central component of the
generalized two-layer model used to compile the database of sur-
face reactions for hydrous Fe(Ill) oxide (HFO) provided by Dzom-
bak and Morel [28]. In this work, the SCM was chosen because of
its relative simplicity and its success in describing cation sorption
to HMO [16]. Surface equilibrium reactions are written as combi-
nation sorption reactions (Eqgs. (1)-(6) to specific hydroxyl sites
on the oxide surface, to which a coulombic term that represents
the electrochemical work of sorption is added. This coulombic term
is calculated from the Gouy-Chapman electrical double layer the-
ory and is included in the apparent equilibrium constants used by
the model, P = exp(—F//RT), where F is the Faraday constant, y is
the electrostatic potential, r is the gas constant, and T is the abso-
lute temperature.

=X—0H < =X—0"+H"  Ku=x_on (1)

=Y—OH < =Y—0 +H"  Ki=v_on (2)

=X—0H + M"" <= =X—O0M"™ " + H*  Kex_om 3)

=X—0H + M"" + H,0 « =X—0OMOH "2 + 2H*
I<EX—OMOH (4)

=Y—OH + M"™ = =Y—OM" " + H*  Key_om (5)

=Y—OH + M™ + H,0 < =Y—OMOH"?* 4+ 2H*
K=y—omon (6)

The HMO surface properties (specific surface area (SSA), surface
site density, and acidity constants), REE-HMO stability constants,
and concentration of a non-specifically adsorbing electrolyte solu-
tion are required. Data for HMO were obtained from Tonkin et al.
[16] (Table 1). The SSA value input to the model fixed at 746 m?/
g is calculated and is therefore higher than the values determined
by the BET-N, method, which range from 0.048 to 359 m?/g [29].
The total HMO concentration of the surface sites (mol/g) was di-
vided into fractions for the two site types (=XOH and =YOH),
which present high and low affinity for REE binding, respectively.

Table 1
SCM parameters for HMO [16].
PKa1 PKaz SSA Total site ‘Strong’ site ‘Weak’ site
(m?/g) density density (=XOH) density (=YOH)
(mmol/g)  (mmol/g) (mmol/g)
235 6.06 746 2.1 1.34 0.76

REE sorption onto HMO is therefore simulated assuming that two
types of sites are available on the oxide surface (Table 1). Modeling
calculations were performed with PHREEQC and PhreePlot [27,30].
Three keyword data blocks are required to define the surface com-
plexation data for a simulation: (i) SURFACE_MASTER_SPECIES, (ii)
SURFACE_SPECIES, and (iii) SURFACE. The SURFACE_MASTER_SPE-
CIES data block defines a binding site, named “Hmo” (HMO; [16]),
with two binding sites, “Hmo_w” and “Hmo_s”, for the “weak” and
“strong” binding sites. Inorganic speciation was then performed;
the Nagra/PSI database [31] was used and updated including the
same well-accepted stability constants at infinite dilution (25 °C)
for the REE inorganic complexes (hydroxide, sulfate, and carbon-
ate; [32-34]). As Bau and Koschinsky [35] proposed, Ce(III) is oxi-
dized after its sorption onto oxyhydroxide, and therefore, only
REE(III) were considered in the proposed SCM.

2.2. REE-HMO sorption stability constants

2.2.1. Extrapolation of the linear free energy relationship

The linear free energy relationship (LFER) or the correlation be-
tween the first hydrolysis constant for aqueous species and the
corresponding surface complexation constant was used to estimate
the sorption stability constant as has been previously done in
numerous studies [16,28,36,37]. The LFER can be used to extend
results from a limited data set to other metals. The REE-HMO sta-
bility constants were estimated by the same extrapolation method
used by Tonkin et al. [16]. These authors observed that a LFER ex-
ists for HMO between logK—xome, 108 K—xomeon, 10gK—yome and
log K—yomeon and the first hydrolysis (OH) constant for the metals
(log Kneom)-

However, Tonkin et al. [16] caution against assuming a LFER for
all metals on HMO, notably with regard to the possible oxidation/
scavenging mechanisms on the HMO surface. The estimated stabil-
ity constant of REE binding to HMO is reported in Table 2. The first
hydrolysis constant of REE, log Kree_on, is taken from the NIST data-
base [38]. The REE-HMO stability constants extrapolated from the
LFER methodology are listed in Table 3 with the REE-OH stability
constant used for the calculation.

2.2.2. PhreePlot modeling

The pK,,, « values, and published REE sorption data [10] were
subsequently used to determine the equilibrium surface complex-
ation constants for the whole REE series ([REE]=125 pg/L;
[HMO=5-MnO;] = 10 mg/L; room temperature; IS fixed with
NaNOs; no control of the CO, species). They were modeled using
the computer program PhreePlot [27] and the Nagra/PSI database
[31], which was modified to include the well-accepted infinite
dilution (at 25 °C) of inorganic species [32,33]. Intrinsic constants
for the surface complexation model were optimized by Powell’s
nonlinear least squares method using PhreePlot’s fitting options.
The REE-HMO stability constants are listed in Table 4. Only

Table 2
Stability constants used for the LFER established by Tonkin et al. [16].

logKyeon  10gK—xome 10gK-xomeon 10gK—yome 10gK-_yomeon
Ba 0.53 0.45 - - -
Ca 1.15 -1.5 - - -
Ccd 3.92 2.4 -8 -3.5 -8.5
Co 435 1 -3.9 - -
Cu 6.5 0.85 -2.8 0.86 -5.7
Mg 2.56 —-2.4 -7.7 - -
Mn 341 1.2 2.7 - -
Ni 414 —0.48 -5 - -
Pb 6.29 - —0.86 34 -1.6
Sr 0.71 -1.6 —6.6 - -

Zn 5.04 —0.01 —-4.4 - -7.6
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Table 3
REE-HMO stability constants extrapolated from the LFER established by Tonkin et al.
[16].

logKyeon  10gK—xome 108K-—xomeon 108K—vome 10g§K-—yomeon
La 5.19 0.05 —3.67 —0.58 —6.34
Ce 5.66 0.17 -3.23 0.45 -5.41
Pr 5.68 0.18 -3.22 0.50 -5.37
Nd 5.82 0.22 —3.09 0.80 -5.10
Sm 6.16 0.31 —2.78 1.55 —4.43
Eu 6.24 0.33 -2.70 1.73 —4.27
Gd 6.17 0.31 —2.77 1.57 —4.41
Tb 6.36 0.37 -2.59 1.99 —4.03
Dy 6.41 0.38 —2.55 2.10 —-3.94
Ho 6.44 0.39 —2.52 2.17 —3.88
Er 6.48 0.40 -2.48 2.25 -3.80
Tm 6.61 0.43 —2.36 2.54 —3.54
Yb 6.76 0.48 —2.23 2.87 -3.25
Lu 6.73 0.47 -2.25 2.80 -3.30

Table 4
REE-HMO stability constants fitted with PhreePlot from De Carlo et al.’s [10]
experimental data sets.

log K—xome log K—yome
La —0.47 2.50
Ce 1.02 3.73
Pr -0.15 2.51
Nd -0.33 2.70
Sm -0.24 2.70
Eu -0.37 2.65
Gd -0.73 2.58
Tb —2.35 2.69
Dy -2.51 2.67
Ho —-2.37 249
Er -1.79 2.61
Tm —1.55 245
Yb —3.86 2.69
Lu -1.49 2.61

logK—xome and logK—_yome wWere further considered because
log K—xomeon and log K—yomeon are low and thus negligible.

3. Results and discussion

The speciation calculations presented below were performed
using a diffuse double layer SCM in the PhreePlot program with
the LFER extrapolated and PhreePlot fitted REE-HMO stability con-
stants. The database was modified to integrate the extrapolated
and fitted REE-HMO stability constant, as well as the infinite dilu-
tion (25 °C) stability constants for the REE inorganic (chloride and
carbonate) complexes [32,33]. To test the validity of the extrapo-
lated and fitted REE-HMO stability constant and the diffused dou-
ble layer SCM, the modeling calculations were compared to the
REE-HMO sorption experimental data sets [10,13,18,19].

3.1. REE-HMO modeling with extrapolated stability constant

3.1.1. LFER extrapolated stability constant

The data set for the extrapolated REE-HMO stability constants
was subsequently used to calculate the distribution of La under
various experimental conditions [10,13,18]. The comparison be-
tween the experimental and the calculated data provides evidence
that the data set for the extrapolated REE-HMO stability constants
cannot be used to reproduce the experimental distribution of REE
onto HMO regardless of the pH, IS (Fig. 1; pH ranging from 4.0 to
9.5 and IS varying from 0.001 to 0.7 mol/L) and metal loading
([REE] varying from 5 pg/L to 0.2 mg/L and [HMO=5-MnO,] rang-
ing from 3.2 mg/L to 100 mg/L). The calculated proportion of bound

REE is strongly underestimated. Therefore, the data sets for the
extrapolated constants were not used hereafter.

3.1.2. PhreePlot fitted stability constants

The fitted stability constants were subsequently used to calcu-
late the distribution of La, Eu, and Lu under De Carlo et al.’s [10]
experimental conditions. Fig. 2 compares the experimental and
calculated data sets. The model reproduces reasonably well the
increasing light REE (LREE; illustrated by La) binding onto HMO
with pH and IS. However, for heavy REE (HREE; illustrated by
Lu), although the model predicts a decreasing binding strength,
the experimental data show that 100% of REE are sorbed onto
HMO. In Table 5, the rmse (root mean square errors) are reported
between the experimental and modeling data for the three REE
and IS conditions. The important rmse values for Eu and Lu at
IS=0.7 were expected with regards to the irregularity observed
in the experimental data set [10]. Moreover, Fig. 2 shows that
the discrepancy between the experimental and the calculated data
also increases with pH, IS, and the REE atomic number. Lee and By-
rne [39] demonstrated that REE binding by carbonate in solution
increases with the REE atomic numbers. The most important differ-
ence observed for the heavy REE (HREE) therefore indicates that
the model predicts larger concentrations of HREE bound to carbon-
ate than in the experimental conditions.

3.2. PhreePlot modeling

3.2.1. pH dependence

Fig. 2 also compares the experimental and calculated data sets.
The model reproduces reasonably well the increasing LREE binding
onto HMO with pH and IS. However, the model predicts a decreas-
ing binding strength at an alkaline pH for HREE. As already shown
by De Carlo et al. [10], a large extent of the variability in the sorp-
tion efficiency is observed at low pH with the IS. This is generally
evidenced by a shift in the adsorption edges toward an alkaline
pH and reduced REE sorption with increasing IS, especially at an
acidic pH. The differences appear more pronounced for LREE than
HREE.

3.2.2. REE patterns

The REE distribution between suspended HMO (at an IS of
0.5 mol/L) over the pH range from 4.79 to 6.80 [13] was further
modeled using the previously described SCM procedure. The calcu-
lated REE patterns onto HMO are shown in Fig. 3a. The patterns ex-
hibit extremely large positive Ce anomalies and a convex tetrad
effect (well developed for the first two tetrads). These two features
were already apparent in the experimental data sets of De Carlo
et al. [10] and Ohta and Kawabe [13]. The same features occur
for Davranche et al.’s [18] data set: the REE patterns exhibit large
positive Ce anomalies (Fig. 3b), as well as convex tetrad curves.
However, they are less developed. This discrepancy might be ex-
plained by the rather different experimental conditions used in
Davranche et al. [18] as compared to those used in De Carlo et al.
[10] from which the constants are derived.

Among these results, an interesting feature is that the modeling
approach reproduces the strongly enhanced adsorption of Ce from
acidic solution by HMO, relative to the other REE. The adsorption
edge in the HMO suspension is therefore below pH 4 for Ce,
whereas for strictly trivalent REE, it occurs near neutral pH. It
should be noted that at ambient conditions and in the absence of
strong ligands, tetravalent Ce is only stable in solid phase [40], or
when it is derived from the oxidation/scavenging of Ce(IIl) onto
the metal oxyhydroxide surface [35]. Thus, the Ce-HMO constant
calculated in this study is a conditional constant, which considers
the global oxidation-scavenging of the Ce(Ill, IV) mechanism onto
the HMO surface.
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Fig. 1. Proportion of La sorbed to HMO as a function of pH. The dots correspond to experimental data from the literature, and the solid line represents modeled data using
extrapolated constants obtained from LFER (a) (b) (c) De Carlo et al. [10]; (d) Ohta and Kawabe [13]; (e) Davranche et al. [18].

3.2.3. Model validity and application

In order to check the validity of the model, calculations were
performed with data from the literature [13,18]. Irrespective of
the pH, IS (Fig. 1; pH ranging from 4.0 to 9.5 and IS varying from
0.001 to 0.7 mol/L) and metal loadings (|[REE] varying from 5 pg/L
to 0.2mg/L and [HMO=5-MnO,] ranging from 3.2 mg/L to
100 mg/L), the modeling is in agreement with the experimental re-
sults. In further detail, data from Ohta and Kawabe [13] for a high
IS (i.e., 0.5 mol/L) are well reproduced, as were observed in De Car-
lo et al.’s [10] experimental conditions. However, data from Dav-
ranche et al. [18] for the lowest IS (i.e.,, 0.001 mol/L) are not well
reproduced. The main differences between these experimental
conditions, apart from the IS, are that different metal loadings
are tested (i.e., 0.875 for Ohta and Kawabe [13]; 0.175 for De Carlo
et al. [10]; 0.0007 for Davranche et al. [18,19]).

Unlike the various experimental conditions, differences be-
tween the experimental observations and the modeling are proba-
bly due to the generic parameters chosen to represent the Mn-
oxyhydroxides. In fact, there are different Mn-oxyhydroxide varie-
ties, and their properties are highly variable [29,41]. As an exam-
ple, pH,p. values for HMO can vary from 2 to 9.6 [29]. Ohta and
Kawabe [13] and De Carlo et al. [10] consider vernadite with a
pH_p of 2.25 [42], whereas Davranche et al. [18] consider pyrolu-
site with a pH,p. of 5.8.

Apart from these discrepancies, a faithful reproduction of the
data from the literature constitutes an even better test of model’s
ability. While the conditional nature (IS, pH, and metal loading)
of the determined stability constants would render such an exer-
cise rather meaningless for a single element, the unique attributes
of the REE series can be used to examine whole logK patterns. The
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data.

REE pattern shape (i.e., REE fractionation) is governed by the chem-
ical properties of the REE and does not depend on the sorbent
properties, which depend on its synthesis method which controls,
for example, its crystallinity and specific surface area [43].
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Table 5
Rmse (root mean square error) calculated between the experimental data sets
[10]and the data sets calculated from the REE-HMO fitted stability constant.

La Eu Lu
1S=0.1 0.05 0.04 0.06
1S=0.3 0.04 0.03 0.35
15=0.7 0.07 0.23 0.34
(a)1ﬂ] r
. —a—479—e—498
—A—509—w— 559
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Fig. 3. Modeled versus experiments REE patterns showing Ce/Ce* for the experi-
mental conditions described in (a) Fig. 2 in Ohta and Kawabe [13], and (b) Fig. 4 in
Davranche et al. [19] and Fig. 6 in Davranche et al. [18].

This type of SCM development can be used to improve the
understanding of REE fractionation in seawater. Indeed, the exper-
imental conditions are closed to those of marine system. Moreover,
an interesting feature is that modeling approach can reproduce the
high adsorption of Ce relative to the other REE under acidic condi-
tions. This behavior is also observed in seawater when dissolved
REE are scavenged by 8-MnO, [10]. The Ce anomaly is recognized
as one of the fundamental features of lanthanide geochemistry
due to its redox sensitivity [44]. Cerium is a prime proxy for
ocean-atmosphere evolution over geological timescales [45]. The
contribution of oxidative scavenging toward the removal of Ce
from solution is most pronounced at acidic pH, where the strictly
trivalent REE exhibit little propensity for sorption onto 3-MnO,.
It has been suggested that the behavior of REE and Ce in the marine
environment is more closely coupled to that of Mn than to that of
Fe due to the oxidative scavenging of Ce by Mn-oxyhydroxides
[44].
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4. Concluding remarks

Surface complexation modeling was used to test REE sorption
onto HMO by considering LFER to determine logK. However, this
methodology does not allow experimental data to be reproduced.
Therefore, these experimental data were further used to extrapo-
late equilibrium surface complexation constants by fitting them
for a large data set [10]. The determined constants can reproduce
pH dependence and REE fractionation over a wide variety of condi-
tions (i.e., pH ranging from 4.0 to 9.5, IS varying from 0.001 to
0.7 mol/L, [REE] varying from 5 pg/L to 0.2 mg/L and [HMO=5-
MnO,] ranging from 3.2 mg/L to 100 mg/L). SCM development of
this type can be used to improve the understanding of REE frac-
tionation in seawater. However, these results emphasize the rele-
vance of conducting further experiments and modeling for a
better understanding of natural systems and have considerable
implications for the assessment of REE mobility.
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Abstract

The Stockholm Humic Model (SHM) and Humic Ion-Binding Models V and VI were compared for their ability to predict
the role of dissolved organic matter (DOM) in the speciation of rare earth elements (REE) in natural waters. Unlike Models V
and VI, SHM is part of a speciation code that also allows us to consider dissolution/precipitation, sorption/desorption and
oxidation/reduction reactions. In this context, it is particularly interesting to test the performance of SHM. The REE specific
equilibrium constants required by the speciation models were estimated using linear free-energy relationships (LFER) between
the first hydrolysis constants and the stability constants for REE complexation with lactic and acetic acid. Three datasets were
used for the purpose of comparison: (i) World Average River Water (Dissolved Organic Carbon (DOC) = 5 mg L™}), previ-
ously investigated using Model V, was reinvestigated using SHM and Model VI; (ii) two natural organic-rich waters
(DOC = 18-24 mg L™!), whose REE speciation has already been determined with both Model V and ultrafiltration studies,
were also reinvestigated using SHM and Model VI; finally, (iii) new ultrafiltration experiments were carried out on samples of
circumneutral-pH (pH 6.2-7.1), organic-rich (DOC = 7-20 mg L") groundwaters from the Kervidy-Naizin and Petit-Her-
mitage catchments, western France. The results were then compared with speciation predictions provided by Model VI
and SHM, successively. When applied to World Average River Water, both Model VI and SHM yield comparable results,
confirming the earlier finding that a large fraction of the dissolved REE in rivers occurs as organic complexes This implies
that the two models are equally valid for calculating REE speciation in low-DOC waters at circumneutral-pH. The two mod-
els also successfully reproduced ultrafiltration results obtained for DOC-rich acidic groundwaters and river waters. By con-
trast, the two models yielded different results when compared to newly obtained ultrafiltration results for DOC-rich
(DOC > 7 mg L") groundwaters at circumneutral-pH, with Model VI predictions being closer to the ultrafiltration data than
SHM. Sensitivity analysis indicates that the “active DOM parameter” (i.e., the proportion of DOC that can effectively com-
plex with REE) is a key parameter for both Model VI and SHM. However, a survey of ultrafiltration results allows the “‘active
DOM parameter” to be precisely determined for the newly ultrafiltered waters studied here. Thus, the observed discrepancy
between SHM predictions and ultrafiltration results cannot be explained by the use of inappropriate “active DOM parame-
ter”” values in this model. Save this unexplained discrepancy, the results presented in this study demonstrate that both Model
VI and SHM can provide reliable estimates of REE speciation in organic-rich waters. However, it is essential to know the
proportion of DOM that can actively complex REE before running these two speciation models.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION two decades (Elderfield and Greaves, 1982; De Baar
et al., 1988; Elderfield et al., 1990; De Baar et al., 1991;
The aquatic geochemistry of rare earth elements (REE) Smedley, 1991; Gosselin et al., 1992; Sholkovitz, 1995;

has been the subject of numerous studies over the past Byrne and Sholkovitz, 1996; Johannesson et al., 1997,
2000; Johannesson and Hendry, 2000; Janssen and Verweij,
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controlled by the source rocks (Johannesson et al., 1999;
Dia et al., 2000; Aubert et al., 2001). Processes such as
REE complexation by inorganic ligands, or REE adsorp-
tion onto solid mineral phases, can fractionate the REE
(e.g., Johannesson et al., 1999; Coppin et al., 2002). There
is also some evidence that REE adsorption onto Fe- and
Mn-oxides may lead to negative Ce anomalies in waters
due to the oxidative scavenging of Ce onto these metallic
oxides (Viers et al., 1997; Dupré et al., 1999; Dia et al.,
2000; Davranche et al., 2004, 2005; Gruau et al., 2004).
Above all, REE complexation with natural organic ligands
may be of prime importance in controlling REE fraction-
ation in natural waters, as inferred from recent ultrafiltra-
tion and electrochemical studies of organic-rich waters
(Tanikazi et al., 1992; Viers et al., 1997; Dupré et al.,
1999; Dia et al., 2000; Ingri et al., 2000; Johannesson
et al., 2004).

Consequently, it is essential to develop models to predict
the complexation of REE with dissolved organic matter
(DOM). For that purpose, we require REE binding con-
stants for REE-proton exchange with humic matter
(HM). These constants can be experimentally determined,
either for individual REE (e.g., Bidoglio et al., 1991; Mou-
lin et al., 1992; Lead et al., 1998; Lippold et al., 2005) or for
the whole REE series (Yamamoto et al., 2005; Sonke and
Salters, 2006; Yamamoto et al., 2006). However, experi-
mentally determined REE constants may be difficult to
use because of differences in the pH and/or ionic strength
conditions of the experiments (Bidoglio et al., 1991; Moulin
et al., 1992; Lead et al., 1998; Lippold et al., 2005) or due to
differences in the REE/HM ratio of the experimental solu-
tions (Yamamoto et al., 2005; Sonke and Salters, 2006). An
indirect method is to estimate the required Lanthanide-hu-
mic (LnHM) constants using the linear free-energy relation-
ships (LFER) existing between metal-HM complexation
and the stability constants for metal-lactic and metal-acetic
acid complexation. These LnHM values can then be put
into thermodynamic models aimed at predicting metal com-
plexation with HM. The ability of the models to predict
REE complexation with DOM can then be established by
comparing model results with ultrafiltration data. The most
successful attempt along these lines was made by Tang and
Johannesson (2003), who applied the indirect method to
test the ability of the well-known metal-HM speciation
code Humic Ion-Binding Model V (Tipping, 1994) to pre-
dict REE complexation with DOM. Comparisons between
model predictions and ultrafiltration results for six natural
water samples were then used by these authors (op. cit.) to
validate both the estimated LnHM and the model. Apply-
ing Model V to World Average River Water, Tang and
Johannesson (2003) predicted that LnHM complexes are
the principal carriers of REE in the dissolved (i.e.,
<0.2 um) fraction of river waters.

However, Model V is exclusively a speciation model that
does not take account of other reactions (i.e., dissolution/
precipitation, adsorption/desorption, oxidation/reduction)
that are also important in controlling the REE distribution
in waters. In this study, we test the ability of the Stockholm
Humic Model (SHM) to predict REE complexation by HM
(Gustafsson, 2001a, 2003). This model was selected because

it is part of a full chemical equilibrium model that allows
modelling of all the above reactions (Visual MINTEQ;
Gustafsson, 2001b). The aim of our study is also to com-
pare SHM with Model VI, which is the latest version of
the Humic Ion-Binding Model (Tipping, 1998). REE con-
stants were estimated using the above described indirect
LFER method. For purposes of comparison, we used the
following three-step approach: first, World Average River
Water, previously investigated using Model V by Tang
and Johannesson (2003), was reinvestigated successively
using Model VI and SHM. Second, we used both SHM
and Model VI to reinvestigate two of the six ultrafiltered or-
ganic-rich natural waters used by Tang and Johannesson
(2003) to validate Model V. Finally, new ultrafiltration
experiments were conducted using organic-rich (Dissolved
Organic Carbon (DOC) 7-20 mg L") groundwaters with
circumneutral-pH (pH 6.2-7.1) from the Kervidy-Naizin
and Petit-Hermitage catchments, western France, and the
results were compared with predictions from Model VI
and SHM. Hence, the present study is also a new step in
assessing the ability of the Humic Ion-Binding Model to
predict REE complexation by organic matter in natural
waters. So far, this model has been compared to only a lim-
ited number of ultrafiltration results (Tang and Johannes-
son, 2003).

2. MATERIALS AND METHODS

In this paper, we use the term organic matter-bound REE
solution complex in the same way as in Tang and Johannes-
son (2003), namely, to include REE complexed to both low-
and high-molecular weight (MW) organic matter.

2.1. Description of models

Humic Ion-Binding Model VI (here referred to as Model
VI) is the latest version of a model developed by Tipping
and co-workers in the early 1990s (Tipping and Hurley,
1992; Tipping, 1994, 1998). Model VI is a discrete site-elec-
trostatic model for proton and metal ion interactions with
fulvic (FA) and humic (HA) acids. The thermodynamic ba-
sis of the model has been presented and discussed in detail
elsewhere (e.g., Tipping, 1998). Briefly, the model assumes
that proton and metal complexation by organic matter
involve two types of discrete sites (Type A and Type B) that
have separate intrinsic binding constants for metals:
log Kva and log Kyp. By considering results from many
datasets, we obtain a universal average value of
ALK, and can establish a correlation between logKyg
and log Kya (Tipping, 1998). Thus, we only require one sin-
gle adjustable parameter (log Kyia) to fully describe metal
binding in Model VI. The parameters necessary to run
the model are presented in Table EAl-Electronic Annex
(based on Tipping, 1998). As shown by Tipping (1998)
and Tipping et al. (2002), updating Model V to Model VI
leads in many cases to an overall improvement of the pre-
dictive power of the model.

The Stockholm Humic Model (SHM) is an integral part
of the chemical equilibrium model Visual MINTEQ
(Gustafsson, 2001b), which enables modelling of solution
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speciation along with adsorption/desorption, dissolution/
precipitation and redox reactions. The principles of SHM
have been fully presented and discussed elsewhere by
Gustafsson (2001a) and Gustafsson et al. (2003). Where
applicable, Gustafsson (2001a) gave the same symbols to
denote SHM parameters as those used for corresponding
parameters in Models VI, for sake of consistency. SHM is
a discrete-ligand model in which the FA and HA are as-
sumed to have eight proton-binding sites with distinct
acid-base characteristics. In this model, seven adjustable
parameters (na, np, logKu, logKp, ApKa, ApKp and gy)
are required to describe the proton dissociation reaction.
Table EA2-Electronic Annex lists the fixed values that
Gustafsson (2001a) derived for these seven parameters for
FA and HA. In the present study, we select the generic val-
ues for these parameters listed in the ‘“‘shmgeneric.mdb”
database, since they are average values obtained from a
large number of aquatic FA and HA samples (Gustafsson,
2001b). Three parameters are normally required with SHM
to model the complexation of metals with organic matter,
i.e., the monodentate complexation constant Ky, the
bidentate complexation constant Ky, and the ALK,
parameter, which determines the degree of binding site het-
erogeneity. Gustafsson (2001a) demonstrated that trivalent
cation (e.g., Al) organic complexation is better fitted if only
bidentate binding is involved. Therefore, in practice, only a
single adjustable parameter (log Ky,) is necessary to fully
describe trivalent metal complexation by HM in natural
waters (Gustafsson, 2001b).

However, results from both SHM and Model VI depend
on the values of the ALK, parameter (i.e., the distribution
term that modifies the strengths of complexation sites)
which is input in models. Because SHM and Model VI
are different in a number of respects, a ALK, value adopted
from Model VI cannot be expected to yield similar good fits
for SHM. In the following we use the ALK, values which
were optimized by fitting published datasets (Milne et al.,
2003) for SHM (namely 1.3; Gustafsson, 2001b) or from
a correlation with the equilibrium constant for complexa-
tion of the metal with NH; for Model VI (0.29; Lead
et al., 1998; Tipping, 1998). The ALK, values are con-
strained to be identical for the whole REE series as REE
are known for their chemical similarity.

Table 1

2.2. Estimating constant values for the REE

As pointed out in the introduction, we used the LFER
method to estimate the specific binding constants neces-
sary to run Model VI and SHM. The LFER method is
based on Tipping’s observation (Tipping, 1994, 1998) that
a LFER exists between log Kya and log K for metal-lactic
acid (LA) and metal-acetic acid (AA) complexation.
Moreover, since this author (op. cit.) also notes a relation
between log Kya and the first hydrolysis (OH) constants
for metal (denoted here as logK(AA), logK(LA)
and logK(OH)), the LFER can be used to estimate
log KMa(REE) from published values of log K(REE-AA),
log K(REE-LA) and log K(REE-OH). The same approach
can be used to estimate log Kyp(REE), the only difference
being the assumption that the metal complexing capacity
of one ligand with two functional groups (as expressed
by Kump) is similar to the metal complexing capacity of
two ligands carrying only one functional group each (as
expressed by K>).

Tables 1 and 2 list log Kya and log Ky, values describ-
ing the complexation of numerous metals with HA and FA
(data from Tipping, 1998; Gustafsson, 2001b), along with
published logK(AA), logK(LA), logK(OH), logK>(AA),

Table 2

LogK, for metal complexation with lactic acid (LA), acetic acid
(AA) and hydrolysis (OH), as well as log Ky, for HA and FA
(from Gustafsson and van Schaik, 2003), used to obtain equations
for LFER between log Ky, and log K, for each ligand

Metals log K>(LA) logK>(AA) log K>(OH) log Kb
Ca?" 245 — — —11.30
Mn*" 2.10 — 5.8 —

cu*" 4.84 3.63 11.8 —5.80
Zn*" 3.75 1.36 10.2 —-9.00
cd*t 2.74 2.86 7.7 -9.30
Pb>* 3.61 4.08 10.9 —-6.15
AP 5.97 4.55 17.9 —4.20
Co*" 3.07 1.10 9.2 —10.10

LogK values for LA, AA and OH are taken from NIST Database
(Martell and Smith, 1998) at 25°C and zero ionic strength
conditions.

LogK for metal complexation with lactic acid (LA), acetic acid (AA) and first hydrolysis (OH), as well as log Kpa for HA and FA (from
Tipping, 1998), used to obtain equations for LFER between logKya and logK for each ligand

Metals logK(LA) log K(AA) log K(IMOH) log Kma(HA) log Kma(FA) ALK,
Mgt 1.37 1.27 2.60 0.70 1.10 0.12
Ca?" 1.45 1.18 1.30 0.70 1.30 0.0
Sr2t 0.97 1.14 0.82 1.11 1.20 0.0
Mn*" 1.43 1.4 3.40 0.60 1.70 0.58
Co*" 1.90 1.46 435 1.10 1.40 1.22
NiZ*+ 2.22 1.43 4.14 1.10 1.40 1.57
Ccu*" 3.02 2.22 6.50 2.00 2.10 2.34
Zn*" 2.22 1.57 5.00 1.50 1.60 1.28
cd*t 1.70 1.93 3.09 1.30 1.60 1.48
Pb>" 2.78 2.68 6.40 2.00 2.20 0.93
AP 3.30 2.57 9.00 2.60 2.50 0.46

LogK for AA, LA and OH are from NIST Database (Martell and Smith, 1998) for 25 °C and zero ionic strength conditions.
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log K5(LA) and log K>5(OH) for the same metals (values
from NIST Database; Martell and Smith, 1998). Studen-
tized residuals (i.e., the residual divided by its standard
deviation; Ramsey, 1969) were used to detect and remove
outlier cations (i.e., Cd and Th). The values of log Kya

3.0
a Eqn. 1

log K,,,(HA)= 0.76 log K(LA) - 0.21 e
254 R2=0.80

log Ky[(HA)

1.0 15 2.0 2'.5 3.0 3.5
log K(LA)

Egn. 3
log K,,,(HA)= 0.52 log K(AA) + 0.58
251R=0.78

T T
10 12 14 16 18 20 22 24 26 28 30
log K(AA)

Eqn.5
log K,,,(HA)= 0.24 log K(OH) + 0.82
254R?=0.78

log K,A(HA)

log K(OH)

and logKy, show good linear correlations with their
hydrolysis constants, as well as the constants for LA and
AA complexation (Figs. 1 and 2). The linear regression
curves and correlation coefficients describing these relation-
ships are as follows:

26 Eqn. 2 i
log K,,,(FA)= 1.03 log K(LA) - 0.43 .- ]

244 3
R“=0.80

22
2.0 o A e
1.8

1.6 4

log KyA(FA)

149
1.2

1.04

o8] .7

1.0 1.5 2.0 25 3.0 3.5
log K(LA)

264 Eqn. 4
log K,,,(FA)=0.75 log K(AA) + 0.36
R?=0.87

=

2.4 4

log KyJFA)

144 T
1.2 4
1.04 .o~

0.8 4

f 264 Eqgn. 6
log K,,,(FA)= 0.17 log K(OH) + 0.91
R®=0.83

log KyA(FA)

log K(OH)

Fig. 1. Linear free-energy relationships between log Ky and (a, b, for HA and FA, respectively) log K(LA), (c, d, for HA and FA, respectively)
log K(AA) and (e, f, for HA and FA, respectively) log K(OH) listed in Table 2. Log K(LA), log K(AA) and log K(OH) are from the NIST Database
(Martell and Smith, 1998), whereas log Kyia values are from Tipping (1998). Standard deviations are indicated where available. Dashed lines
indicate 95% confidence intervals of linear fits. Shaded areas mark fields of available log K(LA), log K(AA) and log K(OH) data for REE.
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log Kyia (HA) = 0.76log K(LA) —0.21, R*=0.80 (1)
log Kma(FA) = 0.52log K(LA) +0.58, R*=0.78  (2)
log Kpa(HA) = 1.0310g K(AA) — 043, R2=0.80 (3)
log Kyia(FA) = 0.751og K (AA) +0.36, R>=087  (4)
log Kma(HA) = 0.2410g K(OH) +0.32, R*=0.78  (5)
logKya(FA) = 0.17logK(OH) + 091, R*=0.83  (6)
log Ky = 1.89log K»(LA) — 15.13, R* =0.81 (7)

(8)

)

log Ky = 1.4910g K2 (AA) — 11.80, R>=0.82
log Ky = 0.571og K,(OH) — 13.86, R*> =10.73

These equations were subsequently employed to estimate
logKva (Table 3) and logKyy, (Table 4), using the
log K(AA), log K(LA), log K(OH), log K5(AA), log K>(LA)
and log K>(OH) values listed for REE in the NIST Data-
base (Martell and Smith, 1998; except log K(OH) listed in
Klungness and Byrne, 2000; Figs. 1 and 2). However, as
shown by Tables 3 and 4, the estimated values of log Kyia
and logKyy, vary depending on the equation used. To
establish which sets of estimated values are more appropri-
ate, we used the method of Tang and Johannesson (2003) to
compare them with log Kya and log Ky, which were deter-
mined by fitting Model VI and SHM to the available exper-
imental data (Tipping, 1998; Gustafsson, 2001b). For
purposes of comparison, we only considered ‘best-fit”
values of logKya and logKyy (rms errors <0.1), which
limits the comparison solely to Eu and Dy (Tipping, 1998; Lead
et al., 1998; Gustafsson, 2001b). It is clear that the log Kya
values are too low when estimated from the LFER based on
first hydrolysis constants (e.g., log Kpa = 1.79 for Eu-HA
complexation using Eq. (5), as against 2.10 using model
fits). The same is true for Dy complexation by HA and
FA (e.g., logKma =1.83 for Dy-HA complexation as
obtained from Eq. (5), as against 2.9 using model fits).
However, this does apply to the log Kya values estimated
from Egs. (1)+(4), where estimated values for Eu and Dy
are close to the fitted experimental data (e.g., 2.47 and
2.44 for Eu-FA complexation using Egs. (2) and (4),
respectively, as against 2.36 from model fits). The log Kyia
estimates derived from the first hydrolysis constant LFER
appear much too low. Whatever the reason, the observed
discrepancy between estimates derived from Egs. (5) and
(6) and fits of experimental data leads us to eliminate these
two equations from our procedure for estimating constants.

However, log Ky values estimated from Egs. (1)+(4)
are quite different for the HREE (on average, standard
deviation are as high as 0.41). Recently published experi-
mental results for REE complexation with FA and HA
(Yamamoto et al., 2005, 2006) suggest that the log K values
for REE complexation with HM should vary across the
REE series in an analogous way to the logK values for
AA. Moreover, Wood (1993) pointed out that AA likely
represents a model system for simple carboxylic sites on
more complex organic matter, such as HM. Carboxylic
groups could thus be the major sites by which REE are
bound to HM (Yamamoto et al., 2005, 2006).

Log Kymp values estimated using Eqgs. (7)—(9) strongly
differ from one another: by approximately two orders of
magnitude for the LREE and by four orders of magnitude

3
a Eqn. 7
-4{log K,,,=1.89 log K,(LA) - 15.13 .- .

log K,,,

-12 T T - T T T T T T T
20 25 30 35 40 45 50 55 60 65
log K,(LA)

b 4] Eqn. 8
log K,,,=1.49 log K,(AA) - 11.80 -

T T T

T T
1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0

log K,(AA)
C 4|Egn.9
log K,,= 0.57 log K,(OH) - 13.86." .
54 R?=0.73 3

log K,,,
4

-1 T — T T T T T

4 6 8 10 12 14 16 18
log K,(OH)

Fig. 2. Linear free-energy relationships between log Ky, and (a)
log K»(LA), (b) logK>(AA) and (c) log K>(OH) listed in Table 5.
The AA, LA and OH constants values are from the NIST Database
(Martell and Smith, 1998), and the values of log Ky, are from the
“shmgeneric” Database (Gustafsson, 2001b). Dashed lines indicate
95% confidence intervals of linear fits. Shaded areas mark fields of
available log K5(LA), log K>»(AA) and log K>(OH) data for REE.

for the HREE (Table 4). As with the logKya values,
log Ky can be estimated by comparing the values obtained
for Eu with the log Ky values determined by fitting SHM
to Eu experimental results (Gustafsson, 2001b). By using
the second hydrolysis constants, we obtain a log Kyy, value



Table 3

Summary of estimated log Kya for the REE

IOg KMA( FA)

IOg KMA( HA)

REE

Adopted estimated values

2.27
2.31
2.35
2.37
2.49
2.44
2.36
2.27
2.23
2.20
2.18
2.21
2.28
2.23

From OH Eq. (6)

1.80
1.88
1.88
1.90
1.96
1.97
1.96
1.99
2.00
2.01
2.01
2.04
2.06
2.06

From AA Eq. (4)

2.27
2.31
2.35
2.37
2.49
2.44
2.36
2.27
2.23
2.20
2.18
2.21
2.28
2.23

From LA Eq. (2)

2.30
2.40
2.40
241
245
247
2.46
247
2.47
2.49
2.50
2.51
2.53
2.58

Adopted estimated values

2.20
2.25
2.30
2.32
2.50
242
2.31
2.20
2.13
2.09
2.07
2.11
2.21
2.13

From OH Eq. (5)

1.54
1.66
1.66
1.69
1.77
1.79
1.78
1.82
1.83
1.84
1.85
1.88
1.91
1.91

From AA Eq. (3)

2.20
2.25
2.30
2.32
2.50
242
2.31
2.20
2.13
2.09
2.07
2.11
2.21
2.13

From LA Eq. (1)

2.30
245
2.46
247
2.53
2.56
2.54
2.56
2.55
2.59
2.60
2.62
2.64
2.72

La

Ce

Pr

Nd

Sm
Eu

Gd

Tb
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Dy

Ho

Er

Tm

Yb

Lu

Table 4
Summary of estimated log Ky, for the REE
REE log Ky

From LA From AA  From OH  Adopted

Eq. (7) Eq. (8) Eq. (9) estimated values
La —5.74 —5.66 —7.82 —5.66
Ce —5.02 —5.60 —7.65 —5.60
Pr —4.68 —5.13 —7.59 —5.13
Nd —4.55 —5.04 -7.53 —5.04
Sm  —4.32 —4.65 —7.36 —4.65
Eu —4.15 —4.79 —7.36 —4.79
Gd 441 —5.04 -7.25 —5.04
Tb —4.11 —5.40 -7.19 —5.40
Dy -3.83 —5.50 -7.13 —5.50
Ho -3.70 —5.57 —7.08 —5.57
Er —3.32 —5.65 —6.96 —5.65
Tm -3.15 -5.71 —6.96 -5.71
Yb —2.94 —5.30 —6.91 —5.30
Lu —2.83 —5.50 —6.85 —5.50

of —7.36 for Eu that is dramatically low compared to —4.7
from the model fit (see Gustafsson, 2001b). By contrast, the
log Ky, values estimated for Eu using Egs. (7) and (8)
(—4.15 and —4.79 from Egs. (7) and (8), respectively) are
closer to the fitted experimental data for this REE than
the value of —4.65 derived from the model fit (Gustafsson,
2001b). However, as with the log Kya values, we note that
the log Ky, values estimated using Eqs. (7) and (8) agree
better with one another for the LREE and MREE than
for the HREE (the standard deviation varies up to 1.89
for the latter). Bearing in mind that metal complexation
with AA is probably a better analogy for REE complexa-
tion with HM than metal complexation with LA (see dis-
cussion above), in the following, we adopt the log Ky
values estimated from Eq. (8). To conclude, we should
point out that, due to the smaller amount of experimental
data, the AA LFER used to estimate log Ky, values is less
well constrained than the AA LFER used to estimate
log Kva- Thus, we can expect that modelling results derived
from SHM are likely to be accompanied by larger uncer-
tainties than Model VI predictions.

3. COMPARING THE PREDICTIVE ABILITY OF SHM
AND MODELS V AND VI

Speciation calculations were performed using the com-
puter programs WHAM 6 (Version 6.0.13) for Model VI,
and Visual MINTEQ (Version 2.40) for SHM. Each model
was modified by building a database that included our
adopted log Kya and log Ky, values for REE complexation
with HM, along with well-accepted infinite-dilution (25 °C)
stability constants for REE inorganic complexes (hydrox-
ide, sulphate and carbonate; Klungness and Byrne, 2000;
Luo and Byrne, 2004; Schijf and Byrne, 2004). Up-to-date,
default values of log Kya, log Kym and log Ky, were used
for competing cations (Tipping, 1998; Gustafsson, 2001b).
As oxyhydroxide precipitation reactions cannot be mod-
elled by Model VI, they were not considered in SHM mod-
elling. In our simulations, we do not take into account the
binding of the first hydrolysis product to HM. This choice
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is supported by the fact that (i) all the tested waters have
pH < 7; yet, it is well established that the proportion of
Ln-OH complexes and thus Ln-OH-HM complexes may
become important only for water having pH > 8 (Maes
et al., 1988); (ii) even for alkaline waters, recent model cal-
culations show that REE speciation can be reasonably well
captured by only considering Ln** complexation with HM
(Pourret et al., 2007a).

In the speciation calculations presented here for World
Average River Water, and Mengong and Mar2 samples,
we follow the same assumptions as Tang and Johannesson
(2003), i.e., (i) the DOM/DOC ratio of all samples is taken
to be equal to 2; (ii) 50% of the DOM is considered to con-
sist of HM able to complex the REE, the remaining 50%
comprising simple organic acids that cannot form REE
complexes. Thus, the active-DOM/DOC ratio (referred to
here as the “active DOM parameter”) is taken as equal to
unity for these samples.

3.1. World Average River Water

We applied the same DOC (5 mg L™'), major ion, Fe
and Al concentrations as those used by Tang and Johannes-
son (2003) in their earlier modelling of REE speciation in
World Average River Water (see Table 11 in Tang and
Johannesson, 2003). We also followed their assumption
that 80% of the HM in this sample is present as FA and
20% as HA. Thus, the DOM content of World Average
River Water is 10 mg L™!, of which only 5 mg L' consist
of HM able to complex with the REE, with 4 mg L™
(80%) present as FA, and 1 mg L' (20%) as HA. Finally,
because pH has a crucial influence on REE speciation, we
also investigated the REE speciation of World Average
River Water as a function of varying pH, while keeping
the major solute composition constant (except carbonate
alkalinity varying as a function of pH). Except for the slight
modification of complexation constants, our model running
procedure is thus entirely comparable to that used by Tang
and Johannesson (2003).

The new modelling results are shown for La, Eu and Lu
in Fig. 3 (Model VI) and 4 (SHM), respectively. Model VI
calculations predict that REE occur as free species (Ln*™)
and sulphate complexes (LnSO,*) at acidic pH, and mainly
as carbonate complexes (LnCO," and Ln(CO5)>7) at alka-
line pH (Fig. 3). Based on these results, we also predict that,
at circumneutral-pH conditions, the REE predominantly
(i.e., >50%) occur in solution complexed with HM. More
precisely, Model VI predicts that >50% of the LREE
(e.g., La) occur in solution as organic complexes in the
pH range between 5.2 and 9.5. For the MREE (e.g., Eu),
the prediction is that >50% of the MREE occur as HM
complexes in the pH range between 4.3 and 9.5. Finally,
Model VI predicts that >50% of the HREE (e.g., Lu) occur
as HM complexes in the pH range between 5.4 and 7.
Another important result of the model is that the pH value
at which the proportion of LnHM complexes reaches a
maximum decreases across the REE series, from La (pH
7) to Lu (pH 6). Also, model results indicate that the pro-
portion of REE forming HM complexes is higher for the
LREE and MREE (up to 95% at pH 7) than for the HREE
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Fig. 3. Model VI speciation calculations for (a) La, (b) Eu and (c)
Lu in World Average River Water as a function of pH. The
proportion of active DOM complexing the REE is assumed to be
50% (i.e., active DOM content = DOC content).

(maximum of 60% at pH 6). All these features are consis-
tent with Model V predictions reported previously by Tang
and Johannesson (2003). The only noticeable difference is
that Model VI calculates significantly higher proportions
of REE complexed with organic matter under high pH
conditions: for example, Model VI predicts LaHM ~60%
at pH 9, whereas Model V predicts only 10% of LaHM
complexes at this pH value.

As with Models V and VI, SHM predicts that the LREE
and MREE occur predominantly (i.e., >50%) in solution
as HM complexes at circumneutral pH conditions. By
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contrast, the prediction is lower for the HREE: maximum
organic complexation ~40%, against ~50% with Model
VI. As with Models V and VI, the pH value at which max-
imum REE complexation is predicted to occur also regu-
larly decreases across the REE series, from 7.8 for La to
6.6 for Lu. However, we note three important differences
with the Models V and VI results: (i) the pH at which there
is a maximum proportion or REE organic complexes is
about 0.75 pH unit higher with SHM (Fig. 4) than with
Model VI (Fig. 3); (ii) the range of pH values over which
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Fig. 4. SHM speciation calculations for (a) La, (b) Eu and (c) Luin
World Average River Water as a function of pH. The proportion
of active DOM complexing the REE is assumed to be 50% (i.e.,
active DOM content = DOC content).

LnHM complexes are the predominant REE species is
wider with Model VI than with SHM (e.g., LaHM >50%
for a range of 4.3 pH units with Model VI, as against only
3 pH units with SHM; see Figs. 3 and 4); finally, (iii) the
proportion of LnHM species calculated at alkaline pH is
higher with Models VI (e.g., for La, ~50% at pH 9.5; see
Fig. 3) than with SHM (e.g., for La, ~40% at pH 9.5; see
Fig. 4).

To sum up, predictions from Model VI and SHM con-
firm the two main conclusions proposed earlier by Tang
and Johannesson (2003) from speciation modelling of
World Average River Water, namely that (i) organic col-
loids are the principal REE carriers in the dissolved fraction
(i.e., <0.2 um); and (ii) dissolved organic ligand complexes
of the REE are at least as important as carbonate com-
plexes. The results of Model VI and SHM are clearly con-
sistent for circumneutral-pH river waters, at least in broad
outline. However, on the basis of the modelled data alone,
it is difficult to determine whether Models V and VI or
SHM gives the most accurate description of REE speciation
in river waters. Only experimental studies involving direct
measurement of the REE speciation in circumneutral-pH
rivers will be able to decide which model is in better agree-
ment with reality; for example, whether the proportion of
LuHM complexes in these rivers is >50% as predicted by
Models V and VI, or only ~40% as predicted by SHM.

3.2. Mengong and Mar2 samples

Mengong and Mar2 are two samples of organic-rich
(DOC =23.8 and 18.1 mg L™!) acidic waters whose REE
speciation was first investigated by ultrafiltration (Viers
et al., 1997), and then modelled using Model V (Tang and
Johannesson, 2003). Because the DOC of these waters is
chiefly made up of the largest MW size fractions (Viers
et al., 1997), Tang and Johannesson (2003) assumed that
85% of the DOC in these samples is composed of high
MW HA, the remaining 15% containing low MW FA.
The same assumption is used here. The values adopted
for pH (Mengong = 4.6 and Mar2 = 5.5), as well as the ma-
jor solute, DOC, Fe and Al concentrations, are those
reported by Viers et al. (1997), being identical to the values
used by Tang and Johannesson (2003). Table 5 lists the pre-
dicted proportions of LnHM complexes in these two water
samples based on Model VI and SHM, as well as a compar-
ison with the previous results obtained using Model V
(Tang and Johannesson, 2003). Model VI predicts that
between 46-90% (Mengong) and >98% (Mar2) of the
REE occurring in the dissolved fraction (i.e., <0.2 um) of
these samples occurs as organic complexes, the remainder
of each REE occurring as free species (Ln>"). Table 5 shows
a good agreement between the Model VI and Model V pre-
dictions, the only noticeable difference being the slightly
lower proportion of HREE organic complexes obtained
with Model VI for the more acidic Mengong sample (Table
S; see also Table 8 in Tang and Johannesson, 2003). This
difference is likely explained by our choice to use the
log Kpa values derived from the AA LFER rather than
the log Ky values, which are averages of the estimates
obtained using both the AA and LA LFER as described
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Table 5
Proportions of LnHM complexes calculated with Model V (Tang and Johannesson, 2003), Model VI and SHM for Mengong and Mar2 water
samples
Mengong Mar2
Ultrafiltration Model V Model VI SHM Ultrafiltration Model V Model VI SHM
% LnHM % LnHM % LnHM % LnHM % LnHM % LnHM % LnHM % LnHM
La 86 63 60 39 94 87 99 95
Ce 86 72 65 40 94 91 99 95
Pr 87 76 71 55 96 92 100 97
Nd 86 77 74 59 95 93 100 98
Sm 100 86 90 71 100 96 100 99
Gd 100 80 73 52 100 94 100 98
Tb 100 77 60 46 100 93 99 95
Dy 100 75 52 43 100 92 99 94
Ho 100 75 48 41 100 92 98 93
Er 69 75 46 39 100 93 98 91
Tm 100 77 50 38 100 93 98 90
Yb 100 78 61 41 100 93 99 96
Lu 100 81 52 34 100 95 99 94

Fraction of LnHM complexes previously estimated for these two samples by ultrafiltration experiments are shown for comparison (Viers
et al., 1997). The proportion of DOM active in complexing the REE is assumed to be 50% (i.e., active DOM content = DOC content).

in Tang and Johannesson (2003). As shown above in the
case of the World Average River Water sample, this choice
shifts the LnHM stability field slightly towards higher pH
values (compare our Fig. 3 and Fig. 4 in Tang and Johan-
nesson, 2003), thereby decreasing the proportion of REE
complexed with organic matter in acidic waters as predicted
by the Humic Ion-Binding Model.

SHM results are consistent with the predictions of Mod-
els V and VI for Mar2, while also indicating a predomi-
nance of LnHM complexes in this sample. The predicted
complexation proportions based on SHM are equivalent
to those predicted by Models V and VI (i.e., between 90%
and 99% for SHM, compared with 98% and 100% for Mod-
el VI and 87% and 96% for Model V depending on the
REE; see Table 5). By contrast, the results for Mengong
are different. Indeed, SHM predicts that HM complexes
should account for only 34-71% of each REE in solution,
whereas Models VI and V predict higher complexation pro-
portions, namely: between 46% and 90% (Table 5). For
both the Mar2 and Mengong samples, the three tested mod-
els all indicate that the remainder of each REE occurs as
free species (Ln>"). By comparing the model predictions
to the ultrafiltration results (Table 5), we can see that Mod-
el VI and SHM yield comparable agreement with ultrafil-
tration data for Mar2 sample (less than 10% difference).
However, for the more acidic Mengong water sample, the
difference between model predictions and ultrafiltration re-
sults is higher when using SHM compared with Models V
and VI, ie., between 27% and 62%, as against between
10% and 52% (Table 5).

In summary, we confirm the suggestion made earlier by
Tang and Johannesson (2003) that the Humic Ion-Binding
Model is reasonably good representation of REE speciation
in acidic DOC-rich waters. The differences between our pre-
dictions and those reported in Tang and Johannesson
(2003) further demonstrate the sensitivity of models to the
values of the stability constants that are introduced. As

regards SHM, the results presented above might suggest
that this model is less accurate in predicting the speciation
of the REE in low-pH, organic-rich natural waters. In the
present study, however, we show that the ability of SHM
to predict REE speciation in this type of water depends
strongly on the value of the “active DOM parameter” that
is introduced into the model. By changing this value to
more appropriate values than those used by Tang and
Johannesson (2003), we can drastically improve the
agreement between SHM and Model VI predictions, and
ultrafiltration data (see Section 4).

3.3. Kervidy-Naizin and Petit-Hermitage groundwater
samples

3.3.1. Ultrafiltration data

To further test the ability of SHM and Model VI to pre-
dict REE complexation with organic matter, we performed
new ultrafiltration experiments on four circumneutral (pH
6.2-7.1), organic-rich (DOC = 7-20 mg L™") groundwater
samples (PF1, PF3, F7 and F14). The samples were col-
lected from two wetlands located in the Kervidy-Naizin
and Petit-Hermitage catchments, in western France. These
groundwaters have already been intensively studied for
their DOC and REE chemistry (Dia et al., 2000; Olivié-
Lauquet et al., 2001; Gruau et al., 2004). Appendix A gives
details on the ultrafiltration procedure and chemical analy-
sis of these samples.

Table EA3-Electronic Annex presents the concentra-
tions of major anions and cations, as well as major and
trace cations (including REE) and DOC in the 0.2 um fil-
trates, along with alkalinity and pH data. Concentrations
of REE, Fe, Mn and DOC in the three ultrafiltered frac-
tions (i.e., <30 kDa (Da = Dalton), <10 kDa and <5 kDa)
are presented in Table EA4-Electronic Annex (mean of
two analyses). In Fig. 5, these results are plotted on ZREE
(Fe) vs. DOC variation diagrams.
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Fig. 5. ZREE and Fe concentrations as a function of DOC concentrations in the successive filtrates (<0.2 pm, <30, <10 and <5 kDa) for (a)
PF3, (b) F7, (c) F14 and (d) PF1 water samples. Error bars correspond to standard deviations for two replicates, with some error bars being
smaller than the symbol size. Point A represents the extrapolated amount of REE thought to be bound to humic matter, whereas point B gives
the DOC content extrapolated to a REE content equal to 0 (see text for further explanation).

Interpreting ultrafiltration data is not a trivial task and
care must be taken to validate the speciation models before
using this type of information. An inherent feature of ultra-
filtration studies is the presence of mineral colloids (e.g., Fe
and Mn oxyhydroxides) in the waters along with organic
colloids. Some of these mineral colloids can be potentially
strong competitors with organic matter for REE complexa-
tion (e.g., Fe oxyhydroxides; Bau, 1999; Dupré et al., 1999),
and their presence may lead to an overestimation of the
proportion of REE that are effectively complexed by HM.
Thus, it is crucial to assess carefully whether the REE de-
crease associated with ultrafiltration of PF1, PF3, F7 and
F14 waters (see Fig. 5) is accompanied solely by a decrease
of the DOC content, or whether it is also correlated with a
decrease in Fe concentration. It is clear that three of the
four investigated water samples (i.e., PF1, F7 and F14) dis-
play a significant decrease in Fe content upon ultrafiltration
(Fig. 5). However, the decrease in Fe content concerns only
the 30 kDa ultrafiltration step. After this step, the Fe con-
tent is equally very low in all four samples, resulting in a
marked change in the slope of the linear relationships
otherwise shown on the REE vs. DOC variation diagrams
(Fig. 5). This behaviour is particularly well illustrated by
sample PF1, where ca. 80% of the REE and 96% of the
Fe, but only 9% of the DOC, are removed during the first

ultrafiltration step. Moreover, the magnitude of the change
in the slope of the REE-DOC linear relationship appears to
be correlated with the Fe/EREE ratio of the waters. The
Fe/ZREE ratio of PF1 before ultrafiltration is 991, whereas
the Fe/>REE ratios of F7, F14 and PF3 are 984, 737 and
55, respectively. Such relationships strongly suggest that
the “colloidal” REE budget of samples PF1, F7 and F14
is partly controlled by REE-bearing Fe colloids. The Fe-
colloid/organic-colloid ratio in these samples decreases in
following order: PF1 > F7 > F14 > PF3.

The REE colloidal pool of samples PF1, F7 and F14
was corrected for the contribution of the Fe-colloid frac-
tion. The Fe colloid-free REE budget of these waters can
be estimated by linearly extrapolating the relationship de-
fined by the <5, <10 and <30 kDa results to the DOC con-
tent of the <0.2 pm fraction (point A in Fig. 5). The linear
correlation defined by the DOC and REE contents of the
four ultrafiltered fractions of PF3 (i.e., the water sample
clearly depleted in Fe colloid) suggests that the organic
fractions should yield a linear correlation in the XREE vs.
DOC variation plots. This interpretation is supported by
the fact that the ZREE vs. DOC correlations defined by
the three Fe colloid-bearing waters (i.e., PF1, F7 and
F14) yield a slope that decreases with decreasing Fe/SREE
ratio of the raw waters. This implies that the REE and
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DOC contents are linearly correlated in Fe-free waters. An-
other problem arises during ultrafiltration studies of organ-
ic-rich waters when there is a negative y-axis intercept for
the ZREE vs. DOC correlation (Fig. 5). The likely interpre-
tation for this is that (i) 100% of the REE present in the
waters are bound to organic molecules and, more impor-
tantly (ii)) the DOM is not composed solely of HM able
to complex REE, but contains also a significant proportion
of low MW organic molecules that do not complex these
elements. In such waters, the key question is how to deter-
mine the amount of DOM that can complex the REE. In
other words, we need to decide what value for the “active
DOM parameter” should be introduced into the models.
Considering the PF3 results, it is possible that this amount
of active DOM could correspond to the y = 0 intercept on
the x-axis obtained by linearly extrapolating the ZREE vs.
DOC relationships (points B in Fig. 5). In so doing, we
assume that all the REE are bound to HM, which is consis-
tent with previously published ultrafiltration data (Tanikazi
etal., 1992; Sholkovitz, 1995; Ingri et al., 2000). This assump-
tion also agrees with recent observations by Johannesson
et al. (2004) that all of the “dissolved” La in organic-rich
waters from a swamp in south-eastern Virginia is “‘com-
plexed” with organic ligands.

In the following, we assume that (i) 100% of the REE
occurring in PF1, PF3, F7 and F14 waters are bound to
HM; (ii) the REE remaining in the <5 kDa fraction are
complexed with the low molecular FA; and (iii) the amount
of REE complexed with the HA fraction corresponds to the
REE content of point A minus the <5 kDa fraction. Table 6
reports the proportions of LnHA and LnFA complexes cal-
culated in this way for the Kervidy-Naizin and Petit-Her-
mitage groundwater samples. The average proportions of
LnHA are lower for PF3 and F7 (65% and 76%, respec-
tively), but higher for PF1 and F14 (77% and 83%, respec-
tively). Using these results, we estimated the LnFA/LnHA
ratios of the four ultrafiltered samples as 0.30 for PFI,
0.54 for PF3, 0.31 for F7 and 0.21 for F14 (Table 6). The
above calculations are strongly dependent on the validity
of the correction/estimation procedures used to remove
the contribution of Fe colloids and calculate the FA/HA
ratio of the waters. The validity of this approach is tested
below, by comparing the “corrected/estimated” ultrafiltra-
tion data with the modelled results. If the results of this test
are positive—i.e., there is convergence between the model-
ling and ultrafiltration results—this confirms the ability of
the models to predict LnHM speciation in the four investi-
gated water samples, considering that the procedure for
correction of the ultrafiltration data is independent of the
modelling approach.

3.3.2. REE speciation modelling

The modelling of the Kervidy-Naizin and Petit-Hermit-
age samples is treated differently from the samples of World
Average River Water, Mengong and Mar2, since the
amount of active DOM is not taken as equivalent to a com-
mon empirical value of 50% of the total DOM content, but
equal to individual values calculated following the method
described above. The active DOM fractions obtained in this
way are as follows: 32% for PF1, 55% for PF3, 53% for F7

and 59% for F14. Using the ultrafiltration results, we also
calculated the HA and FA contents necessary to run both
models. The HA contents are assumed to be equal to two
times the difference between the DOC contents of the
<0.2 ym and <5 kDa fractions. For FA, we take the value
as two times the difference between the DOC content of the
<5§kDa fraction and that corresponding to point B in
Fig. 5. Hence, we assume that 65%, 76%, 83% and 77%
and 35%, 24%, 17% and 23% of HM is made up of HA
and FA, respectively, in PF3, F7, F14 and PF1. Finally,
we should bear in mind that the REE content introduced
into the models corresponds to point A in Fig. 5 and not
the total REE content of the sample.

Table 6 presents the model results, which are compared
with corrected ultrafiltration data. The “modelled”
complexation proportions reported in Table 6 include the
REE partitioning between the high MW HA fraction
(>5 kDa) and the low MW FA fraction (<5 kDa). Table
6 shows a good convergence between Model VI and ultra-
filtration results. LnHM proportions calculated with Model
VI are all higher than 97%, indicating that this model also
predicts that nearly all of the REE are complexed by HM in
these samples. By contrast, the convergence is of poorer
quality with SHM: LnHM proportions range from 43%
to 100% depending on the samples, while the remainder
of the REE occurs as carbonate, sulphate or free ion species
(data not shown). The higher the pH and the smaller the
Fe/XREE ratio are the better the agreement between
SHM prediction and ultrafiltration data is (see PF3 sample
as an example). Ultrafiltration results are independent of
the modelling predictions. Therefore, the strong conver-
gence between ultrafiltration results and Model VI predic-
tions is considered highly significant, providing evidence
that this model can accurately predict REE complexation
by organic matter in natural waters.

4. DISCUSSION

The log Kma and log Ky values adopted here appear to
be the most reliable values derived so far using the LFER
method. By confronting Model VI and SHM predictions
with published results (Viers et al., 1997) and new ultrafil-
tration data, we can define the range of conditions under
which these models will accurately predict the complexation
of REE by organic matter in natural waters. To a first
approximation, modelling of World Average River Water
(Tang and Johannesson, 2003) suggests that Humic Ion-
Binding Model and SHM could be equally valuable in
modelling REE speciation in low-DOC river waters at
circumneutral-pH. However, careful inspection of model
results reveals that SHM predicts slightly lower organic
complexation for the HREE than Models V and VI. Some
disparities also occur for alkaline waters, with SHM pre-
dicting an out-competition of the organic complexes over
the carbonate complexes, which is not predicted by Model
VI. However, these disparities do not really cast doubt on
the ability of SHM and Models V and VI to provide a reli-
able description of REE speciation in rivers, considering
that most rivers worldwide are characterized by circumneu-
tral-pH values (Brownlow, 1996). By confronting the model



Table 6
Comparison between the proportions of LnFA and LnHA complexes in PF1, PF3, F7 and F14 samples obtained by ultrafiltration experiments and modelling calculation using Model VI and
SHM

Ultrafiltration SHM Model VI Ultrafiltration SHM Model VI

% LnHA % LnFA % LnHM % LnHA % LnFA % LnHM % LnHA % LnFA % LnHM %LnHA % LnFA % LnHM % LnHA % LnFA % LnHM % LnHA % LnFA % LnHM

PF3 F7
La 65 35 100 71 22 98 74 26 100 76 24 100 39 15 54 69 30 100
Ce 69 31 100 76 22 99 74 26 100 79 21 100 40 16 56 71 29 100
Pr 64 36 100 71 22 99 73 27 100 78 22 100 56 22 78 72 28 100
Nd 63 37 100 77 23 100 74 26 100 76 24 100 58 22 81 73 26 100
Sm 65 35 100 71 23 100 66 34 100 78 22 100 65 25 90 70 30 100
Eu 67 33 100 77 23 100 71 29 100 87 13 100 63 24 87 73 27 100
Gd 67 33 100 77 22 99 73 27 100 76 24 100 57 22 79 73 27 100
Tb 69 31 100 76 22 98 72 27 99 76 24 100 45 17 62 69 31 99
Dy 68 32 100 75 22 97 75 23 98 77 23 100 41 16 57 71 28 99
Ho 66 34 100 75 22 97 74 23 98 76 24 100 38 15 53 70 28 98
Er 63 37 100 74 22 96 73 24 97 75 25 100 34 13 47 68 30 98
Tm 63 38 100 73 22 95 72 25 97 74 26 100 31 12 43 69 30 98
Yb 61 39 100 70 21 90 71 27 98 71 29 100 45 17 62 69 30 99
Lu 58 42 100 74 22 96 72 26 97 68 32 100 38 15 53 70 29 99

F14 PF1
La 83 17 100 72 7 79 61 38 100 73 27 100 67 13 79 80 20 100
Ce 91 9 100 72 7 80 62 38 100 71 29 100 63 12 75 81 19 100
Pr 83 17 100 83 8 92 62 38 100 75 25 100 73 14 87 81 19 100
Nd 83 17 100 84 8 93 64 36 100 76 24 100 74 14 89 82 18 100
Sm 83 17 100 88 9 97 57 43 100 75 25 100 78 20 98 78 22 100
Eu 84 16 100 87 9 95 61 39 100 89 11 100 78 15 94 81 19 100
Gd 82 18 100 84 8 92 63 37 100 81 19 100 73 14 87 81 18 100
Tb 83 17 100 76 8 83 61 38 99 83 17 100 60 12 72 78 22 100
Dy 83 17 100 72 7 79 64 35 99 75 25 100 53 10 64 80 20 99
Ho 82 18 100 70 7 77 63 35 98 77 23 100 50 10 60 78 21 99
Er 82 18 100 66 7 73 62 36 98 78 22 100 45 9 53 75 23 99
Tm 81 19 100 62 6 68 62 37 98 82 18 100 39 8 47 75 24 99
Yb 80 20 100 75 8 83 61 38 99 76 24 100 53 11 64 77 23 100
Lu 79 21 100 76 7 77 63 36 99 64 36 100 46 9 55 74 25 99

Proportions of DOM active in complexing the REE were calculated from ultrafiltration results (see text for further explanation).

SIo)eM [RINJRU Ul Y JO uonexdjduwods suesiQ

6CLT



2730 O. Pourret et al. / Geochimica et Cosmochimica Acta 71 (2007) 2718-2735

results with ultrafiltration studies, we obtain a somewhat
different picture, suggesting that Model VI could be more
accurate than SHM in DOC-rich acidic ground- and river
waters at circumneutral-pH. This apparent poorer ability
of SHM to accurately predict REE complexation with
organic matter might be due to the different thermodynamic
description of HM deprotonation by this model or compe-
tition effects between the REE and major dissolved cations
such as Fe, Al or Ca. However, as shown below, the differ-
ence is more likely due to a higher sensitivity of SHM to the
value of the “active DOM parameter”’, which is required as
input into metal-HM complexation models. In fact, careful
evaluation of the effects of this parameter on some of the
above results shows that, in most cases, SHM could be as
accurate as Models V and VI for predicting REE specia-
tion. However, we first need to evaluate the possible effects
of differences in HM proton dissociation and major cation
competition.

4.1. Effect of HM proton dissociation

The main difference between SHM and Model VI is the
electrostatic term. Model VI assumes that HM can be rep-
resented as rigid spheres of homogeneous size, carrying me-
tal-humic binding sites on their surface with different
binding strengths leading to of bidentate and tridentate
binding configurations. In this model, electrostatic effects
are corrected using equations based on the Debye-Hiickel
and Gouy-Chapman theories, assuming a homogeneous
electrical double layer at the surface of each sphere (Tip-
ping, 1998). In SHM, a discrete-site approach is employed
involving eight sites of different acid strength. The bulk of
the HM is considered to form gels, which are primarily trea-
ted as impermeable spheres. The electrostatic interactions
on their surfaces are modelled using equations based on
the Basic Stern Model (see Gustafsson (2001a) for further
details).

Due to these differences in the thermodynamic descrip-
tion of electrostatic effects, the two models assume a differ-
ent extent of proton dissociation of HM reactive sites at a
given pH. As shown in Fig. 6, Model VI assumes more elec-
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Fig. 6. Comparison of extent of proton dissociation for HA and
FA calculated by Model VI and SHM as a function of pH.

tronegative HA and FA surfaces at a given pH than SHM,
so the density of surface sites available for REE complexa-
tion is proportionally higher in Model VI than in SHM.
This may partly account for the observed differences in
model predictions: (i) indeed, modelling of World Average
River Water results shows there is a shift of about 0.75 pH
unit between the maximum of LnHM predicted by Model
VI and SHM, which is consistent with the difference in elec-
trostatic correction (Figs. 3 and 4); (ii) the proportions of
REE complexed with organic matter in Mengong (pH
4.6) sample are predicted to be slightly higher with Model
VI than SHM, which is also consistent; (iii) calculations
of REE speciation in three of the four organic-rich circum-
neutral-pH waters (i.e., PF1, F7 and F14) show differences
between Model VI and SHM, with predicted values being
at a maximum under acidic pH (i.e., F7 pH 6.19), which
is also as expected from the difference in electrostatic
correction.

4.2. Effect of major competing cations (Fe, Al and Ca)

Fe, Al and Ca are known to complex strongly with HM
(Dupré et al., 1999; Tipping et al., 2002), and can thus com-
pete with REE in metal-HM complexing. As previously
shown by Tang and Johannesson (2003), the presence of
dissolved Fe and Al can decrease the amount of REE com-
plexed with HM by ~10%. In the modelling calculations
presented here, Fe, Al and Ca are present in solution, and
the cation competitive effect is thus taken into account.
The two models discussed here can be compared in terms
of the relative importance of this effect by considering
Table 7, which reports the proportions of Fe, Al and Ca
humic complexes predicted by Model VI and SHM, as a
function of pH. It can be seen that both SHM and Model
VI predict roughly the same effect of Ca, which is by far
the most abundant cation competing with REE in the three
water samples considered here. However, the situation
appears different for Fe and Al. We should note two impor-
tant points: (i) the proportion of AI-HM complexes pre-
dicted to occur in circumneutral-pH waters is much

Table 7
Model VI and SHM speciation calculations for Fe, Al and Ca in
World Average River Water as a function of pH

pH % Fe-HM % AI-HM % Ca—HM
Model VI SHM Model VI SHM Model VI SHM

3 10 31 19 1 0 0
35 15 41 38 2 0 0
4 16 45 56 7 1 0
45 15 42 71 26 1 0
5 13 34 81 64 1 0
55 12 25 82 85 1 1
6 10 16 75 90 2 1
6.5 10 9 53 85 2 1
7 10 5 17 62 2 1
7.5 9 3 2 27 2 1
8 7 2 0 8 2 2
8.5 4 1 0 2 3 2
9 2 0 0 0 3 2
9.5 1 0 0 0 3 2
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higher with SHM than with Model VI; (ii) SHM predicts a
much higher competition of the REE with Fe for acidic
waters than Model VI. To quantify the effects of the stron-
ger Fe and Al competition imposed by SHM on REE com-
plexation with HM, we re-investigated the four newly
ultrafiltered circumneutral-pH water samples (i.e., PF1,
PF3, F7 and F14) with this model, assuming no Al and
Fe in solution. The results indicate that almost all of the
REE are bound to HM (~100%). On the other hand, when
Fe and Al are included in the model, the LnHM species are
predicted to account for 47-100% of each REE (depending
on the sample; see Table 6). Consequently, SHM appears
more sensitive to cation competition than Model VI. The
reason for this difference is not clear, as the constants for
Al, Fe and Ca used into the two models are derived from
the same database (Tipping, 1998; Gustafsson and van
Schaik, 2003).

4.3. Effect of the “active DOM parameter” value

Apart from the deprotonation and cation competition
effects described above, and despite the effects on the uncer-
tainty of log Kya and log Ky, values (see Tang and Johan-
nesson, 2003 for a detailed discussion of the effect of
constant uncertainty on Model V), differences in model pre-
dictions could result from the use of different values for the
“active DOM parameter”. In the speciation calculations
presented below for World Average River Water and the
Mengong and Mar2 samples, we considered as Tang and
Johannesson (2003) that the amount of active DOM in
these samples is equal to the DOC content. Given that
the DOM content of a water sample is approximately twice
as high as its DOC concentration, this implies that only
50% of the DOM present in these samples can complex with
the REE. In view of the ultrafiltration data reported by
Viers et al. (1997), this hypothesis might not be valid for
the Mengong and Mar2 samples. Indeed, as shown in Table
3 of Viers et al. (1997), the REE concentrations extrapo-
lated to a zero DOC concentration are positive, rather than

Table 8

negative as in the case of the newly ultrafiltered samples
presented in our study. As shown above, calculated active
DOM proportions range from 32% to 60% for the newly
ultrafiltered samples, with a mean value of 50% fully in
agreement with Tang and Johannesson’s assumption
(2003). Evidently, the situation is quite different for the
Mengong and Mar2 samples, where ultrafiltration data sug-
gest that 100% of the DOM present in these samples could
be active in complexing the REE.

To test the role of this parameter on model results, we
performed sensitivity analysis on the Mengong and Mar2
samples. Model predictions using an “active DOM param-
eter” set equal to 50%, as suggested by Tang and Johannes-
son (2003), were compared with results predicted using an
“active DOM parameter” of 100%, as indicated by ultrafil-
tration studies of these samples. We performed the same
sensitivity analysis on World Average River Water. How-
ever, the newly ultrafiltered samples were not treated, given
that ultrafiltration studies of these samples clearly imply
that their “active DOM parameter” must be equal to about
50%. Table 8 shows the results for Mengong and Mar2
samples. Overall, Table 8 shows that raising the “active
DOM parameter” from 50% to 100% strongly increases
the proportion of REE that are predicted to be complexed
with HM in these two samples. The predicted increase
occurs in both Model VI and SHM. Moreover, SHM
predictions become similar to Model VI results for Mar2
sample (i.e., LnHM >98%) and to ultrafiltration data.
However, SHM predictions are still lower than ultrafiltra-
tion results for the more acidic Mengong sample. Fig. 7
presents the results of the sensitivity analysis on World
Average River Water for La, Eu and Lu. We note a strong
difference compared with the predictions obtained for this
sample when using an “active DOM parameter” of 50%.
More specifically, both SHM and Model VI indicate that
ca. 100% of the REE should occur as humate complexes
at a pH higher than 6.5. The only remaining noticeable dif-
ference is that SHM continues to predict a slight deficit in
LnHM species at low pH as compared to Model VI. This

Model VI and SHM predictions of the proportion of REE occurring as humate complexes in Mengong and Mar2 waters, with the “active

DOM parameter” assumed to be equal to 100%

Mengong Mar2

Ultrafiltration Model VI SHM Ultrafiltration Model VI SHM

% LnHM % LnHM % LnHM % LnHM % LnHM % LnHM
La 86 98 85 94 100 99
Ce 86 98 86 94 100 99
Pr 87 99 92 96 100 99
Nd 86 99 94 95 100 99
Sm 100 100 93 100 100 100
Gd 100 99 94 100 100 99
Tb 100 98 75 100 100 98
Dy 100 97 71 100 100 98
Ho 100 96 69 100 100 98
Er 69 95 66 100 100 98
Tm 100 96 64 100 100 98
Yb 100 98 78 100 100 99
Lu 100 97 71 100 100 98

Ultrafiltration data shown for comparison are from Viers et al. (1997).
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Model VI

% of species
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Fig. 7. Model VI and SHM speciation calculations for (a) La, (b)
Eu and (c) Lu for World Average River Water illustrating the
effects of setting a value of 100% for the “active DOM parameter”
on the proportion of REE complexed with HM in this sample, as a
function of pH (see Figs. 3 and 4, for comparison).

effect is known to be due to the lower extent of deprotona-
tion of HM surfaces implied in SHM (see above).

Thus, raising the “active DOM parameter” from 50% to
100% leads to modifications in the modelling results that
are far more important than those generated by differences
in the electrostatic terms of the models or by uncertainties
in the constant values for REE (see discussion in Tang
and Johannesson, 2003) and/or competing cations. When
the “active DOM parameter” is set to 100%, it is clearly
not unexpected to observe a general increase in the propor-
tion of the REE complexing with HM, as predicted both by

Model VI and SHM. This increase in the ‘“‘active DOM
parameter” value is equivalent to enhancing the abundance
of organic ligands in sample solutions, which can then
quantitatively scavenge all the dissolved REE. The other
important key point is that the change in “active DOM
parameter” value leads to a strong reduction of the dispar-
ities produced in model predictions for World Average Riv-
er Water, and the Mengong and Mar2 samples (compare
Figs. 3, 4 and 7, and Tables 5 and 8). Thus, by adopting
an “active DOM parameter” of 100%, we obtain a fit be-
tween SHM and the ultrafiltration data for Mengong and
Mar2 samples that is much better than previously estab-
lished using a value of 50% for this parameter in SHM
(see Tables 5 and 8).

Finally, two key questions arise from this study: what
value should be adopted for the proportion of active
DOM occurring in natural solutions (50% or 100%), and
is this proportion constant from one natural solution to an-
other? Considering the present ultrafiltration results and
those obtained by Viers et al. (1997), it appears that the
proportion of active DOM does not remain constant in
waters, varying from 32% to 59% in the newly ultrafiltered
samples, to 100% in the Mengong and Mar2 samples. A lit-
erature survey indicates that, in any case, this ratio could be
significantly higher than the value of 50% used by Tang and
Johannesson in their 2003 study. For example, a detailed
study by Bryan et al. (2002) of the proportion of DOM that
can complex metals (e.g., Cu and Al) in natural waters
showed this amount to be ~65% in most cases. This pro-
portion is clearly lower than the value of 100% set in our
sensitivity analysis, but significantly higher than the value
of 50% used by Tang and Johannesson (2003).

To conclude, the above sensitivity analysis indicates that
it is critical to have prior knowledge of the amount of active
DOM in a water before making use of SHM or Model VI to
predict the speciation of REE in waters. This implies that
ultrafiltration experiments and/or other analytical tech-
niques able to determine the REE complexing capacity of
DOM must be performed on the samples that we wish to
model.

5. CONCLUSION

The scope of this study was to increase our understand-
ing of how to describe REE-organic complexation in equi-
librium speciation models. For this purpose, we compared
the ability of SHM and Models V and VI to assess the role
of DOM in the speciation of REE in organic-rich ground-
and river waters. We used REE specific equilibrium con-
stants estimated by LFER, applying complexation con-
stants for REE with acetic acid. The advantage of testing
SHM is that this model is part of a wider equilibrium model
(Visual MINTEQ) that also allows modelling of dissolu-
tion/precipitation, sorption/desorption and oxidation/
reduction. Both Model VI and SHM yield comparable re-
sults for World Average River Water, confirming the earlier
finding that a large fraction of the dissolved REE in rivers
occurs as organic complexes. This also suggests that the two
models could be equally valuable for calculating REE spe-
ciation in low-DOC waters at circumneutral-pH. The two
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models also successfully reproduce ultrafiltration results
obtained for acidic, DOC-rich ground- and river waters.
However, the two models are found to yield slightly differ-
ent results (depending on sample) when compared to newly
obtained ultrafiltration results for organic-rich (DOC >
7mgL~") groundwaters at circumneutral-pH, where
Model VI predictions are in closer agreement with the ultra-
filtration data than SHM. A survey of ultrafiltration results
allows us to determine the “active DOM parameter” for the
newly ultrafiltered water data. Thus, the observed discrep-
ancy between SHM predictions and ultrafiltration results
cannot be due to the input of inappropriate “active DOM
parameter” values in this model. Clearly, SHM appears
to need some improvements to become a REE speciation
model of universal application (i.e., also usable under acidic
pH conditions). Moreover, sensitivity analysis indicates that
the “active DOM parameter” is a key parameter for both
Model VI and SHM. Consideration of previously published
speciation results based on Model V shows that great care
should be taken in making use of these results because of
the possible introduction of inappropriate values for this
parameter. The results presented in this study show that,
before running speciation models, it is essential to know the
proportion of DOM that is active in complexing REE in a
given water sample. This requirement could severely compli-
cate the use of models to assess the role of DOM in control-
ling the speciation of REE in natural waters.
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APPENDIX A. ULTRAFILTRATION PROCEDURE
AND CHEMICAL ANALYSES

Samples were collected in November 2004 from shallow
piezometers (0.5-1.5 m deep). The pH was measured in the
field with a combined Sentix 50 electrode. The accuracy of
pH measurements is estimated at £0.05 pH unit. About
60 mL of each sample were immediately filtered on site,
through 0.2 um cellulose acetate filter (Sartorius Minisart).
An aliquot of 30 mL was acidified on site and subsequently
used to measure major and trace cation concentrations. The
remaining 30 mL were not acidified and used to measure
alkalinity, major anions and DOC concentrations. For each
sample, an extra 1 L aliquot was collected. This extra ali-
quot was filtered in the laboratory through 0.2 um cellulose
acetate membrane using a Sartorius Teflon filtration unit.
Thirty milliliters of the filtrate was acidified and used to
re-measure major and trace cation concentrations (includ-
ing REE), while 10 mL was used to re-measure the major
anions and DOC content. Ultrafiltration experiments were

performed with the remaining filtrate. Ultrafiltrations were
carried out with 15 mL centrifugal tubes equipped with per-
meable membranes of decreasing pore-size cut off (Milli-
pore Amicon Ultra-15): 30, 10 and 5kDa. Each
centrifugal filter device was washed and rinsed with HCI
0.1 N and MilliQ water two times before use. Centrifuga-
tions were performed using a Jouan G4.12 centrifuge
equipped with swinging bucket, at 3000g for between 20
(30 and 10kDa) and 30 (5 kDa) min, depending on the
pore-size cut off. Each of the four investigated samples
(PF1, PF3, F7 and F14) was ultrafiltered in duplicate. All
experiments were performed at room temperature:
20 + 2 °C. Further information on the centrifugation pro-
cedure can be found in Pourret et al. (2007D).

Alkalinity was determined by potentiometric titration
with an automatic titrator (794 Basic Titrino Methrom).
Major anion (CI~, SO,>~ and NO;~) concentrations were
measured by ionic chromatography (Dionex DX-120).
Major cation and trace element concentrations were
determined by ICPMS (Agilent 4500), using indium as an
internal standard. Dissolved organic carbon (DOC) was
analysed on a total organic carbon analyzer (Shimadzu
TOC-5050A). Typical uncertainties on anion and cation
measurements, as established from repeated analyses of
standard solutions (SLRS 4 geostandard water solution
for cations; K-biphthalate solutions for DOC; Dionex
seven anions standard solutions for anions), are estimated
at <£4% for anions and at <£5% for all other measured
species.

All procedures (sampling, filtration, storing and analy-
sis) were carried out in order to minimize contamination.
Samples were stored in acid-washed Nalgene polypropylene
containers before analyses. Blank concentrations for DOC
and REE were <0.5mgL™! and <1 ng L™!, respectively.
All reported DOC concentrations are blank corrected
(maximum correction = 8%). For the REE, there was no
need for blank corrections, since the sample concentrations
were systematically two to three orders of magnitude higher
than blank levels. The instrumental error on REE analysis
in our laboratory as established from repeated analyses of
multi-REE standard solution (Accu Trace™ Reference,
USA) and of the SLRS-4 water standard is <+2% (Dia
et al., 2000; Davranche et al., 2004, 2005; Gruau et al.,
2004).

APPENDIX B. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.gca.
2007.04.001.
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Abstract

Ultrafiltration experiments using new small ultracentifugal filter devices were performed at different pore size cut-offs to
allow the study of organo-colloidal control on metal partitioning in water samples. Two shallow, circuamneutral pH waters
from the Mercy site wetland (western France) were sampled: one dissolved organic carbon (DOC)- and Fe-rich and a sec-
ond DOC-rich and Fe-poor. Major- and trace-element cations and DOC concentrations were analysed and data treated
using an ascendant hierarchical classification method. This reveals the presence of three groups: (i) a “truly” dissolved
group (Na, K, Rb, Ca, Mg, Ba, Sr, Si and Ni); (ii) an inorganic colloidal group carrying Fe, Al and Th; and (iii) an organic
colloidal group enriched in Cr, Mn, Co, Cu and U. However, REE and V have an ambivalent behaviour, being alterna-
tively in the organic pool and in the inorganic pool depending on sample. Moreover, organic speciation calculation using
Model VI were performed on both samples for elements for which binding constants were available (Ca, Mg, Ni, Fe, Al,
Th, Cr, Cu, Dy, Eu). Calculation shows relatively the same partitioning of these elements as ultrafiltration does. However,
some limitations appear such as (i) a direct use of ultrafiltration results which tends to overestimate the fraction of elements
bound to humic material in the inorganic pool as regards to model calculations as well as, (ii) a direct use of speciation
calculation results which tends to overestimate the fraction of elements bound to humic material in the organic pool with
regard to ultrafiltration results. Beside these limitations, one can consider that both techniques, ultrafiltration and speci-
ation calculation, give complementary information, especially for more complex samples where inorganic and organic col-
loids compete.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Dissolved organic matter (DOM) is ubiquitous
in aquatic and terrestrial environments and plays
a key role in the geochemistry of major and trace
elements (Stumm and Morgan, 1996). While

* Corresponding author.
E-mail address: olivier.pourret@univ-rennesl.fr (O. Pourret).

DOM represents only a small proportion of the
global C reservoir, it is instrumental in many reac-
tions and influences environmental chemistry far
beyond its mass contribution (Macalady, 1998).
DOM acts as a major carrier for many elements
through complexation, sorption and dissolution
reactions (Buffle, 1988; Cabaniss and Shuman,
1988; Benedetti et al., 1996; Buerge-Weirich
et al., 2003).
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Since DOM may compete with rock surfaces
because of their high sorption capacities (Iler,
1979), sorption and/or complexation of cations
onto DOM are major controlling processes for ele-
ment migration and removal in weathering and
aquifer systems (McCarthy et al., 1998; Tosiani
et al., 2004; Braun et al., 2005). Moreover, specia-
tion, bioavailability and mobility of major and
trace elements can be strongly influenced by
DOM (Wells and Goldberg, 1991; Tipping and
Hurley, 1992; Dahlqvist et al., 2004). Since in nat-
ural aquatic systems, metal ions are rarely present
as free hydrated ions, DOM provides binding sites
influencing both their bioavailability and general
transport behaviour. It also interacts with mineral
phases modifying the exchange rates with solutions
and constrains part of elemental mobility (Bennett
and Siegel, 1987; Christensen et al., 1996; Schmitt
et al., 2003).

Colloids, ubiquitous in natural waters, either
organic or inorganic, are microscopic particles with
size in the range 1 pm to 1 nm (Stumm and Morgan,
1996). Because of their small size, they tend not to
settle out of suspensions, being influenced by
Brownian motion and minor currents in the bulk
solutions. The solid-water interface established by
these microparticles plays a key role in regulating
the concentrations of most reactive elements and
of many pollutants in soils and natural waters
(Stumm and Morgan, 1996). They adsorb heavy
metal ions and waterborne pollutants governing,
via their movements in aqueous systems, the fates
of reactive elements and/or pollutants.

Recent studies coupled or not with speciation cal-
culations suggested that a large fraction of trace ele-
ments are closely associated with DOM including
colloidal organic matter in many natural waters
(Tanizaki et al., 1992; Viers et al., 1997; Dupré
et al., 1999; Dia et al., 2000; Ingri et al., 2000; Gruau
et al., 2004; Johannesson et al., 2004). Moreover,
redox conditions do control the dynamics and fate
of some toxic and/or redox sensitive elements at
the soil/water interface. The true respective roles
of DOM and Fe-Mn oxyhydroxides as elemental
carriers are still poorly understood. As Fe-Mn oxy-
hydroxides are redox sensitive (Stumm and Mor-
gan, 1996), it is not clear whether trace metals are
directly bound to the oxyhydroxides and complexed
by DOM when the oxyhydroxides are dissolved dur-
ing reduction, or whether they are directly bound to
DOM and controlled by the organic matter dynam-
ics throughout the entire redox cycle.

Considering that the respective contribution of
organic and inorganic element carriers still
remains a matter of debate, this work is dedicated
to (i) investigate trends in trace element partition-
ing in size fractionated samples of well water
using small ultracentrifugal devices and (ii) com-
pare this field data to geochemical modelling
calculations.

2. Samples
2.1. Sample location

The Kervidy/Coét-Dan catchment (5km?) is
located in the Coét-Dan drainage basin, about
100 km SW of Rennes in Central Brittany, France
(Fig. 1). The bedrock is made of fissured and frac-
tured upper Proterozoic schists (Dabard et al.,
1996). The soils, developed into a loamy material
derived from bedrock weathering and eolian Qua-
ternary deposits, exhibit facies variations, which
are locally, dominated by silt, clay or sandstone
materials (Pellerin and Van Vliet-Lanoé, 1998).
The mineralogical composition of schist was deter-
mined from drill cutting analysis and includes (in
decreasing relative proportion): quartz, muscovite,
chlorite, K-feldspar and plagioclase (Pauwels
et al., 1998). The soil horizons comprise a large
number of secondary mineral phases including illite,
smectite, kaolinite, various Fe-oxides and Fe-oxy-
hydroxides (hematite, goethite, etc.) and Mn oxides
(Curmi et al., 1995; Pauwels et al., 1998).

Previous hydrochemical studies (Durand and
Juan Torres, 1996; Jaffrézic, 1997; Dia et al., 2000;
Molénat et al., 2002) showed that the Kervidy/
Coét-Dan groundwater can be summarized by the
contrast of two spatially-distributed chemical
domains. These include: (i) the uppermost part of
the groundwater, sampled below the hillslope, and
which is colourless, slightly acidic, always oxidized
and NOj-contaminated (up to 200 mg L' NOj;)
(Molénat et al., 2002), (ii) the shallow groundwater
domain located in the wetlands where the water
table reaches the organic-rich upper soil horizons.
This second groundwater component is coloured,
DOC-rich and exhibits variable NO5 concentrations
(Durand and Juan Torres, 1996; Jaffrézic, 1997). In
addition, these waters are characterized by the
development of periodic reducing conditions mostly
in late winter and spring, which is a direct conse-
quence of the waterlogging of the uppermost soil
horizon (Jaffrézic, 1997).
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Fig. 1. Sketch showing topography, channel network geometry and geographical location of the Kervidy-Coét Dan subcatchment, and
sampling point locations. Discontinuous patterned areas located close to the channel network indicate the location of wetland zones.

2.2. Sampling procedure

Two organic-rich groundwater samples were col-
lected from shallow wells (PF1, 0.5 m- and PF3, 0.8-
m-deep) located in the Mercy wetland (Fig. 1) in
November 2004. Physicochemical parameters (pH
and temperature) were measured directly in the
field. The pH was measured with a combined Sentix
50 electrode after a calibration performed with
WTW standard solutions (pH 4.01 and 7.00 at
25°C). The accuracy of the pH measurement is
40.05 pH units. Samples used for determination
of dissolved (<0.2 um) major-, trace-element and
DOC concentrations were pumped using Teflon
tubing connected to a polyethylene syringe. The col-
lected waters (about 1 L) were immediately filtered
on site using 0.2 um cellulose acetate filter capsule
(polyether sulfone membrane Sartorius Minisart),
and stored in pre-cleaned, acid-washed polyethylene
bottles. About 30 mL were used to measure alkalin-
ity, major anions and DOC concentrations. The
remaining solution was used to measure major
and trace cation concentrations and was then suc-

cessively filtered through ultracentrifugal devices
with decreasing pore size cut-offs in order to allow
separation of colloids from “truly” dissolved forms.

3. Experimental

3.1. Ultrdfiltration set-up description and chemical
analyses

To separate the colloidal bound elements from
the non colloid-borne elements ultrafiltration exper-
iments were performed on these samples using
15 mL centrifugal tubes (Millipore Amicon Ultra-
15) equipped with permeable membranes of
decreasing pore sizes (30 kDa, 10 kDa, and 5 kDa
with 1 Da=1gmol™!). Metal-colloid complexes
are retained by the ultrafiltration membrane while
free ions and smaller complexes pass into ultrafil-
trate. The degree of metal-colloid complexation is
usually determined from the metal concentration
in the ultrafiltrate relative to the original solution.
Each centrifugal filter device was washed and rinsed
with HC1 0.1 mol L™ and MilliQ water twice before
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use. The starting filtrate had been passed through a
0.2 um filter, and then aliquots of these filtrates were
passed through membranes of smaller sizes. All
ultrafiltrations of the 0.2 pm filtrates were done in
parallel. The centrifugations were performed using
a Jouan G4.12 centrifuge equipped with swinging
bucket at about 3000g for 20 min and 30 min, for
30kDa, 10kDa and 5kDa devices, respectively
(centrifugation times determined from preliminary
experiments, not shown). All experiments were car-
ried out at room temperature: 20 £ 2 °C.

Major cations and trace elements concentrations
were determined at Rennes 1 University using an
Agilent Technologies™ HP4500 ICP-MS instru-
ment. Quantitative analyses were performed using
a conventional external calibration procedure.
Three external standard solutions with major and
trace element concentrations similar to the analyzed
samples were prepared from mono- and multi-ele-
ments standard solutions (Accu Trace™ Reference,
USA). Indium was added to all samples as an inter-
nal standard at a concentration of 0.87 pmol L'
(100 ug L") to correct for instrumental drift and
possible matrix effects. Indium was also added to
the external standard solutions. Calibration curves
were calculated from measured major cations and
trace elements/In intensity ratios. The instrumental
error on major cations and trace elements analysis
in the laboratory as established from repeated anal-
yses of the SLRS-4 water standard is <#+2%. DOC
concentrations were determined at Rennes 1 Uni-
versity using a Shimadzu 5000 TOC analyzer. The
accuracy of DOC concentration measurements is
estimated at £5% as determined by repeated analy-
ses of freshly prepared standard solutions (potas-
sium biphtalate). Total alkalinity was determined
by potentiometric titration with an automatic titrat-
ing device (794 Basic Titrino Methrom). Major
anion (Cl~, SO;" and NO;) concentrations were
measured by ionic chromatography (Dionex DX-
120): the uncertainty is below +4%.

The same material was used for all filtrations,
molecular size exclusion rather than adsorption
onto membranes should control the colloid distribu-
tions between ultrafiltrates. The selectivity of the 10
and 5kDa membranes with regard to Aldrich
Humic Acid, with a mean molecular weight of
23 kDa, was verified by monitoring the DOC con-
tents of the ultrafiltrates (preliminary experiments,
not shown). Results show that the latter were sys-
tematically lower or equal to blank values
(<0.5mgL~"). Possible adsorption of inorganic

major and trace element species onto the membrane
or onto cell walls was also monitored. Inorganic
multi-elements solutions of known concentration
were ultrafiltrated several times. Results showed
that 100% of the major and trace elements present
in solution was recovered in the ultrafiltrates, dem-
onstrating that no major or trace elements were
adsorbed on either the membranes or on the walls
of the cell devices used. All ultrafiltrations were per-
formed in duplicate. Good reproducibility is
observed for DOC and major and trace element
concentrations. Duplicates are better than 5% for
most elements except for some trace elements in
the lower pore size cut-off fraction (i.e., in the
<5 kDa fraction, about 10%).

All procedures (sampling, filtration, storing and
analysis) were carried out in order to minimize con-
tamination. Samples were stored in acid-washed
Nalgene polypropylene containers before analyses.
Chemical blank concentrations of individual major
cations and trace elements were all better than 2%
for all studied elements except for DOC, Al and
Cu (<8%, 10% and 11%, respectively).

3.2. Speciation calculation

The aqueous speciation of some major (Al, Ca,
Fe, Mg) and trace elements (Cu, Eu, Dy, Th) was
calculated using the computer program WHAM 6
(Version 6.0.13). It includes Model VI which has
been described in detail by Tipping (1998). The
model is a discrete binding site model in which bind-
ing is modified by electrostatic interactions. There is
an empirical relation between net humic charge and
an electrostatic interaction factor. In this study the
computation is performed using only the default
parameters values and the generic log Kya values
(see Tipping, 1998). Humic substances were the only
colloidal phases considered in this calculation, none
colloidal oxide phase was considered.

3.3. Data treatment

The ascending hierarchical classification using
the Ward criterion was performed through SPAD
4.5 routines (DECISIA, France) so as to implement
sample classification (Dillon and Goldstein, 1984).
This method is based on squared Euclidian dis-
tances between individuals in the space formed by
the available variables. The initial sample is parti-
tioned into several classes of individuals so as
to maximise interclass inertia (i.e., to maximise
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variability between groups) and minimise intraclass
inertia (i.e., to maximise homogeneity in each
group). As for factor analysis, the raw data matrix
was introduced in principal component analysis,
without any rotation. The input data are the whole
set of ultrafiltrates after each cut-off for all consid-
ered elements.

4. Results
4.1. Ultrafiltration

In the following sections the behaviour of major,
trace and DOC concentrations obtained for succes-
sive ultrafiltrations will be discussed. Major, trace
element and DOC concentrations are reported in
Table 1. Major anions are not considered in this
part of the study. Ultrafiltration data are presented
following the hierarchical classification described in
the above “data treatment” paragraph. The results
of cluster analysis are presented as a dendogram,
where the similarity of two elements is conversely
proportional to the linkage distance (Fig. 2). This
graph reveals three clusters: (i) cluster I includes
alkalis (Na, K, Rb), alkaline earth metals (Ca,
Mg, Ba, Sr) as well as Si and Ni; (ii) cluster II con-
tains Cr, Mn, Co, Cu and U; and (iii) cluster III
includes Al, Fe and Th. REE and V are either in
cluster II or in cluster III for PF1 and PF3 samples,
respectively.

As stated previously, colloids span a wide range
from about 1 nm to a few um; in successive ultrafil-
trations through decreasing pore size membranes,
DOC concentrations decrease in the ultrafiltrates
(Fig. 3). These successive ultrafiltrations allow fur-
ther consideration about various molecular weight
humic substances. To determine whether metals
are bound or not to humic substances, metal con-
centrations will be systematically plotted as a func-
tion of DOC concentrations.

4.1.1. Common elemental distribution in the two
samples

(1) Cluster I: “truly” dissolved behaviour
Concentrations of Rb and other alkalis such
as Na and K, are not affected by ultrafiltra-
tions since no fractionation occurs when fol-
lowing the decreasing pore sizes or the DOC
concentrations (Fig. 4a). Alkaline elements
behave as “truly” dissolved in the form of
inorganic species as often reported in the liter-

ature (Pokrovsky and Schott, 2002, and refer-
ences therein).Major and trace alkaline earth
(Ca, Mg, Sr and Ba) concentrations do not
change significantly during filtration except
for the smallest pore size (5 kDa). The small
drop between 5kDa and 10 kDa filtrates
(Fig. 4b) can suggest that part of these ele-
ments (about 10%) could be associated with
low-molecular weight organic colloids as
reported elsewhere where complexes of Ca
and Mg with natural fulvic acids have been
identified (Shapiro, 1964).Silicon concentra-
tions display no significant variations in the
successive filtrates. This suggests that aqueous
silica is not trapped by organic colloids (Pok-
rovski and Schott, 1998) and/or by small-size
clay minerals or phytolites. Nickel concentra-
tions do not exhibit large variations through
the different decreasing pore size cut-offs sug-
gesting that this transition metal has to be
mostly present as “truly” dissolved species or
small size inorganic complexes.

(i1) Cluster II: organic colloidal pool-borne ele-
ments
Both Cu and U concentrations display extre-
mely regular linear relationships as reported
versus DOC concentrations for both samples
(Fig. 5a and b ; Table 1). The linear relation-
ships suggest that these two trace elements
are strongly bound to organic matter and
probably complexed to very low molecular
weight organic ligands such as extracellular
ligands as well as, larger size colloids such as
fulvic and/or humic acids, cell fragments or
bacteria as reported elsewhere (Xue et al.,
1995; Sigg et al., 2000). Since Cu and U con-
centrations tend to zero before DOC does,
one can suggest that no fraction of Cu and
U occurs as free species in solutions and that
a fraction of DOM is unable to complex these
two elements. However, organic matter
remains the major carrier of Cu and U as
often previously stated (Stumm and Morgan,
1996).Chromium, Mn and Co concentrations
(Table 1) also display linear positive correla-
tions when reported versus DOC concentra-
tions for both samples. Organic matter is
thus also a major carrier of these elements.

(iii) Cluster III: inorganic colloidal pool-borne ele-
ments
Aluminium and Fe concentration variations
through successive filtrations (Fig. 6a and b)



Table 1

Ultrafiltration results, all concentrations are expressed in pug L', except Cl~, NO;5, SO‘(2 and DOC in mg L™!

, and alkalinity in pmol L™!

PF1 PF3

0.2 um 30 kDa 30 kDa 10 kDa 10 kDa SkDa S5kDa 0.2 um 30 kDa 30 kDa 10 kDa 10 kDa 5kDa 5kDa
T (°C) 10.6 10.7
pH 7.08 6.93
Cl 47 37
SO, 10 9
NO; 2 46
Alkalinity 1867 385
DOC 17.3 15.7 15.8 13.9 14.6 13.9 13.0 7.66 6.73 6.60 5.60 5.72 5.13 4.82
Na 17,130 17,480 17,300 16,850 16,580 15,797 16,187 16,150 14,950 15,310 15,400 15,550 13,015 13,466
Mg 21,550 21,690 21,850 21,170 21,110 19,801 20,039 15,710 14,980 14,850 15,220 15,220 13,363 13,705
Al 25 12 12 11 10 6 7 72.6 18.4 17.7 15.8 15.0 10.8 10.3
Si 4027 4013 4042 3903 3882 3751 3781 4234 3922 3946 4007 4048 3656 3679
K 564 546 555 546 537 501 510 468 426 434 441 435 400 403
Ca 10,310 10,050 10,190 9717 9218 8915 9033 7437 7088 7539 7371 7151 6686 6719
A% 0.34 0.18 0.19 0.18 0.17 0.11 0.12 0.27 0.16 0.16 0.16 0.16 0.16 0.15
Cr 1.36 1.16 1.15 1.08 1.00 0.61 0.67 0.87 0.69 0.68 0.67 0.69 0.59 0.54
Mn 31.16 25.40 25.27 24.87 24.63 9.55 9.66 9.77 9.40 9.41 9.34 9.49 2.65 2.67
Fe 955 35 34 21 25 6 7 98.5 12.1 11.6 8.0 n.a. 0.0 0.0
Co 3.75 3.10 3.10 2.85 2.78 1.16 1.23 1.13 1.07 1.07 1.04 1.10 0.20 0.20
Ni 5.52 5.15 5.44 4.90 4.97 3.80 4.03 6.45 5.94 5.91 5.75 n.a. 4.59 4.57
Cu 1.94 1.70 1.72 1.39 1.37 1.20 1.25 5.68 4.84 4.88 3.91 3.90 3.12 3.12
Zn 5.69 cntd cntd cntd cntd cntd cntd 11.74 cntd cntd cntd cntd cntd cntd
Rb 2.83 2.77 2.76 2.75 2.73 2.67 2.67 0.45 0.40 0.40 0.41 0.40 0.40 0.40
Sr 57.18 55.87 55.75 55.07 54.60 5343 53.56 51.56 50.82 50.61 50.39 50.34 49.98 50.27
Ba 7.28 6.65 6.72 6.58 6.51 6.32 6.26 10.71 10.48 10.39 10.35 10.26 10.18 10.18
La 0.176 0.029 0.029 0.021 0.021 0.010 0.012 0.804 0.580 0.571 0.436 0.430 0.284 0.274
Ce 0.365 0.059 0.060 0.045 0.044 0.019 0.029 1.889 1.352 1.347 1.027 0.996 0.600 0.578
Pr 0.055 0.011 0.011 0.007 0.008 0.004 0.004 0.255 0.184 0.185 0.140 0.138 0.095 0.091
Nd 0.239 0.053 0.050 0.041 0.042 0.016 0.019 1.105 0.833 0.819 0.630 0.618 0.417 0.404
Sm 0.050 0.012 0.014 0.010 0.010 0.005 0.004 0.194 0.144 0.140 0.104 0.100 0.070 0.067
Eu 0.010 0.003 0.003 0.003 0.002 0.000 0.001 0.037 0.027 0.026 0.019 0.019 0.012 0.012
Gd 0.040 0.012 0.012 0.010 0.009 0.003 0.004 0.135 0.096 0.095 0.075 0.071 0.046 0.044
Tb 0.005 0.001 0.002 0.001 0.001 0.000 0.001 0.013 0.010 0.009 0.007 0.007 0.004 0.004
Dy 0.026 0.009 0.008 0.007 0.007 0.003 0.003 0.067 0.049 0.047 0.035 0.037 0.022 0.021
Ho 0.005 0.002 0.002 0.002 0.002 0.001 0.001 0.013 0.009 0.010 0.007 0.007 0.004 0.004
Er 0.015 0.006 0.007 0.006 0.005 0.002 0.002 0.035 0.027 0.026 0.019 0.020 0.012 0.013
Tm 0.002 0.001 0.001 0.001 0.001 0.000 0.000 0.005 0.004 0.004 0.003 0.003 0.002 0.002
Yb 0.015 0.006 0.007 0.006 0.005 0.002 0.003 0.030 0.025 0.023 0.018 0.018 0.012 0.012
Lu 0.003 0.001 0.001 0.001 0.001 0.000 0.001 0.005 0.004 0.004 0.003 0.003 0.002 0.002
>REE 1.005 0.205 0.206 0.161 0.158 0.067 0.083 4.587 3.344 3.307 2.524 2.468 1.584 1.527
Pb 0.784 cntd cntd cntd cntd cntd cntd 0.128 cntd cntd cntd cntd cntd cntd
Th 0.045 0.027 0.027 0.023 0.019 0.003 0.005 0.063 0.025 0.024 0.016 0.014 0.008 0.006
U 0.046 0.035 0.036 0.030 0.028 0.022 0.023 0.049 0.035 0.034 0.024 0.024 0.014 0.012
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Fig. 2. Dendograms of samples (a) PF1 and (b) PF3 showing the
hierarchical classification of the elements in three clusters.
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Fig. 3. DOC concentrations versus molecular weight cut-offs.
Values for molecular weight are approximated, since the spatial
extension of macromolecules such as humic substances is
dependant on molecular structure and surrounding conditions.

FA, fulvic acid; HA, humic acid.

suggest that these elements do not occur
as free species in solution, and that two types
of colloids can carry these metals (i.e., Al-,
Fe-rich inorganic colloids or organic-, Al-,
Fe-complexing colloids). Aluminium and Fe
concentrations vary following the same trend
(Table 1) both strongly affected by a large
drop of concentrations between 0.2 um and
30 kDa filtrations. Up to 96% and 75% for
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Fig. 4. Variations of (a) Rb and (b) Mg concentrations versus
DOC concentrations in the different filtrates. Error bars corre-
spond to standard deviation for two replicates, some error bars
are within the symbol size.

Fe and Al, respectively, are removed by the
first ultrafiltration step. This indicates a major
control of Al by inorganic mixed Fe/Al oxyhy-
droxides as already reported (Pokrovsky and
Schott, 2002; Geckeis et al., 2003). This is par-
ticularly true for the Al-rich PF3 sample as
compared to PF1 where Fe dominates relative
to Al. However, a small part of Al and Fe
could be partially bound to low-molecular
weight organic-rich colloids. Aluminium con-
centration tends to zero before DOC does
for both samples. This is not the case for Fe,
since Fe disappears before DOC does. This
suggests that the Fe budget between organic
and inorganic carrier phases has to be different
from that of Al, depending also on which sam-
ple is considered. Furthermore, Al could be
carried by another low-molecular weight
DOC-poor phase which does not trap Fe in
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Fig. 5. Variations of (a) Cu and (b) U concentrations versus
DOC concentrations in the different filtrates. Error bars corre-
spond to standard deviation for two replicates, some error bars
are within the symbol size.

PF1, but not in PF3. Aluminium cannot be
present as clay colloids since Si occurs in a
“truly” dissolved state.

Thorium concentrations regularly decrease
through the successive decreasing pore size
cut-offs with a large drop (up to 40%) between
0.2 um and 30 kDa (Fig. 6¢). This suggests
that this fraction of Th has to be associated
with large size organic colloids while about
60% of Th appears to be carried by colloids
smaller than 30 kDa. Thorium concentrations
decrease quicker than do DOC concentrations
suggesting that Th is probably mostly carried
in solution by high-molecular weight
organic-rich colloids. The Th concentration
versus Al concentration diagram (Fig. 6d) sug-
gests that Th might be also partly carried by

Al-rich phases as well as DOC-rich ones.
Clays and clay-organic complexes could be
possible Th carriers in these waters.

4.1.2. Peculiar elemental distribution in the DOC-
depleted sample

Rare Earth Elements and V display an ambiva-
lent behaviour with regard to the to sample consid-
ered. A plot of XREE concentrations versus DOC
concentrations for the successive ultrafiltrations
(Fig. 7a) show a general decreasing tendency going
through zero REE that illustrates the removing of
REE jointly to DOC. However, there is still DOC
left in solution as REE concentrations are close to
zero, which allows the extrapolation that not all
the organic pool is able to complex REE. The
REE appear to be strongly complexed by high-
molecular weight organic matter as previously sta-
ted in other ultrafiltration studies (Sholkovitz,
1995; Viers et al., 1997; Dia et al., 2000). However,
a recurrent problem of ultrafiltration studies is that
Fe and Mn oxyhydroxides can be present in the
waters along with organic colloids, some of them
being potentially strong competitors of organic mat-
ter for REE complexation (Bau, 1999; Dupré et al.,
1999). The PF1 sample presents a significant
decrease in its Fe content upon ultrafiltration at
the 30 kDa ultrafiltration step. This decrease corre-
sponds to a marked change in the slope of the REE-
DOC linear relationships otherwise observed in the
REE versus DOC variation diagram (Fig. 7a).
About 80% of the REE and 96% of the Fe, but only
9% of the DOC, are removed during the first ultra-
filtration step of this sample. Such a relationship
strongly suggests that the “colloidal” REE budget
of PF1 samples is controlled, in part, by REE-bear-
ing Fe colloids as suspected by looking at Fig. 7b.
By contrast for the PF3 sample, REE concentra-
tions display a strong correlation versus DOC con-
centrations, as reported, irrespective of the cut-off.
The linear relationship suggests that in this sample
REE are strongly bound to organic matter.

Vanadium concentrations reported versus DOC
concentrations display a large drop between
0.2 pm and 30 kDa filtrations in the two samples
(Fig. 7c). This suggests that a significant fraction
(about 40%) of V has to be carried by large size
organic colloids. By contrast, when looking at the
lower cut-off the V concentrations behave differently
in the two samples. On one side for the uppermost
sample (PF1) a three step-shape decrease following
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DOC concentrations lowering suggesting that V
remains carried by the organic phase (low and
high-molecular weight). Whereas on the other side,
the decrease of V concentrations follows that of
Al. This suggests that as Th concentrations vary rel-
ative to DOC and Al concentrations, V concentra-
tions follow the same trend (Fig. 7d). Both V and
Th concentrations in the organic-rich upper level
seem to be controlled by mixed DOC/Al-rich
phases, whatever may be the pore size cut-off. More-
over, the large decrease of V concentrations follow-
ing that of Fe between 0.2 um and 30 kDa suggests
that Fe-rich phases also exert an important control
on the speciation of V at this cut-off as earlier
reported (Pokrovsky and Schott, 2002). At lower fil-
tration sizes, V concentrations tend to zero, suggest-
ing that V has also to be carried by a mixed Al/Fe/
DOC-rich phase. The lower sample (PF3) displays a
strong decrease in the first filtration step which
implies that V is strongly bound to high-molecular
weight organic material, and a constant V concen-

tration after the 30 kDa filtration which implies that
V behaves independently of DOC. However, the V
concentration pattern is different in the DOC-
depleted sample with no variation versus Al concen-
trations after the 30 kDa filtration. This suggests
that V is not carried by an Al-rich phase, but mostly
occurs as “truly” dissolved species as a free
hydrated ion.

4.2. Speciation calculations

The aqueous speciation of some major (Ca, Mg,
Al, Fe) and trace elements (Cr, Ni, Cu, Eu, Dy, Th)
in the two samples were calculated using Model VI
(Tipping, 1998). The pH values were fixed at 7.08
and 6.93, for PF1 and PF3 samples, respectively.
The DOC concentrations as well as major and trace
elements concentration input in the model were
those displayed in Table 1. The humic acid (HA)
and fulvic acid (FA) contents necessary to run both
models are assumed to be equal to the difference
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between the DOC content of the <0.2 pm fraction
and that of the <5kDa fraction for HA, and to
the DOC content of the <5 kDa fraction for FA.
Fractions of elements complexed to humic sub-
stance samples are reported in Table 2. As for the
ultrafiltration experiments three distinct groups
appear from the calculations: (i) Mg, Ca, Ni appear
to be mainly present as “truly” dissolved species in
the solution, <8% of elements are complexed to
humic substances. (i) Fe and Al are partly com-
plexed to organic matter; between 16% and 81%
of these elements are bound to humic substances.
Aluminium is more strongly bound to humic sub-

Table 2
Speciation calculations results: proportion of elements complexed
with humic substances

Mg Al Ca Cr Fe Ni Cu Eu Dy Th

PF1 3 58 5 8 16 6 61 9 100 89
PEF3 2 81 3 94 43 8 95 99 100 96

stances than is Fe. (iii) According to calculations
Cr, Cu, Eu, Dy and Th exhibit comparable specia-
tion: >86% (except Cu for PF1 sample) of elements
are complexed by humic substances.

5. Confronting speciation calculations with
ultrafiltration data

The need for the knowledge of “truly” dissolved
and colloidal concentrations includes several points
such as (i) an understanding of element geochemical
cycles and partitioning, (ii) a better prediction of
element fate in polluted environments, or (iii) the
relevance to bioavailability issues. The comparison
between results obtained by ultrafiltration and by
speciation calculation leads to some comments.
Three groups can be considered.

For Mg and Ca the results of speciation calcula-
tion are in good agreement with the ultrafiltration
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data. These elements behave as “free” ions in the
dissolved pool in the form of inorganic species. Spe-
ciation calculations performed for Cr, Cu, Dy, Eu
and Th give a higher proportion of elements bound
to humic substances than those recovered from
ultrafiltration data. By contrast, for Al, Fe and Ni
speciation calculations give a slightly lower propor-
tion of elements bound to humic substances as com-
pared to those obtained from ultrafiltration data.
Even if there are slight differences between ultrafil-
tration and speciation calculations, trends are rela-
tively similar for Al, Dy, Eu and Th. Major
differences evidenced for Cr, Cu, Fe and Ni could
be explain by the fact that models need improve-
ment as already stated for Cu and Ni (Unsworth
et al., 2006).

Since the binding constants with humic sub-
stances are not available for the whole set of studied
elements, the speciation calculations were per-
formed for part of them. However, the calculations
were achieved for one or several elements belonging
to each of the three groups, allowing these elements
to be considered as a “pilot study” for each group.
In the following, the discussion will be focused on
these “pilot study” elements considering that these
latter are representative of the elements within the
different groups.

5.1. “Truly” dissolved elements

Concentrations of alkalis and alkaline earth ele-
ments (major and trace ones) appear to be not sig-
nificantly affected by ultrafiltrations suggesting
that they are part of the dissolved pool. Since there
is no clear relationship between DOC or Fe and
these elemental concentrations, one can consider
that these species do not occur as small-size organic
or inorganic complexes in the dissolved pool. The
speciation calculations performed during this study
for alkalis and alkaline earth metals agree with the
ultrafiltration data. The occurrence of these metals
in the dissolved pool was predictable since these ele-
ments belong to the class A ion group following the
Nieboer and Richardson (1980) classification of ele-
ments. The so called A group corresponds to metals
with spherical symmetry and low polarizability.
Aside from the metallic form, they always have a
single oxidation state (+1) or (+2) for alkalis and
alkaline earth elements, respectively (Ahrland
et al., 1958; Nieboer and Richardson, 1980). This
implies that they are not directly influenced by the
redox status of the water and that they display the

lowest stability complexes. Silicon, which also
belongs to the type A group following the Nieboer
and Richardson (1980) classification, displays no
significant variation of concentrations throughout
the ultrafiltration procedure. This suggests that Si
has also to be considered as a ““truly” dissolved ele-
ment. Although not part of the A class group, but
part of the so-called “borderline” group (Nieboer
and Richardson, 1980), Ni and Co behave also as
“truly” dissolved ions as do alkalis and alkaline
earth metals.

5.2. Complexed metals

It is now widely accepted that colloidal material
plays a significant role in the transport and cycling
of trace metals in waters. However, as often debated
elsewhere (Lyven et al., 2003, and references
therein) the key question is which is the true compe-
tition between Fe- and C-based colloidal carriers for
trace metals?

5.2.1. The inorganic colloidal pool as a metal carrier
Iron, unlike DOC is strongly affected by the first
ultrafiltration step (i.e., 30 kDa). Iron is present as
large-size colloids and is almost completely removed
from solution after this first step. Iron and DOC
behave independently during the ultrafiltration. Alu-
minium, like Fe, is strongly affected by the first ultra-
filtration step. Iron oxyhydroxides are though much
more soluble than Al ones (Stumm and Morgan,
1996). The PF1 sample displays a strong dominance
of Fe over Al, with a Fe/Al molar ratio as high as 20.
In PF3 the Fe/Al molar ratio is smaller with Fe and
Al concentrations being present in equal proportion.
Moreover, Al concentration is well correlated with
that of Fe and is only weakly dependent on DOC.
This indicates a control of Al by inorganic mixed
Fe/Al oxyhydroxide colloids. However, the major
controlling parameter remains pH which governs
solubility of Fe oxyhydroxides and therefore the
release and trapping of associated trace metals.
Thorium closely follows Al, being mostly con-
trolled by Fe/Al oxyhydroxides. Its concentration
strongly decreases with the decrease of Al and Fe
concentrations in the filtrate whereas it does not
depend on DOC concentrations. Thorium is gener-
ally known to be immobile during weathering, accu-
mulating in residual phases. However, its migration
is possible in organic- and Fe/Al-rich waters (Pok-
rovsky and Schott, 2002). Mixed Fe/Al colloids
are essentially responsible for these concentrations
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as already observed elsewhere (Pokrovsky and
Schott, 2002; Geckeis et al., 2003). However, this
result is different from those already published by
Viers et al. (1997) where this element appears to
be exclusively controlled by DOC. Even if adsorp-
tion of organic matter would result in a negative
surface charge on the Fe colloid surface, the nega-
tive surface charge density would be significantly
less than that on purely humic colloids so that a sig-
nificant difference in electrostatic binding would still
be expected. Thus, Fe/Al oxyhydroxides remain the
major complexing agent of Th and in this case Th is
mostly controlled by Fe/Al oxyhydroxide colloids.

Model VI tends to underestimate the proportion
of metal bound to humic substances as compared
to ultrafiltration data (Fig. 8). It is important to note
that the <5 kDa fraction is considered as free species,
which is not true as fulvic acids are characterized by
lower molecular weight. Thus, if the fraction >5 kDa
is considered to be the humic bound fraction and as
the correlation between DOC and Fe and Al shows
no common behaviour, ultrafiltration experiments
should be taken into account carefully. Such a direct
use of ultrafiltration results led to an overestimation
of elements bound to humic substances with regard
to Model VI calculations.

5.2.2. The organic colloidal pool as a metal carrier
REE and (+2) cations (V, Cr, Mn, Co, Cu) of the
first transition series show strong correlation with
DOC. These cations are all A-Type (Nieboer and
Richardson, 1980), where electrostatic binding dom-
inates over covalent ones. It is therefore more likely
for the smaller cations in each series to be associated
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Fig. 8. Proportion of elements complexed with humic substances
calculated (with Model VI) versus proportion of elements
complexed with humic substances observed (by ultrafiltration).

with strongly negatively charged organic (humic) col-
loids than with Fe colloids with small positive charge
for circumneutral pH samples (Stumm and Morgan,
1996). Among the transition metals, the sequence of
complex stability is known to be Mn*" < Co*" < -
Ni*" < Cu?*, a sequence known as the Irving-Wil-
liams Series. As expected Cu appears to be the most
strongly bound to organic ligands as evidenced else-
where (Buerge-Weirich et al., 2003). Xue and Sigg
(1993) and Tipping et al. (2002) suggested that such
strong binding has to be related to highly selective
organic ligands, released by phytoplankton in order
to control metal levels in their immediate environ-
ment. Pronounced differences are observed in this
study as compared to what is expected for the other
transition metals (Eyrolle et al., 1996) with for exam-
ple Ni occurring in the “truly” dissolved pool. This
may be caused by the fact that organic molecules
can often be characterized by more than one func-
tional group and hence can coordinate a metal at sev-
eral positions (Stumm and Morgan, 1996).
Moreover, data are consistent with dominance of
organic matter complexation of REE (Johannesson
etal.,2004), even if REE in the high-molecular weight
fraction (i.e., >30 kDa) of PF1 sample seem to be
complexed with Fe oxyhydroxides. These results
are also consistent with evaluation made on model
calculations on REE speciation (Pourret et al., 2007).

In contrast, U may form the oxycation UO*" at
equilibrium in oxic waters. This cation is known to
have a very strong affinity for carbonate ions. While
carbonate concentrations are very low in the cir-
cumneutral pH groundwaters, binding to carboxyl-
ate and/or phenolate groups, which represent major
functional group in humic substances (Aiken et al.,
1985), may contribute to the observed association of
U with organic colloids.

Model VI tends to overestimate the proportion
of metals (Cu, Cr and REE) bound to humic sub-
stances (Fig. 8). It is important to note that the
<5 kDa fraction is considered as free species, which
is not true as fulvic acids are characterized by lower
molecular weight. Thus, if all these elements (Cu, Cr
and REE) are considered to be bound to organic
ligands due to the good correlation they formed
with DOC, model calculation results are in good
agreement for these elements.

5.3. Limitations of Model VI speciation calculations

Although the 5 kDa cut-off allows very small col-
loids to stay in solution, the lack of integration of
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adsorption processes onto inorganic species, as well
as coprecipitation of inorganic species appear to be
the major causes of disagreement between ultrafil-
tration data and speciation calculations for V and
REE. It is then important to be aware that such a
model does not take into account any uptake of
metals resulting from competitive reactions between
Fe- and DOC-rich colloids. Moreover as stated by
Unsworth et al. (2006) model predictions of free
ion activities generally do not agree with measure-
ments (e.g., for Cd, Cu, Ni and Zn), highlighting
the need for further work and difficulties in obtain-
ing appropriate data.

The studied samples are organic-rich groundwa-
ters with an organic pool that seems to be in excess
regarding the metals available for complexation: in
such samples the speciation appears to be con-
strained only by organic species. But, what does
happen when the samples are organic-poor? Oxides,
hydroxides, clay minerals, and organic matter pres-
ent in the natural system all become potential sites
for adsorption. Scavenging between oxyhydroxides
and organic matter will occur and form ternary sur-
face complexes (surface/ligand/metal). However,
such competition is still difficult to interpret from
ultrafiltration data. As evidenced by previous exper-
imental data and calculations, it appears that the
competitive reactions and the formation of ternary
surface complexes on oxyhydroxides represent the
major interferences of the organic ligands on metal
adsorption (Buerge-Weirich et al., 2003). Cation
ligand complexes can adsorb onto solid to form ter-
nary surface complexes either as cation linked to the
mineral surface over the ligand or as ligand linked
to the surface over the cation. As an example,
recently published experimental REE data (Davran-
che et al., 2004, 2005) show the impact of ternary
surface complexes (humates/oxyhydroxides/REE)
on metal speciation. Thus, it appears absolutely nec-
essary in such speciation models to take into
account, processes such as adsorption onto Mn
and Fe oxyhydroxides, considering that the lack of
such reaction precludes any true speciation to be
assessed, the competition between Fe- and C-based
colloidal carriers being required for constraining
element geochemical cycles or element fate in pol-
luted environments.

6. Conclusions

An ultracentrifugation method that allows the
study of DOM-trace metal distribution at different

pore size cut-offs was tested on two shallow, cir-
cumneutral pH waters: one dissolved DOC- and
Fe-rich and a second DOC-rich and Fe-poor. Data
were analyzed using an ascendant hierarchical clas-
sification. Three groups of elements were identified
regards to their affinity for DOM, which implies
several consequences regarding their respective bio-
availability or fate in the environment: (i) a “truly”
dissolved behaviour group (Na, K, Rb, Ca, Mg,
Ba, Sr, Si and Ni), (ii) an inorganic colloidal pool
(Fe, Al and Th) and (iii) an organic colloidal pool
(Cr, Mn, Co, Cu and U). However, REE and V
have an ambivalent behaviour, being alternatively
in the organic pool and in the inorganic pool
depending on sample. Moreover, speciation calcu-
lations using Model VI were performed on both
samples for some elements (Ca, Mg, Ni, Fe, Al
Th, Cr, Cu, Dy, Eu). Calculations show relatively
comparable elemental distribution with regards to
ultrafiltration. Although some limitations appear:
a direct use of ultrafiltration results tends to over-
estimate the fraction of elements bound to humic
material in the inorganic pool as well as, a direct
use of speciation calculation results tends to overes-
timate the fraction of elements bound to humic
material in the organic pool with regard to ultrafil-
tration data. Both techniques, ultrafiltration and
speciation calculation, give complementary infor-
mation, especially for more complex samples where
inorganic and organic colloids compete. The for-
mation of water-soluble complexes between humic
materials and metal ions (radioactive, toxic or
none) can increase the concentrations of these spe-
cies in natural water to higher levels than expected
from their thermodynamic solubilities. Since the
retention, transport and fate of trace metals medi-
ated by organic matter has still to be better con-
strained to understand the functional role played
by DOM at the soil-water interface with regard
to trace metal dynamics, further studies dedicated
to space- and time-linked variations of the joined
colloidal pool and trace element partitioning has
to be now undertaken in waters from different
DOM-rich environments.
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Abstract A 7-year monitoring period of rare earth element (REE) concentrations and
REE pattern shapes was carried out in well water samples from a 450 m long transect setup
in the Kervidy/Coét-Dan experimental catchment, France. The new dataset confirms sys-
tematic, topography-related REE signatures and REE concentrations variability but chal-
lenges the validity of a groundwater mixing hypothesis. Most likely, this is due to REE
preferential adsorption upon mixing. However, the coupled mixing—adsorption mechanism
still fails to explain the strong spatial variation in negative Ce anomaly amplitude. A third
mechanism—namely, the input into the aquifer of REE-rich, Ce anomaly free, organic
colloids—is required to account for this variation. Ultrafiltration results and speciation
calculations made using Model VI agree with this interpretation. Indeed, the data reveal
that Ce anomaly amplitude downslope decrease corresponds to REE speciation change,
downhill groundwaters REE being mainly bound to organic colloids. Water table depth
monitoring shows that the colloid source is located in the uppermost, organic-rich soil
horizons, and that the colloid input occurs mainly when water table rises in response to
rainfall events. It appears that the colloids amount that reaches groundwater increases
downhill as the distance between soil organic-rich horizons and water table decreases.
Topography is, therefore, the ultimate key factor that controls Ce anomaly spatial vari-
ability in these shallow groundwaters. Finally, the <0.2 pum REE fraction ultimately comes
from two solid sources in these groundwaters: one located in the deep basement schist;
another located in the upper, organic-rich soil horizon.
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1 Introduction

Numerous studies over the past two decades have been dedicated to the aquatic geo-
chemistry of rare earth elements (REE; Byrne and Sholkovitz 1996; De Baar et al. 1988,
1991; Duncan and Shaw 2003; Elderfield and Greaves 1982; Elderfield et al. 1990;
Gosselin et al. 1992; Johannesson et al. 1997, 2000; Johannesson and Hendry 2000;
Lawrence et al. 2006; Sholkovitz 1995; Smedley 1991). In particular, REEs have received
much attention from hydrochemists in recent years because of their potential to be used as
sensitive tracers of water—rock interaction processes and/or of groundwater mixing.
However, this use of REE has to be developed with caution regard to the numerous
processes and factors that may modify REE signatures in groundwaters. For example,
processes such as REE complexation by inorganic ligands, or REE adsorption onto mineral
phases can fractionate the REE patterns inherited from aquifer materials (e.g., De Carlo
et al. 1998; Coppin et al. 2002; Johannesson et al. 1999; Tang and Johannesson 2005). REE
complexation with natural organic ligands can also affect REE signatures of shallow
groundwaters (Dia et al. 2000; Dupré et al. 1999; Ingri et al. 2000; Johannesson et al. 2004;
Pourret et al. 2007a, b; Sonke and Salters 2006; Stern et al. 2007; Tanizaki et al. 1992;
Viers et al. 1997), as can changes in pH that influence REE adsorption behavior (e.g.,
Byrne and Sholkovitz 1996; Johannesson and Burdige 2007). A thorough knowledge of the
processes and factors that control REE concentrations and REE patterns in groundwater is
thus required before the REE can be used as reliable hydrochemical tracers.

In this respect, it is important to understand the origin and significance of the sys-
tematic, topography-related spatial variability of REE signatures that occur in shallow
groundwaters flowing in aquifer rocks of homogeneous composition. Three studies con-
ducted on such groundwaters from Western Europe (Kervidy/Coét-Dan; Dia et al. 2000
and Petit Hermitage catchments; Gruau et al. 2004) and Western Africa (Goyoum area;
Braun et al. 1998) indeed revealed the same extreme spatial variation of REE signatures. In
all three cases, the same progressive disappearance of a negative Ce anomaly (i.e., reg-
istering redox equilibrium between dissolved Ce®" and Ce*™ species) and the same pro-
gressive decrease in REE concentrations and of the Light REE (LREE; i.e., from La to Eu)
over the Heavy REE (HREE; i.e., from Gd to Lu) ratio appear from top to bottom of the
toposequence. In the case of the Kervidy/Coét-Dan catchment, this spatial change in REE
signatures was interpreted as due to groundwater mixing processes (Dia et al. 2000).

However, bottomland domain groundwaters showing no negative Ce anomaly are
generally organic rich and less acidic than groundwaters from upland domains showing a
large negative Ce anomaly (e.g., Gruau et al. 2004). Thus, it is possible that other factors
such as pH variation and/or organic matter complexation also play a role in the observed
gradients. In this study, the spatial variation of REE signatures in the shallow groundwaters
of the Kervidy/Coét-Dan catchment (France) was re-investigated in more detail. This was
realized by the regular sampling of these groundwaters over a 7-year period (from March
2000 to July 2007) coupled with ultrafiltration experiments (i.e., 30, 10, and 5 kDa) and
speciation modeling using the Humic Ion-Binding Model VI (Tipping 1998). The primary
aims of this study are (1) to test the temporal stability of the spatially variable REE
signatures that occur in these groundwaters; (2) to evaluate the respective roles of organic
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matter, pH and groundwater mixing on this variation and (3) to identify the ultimate
sources of REE in the aquifer system.

2 Hydrogeology and Previous Hydrochemical Data

The Kervidy/Coét-Dan catchment is located in Naizin, a small rural village located in the
center of Brittany, France (latitude: 48°; longitude: 357°10’; Fig. 1) and supplies the Coét-
Dan tributary of the Evel river. The catchment drains a surface of 4.9 km”. The Kervidy/
Coét-Dan catchment is a sub-basin of the Naizin catchment (12 km?). The bedrock is made
of fissured and fractured upper Proterozoic schists (Dabard et al. 1996). The soils,
developed into a loamy material derived from bedrock weathering and eolian Quaternary
deposits, exhibit facies variations, which are locally, dominated by silt, clay or sandstone
materials (Pellerin and Van Vliet-Lano€ 1998). The mineralogical composition of schist
was determined from drill-cutting analysis and includes (in decreasing relative proportion)
quartz, muscovite, chlorite, K-feldspar and plagioclase (Pauwels et al. 1998). The soil
horizons comprise a large number of secondary mineral phases including illite, smectite,
kaolinite, various Fe-oxides and Fe-oxyhydroxides (hematite, goethite...) and Mn oxides

Kervidy/Coét-Dan
Catchment

ennes

France

—>Z2

Guériniec Transect
Hillslope domain
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NwW  Wetland .
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Fig. 1 Location map of the Kervidy/Coét-Dan catchment (Brittany, France) showing the Guériniec transect
and the groundwater sampling wells setup along this transect. Average groundwater levels for wet (winter)
and dry (summer) periods are shown for comparison. Scheme conceptualizing the hydrochemical behavior
of the Guériniec transect is adapted from Dia et al. (2000) and Molénat et al. (2002). Black arrows
correspond to nitrate-rich fluxes, whereas white arrows correspond to nitrate-poor fluxes. The small black
arrows on nitrate and sulfate white boxes correspond to increasing or decreasing contents. Shaded areas
located close to the channel network on the catchment map indicate the location of wetland zones. The
Mercy area corresponds to the wetland zone where DOC-rich, shallow (<0.5 m) groundwaters from
piezometers PF1 and PF3 were investigated for major and trace elements including REE geochemistry by
Pourret et al. (2007a, ¢)
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(Pauwels et al. 1998). Both the soils and the bedrock schist of the Kervidy/Coét-Dan
catchment display shale-like REE pattern signatures (Dia et al. 2000). (LREE/HREE)ycc
ratios vary little from the soil surface down to the fresh schist horizons, always remaining
close to 1.0. UCC subscript refers to normalization with respect to the estimated average
composition of the upper continental crust (UCC; Taylor and McLennan 1985). Moreover,
negative Ce anomalies are not observed, neither in the fresh schist nor in the different soil
horizons (Fig. 6 in Dia et al. 2000).

The land use in the Kervidy/Coét-Dan catchment is intensive farming dominated by
maize, wheat and temporary pastures for dairy production and a high density of indoor pig-
stock breeding. This land use has caused heavy nitrate pollution of the catchment waters
with a mean nitrate concentration in the upland up to 140 mg L~! NO;~, which decreased
along the flow paths toward the stream to ca. 80 mg L~! NO;~(Molénat et al. 2002, 2008).

Previous hydrochemical studies (Dia et al. 2000; Durand and Juan Torres 1996; Molénat
et al. 2002, 2008) showed that the Kervidy/Coét-Dan groundwater could be summarized by
two spatially distributed hydrogeological and chemical domains. The first domain includes
the bottomland areas or wetland domains. In these domains, the water table usually reaches
the organic-rich upper soil horizons during the wet season (Fig. 1), namely, in winter and
spring, leading to development of temporary reducing conditions. The shallowest levels of
the water table (i.e., <l m deep) in the wetlands comprise colored, DOC-rich
(5 < DOC < 40 mg L™") groundwater, whereas deeper in the water table (i.e., >1 m
deep), groundwater is colorless and DOC-poor (i.e., <5 mg L™"). Nitrate, sulfate and REE
concentrations vary vertically in the wetland groundwaters. In general, nitrate concentra-
tions are low (<0.1 mg L") in the upper (<1 m), organic-rich (<30 mg L™") ground-
water, high below 1 m (up to 50 mg L"), then decreasing again below 3 m to reach
0 mg L™ at a depth of ca. 4 m. REE concentrations are high in the shallow organic-rich
groundwater (up to 15 pg L"), then decreasing with depth (i.e., at higher than 4 m depth)
to reach 1072 times this concentration. Sulfate concentration varies oppositely with the
highest concentrations (ca. 16 mg L™') below 4 m. The second domain includes the
hillslope domains, where the water table always remains a few meters below the soil
surface (Fig. 1). Groundwaters in these domains are always oxidizing, colorless and DOC-
poor (DOC < 5 mg L™Y). As in the wetland domains, the composition of the groundwater
below the hillslope domains varies vertically: above ca. 15 m, groundwaters exhibit high
nitrate (up to 200 mg L™, locally), high REE (up to 30 pug L™"), but low sulfate con-
centrations (<5 mg L’l). By contrast, below 15 m, nitrate and REE concentrations are
much lower (close to 0.2 mg L™", detection limit, and <0.1 pg L™, respectively), whereas
sulfate concentrations increase markedly, from 1 to 20 mg L'

Previous investigations of the REE geochemistry in groundwaters of the Kervidy/Coét-
Dan catchment (Dia et al. 2000; Pourret et al. 2007a, c) showed a systematic, topography-
related variation of REE signatures in the upper part (i.e., at depth between ca. 3 and 15 m)
of the DOC-poor groundwater. An upslope development of a large, negative Ce anomaly
and a progressive enrichment of the LREE over the HREE were also noted. Based on the
chemical variability of the groundwater composition with depth and taking into account the
hydrological modeling studies, this topography-related variation of groundwater REE
signatures was interpreted as a progressive mixing along the hillslope of the upper nitrate
and REE-rich water in the upland domain and a return flow of the deep, denitrified, REE-
poor groundwater. Secondly, it was demonstrated that REE in the DOC-rich, uppermost
part (i.e., <1 m) of the wetland water table did not occur as free dissolved species but were
bound to organic colloids (Pourret et al. 2007a, c). As previously shown by Davranche
et al. (2005, 2008) and Pourret et al. (2007a) the organic speciation of the REE prevent any
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oxidative scavenging and preferential removal of Ce from the solution, hence explaining
why these waters do not show any negative Ce anomaly.

3 Sampling and Analytical Procedure

Six wells were sampled for the purpose of this study. These six wells (PG1 to PG6) all
come from a transect set perpendicular to the topographic slope (i.e., along a direction
parallel to the groundwater flow path) in the eastern part of the catchment the so-called
Guériniec transect (Fig. 1). These wells collect groundwater at a depth between —3 and —
6 m. Water samples were regularly collected (every 3 months on average) from March
2000 to July 2007.

3.1 Field Measurements and Sample Preparation

Physico-chemical parameters (pH, Eh, temperature and conductivity) were directly mea-
sured in the field. The pH was measured with a combined Sentix 50 electrode after a
calibration performed with WTW standard solutions (pH = 4.01 and 7.00 at 25°C). The
accuracy of the pH measurement is £0.05 pH unit. Conductivity was measured with a
special conductivity cell (WTW TetraCon 325). Conductivity (o) values are presented in
uS cm~'. Eh was measured using a platinum combination electrode (Metler Pt 4805).
Electrodes are inserted into a cell constructed to minimize diffusion of atmospheric oxygen
into the sample during measurement. Eh values are presented in mV relative to standard
hydrogen electrode.

Groundwater samples were pumped using Teflon tubing connected to a polyethylene
syringe. About 60 mL of each sample was immediately filtered on site through 0.2 um
cellulose acetate filter (Sartorius Minisart). An aliquot of 30 mL was acidified and sub-
sequently used to measure REE concentrations. The remaining 30 mL was not acidified
and used to measure alkalinity (only for May and November 2004 sampling campaign),
nitrate, sulfate and DOC concentrations. During the November 2004 sampling campaign,
an extra 1 L aliquot was collected from PG3 and PG4 piezometers to perform ultrafiltration
experiments. This extra aliquot was filtered in the laboratory through 0.2 pm cellulose
acetate membrane using a Sartorius Teflon filtration unit. About 30 mL of the filtrate was
acidified and used to measure REE concentrations, while 10 mL was used to measure
nitrate, sulfate and DOC content. Ultrafiltration experiments were performed with the
remaining filtrate.

3.2 Ultrafiltration

Ultrafiltration experiments were performed using 15 mL centrifugal tubes (Millipore
Amicon Ultra-15) equipped with permeable membranes of decreasing pore sizes (<30,
<10, and <5 kDa with 1 Da (Dalton) =1 g mol~! for H). Each centrifugal filter device
was washed and rinsed with HCI 0.1 mol L™! and MilliQ water twice before use. The
starting filtrate was passed through 0.2 pum filter, and then aliquots of these filtrates were
passed through membranes of smaller pore sizes. All ultrafiltrations of the 0.2 um filtrates
were done in parallel. The centrifugations were performed using a Jouan G4.12 centrifuge
equipped with swinging bucket at about 3,000g for 20 and 30 min, for 30, 10 and 5 kDa
devices, respectively. All experiments were carried out at room temperature: 20 £ 2°C.
The ultrafiltration procedure prevents any mass balance between the filtrate and the
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retentate to be achieved because the retentate volumes are limited (0.2 mL). However, as
the same material was used for all filtrations, molecular size exclusion rather than
adsorption onto membranes should control the colloid distributions between ultrafiltrates.
Such a feature has been further tested using synthetic REE solution (Pourret et al. 2007b).
All ultrafiltrations were performed in duplicates. A good reproducibility was observed for
DOC and major and trace elements concentrations. Duplicates were better than 5% for
most elements except for some trace elements in the lower pore size cutoff fraction (i.e., in
the <5 kDa fraction, about 10%). Further information on the ultrafiltration procedure can
be found in Pourret et al. (2007¢).

3.3 Chemical Analyses

Major anions (SO4>~ and NO; ™) concentrations were measured by ionic chromatography
(Dionex DX-120) with an uncertainty below +4% (by using a Dionex seven anions
standard solution). Rare earth element concentrations were determined by ICPMS (Agilent
4500), using indium as an internal standard. The method is described in more detail in
Davranche et al. (2004). The international geostandard SLRS-4 was used to check the
validity and reproducibility of the results. Typical uncertainties including all error sources
are below +5% for all the trace elements, whereas for major cations, the uncertainty lies
between +2 and +5%, depending on the concentration levels. Dissolved organic carbon
concentrations were analyzed on a total organic carbon analyzer (Shimadzu TOC-5050A).
Accuracy of DOC measurement is estimated at 5% (by using a standard solution of K-
biphtalate). Alkalinity was determined by potentiometric titration with an automatic
titrating device (794 Basic Titrino Methrom). The uncertainty is better than 5%.

All procedures (sampling, filtration, storing and analysis) were carried out in order to
minimize contamination. Samples were stored in acid-washed Nalgene polypropylene
containers before analyses. Blank concentrations for DOC and REE were <0.5 mg L™ and
<1 ng L™, respectively. All reported DOC concentrations are blank corrected (maximum
correction = 8%). For the REE, there was no need for blank corrections, because the
sample concentrations were systematically two to three orders of magnitude higher than
blank levels. The instrumental error on REE analysis in our laboratory, as established from
repeated analyses of multi-REE standard solution (Accu Trace Reference, USA) and of the
SLRS-4 water standard, is below 2% (e.g., Davranche et al. 2004; Yeghicheyan et al.
2001). Interference corrections are detailed in Davranche et al. (2004).

3.4 Speciation Calculation

Speciation calculations were performed using the computer program WHAM 6 (Version
6.0.13) including Humic Ion-Binding Model VI (Model VI; Tipping 1998). It was used to
calculate the speciation of REE in three wells, namely, PG3, PG4 and PG5 sampled in May
and November 2004. It must be unfortunately noted that data necessary to model speciation
were only available for these three wells (PG6 well was empty as the water table was
below, and PG1 and PG2 REE concentrations were below the detection limits at these two
sampling dates). Model VI was modified by building a database that included log Ky for
the whole REE series and values for REE complexation with HM, along with well-
accepted infinite-dilution (25°C) stability constants for REE inorganic complexes
(hydroxide, sulfate and carbonate; Klungness and Byrne 2000; Luo and Byrne 2004; Schijf
and Byrne 2004). Model VI is described in more detail in Tipping (1998), and adaptation
of Model VI to REE is detailed in Pourret et al. (2007a, b). Model VI parameters for humic
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acid (HA) and fulvic acid (FA) and REE are presented in Table 4 (Appendix). As Model
VI does not consider saturation index and mineral precipitation, inorganic speciation was
further performed using PHREEQC (Parkhurst and Appelo 1999). For this purpose, Nagra/
PSI database (Hummel et al. 2002) was used and updated including the same well-accepted
infinite-dilution (25°C) stability constants for REE inorganic complexes (hydroxide, sul-
fate and carbonate; Klungness and Byrne 2000; Luo and Byrne 2004; Schijf and Byrne
2004).

4 Results
4.1 Spatial Variability of Water Chemistry and REE Signatures

The entire dataset can be obtained from the authors on request. Average REE, DOC,
S0,2~, NO5~, major cations (including Mn and Fe), Eh, conductivity, temperature and
alkalinity concentrations, as well as average pH values for the six investigated wells are
presented in Table 1 and further displayed on Fig. 2. REE patterns are portrayed in Fig. 3.

As can be seen on Fig. 2, SO,*~ concentrations increase (from 0.7 to 16.8 mg L") as
groundwater moves downslope toward the stream, whereas NO; ™~ concentrations show the
opposite trend (i.e., concentrations decrease along the same flow path: from 124 to
<1 mg L™"). The pH values also vary spatially, with groundwaters from upland wells PG6
and PGS being slightly more acidic (i.e., pH between 5.6 and 5.8) than groundwaters from
bottomland wells PG1 and PG2 (i.e., pH between 6.5 and 6.2). Groundwaters are oxidized
and display relatively the same oxidation state (Eh values ranging from 484 to 406 mV,
from top to bottom of the toposequence). Alkalinity values determined during May 2004
and November 2004 were lower in upland domain wells (i.e., 100-300 pmol L™" for PG5
water) compared to bottomland wells (i.e., between 1,241 and 3,741 pmol L~! in PGI1
well). This increase in alkalinity values downslope is consistent with the observed
downslope pH increase (from 5.4 to 6.6 on May 2004, and from 6.0 to 7.1 on November
2004 from PG5 to PG, respectively). Major elements and pH variations thus provide
signature of end-members and help validating the water mixing model that consist of a
mixing of nitrate-rich, low pH subsurface water with nitrate-poor, comparatively higher
pH, deep groundwater in agreement with studies of Dia et al. (2000) and Molénat et al.
(2002).

Rare earth element concentrations and profiles also exhibit a systematic spatial vari-
ability in these groundwaters, thereby confirming the previous findings by Dia et al. (2000).
As can be seen in Figs. 1 and 3, REE concentrations progressively decrease from wells
PG6 to PG1 (from 17.3 to 0.028 mg L™, on average).The size of the negative Ce anomaly
progressively decreases along the inferred groundwater flow path as well (Ce/Ce* = 0.07
in PG5 groundwater compared to 0.77 in PG1 groundwater; Fig. 4). Secondly, a pro-
gressive depletion of the LREE over the HREE is noted from PG6 [(LREE/
HREE)ycc = 3.2] to PG1 wells [(LREE/HREE)ycc = 0.9; Fig. 4].

4.2 Temporal Stability of REE Signatures
Although REE patterns shape widely spatially vary in Guériniec groundwaters, they appear
to be remarkably temporally stable. Indeed, both the Ce/Ce* value and the (LREE/

HREE)ycc ratio remain virtually constant in any given piezometer (Fig. 4). This feature
was already emphasized by Dia et al. (2000) and Olivié-Lauquet et al. (2001). However,
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Fig. 2 Diagrams illustrating systematic variation of the chemistry of Guériniec groundwater depending on
the topographic position of sampling wells. Presented values are average values calculated by pooling
chemical analyses collected during the 7-year monitoring period. Error bars correspond to relative standard
deviations (data are displayed in Table 1)

the temporal stability of the REE pattern shapes in Guériniec groundwaters was established
at that time only for one hydrological year. With the new dataset, the temporal stability is
demonstrated to exist over a much longer period of time (7-year period), thereby dem-
onstrating that the observed REE variations are long-term, and stationary, key features of
these groundwaters.

4.3 REE Speciation
4.3.1 Ultrafiltration Data
In order to establish the role of organic colloids on REE concentrations and REE pattern

shapes, waters from two Guériniec wells (i.e., PG3 and PG4) were successively filtered
through membranes of decreasing pore size (i.e., <30, <10 and <5 kDa; Table 2). As

Fig. 3 Sketch diagram showing downslope evolution of upper continental crust (UCC)-normalized REE P
profiles in groundwaters from the Guériniec transect (UCC values are from Taylor and McLennan 1985).
Many PG1 well samples have middle and heavy REE concentrations close to or below the detection limits
(i.e., <10 ng L"), which explains the irregular shape of their REE patterns
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Fig. 4 Temporal monitoring of
a LREE/HREE)ycc ratios and

b negative Ce anomaly amplitude
in Guériniec groundwater
samples

(LREE/HREE) .

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2000 2001 2002 2003 2004 2005 2006
Year

expected, both DOC and REE concentrations decreased upon successive filtrations
(Fig. 5a, b), suggesting that part of the REE is effectively complexed by organic colloids in
these waters. The possibility that REE were associated with FeOOH colloid was eliminated
as iron is present under free and complexed Fe(IIl) species to dissolved organic matter
(Lofts et al. 2008; Pokrovsky et al. 2005; Pourret et al. 2007¢c). The shape of the REE
patterns remains globally unchanged, even though a slight Ce/Ce* ratio decrease occurred
in the most organic-rich sample (i.e., Ce/Ce* decreasing from 0.58 to 0.41 in PG3 water
with DOC of 4.3 mg L™"). However, differences regarding the quantitative partitioning of
the REE between the organic and inorganic phases of the samples were noted. Indeed,
comparison between REE concentrations in the <5 kDa and <0.2 pm solutions implies
that about 56% of the REE in PG3 groundwater occur as colloidal compounds, against only
21% in PG4 groundwater. Albeit it should be noted that such observation was only made
on replicates from two samples. However, Dia et al. (2000) reported an even smaller
fraction of colloidal REE for PG5 water (6%). Thus, it appears that the changes in negative
Ce anomaly amplitude and (LREE/HREE)ycc ratios that are observed along the Guériniec
toposequence occur simultaneously with changes in REE speciation. Indeed, REEs in
upland domain waters show low Ce/Ce* ratios (i.e., large negative Ce anomalies) and high
(LREE/HREE)ycc, and speciation is dominated by REE inorganic species, whereas REE
in waters showing high Ce/Ce* ratios (i.e., reduced Ce anomaly), but low (LREE/
HREE)ycc are complexed with organic colloids.

4.3.2 Modeling Results

Model VI (Tipping 1998) was used to calculate REE speciation in PG3, PG4, and PG5
groundwaters, and the results were compared to the earlier mentioned ultrafiltration data.
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Fig. 5 UCC-normalized REE patterns after successive ultrafiltration (i.e., 0.2 um; 30, 10 and 5 kDa) of
groundwaters from a PG3 and b PG4 wells. Error bars correspond to standard deviations obtained from
duplicate measurements, with some error bars being smaller than the symbol size (data are displayed in
Table 2)

Major cation and anion concentrations and Fe and Al concentrations were taken into
account in these calculations. In WHAM 6.0 (Tipping 1998), no solid precipitation is
allowed to occur. Only complexation, either by organic colloids or by aqueous inorganic
complexes, is modeled. In this study, it is assumed that 50% of the dissolved organic
matter (DOM) is active as REE-complexing, humic matter (HM; Thurman 1985), of which
80% is present as HA and 20% as FA (Pourret et al. 2007a; Viers et al. 1997). Even if this
active DOM ratio could be higher than 50%, such a value is a good compromise (see
sensitive analysis in Pourret et al. 2007a).

The modeling results are displayed in Table 3 for La (La-HA and La-FA species are
gathered together under La-HM). Modeling results for the others REE are coherent with La
(data not shown). Consistently with the ultrafiltration results, speciation calculations show
that La-HM is the dominant La species in PG3 groundwater (between 92.5 and 100%
depending on the sampling date). Conversely, but also consistently with the ultrafiltration
results, the proportion of La complexed with HM is lower in PG4 and PGS groundwaters.
Indeed, between 67 and 49% of La occur as free inorganic species in PG4 groundwater,
and ~75% in PG5 groundwater. In PG4 groundwater, the remaining La occurs as sulfate
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g:t l;::;; ui?:glr?:;?iI;lrs;Iu};i PGS, % of species La’t  LaSO,™ La-HM  Other species
sampled i May and November  PG3 May 7005 925 00
2004 November 0.0 0.0 100.0 0.0
PG4 May 67.0 6.0 26.1 0.9
November  49.0 7.1 43.1 0.8
PG5 May 74.0 2.5 22.2 1.2
November  75.6 2.3 19.9 2.1

(from 6.0 to 7.1%) and La-HM complexes (from 26.1 to 43.1%). Other species consist of
La hydroxide or carbonate complexes. Moreover, PHREEQC inorganic speciation does not
evidence any peculiar mineral precipitation involving REE.

The modeling calculations thus demonstrate the same progressive spatial change in REE
speciation as that evidenced by the ultrafiltration experiments (predominance of inorganic
species in upland domain groundwaters against predominance of organic colloidal REE
complexes in bottom land groundwaters). They also demonstrate that the observed spatial
variability in REE speciation is likely a stable feature of these groundwaters, given that the
good agreement observed between the present modeling and ultrafiltration data and the
ultrafiltration data published previously by Dia et al. (2000).

5 Discussion

The new REE data reported for Guériniec groundwaters confirm the spatial variability of
REE signatures established previously by Dia et al. (2000) for this groundwater system.
The new dataset is especially significant because both REE pattern shape and Ce anomaly
amplitude spatial variability are proved to be stationary on a 7-year period. It is also
significant that REE signatures and Ce anomaly amplitude spatial variability also corre-
sponds to REE speciation spatial variability: REE become progressively more organically
bound downslope. In this context, three important questions arise: (1) Is the hypothesis
previously put forward by Dia et al. (2000) of a spatial variability of REE signatures due to
a mixing process confirmed? (2) What is the role of REE speciation on the spatial variation
of REE concentrations and REE signatures? (3) How do the Guériniec groundwaters
compare themselves with similar shallow groundwaters elsewhere in the world, and what
are the ultimate REE sources in these groundwaters?

5.1 The Role of Groundwater Mixing and pH Variation on REE Signatures

In their paper, Dia et al. (2000) concluded that the progressive change in dissolved REE
signature from top to bottom of the toposequence may indicate a progressive mixing
phenomenon along the hillslope between a nitrate-rich water coming from the recharge
zone in the upland domain (i.e., a water similar in composition to PG6 groundwater) and a
return flow water comprising deep, denitrified water (i.e., a water similar in composition to
PG2 groundwater). The occurrence of such a progressive mixing phenomenon along the
Guériniec transect is confirmed by this new dataset, specifically by the SO,>~ and NO;~
concentrations that define a mixing line relationship (see Sect. 4.1 and Fig. 6a). As evi-
denced previously by Molénat et al. (2002), a dilution mechanism occurs between these
two end-members. However, the two components mixing hypothesis failed to explain the
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variation in REE concentrations. Actually, REE concentrations do not define a mixing line
when reported along with NO; ™~ concentrations (Fig. 6b). This is due to a nonconservative
behavior of the REE during mixing, likely caused by the pH increase that accompanies the
groundwater mixing process (Fig. 2).

As shown by Elderfield et al. (1990), REE concentrations in waters are indeed highly
pH dependent: high pH results in low REE concentrations. Changes in pH can also frac-
tionate dissolved REE patterns (Koeppenkastrop and De Carlo 1992, 1993; Ohta and
Kawabe 2001). Alkaline pH results in waters being relatively enriched in HREE, which
contrasts with more acidic waters in which the REE patterns generally exhibit relative
LREE enrichments (e.g., Andersson et al. 2006). This behavior is due the fact that REE are
preferentially adsorbed onto aquifer minerals when pH increases and that LREE generally
adsorb more efficiently onto solid phases than HREE do. At high pH, the deprotonation of
surface hydroxyl groups generates a negative charge onto mineral surfaces, favoring
adsorption of positively charged REE. With increasing pH, the order of REE adsorption
onto mineral surfaces is LREE > MREE > HREE. With decreasing pH, REEs are released
from mineral surfaces in the same order, LREE > MREE > HREE (Gammons et al. 2005;
Johannesson et al. 2006; Leybourne and Johannesson 2008; Sholkovitz 1995; Welch et al.
2009). Thus, REE concentrations and REE pattern shapes in groundwaters are determined
to a large extent by pH-driven adsorption/desorption reactions between the solution and
mineral surfaces.
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Fig. 7 pH as a function of 7.0
SREE concentrations (ug L™") 68l
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As shown in Fig. 2, the groundwater mixing that occurs along the Guériniec transect
does not occur at constant pH. As evidenced by Molénat et al. (2002), the evolution of the
weathered aquifer along flow path could be due to upward flows. The pH of Guériniec
groundwaters indeed increases from top (pH = 5.6, on average) to bottom (pH = 6.5, on
average) of the toposequence, implying that PG6 groundwater, the high REE content
mixing end-member, experiences a marked pH increase when mix together with the low
REE PG1 groundwater end-member. This pH increase must result in a partial adsorption of
the REE brought about by PG6 groundwater, thereby explaining why REE concentrations
and pH are inversely correlated in Guériniec groundwaters (Fig. 7). It should be noted that
speciation calculation evidenced that none REE minerals precipitation occurs in the sys-
tem. Similar negative relationships between pH and REE concentrations have already been
reported for neutral to slightly acidic waters (e.g., Byrne and Sholkovitz 1996; Goldstein
and Jacobsen 1988; Johannesson and Burdige 2007).

The (LREE/HREE)ycc ratio decrease that follows the REE concentrations decrease
along the Guériniec toposequence supports the earlier mentioned conclusion of a non-
conservative mixing due to REE adsorption in response to pH rise. Indeed, LREE pref-
erentially adsorbed onto mineral aquifers as compared to HREE (e.g., Gammons et al.
2005). A decrease in (LREE/HREE)yc is thus a fully expected feature in groundwaters
subjected to progressive adsorption of their dissolved REE onto mineral aquifers in
response to pH increase (e.g., Johannesson and Burdige 2007).

5.2 Origin of Negative Ce Anomaly Variations

The second most important feature displayed by the Guériniec groundwaters is that Ce
anomaly gets smaller from top to bottom of the toposequence (Fig. 3). The next question to
be answered is, thus, could the combined groundwater mixing and REE adsorption process
also account for the spatial variation in Ce anomaly amplitude?

A simple mixing model was developed to evaluate this possibility. In this model, NO;~
concentrations were used to calculate the proportions of the two end-member groundwaters
(i.e., PG6 and PG1) that should be mixed to account for PG5, PG4, PG3 and PG2
groundwater compositions. The proportions of PG6 groundwater obtained this way were
63% for PG5, 42% for PG4, 16% for PG3 and 10% for PG2. To model the decrease in REE
concentration due to adsorption, a three-step approach was followed: (1) the average pH
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value measured in PG5, PG4, PG3 and PG2 well waters was inputted into Eq. 1 (i.e.,
regression line from Fig. 7).

pH = —0.14 In (REE) + 6.02 (1)

This allowed calculating REE amount that should be obtained in PG5, PG4, PG3 and PG2
well waters after mixing; (2) because REE in the mixture must dominantly come from PG6
groundwater (i.e., REE content of PG6 groundwater is higher about three orders of
magnitude than that of PG1; Table 1), the REE concentration decrease that occurred
during mixing could be essentially modeled by diluting PG6 groundwater before mixing.
Dilution factors were calculated by dividing the measured average REE content of PG6 by
the REE concentrations one should be obtained for PG5, PG4, PG3 and PG2 groundwaters
as indicated by Fig. 7; (3) in the final step, diluted PG6 concentrations were inputted into
the mixing equation and REE concentrations and Ce/Ce* ratios calculated for PG2, PG3,
PG4 and PG5 groundwaters.

It should be pointed out here that this simple model does not take into account the
preferential adsorption of the LREE over the HREE onto the mineral aquifers. Indeed, the
LREE/HRRE is kept constant during dilution of PG6 groundwater. However, the procedure
used is judged valid with regard to the objective of the modeling (i.e., testing if the com-
bined mixing—adsorption can account for the reduction in negative Ce anomaly amplitude),
given the fact that the Ce anomaly amplitude in the mixture will depend essentially on only
two parameters, namely, (1) the Ce anomaly amplitude of each end-member and (2) the
relative REE proportion brought about into the mixture by each end-member.

Results are presented in Fig. 8a, b. As can be seen, the fit between modeled and
measured values is quite good for REE concentrations (considering standard deviation,
data plot on a 1:1 line), but poor for Ce/Ce* ratios, three groundwaters (PG3, PG4 and
PG5) yielding calculated Ce/Ce* ratios that plot significantly below the 1:1 line (Fig. 8b).
In other words, for these three groundwaters, the amplitude of the modeled negative Ce
anomalies is much larger than that effectively measured. This discrepancy provides evi-
dence that the downward decrease in the Ce anomaly amplitude along the Guériniec
transect is not controlled by the combined mixing—adsorption process. A third mechanism
is required. As discussed here, this third mechanism could be an organic colloid input.
Three arguments support this interpretation:

(1) Except for the somewhat deeper PG1 groundwater (Fig. 1) with very low REE
concentrations (Fig. 2), positive correlations are observed between REE and DOC
contents in bottomland groundwaters exhibiting moderate negative Ce anomalies
(i.e., PG2, PG3, and PG4; Fig. 9). Combined with ultrafiltration and speciation
modeling data, this observation revealed that Ce anomaly amplitude decrease with an
increase in the REE proportion bound to organic colloids. Moreover, ultrafiltration
data show that negative Ce anomaly amplitude in PG3 ultrafiltrates increases with
decreasing pore size (Table 2; Fig. 5). This indicates that colloidal fraction REE
pattern present in PG3 either exhibits no negative Ce anomaly or, a negative Ce
anomaly of much lower amplitude than that occurring in the truly dissolved,
inorganic REE fraction of this sample. Thus, the DOC—Ce anomaly relationship of
these downhill groundwaters looks just as if REE budget of these waters was a
mixture between REE-bearing organic colloids having no or reduced Ce anomaly,
and an inorganic REE pool having a marked negative Ce anomaly.

(2) A classical feature of shallow water tables developed on low-permeability basement
is that rainfall event during wet season generally result in a rapid and marked rise of
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the water table, the latter reaching the uppermost, organic-rich soil horizons in the
bottomland areas of the catchments. This water table rise may result in incorporation
of large proportions of soil organic colloids into the uppermost parts of the shallow
groundwater. Figure 10 compares the 2006-2007 fluctuations of the Guériniec water
table roof with the DOC content and Ce anomaly amplitude of PG3 well water. The
2.5 m water table rise that occurs in October—November 2006 in response to intense
autumn rainfalls resulted in a marked DOC content increase (from 1 to 8 mg L
Fig. 10a) of PG3 well water. Quite clearly, this increase occurred in phase with a
marked increase in the Ce/Ce* ratio (from 0.52 to 0.60; Fig. 10b).

As shown by Dia et al. (2000) and Pourret et al. (2007a, c), organic-rich soil horizons
of the Kervidy/Coét-Dan catchment may deliver large quantities of REE-bearing
organic colloids to the groundwaters. Moreover, and most importantly, REE patterns
of these organic colloids do not show any negative Ce anomaly. Davranche et al.
(2004, 2005, and 2008) experimentally demonstrated that REE complexation by
organic matter prevents Ce oxidative scavenging by iron and manganese oxyhy-
droxides (and consequently the Ce anomaly development) and Pourret et al. (2008)
proposed that the preferential Ce(IV) is masked rather than inhibited.
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A simple modeling approach was used to further test the hypothesis of a Ce anomaly
reduction due to REE-bearing organic colloids input. In this approach, REE amount
brought by organic colloids into the Guériniec groundwater was calculated from the DOC
content and the DOC/REE ratios measured by Dia et al. (2000) in PF1 and PF3 wells (i.e.,
the two wells installed on the Kervidy/Coét-Dan catchment to monitor the composition of
the groundwater that flows with the uppermost—between 20 and 50 cm—organic soil
horizons). Initial groundwater REE concentrations (i.e., REE concentrations in ground-
water wells prior to colloid input) were calculated using the earlier described mixing—
adsorption process. In other words, the amount of REE bring by the organic colloids was
added to the previous calculations that considered only groundwater mixing and REE
adsorption. Results are presented in Fig. 11, which compares Ce/Ce* ratios calculated by
combining the earlier described mixing—adsorption mechanism and the proposed colloid
input process, and Ce/Ce* ratios effectively measured in Guériniec groundwaters. As can
be seen, a reasonably good fit arises between measured and calculated Ce/Ce* ratios (see
legend of Fig. 11 for further explanation). Indeed, a colloidal addition of PF1 water type to
the inorganic groundwater mixing allows to model PG2, whereas PF3 is required to model
PG3 and PG4.

To sum up, the regular and progressive change in REE signatures and Ce anomaly
amplitude that is recorded by Guériniec groundwaters likely arises from the superimpo-
sition of three processes (Fig. 12): (1) progressive mixing along the hillslope between a
shallow, acidic, REE-rich groundwater component coming from the recharge zone in the
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upland domain and flowing downwards (flow path no. 1), and a deep, REE-poor, less-
acidic groundwater component (flow path no. 2); (2) adsorption of part of the dissolved
REE brought about by the REE-rich component due to pH increase; (3) addition of REE-
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Fig. 12 Sketch diagram illustrating the presence of three-groundwater flow paths in the Kervidy/Coét-Dan
aquifer

bearing, Ce anomaly free organic colloids from the uppermost, organic-rich soil horizons
(flow path no. 3).

With regard to the latter process, topography is expected to play a dominant role on
organic colloids amount that can effectively reach the Guériniec water table and, thus, on
the colloid addition process capacity to reduce the negative Ce anomalies amplitude in
these groundwaters. Topography is indeed expected to control the surface area in which the
water table may rise into the soil uppermost, organic-rich horizons. More specifically,
water table depth monitoring revealed that in the upland domains located above the
convex—concave reversal of the topography the water table always remained well below
the uppermost, organic-rich soil horizons (Fig. 1). Organic colloids flux in this domain is
thus expected to be low. By contrast, in the bottomland domains, water table depth
monitoring indicated that water table periodically reached soil surface during wet season
(i.e., late fall and winter). The flux of organic colloids is, therefore, expected to be high in
this domain, leading to a strong reduction of the negative Ce anomaly of the groundwater.

5.3 Comparison with Similar Groundwaters and Implications for REE Sources
As pointed out in the introduction, similar spatial variability of REE signatures and negative
Ce anomaly amplitude has been reported in groundwaters of the Goyoum toposequence in

Cameroon (Braun et al. 1998) and of the Le Home toposequence (Gruau et al. 2004) in
Western France. As in the Guériniec case, both the Goyoum and Le Home groundwaters
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flow through aquifer rock of homogeneous composition: Proterozoic gneisses at Goyoum
and Proterozoic schists at Le Home. In Fig. 13, Ce/Ce* ratios in these three-groundwater
systems are reported as a function of the distance to the stream. Figure 13 shows that the
three-groundwater systems plot along a single trend reflecting the Ce anomaly amplitude
gradual reduction as the distance to the stream decreases. Thus, the Ce anomaly amplitude
gradual reduction observed at Guériniec from top to bottom of the toposequence appears to
be a general feature of shallow groundwaters flowing into aquifers developed onto low-
permeability bedrock. The likely reason for this mainly relies on the fact that, in low-
permeability aquifers, water table generally reaches organic soil horizons in bottomland
domains, thus allowing incorporation of large quantities of organic colloids in the aquifer
bottomland part. This feature is not seen in the aquifer upland part where the water table
always remains far below the upper, organic-rich soil horizons. This feature needs to be
expanded to other toposequences in various hydrological contexts. Indeed, as stated by
Kohler et al. (2009) in boreal catchments REE export is mostly strongly controlled by
landscape type.

Finally, consideration of Ce anomaly spatial variation requires the occurrence of two
spatially distinct REE sources. More specifically, the presence of a large negative Ce
anomaly in the upland groundwaters (e.g., PG5 well water) implies solubilization of the
REE under organic-free, oxidizing conditions. Indeed, as shown by Davranche et al. (2005,
2008), the presence of organic matter inhibits the development of negative Ce anomalies in
oxidizing waters, because Ce cannot be oxidized by oxidizing mineral surfaces such as Mn
oxides and above all because Ce cannot be selectively removed from the solution, Ce being
complexed together with other REE by organic molecules. Thus, the occurrence of
groundwaters having large negative Ce anomalies (e.g., PG 5 and PG6 well waters) implies
that REE in these groundwaters ultimately come from solid sources located in the aquifer
where DOC concentrations are low and where REE speciation is consequently dominated
by inorganic species. Conversely, the fact that REE patterns found in upper, organic-rich
soil horizon waters do not exhibit any negative Ce anomaly implies to consider that REE
became dissolved in these waters in an organic-rich environment. Should REE have been
solubilized in a purely inorganic context similar to that encountered in the aquifer upland
domain, then original REE patterns would had a negative Ce anomaly that should still be
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observed in the organic-rich waters. The fact that the organic-rich water does not show any
negative Ce anomaly thus provides evidence that a second REE solid source must exist in
the Guériniec aquifer. Unlike the first source that must be located deep, this second source
must be located close to the surface, in the organic-rich soil horizons, i.e., in that part of the
aquifer where the REE fully organic speciation makes negative Ce anomaly development
impossible.

6 Conclusions

This paper presents new data on the REE chemistry of shallow groundwaters from the
Guériniec transect of the Kervidy/Coét-Dan experimental catchment, Western France. The
field database that covers a 7-year monitoring period is followed by results of ultrafiltration
experiments and speciation calculations. This allows to further constraining the speciation
of the dissolved REE. The new data confirmed the spatial variability of REE pattern shapes
and Ce anomaly amplitude evidenced earlier in these groundwaters, which is shown to
correspond to changes in REE speciation, REE in groundwaters from the bottom land
domains of the toposequence being complexed by organic molecules, whereas those in
groundwaters from the upland parts occur mainly as inorganic species. Simple modeling
using variations in major anion concentrations and pH variations reveal that the variation in
REE pattern shape and REE concentrations along the Guériniec transect may be accounted
for by a combined mixing—adsorption process. However, the data show that a third
mechanism of organic colloid addition must be introduced to account for the variation in
Ce anomaly amplitude. According to water table depth-monitoring data, it is suggested that
the colloid source is located in the uppermost, organic-rich horizons of the aquifer and that
the colloid input (and thus the reduction of the Ce anomaly amplitude it implies) is high in
the bottomland domains of the toposequence but low to very low in its upland domains. A
comparison of the Guériniec data with data from other shallow groundwater systems from
Cameroon and Western France indicates that the topographically controlled variation in Ce
anomaly amplitude seems to be a common feature of these systems. Topography is indeed
the ultimate key factor that controls the spatial variability of Ce anomaly in shallow
groundwaters by its ability to control the thickness of the unsaturated zone, and conse-
quently the flux of Ce anomaly free, organic-rich colloids that can effectively reach the
water table. Finally, it is shown, based on the variations in Ce anomaly amplitude, that the
<0.2 um REE fraction ultimately comes from two solid sources in these groundwaters:
one located in the deep basement schist; another located in the upper, organic-rich soil
horizon.
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Appendix

See Table 4.
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Table 4 Model VI parameters for HA and FA (Tipping 1998)

Parameter Description Values

N Amount of type-A sites (mol g~ ") 4.8 x 107 (FA). 3.3 x 1073
(HA)

ng Amount of type-B sites (mol g~ ") 0.5 X na

pKa Intrinsic proton dissociation constant for type-A sites 3.2 (FA). 4.1 (HA)

pKs Intrinsic proton dissociation constant for type-B sites 9.4 (FA). 8.8 (HA)

ApKa Distribution term that modifies pKa 3.3 (FA). 2.1 (HA)

ApKp Distribution term that modifies pKg 4.9 (FA). 3.6 (HA)

log Kma  Intrinsic equilibrium constant for metal binding at type-A sites From experimental data®
log Kpp Intrinsic equilibrium constant for metal binding at type-B sites 3.39 log Kya —1.15
ALK, Distribution term that modifies log Kya 2.8 (REE)

ALK, Distribution term that modifies the strength of bidentate and 0.55 log Knpsz = 0.29 (REE)
tridentate sites

P Electrostatic parameter —115 (FA). —330 (HA)
Ko Selectivity coefficient for counterion accumulation 1

M Molecular weight (kDa) 1.5 (FA). 15 (HA)

r Molecular radius (nm) 0.8 (FA). 1.72 (HA)

* Pourret et al. (2007b)
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