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INTRODUCTION GENERALE

L’ensemble de ce projet touche deux grandes spheéres du domaine des sciences
de la Terre, c’est-a-dire P’analyse quantitative en laboratoire et I’interprétation
géochimique des résultats obtenus. Le soufre (S) et le sélénium (Se) sont les deux
principaux éiéments qui ont été analysés et étudiés au cours de ce projet.

Le S et le Se peuvent servir de traceurs économiques. Les propriétés physico-
chimiques des deux éléments sont discutées dans les publications, selon le contexte.
Brievement, les deux éléments font partie de la famille V/4 du tableau périodique et
sont tous deux classifiés comme des éléments chalcophiles (Goldschmidt, 1954). De
facon générale, les deux éléments ont des comportements géochimiques similaires
(valence et rayon ionique compatible) et peuvent notamment former des complexes
volatiles, ce qui explique en partie leur faible abondance sur la Terre. Le sélénium que
l'on retrouve, en nanogrammes par gramme sur I'ensemble de la Terre, est environ 3000
fois moins abondant que le soufre (McDonough et Sun, 1995). En géologie
magmatique, les concentrations les plus élevées de soufre et de sélénium se retrouvent
dans les minéraux sulfurés (les sulfures) comme élément essentiel et comme élément
trace, respectivement. Dans les systémes magmatiques, la compatibilité du soufre dans
les minéraux silicatés et les oxydes est trés faible. De plus, le soufre s’associe avec les
métaux de base tels que le fer, le nickel, le cuivre, I’or et les métaux précieux du groupe

du platine (EGP) lors du refroidissement des magmas.



En géologie économique, ces minéraux sont d’une importance capitale puisqu'ils
concentrent les métaux précieux qui, & leur tour, peuvent étre accumulés dans un
volume restreint qui pourra éventuellement devenir un gisement économique si leur
quantité est assez importante. De plus, les métaux précieux tels que ’or et les éléments
du groupe du platine tendent également a s’associer aux sulfures. Lorsque la quantité de
métaux de base et/ou précieux est suffisamment concentrée pendant les processus
magmatiques, il y a alors la formation d’un gisement de type magmatique. C’est
notamment le cas du complexe du Bushveld en Afrique du Sud qui est au cceur des
travaux présentés ici. Le complexe du Bushveld, formé il y a 3,5 milliards d'années, est
une intrusion magmatique de taille exceptionnelle (200 km x 300 km).

Tout comme les métaux de base et les EGP, le sélénium s’associe aux sulfures.
Le séléntum peut se substituer au soufre dans les réseaux cristallins et, comme déja
mentionné, les comportements géochimiques du soufre et du sélénium sont trés
similaires, excepté dans le cas de leur mobilité relative. Le sélénium pouvant étre
légerement moins mobile que le soufre dans les systémes géologiques & basse
température (e.g. Dreibus et al, 1995), cette distinction peut alors devenir un outil pour
étudier les transformations géochimiques que la roche a pu subir, en comparant les
proportions de soufre et de sélénium présentes dans les roches du magma parent avec
une roche qui a subi une transformation post-cristallisation. Si la roche étudiée montre
une proportion plus élevée de S/Se que la roche mére, cela peut suggérer que la roche a
subi un gain en soufre. Dans certains types de gisement de nickel, D’apport
supplémentaire de soufre provient de la roche encaissante et est essentiel a la formation
de gisement (e.g. Naldrett et al, 1984). Si, au contraire, la proportion S/Se est moins

élevée que dans la roche meére, alors cela suggere que la roche étudiée peut avoir perdu



plus de soufre que de sélénium. Dans le cas du Bushveld, une perte de soufre importante
pourrait en partie expliquer les fortes concentrations de métaux précieux par rapport a la
faible quantité de soufre présent, ce qui est un des arguments de controverse de la
minéralisation unique du Bushveld (Cawthorn, 1999). Malgré I’utilité du ratio S/Se, il
existe tres peu d’ouvrage scientifique basée sur cet argument. Ce manquement est en
partie dii & la faible abondance du Se dans les matériaux géologiques. Par exemples, la
teneur moyenne de sélénium dans lIa crolite Terrestre est de seulement 0.05 pg/g (Taylor
et McLennan, 1985). Le but de cette étude est donc de faire ’analyse quantitative des
concentrations de soufre et de sélénium dans une série de roches provenant du Bushveld
et d'une série de roches identifiées comme représentant les magmas parentaux du
Bushveld. Le but étant de vérifier si les proportions S/Se pourraient indiquer une perte
de soufre. Les résultats de cette étude sont présentés dans le troisiéme ouvrage
scientifique (Annexe A : Barnes ef al., 2009).

Le Bushveld est économiquement exploité depuis plusieurs décennies pour ses
métaux de base variés (nickel, vanadium, chrome, titane, etc.), mais ce sont surtout les
nombreux sites d’exploitation des métaux précieux du groupe du platine (EGP, platine,
palladium, ruthénium, rhodium, iridium et osmium) qui permettent au Bushveld d’étre
un gisement de classe mondiale. Les EGP du Bushveld se retrouvent principalement
dans de minces horizons, de quelques centimétres a quelques dizaines de metres
d’épaisseur, s’étalant latéralement sur presque l'entiere étendue de V’intrusion. Ces
horizons sont appelés « reefs » et les plus connus sont le Platreef et le Merensky Reef.
Le Platreef est situé dans le lobe nord de 'intrusion et n’est pas abordé dans cette étude.
Le Merensky Reef a une épaisseur moyenne d’environ 1-2 meétres et se situe a environ

2000 metres de la base de Iintrusion. Son imposant volume et son contenu économique



exceptionnel en EGP font du Merensky Reef un des sites métallogénique les plus
étudiés. Aucun modele géologique ne peut complétement expliquer la formation du
Merensky Reef a ce jour, ce qui en rehausse I'intérét scientifique.

Comme les teneurs en soufre et en sélénium sont trés basses dans les roches du
Bushveld, les méthodes d’analyses traditionnelles (titration, activation neutronique,
absorption atomique, etc.) ne peuvent convenir car elies présentent des limites de
détection trop élevées. De plus, I'analyse moderne par spectrométrie de masse (ICP-MS)
est difficile, car la présence d'argon, qui est utilisé pour le plasma, ainsi que d'oxygéne
et d'autres gaz et de particules élémentaires crée des interférences poly-atomiques qui
faussent le signal du sélénium. Les deux éléments étant volatils & basse température,
cela limite la préparation des échantillons pour la mise en solution en acides a haute
température. Clest donc pour des raisons analytiques qu'il a d’abord été nécessaire de
mettre au point des techniques d’analyse appropriées pour la quantification en basses
teneurs du sélénium et du soufre dans les matériaux géologiques. Cette problématique
supplémentaire a donc mené a la rédaction de deux des quatre ouvrages scientifiques
présentés dans ce mémoire (Annexe B : Savard ef al., 2006 et Annexe C : Bédard et al.,
2008).

A travers le développement des techniques d'analyse, de nombreux obstacles ont
da étre franchis. Un de ces obstacles est la validation des techniques puisque la
disponibilité des matériaux de référence certifiés pour le soufre ou le sélénium est trés
limitée, voire non-disponible étant donnée les difficultés analytiques mentionnées plus
haut. Il existe néanmoins des matériaux de référence qui ont été caractérisés dans divers
ouvrages scientifiques disponibles dans la littérature. Ces valeurs informatives ont

permis de comparer les résultats obtenus & I'UQAC afin de valider les techniques



pendant leur développement. De nombreuses analyses ont été réalisées sur divers
matériaux de référence au cours du développement des techniques et également pendant
les analyses sur les roches du Bushveld dans le but d'en valider les résultats (Annexe D :
Savard et al, 2009). Ce demnier ouvrage scientifique propose une compilation
exhaustive des teneurs en sélénium disponibles dans la littérature de plusieurs matériaux
de référence. Les concentrations obtenues a I'UQAC y ont été greffées. Ainsi, des
traitements statistiques pour 26 matériaux de références sont présentés pour qualifier et
classifier ces matériaux selon le consensus des déterminations disponibles dans la
littérature. Ce quatriéme ouvrage scientifique devient donc un outil essentiel pour les
scientifiques ou les entreprises qui travailleront sur la détermination du sélénium dans

les matériaux géologiques.



CHAPITRE 1

DEVELOPPEMENT DE LA TECHNIQUE D'ANALYSE DU SELENIUM PAR PRE-
CONCENTRATION SUR FIBRE DE COTON THIOL ET ANALYSE PAR
ACTIVATION NEUTRONIQUE (SE/TCF-INAA)

Titre du manuscrit :

TCF selenium preconcentration in geological materials for determination at sub-ug g '

with INAA (Se/TCF-INAA).

Auteurs :

Dany Savard, L. Paul Bédard & Sarah-Jane Barnes

Source :

Talanta (2006), No 70 : 566-571.

Résumé :

Dans les matériaux géologiques, les concentrations de sélénium (Se) peuvent
varier entre 1 ng/g et 0.1 %. Le cycle géochimique du Se dans les roches est peu connu
et la difficulté a quantifier le Se en basse teneur (moins de 1 pg/g) en est la principale
raison. Le développement d'une technique d'analyse appropriée pour la détermination

du Se dans les matériaux géologiques devient donc une clé pour l'avancement des



connaissances sur le cycle géochimique du sélénium. La méthode qui consiste a pré-
concentrer le Se sur la fibre de coton thiol (TCF) pour ensuite étre quantifié par
absorption atomique munie d'une fournaise au graphite (GFAAS) a été modifiée pour la
détermination par activation neutronique (INAA). La technique modifiée implique la
mise en solution des échantillons avec un mélange d'acides et d'oxydant (HF, HNO; et
Hy07) et 1'évaporation a basse température (55-60 °C) pour éviter la perte de Se par
volatilisation. Le Se*® est réduit en Se™ en ajoutant du HCl (6M) au résidu séché, puis
la solution est chauffée avec le couvercle fermé dans un bain-marie a 95-100 °C. La
solution est ensuite diluée avec de l'eau distillée pour ajuster le HCI & 0.6M et est
ensuite passée dans le TCF pour collecter le Se. Le TCF est rincé et placé dans une
capsule de polyéthyléne pour ensuite étre irradié au réacteur SLOWPOKE II (Ecole
Polytechnique de Montréal) pendant 30 secondes  un flux de neutrons de 10°m™s™. Le
pic & 162 keV du "™Se est lu pendant 20 secondes apreés un temps de décroissance de
20 secondes.

La quantité d'échantillon nécessaire a I'analyse est déterminée par deux facteurs
en compétition. Pour obtenir des limites de détection plus basses, une plus grande
quantité d'échantillon est utilisée. Cependant, le TCF peut devenir saturé en éléments
chalcophiles quand la masse de I'échantillon est augmentée. La quantité de soufre
présent dans I'échantillon est un bon indicateur de la quantité de sélénium et d'éléments
chalcophiles. Dans les échantillons pauvres en soufre (<100 pg/g), des tests on été
effectués avec 3g d'échantillon et la limite de détection est de 2 ng/g. Dans les
échantillons riches en soufre tels que les sulfures massifs (>10 % S), une quantité de
0.05g d'échantilion permet d'éviter la saturation du TCF et offre une limite de détection

convenable de 120 ng/g pour les échantillons a haute teneur en Se, en S et en éléments



chalcophiles. La technique de détermination du Se par TCF, suivie par I'INAA
(Se/TCF-INAA) comporte des avantages notables : elle est plus rapide que par la
technique d'absorption atomique munie d'une fournaise au graphite, posséde des limites
de détection plus basses, ne cause pas d'interférences majeures, si déterminée par I'ICP-
MS, et I'étape de désorption du Se, qui peut étre hasardeuse, n'est pas nécessaire par
INAA. Le présent ouvrage scientifique porte sur la détermination du Se dans 8
matériaux géologiques de référence de diverses natures et les résultats sont en accord
avec ceux disponibles dans la littérature. Au moment d'écrire ces lignes soit trois ans
apres la publication, l'ouvrage scientifique comportait déja 8 citations dans d'autres

ouvrages scientifiques. (Voir I'annexe B pour le manuscrit originai.)

Contribution des auteurs :
1°" auteur : Dany Savard :
-Développement de la technique d'analyse (projet de fin d'études du
baccalauréat en génie géologique, UQAC, 2005);
-Analyses en laboratoire du sélénium;
-Rédaction du résumé, de l'introduction, de la description expérimentale
de la technique d'analyse, de la discussion et de la conclusion;

-Mise en forme de l'article suivant les critéres de 1'éditeur.

2™ auteur : L. Paul Bédard :
-Conseils au développement analytique de la technique;

-Conseils 3 la rédaction de Fensemble du manuscrit.



3°me quteur : Sarah-Jane Barnes :
-Planification et direction du projet;

-Aide a la rédaction de P'ensemble du manuscrit.
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CHAPITRE II

DEV,ELOPPEM],ENT DE LA TECHNIQUE D'ANALYSE DU SOUFRE DANS LES
MATERIAUX GEOLOGIQUES PAR SPECTROMETRIE INFRAROUGE AVEC UN
APPAREIL HORIBA EMIA-220V S-C ANALYZER

Titre du manuscrit :

Total sulfur concentration in geological reference materials by elemental infrared

analyser,

Auteurs :

L. Paul Bédard, Dany Savard & Sarah-Jane Barnes

Source :

Journal of Geostandards and Geoanalytical Research (2008), vol. 32-2 : 203-208.

Résumé :

Le soufre total est un analyte pour lequel il existe trés peu de déterminations
publiées, bien que cet élément soit trés important. (Par exemple, c'est un élément majeur
de la plupart des minerais : un gaz trés important dans le probléme de réchauffement
global et un participant actif au probléme des eaux acides). La plupart des matériaux de

référence certifiés ont des données sur le soufre de trés mauvaise qualité, avec des
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écarts-types relatifs (RSD) de 'ordre de 30 a 50%, méme pour des concentrations
supérieures a 100 pg g-1, ce qui compromet leur utilisation comme calibrant. Afin de
fournir des résultats assortis de trés faibles RSD, le soufre a ét¢ mesuré dans vingt-neuf
matériaux de référence certifiés avec un analyseur S/C ¢élémentaire de dernicre
génération, en utilisant des fragments de métal (matériaux de référence certifiés ayant
un lien de tragabilité) et du soufre de qualité analytique pour les échantillons les plus
concentrés. Les paramétres analytiques (poids de l'échantillon, dégazage du creuset,
stratégie de calibration, etc.) ont été optimisés via une série de tests. Nos résultats sont
en accord avec les valeurs données pour les matériaux de référence par leurs organismes
de certification respectifs. La concentration mesurée (129+13 ug g' S) pour CCRMP
SY-2, qui a été proposée comme matériau de référence pour le soufre, est en accord

avec la valeur actuelie de 122+3.7 pg g" S. (Voir l'annexe C pour le manuscrit original.)

Contribution des auteurs :
1°" auteur : L.Paul Bédard :
-Planification et direction du projet;
-Rédaction de I'ensemble du manuscrit, tableaux et figures;
-Analyses en laboratoire des tests d'optimisation.
2™ Juteur : Dany Savard :
-Analyses en laboratoire des résultats présentés;
-Elaboration de la technique d'analyse pour les matériaux de hautes

teneurs;
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-Aide a l'élaboration de la technique d'analyse pour les matériaux de
basses teneurs;
-Contribution a la rédaction sur la partie expérimentale;
-Recherche bibliographique.
3%me auteur : Sarah-Jane Barnes :

-Correction du manuscrit,
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CHAPITRE III

ETUDE DU COMPORTEMENT GEOCHIMIQUE DU SELENIUM DANS LE
BUSHVELD (AFRIQUE DU SUD)

Titre du manuscrit :

Selenium and sulfur concentrations in the Bushveld Complex of South Africa and

implications for formation of the platinum-group element deposits.

Auteurs

Sarah-Jane Barnes, Dany Savard, Wolfgang D. Maier & L. Paul Bédard

Source :

Mineralium Deposita (2009), vol. 44 (6) : 647-663.

Résumé :

Ce troisiéme ouvrage scientifique porte sur les différentes relations entre le
soufre (S) et le sélénium (Se) dans les roches provenant de deux forages de la suite litée
de Rustenberg (complexe du Bushveld, Afrique du Sud). Leur relation avec le cuivre
(Cu - un élément constituant et compatible dépendant du sulfure) et le lanthane (La - un
élément incompatible dans les sulfures) est également présentée. Au total, 157 analyses

de Se et 124 analyses de S ont été réalisées au LabMaTer de 1'UQAC. Les
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concentrations de lanthane (La), de cuivre (Cu) et une partie des concentrations en
soufre ont été préalablement déterminées et sont issues d'autres ouvrages scientifiques.
Le but premier de ce travail est de déterminer quelles phases contrdlent la distribution
de ces éléments. Le S, le Se et le Cu montrent une corrélation positive mais le La ne
montre pas de corrélation. Dans la plupart des cas, les concentrations de S, Se et Cu
dans les roches contenant plus de 800 pg/g de soufre peuvent étre modélisées par la
ségrégation d'un liquide sulfuré de fer, de nickel et de cuivre dans un magma
cristallisant en fractionnement. A mesure que le magma évolue, le Se et le Cu ont été
appauvris dans le magma résiduel et les ratios S/Se et S/Cu augmentent dans la
stratigraphie de ces roches. Le ratio Se/Cu est plus élevé dans les roches les plus
¢évolu€es, ce qui suggere que le Se a un coefficient de partage un peu plus élevé que le
Cu (1200 versus 1700). La « Lower Zone » et la « Lower Critical Zone » du complexe
contiennent en moyenne 99 ug/g de S seulement. Ces basses tencurs ont permis a
certains auteurs de suggérer que ces roches ne contenaient pas de cumulats de sulfures
malgré le fait que ces roches soient légérement enrichies en éléments du groupe du
platine (EGP). Ces échantillons ont des proportions S/Se similaires aux roches riches en
S et les ratios S/La et Se/La sont plus élevés que ceux du magma source, suggérant que
des cumulats de sulfures sont présents malgré les basses concentrations en S, Trois
modeles sont possibles pour expliquer les basses teneurs en S des roches de la « Lower
Zone» et de la « Lower Critical Zone »: a) les sulfures qui étaient présents dans
'empilement cristallin ont migré dans les roches encaissantes ou au centre de l'intrusion;
b) le magma était saturé en soufre en profondeur et, durant le transport, des sulfures ont
été emprisonnés dans la matrice cristalline, ¢) les roches ont été appauvries en S et en Se

a température élevée. Il est difficile pour I'instant d'évaluer lequel de ces modéles est le
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plus plausible, mais il est important de souligner que les deux premiers mode¢les peuvent
avoir une implication économique car ils pourraient mener a la découverte d’une
éventuelle réserve en métaux économiques logée au centre de l’intrusion ou a sa

périphérie. (Voir 'annexe A pour e manuscrit original.)

Contribution des auteurs :
1" auteur : Sarah-Jane Barnes :
-Direction et supervision du projet;
-Rédaction de la mise en contexte régionale des résultats interprétés.
2m° auteur : Dany Savard :
-Analyses en laboratoire du sélénium et du soufre;
-Production de tous les tableaux, figures et statistiques;
-Rédaction du contexte géologique, de la description analytique, de la
description et de I’interprétation des résultats, ainsi que de la liste de références.
3™ auteur : Wolfgang Maier :
-Critique constructive et conseils sur les parties interprétation et

discussion.

4™ auteur : L. Paul Bédard

-Révision du contenu de 'ensemble du manuscrit.
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CHAPITRE IV

CONCENTRATION DU SELENIUM DANS 26 MATERIAUX DE REFERENCE :
NOUVELLES DETERMINATIONS ET TENEURS SUGGEREES

Titre du manuscrit :
Selenium concentrations in twenty-six geological reference materials: new

determinations and proposed values.

Auteurs :

Dany Savard, L. Paul Bédard & Sarah-Jane Barnes

Source :

Journal of Geostandards and Geoanalytical Research (2009), vol. 33-2 : 249-252.

Résumé :

L’ intérét de déterminer la concentration du sélénium dans les roches augmente
parce que cet élément est un outil pour I’exploration des métaux de base et des métaux
précieux. Le sélénium est un élément méconnu en géochimie étant donné les
nombreuses difficultés & analyser cet élément. Une conséquence de ces difficultés
s’exprime par le nombre restreint de matériaux de référence géologique internationaux

(MRGI} présentant une teneur certifiée ou assignée. La capacité de la plupart des
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laboratoires & déterminer la teneur en sélénium est inadéquate ou inexistante et la
« bonne pratique », tel que proposé par Kane et Potts (2007) pour obtenir des valeurs
robustes ne peut étre appliquée. Pour contrer ce probleme, le sélénium a été déterminé
par pré-concentration sur fibre de coton thiol suivi de P'analyse par activation
neutronique (technique du Se/TCF-INAA) dans 26 MRGI et un matériel de controle de
la qualit¢ (KPT-1). Ces résultats ont ensuite ét¢ utilisés conjointement avec ceux
publiés dans la littérature pour évaluer la concentration en sélénium de ces matériaux de
référence. Des statistiques fiables ont pu étre développées pour 7 MRGI, avec des écart-
types relatifs équivalents ou mieux & ceux de la fonction d’Horwitz, et des teneurs
fiables (consensus) ont été proposées. Pour 3 MRGI, des résultats dispersés ont mené a
des consensus moins fiables et des concentrations suggérées sont présentées. Pour 17
MRGI, un nombre insuffisant de données disponibles ou de larges écart-types ont
contraint la proposition de teneurs a valeur informative seulement. (Voir l'annexe D

pour le manuscrit original.)

Contribution des auteurs :
1°" auteur : Dany Savard :

-Planification du projet;
-Rédaction du corps du manuscrit;
-Analyses en laboratoire du sélénium;
-Rédaction de la description expérimentale de la technique d'analyse;
-Production de tous les tableaux et figures;
-Aide a la rédaction du résumé, de 'introduction, de la discussion et de la

conclusion;



-Mise en forme de l'article suivant les criteres de 'éditeur.

2™ auteur : L. Paul Bédard :
-Direction du projet;
-Rédaction du résumé;
-Aide & la rédaction de 'ensemble du manuscrit;
-Elaboration de la stratégie statistique.
3%Me quteur : Sarah-Jane Barnes :

-Révision de I'ensemble du manuscrit.
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CONCLUSION

Ce mémoire de maitrise en sciences de la Terre est présenté en quatre parties.
Chacune des parties a fait {'objet d'une publication scientifique dans des journaux
internationaux spécialisés en sciences de la Terre avec comité de lecteurs. Les
publications forment un projet d'ensemble qui vise a élargir les conmnaissances
géochimiques du soufre et du sélénium.

Les deux premiers ouvrages scientifiques présentent des techniques d'analyse de
quantification pour les matériaux géologiques du sélénium (technique du Se/TCF-
INAA, Savard et al., 2006) et du soufre (par spectrométrie infrarouge HORIBA EMIA-
220-V, Bédard ef al., 2008). La technique du Se/TCF-INAA a de nombreux avantages :
I'étape de désorption qui n'est pas nécessaire par INAA, comparativement & I'analyse par
absorption atomique munie d'une fournaise au graphite (GF-AAS) et par spectrométrie
de masse (ICP-MS); elle consomme moins de temps que la GF-AAS et il n'y a pas
d'interférences, comparativement a 1'lCP-MS. La technique du soufre permet également
la détermination en basse et en hautes teneurs en variant les parameétres d'analyses
(masse d'échantillon, température et temps de chauffage). La limite de détection est de
22 pg/g.

La troisitme partie présente une application de l'étude du comportement
géochimique du soufre et du sélénium dans un gisement magmatique, le complexe du

Bushveld en Afrique du Sud (Barnes et al., 2009). L'étude a permis de soulever trois
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modeles pour expliquer les basses teneurs en soufre et les relations S-Se-Cu-La
observées dans la base du Bushveld, qui est enrichie en éléments du groupe du platine.
Le premier modéle suggere que les sulfures qui étaient présents dans l'empilement
cristallin aient pu migrer dans les roches encaissantes ou au centre de l'intrusion. Pour sa
part, le deuxiéme modele suggére que le magma ait été saturé en soufre en profondeur
et que, durant le transport, des sulfures aient été emprisonnés dans de petites cavités
présentes dans la matrice cristalline. Le troisiéme modéle, quant a lui, suggére que les
roches aient été appauvries en S et en Se a température élevée aprés la solidification de
I'intrusion. Il est impossible d'évaluer pour I’instant lequel de ces modéles est le plus
plausible, mais les deux premiers modéles ont une implication importante pour
l'exploration de nouvelles ressources. Si I'un de ces modeles s’avére exact, il aura
contribué a la découverte de nouvelles ressources associées & I’intrusion telles que le
nickel, le cuivre, les éléments du groupe du platine et I’or.

Enfin, la quatriéme partie présente une compilation des teneurs en sélénium dans
26 matériaux de références géologiques internationales (MRGI) obtenues & 'UQAC
(Savard ez al., 2009). Les résultats ont été greffés avec les résultats disponibles dans la
littérature et des traitements statistiques ont été réalisés afin de classifier les MRGI
selon e degré de consensus des déterminations obtenus. La validation de la qualité des
techniques d'analyse est fortifiée par l'analyse de matériaux de référence. Ainsi, ce
quatriéme ouvrage scientifique est un outil bénéfique pour la communauté scientifique
et lindustrie désireuse de développer de mnouvelles techniques d'analyse pour le
sélénium, pour l'étude scientifigque de son comportement géochimique ou pour

éventuellement se servir du sélénium comme outil d'exploration.
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L’ensemble de ce projet est donc un avancement dans 1'étude géochimique du
soufre, du sélénium et de leur relation avec d’autres éléments. La compréhension de ces
relations conduit vers l’acquisition générale de nouvelles connaissances pour la
communauté scientifique et ces connaissances seront notamment bénéfiques a
Pindustrie pour P'amélioration ou le développement de nouvelles techniques

d’exploration.
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BUSHVELD COMPLEX OF SOUTH AFRICA AND IMPLICATIONS FOR
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Abstract We have determined the S, Se, Cu and La
contents through a complete stratigraphic section of the
Bushveld Complex. The principle aim was to determine
which phases controlled these elements. S, Se and Cu show
positive correlations, but these elements do not correlate
with La. In most cases, the concentration of S, Se and Cu in
rocks containing greater than 800 ppm S can be modeled by
segregation of a Fe-Ni—Cu sulfide liquid from a fraction-
ating magma. As the magma evolved, Se and Cu were
depleted by the continual segregation of sulfide liquid and
the S/Se and S/Cu of the rocks increased. The Se/Cu ratio is
higher in the more evolved rocks, which suggests that Se
has a slightly lower partition coefficient than Cu into
sulfide liquid (1,200 versus 1,700). The Lower and lower
Critical Zone of the complex contains on average only
99 ppm S. The low S content of these rocks has led some
authors to suggest that these rocks do not contain cumulate
sulfides, despite the fact that they are moderately enriched
in PGE. These samples fall along the same trend as the
S-rich samples on the S-versus-Se piot and the S/La and Se/
La ratios are greater than the initial magmas suggesting that
despite the low S contents cumulate sulfides are present.
Three models may be suggested in order to explain the low
S content in the Lower and Critical Zone rocks: {a) the
sulfides that were present have migrated away from the
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cumnulate pile into the footwall or center of the intrusion; (b)
the magma was saturated in sulfides at depth and during
transport some sulfides lagged in embayments; (c) the rocks
have lost both S and Se at high temperature. The first two
models have important implications for exploration.

Keywords Selenium - Sulfur. Platinum-group elements -
Merensky Reef - Bushveld Complex - South Africa

Introduction

Selenium is a chalcophile element that has long been used
in studying the formation of Ni-sulfide and platinum-group
element (PGE) deposits associated with mafic and ultra-
mafic rocks (Eckstrand et al. 1989). High S/Se ratios in
Ni-sulfide ore deposits have, in many studies, been taken as
evidence that S has been contributed from the country
rocks, a process considered to be critical to the formation of
many Ni-sulfide ores (e.g. Naldrett et al. 1984; Ripley et al.
2002a, b; Thériault and Barnes 1998). The observation that
S/Se ratios are close to chondritic (2,500, Dreibus et al.
1995) in some PGE deposits, e.g. the Main Sulfide Zone of
the Great Dyke and the Merensky Reef of the Bushveld
Complex, has been used to support a model that the PGE
were concentrated by an Fe-Ni—Cu sulfide liquid (hereafter
referred to as a sulfide liquid) which separated by liquid
immiscibility from the mafic silicate liquid (Barmes et al.
2008; Godel et al. 2007). In reefs where S/Se ratios are sub-
chondritic, e.g. the JM Reef of the Stillwater Complex, the
AP and PV Reefs of the Penikat Intrusion and the Platinova
Reef of the Skaergaard Intrusion (Andersen 2006; Barnes et
al. 2008; Godel and Barnes 2008a, b), it has been suggested
that the rocks have experienced S loss. The underlying
assumption here, based on studies of sedimentary rocks and
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hydrothermal systems, is that S is more mobile than Se
(Auclair et al. 1987).

In addition to its use in ore deposits work, the S/Se ratio
has also been used to study the behavior of base metal
sulfides during partial melting of the mantle (e.g. Guo et al.
1999; Hattori et al. 2002; Lorand et al. 2003). Despite the
utility of the ratio, there are few studies on the behavior of
Se in crustal rocks. In part, this is due to the very low level
at which this element occurs in the crust [the average
continental crust contains only 0.05¢ ppm (Taylor and
McLennan 1985)]. In order to determine Se at low levels, we
have recently modified an analytical method, consisting of Se
pre-concentration on thiol cotton fiber (Marin etal, 2001), and
adapted it for instrumental neutron activation analysis (Se/
TCE-INAA, Savard et al. 2006). The technique provides low
detection limits (~0.006 ppm) and quantitative recovery. The
ability to determine Se at low levels offers the opportunity to
stady a wider range of rocks and processes.

The Bushveld Complex of South Africa contains most of
the world’s Pt resources (Cawthomn 1999). The role of
sulfide liquid in concentrating the PGE into the main PGE
deposits (the UG-2 Reef, the Merensky Reef and the
Platinova Reef) is much debated. There are essentially three
schools of thought. The first suggests that the PGE were
precipitated from the magma as platinum-group minerals
(e.g. Hiemstra 1979; Tredoux et al. 1995). The second
suggests that sulfide liquid segregated from the silicate
magma and PGE partitioned into the sulfide liquid. This
PGE-rich liquid then settled onto the cumulate pile to form
the reefs (e.g. Campbell et al. 1983). The third school of
thought suggests that PGE were collected from the cumu-
late pile by a late magmatic fluid. This fluid rose through
the pile to the level of the reefs where it dissolved into the
interstitial silicate liquid and precipitated the PGE (e.g.
Boudreau and Meurer 1999). In this debate, the critical
question is when the Bushveld magma became saturated in
sulfide liquid, and whether the initial sulfides were later
dissolved and the metals mobilized by late magmatic fluids.

Maier and Barnes (1999) and Barmnes and Maier (2002a)
found that most of the rocks in the lower part of the
intrusion are enriched in PGE. They also noted that many
of these rocks have S/Hf and Cu/La ratios higher than the
initial magmas and suggested that the magma was saturated
in sulfide liquid from the lowest units of the Complex. This
argument is based on the idea that if no cumulate sulfides
are present, then these elements should all be incompatible
and thus the ratios of chalcophile to incompatible elements
of the rocks should be the same as that of the parental
magma. However, Willmore et al. (2000) argued that
insufficient Cu and S are present for the silicate liquid to
have been saturated in a sulfide liquid. Cawthorn (2005)
was in agreement with this, stating that the Bushveld
Complex does not appear to have been sulfide saturated,

@_ Springer

except at two discrete levels (the Merensky Reef and the
Bastard pyroxenite), and he concluded that there is no
convincing evidence for suifur saturation in the Lower and
Critical Zones. This argument is based on the premise that if
the silicate magma is saturated in sulfide liquid, then the
sulfide liguid should be present in the cumulate rocks in
cotectic proportions or greater, i.e. the concentrations in the
cumulate rocks must equal or exceed the amount needed to
saturate the magma in sulfide liquid. In the case of the initial
Bushveld magma, this can be calculated to be ~1,200 ppm,
using the equation of Li and Ripley (2005), and ~80C ppm,
using the Wallace and Carmichael (1992) equation and
assuming a pressure of 0.3 GPa and fO, at the FMQ buffer.
In fact, the amount of S to be expected in the cumulate is a
little more complex as will be outlined below but the point
that the lower parts of the Complex contain very little S and
yet contain PGE enrichment requires some explanation.

One possible way to reconcile the observation of the low S
fevels and high chalcophile-to-lithophile ratios is that S could
have been partially removed from the lower parts of the
intrusion, Von Gruenewaldt et al. (1986) and Gain (1985)
have suggested that the chromite-rich layers have lost S
based on the high CwS ratios in these layers. In this case, it
is possible that Se would be retained in preference to S.

This work presents Se concentrations in 156 well-
characterized samples covering the complete stratigraphy
of the ultramafic and mafic layered rocks (the Rustenburg
Layered Suite, RLS) of the Bushveld Complex {Maier and
Bames 1998, 1999; Barnes et al. 2004, Godel et al. 2007).
Samples will be considered to contain cumulate sulfide if
they contain more than 800 ppm S. Therefore, data from
these samples will be used to investigate the behavior of Se
when the magma is saturated in a sulfide liquid. Observa-
tions will then be applied to samples containing less than
800 ppm S to consider the question of whether S has been
lost from some parts of the intrusion.

Geology
Geological setting

The Bushveld Complex was emplaced and crystallized at
approximately 2,054 Ma (2,054+2.8 Ma, Harmer and
Armstrong 2000; 2,054+1.3 Ma Scoats and Friedman
2008) into the supracrustal rocks of the Transvaal Super-
group which is mainly composed of quartzite, sandstone and
dolomite with interlayered volcanic andesitic and volcano-
clastic sediments (Eriksson et al. 1993). The Complex
consists of two main parts, an ultramafic to mafic part
known as the Rustenburg Layered Suite (RLS) and a felsic
part consisting of granites and granophyres (Fig. 1). The
RLS is subdivided into five zones. From the base to the top,
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these are the Marginal Zone (discussed in more detail
below) as well as the Lower, Critical, Main and Upper
Zones. The PGE deposits are found in the Critical Zone of
the RLS.

The Marginal Zone

The Marginal Zone is located at the contact between the
cumulate rocks and the country rocks and includes dykes and
sills found adjacent to the contact. Sharpe (1981) divided the
rocks into three groups based on their textures and
geochemistry. The Bushveld 1 (B-1) rocks have composi-
tions similar to modern boninites or Archean to Proterozoic
siliceous high-Mg basalts (SHMB). Their textures range
from quench textures, with elongate pyroxene and plagio-
clase, to fine-grained equigranular rocks. There is a series
of ultramafic sills (UM) in the footwall to the complex,
consisting of olivine mesocumulates which have been
modeled as a mixture of olivine and B-1 liquid (Sharpe
and Hulbert 1985; Davies and Tredoux 1985). The
Bushveld 2 and 3 (B-2 and B-3) rocks have compositions
similar to tholeiitic basalt and are fine-grained equigranular
gabbronorites. Their major element compositions are
similar, but they differ in their trace element composition
in that the B-2 rocks are richer in all the incompatible
elements. The marginal rocks have been used to charac-
terize the parental magmas of the Bushveld (e.g. Cawthom
et al. 1981; Curl 2001; Davies et al. 1980; Davies and
Tredoux 1985; Harmer and Sharpe 1985, Sharpe and
Hulbert 1985). Se and S have been determined in ten
samples from the collection of Harmer and Sharpe (1985)

and Sharpe and Hulbert (1985) as well as in three samples
from Bames and Maier (2002b). These samples will be
used to estimate the initial magma compositions.

The Union Section stratigraphic borehcles

Most samples were taken from stratigraphic boreholes at
Union Section, northwestern Bushveld (Fig. 1). At this
locality, the Lower Zone is 1,000 m thick and directly
overlies the sedimentary floor rocks. It consists of cyclic
units of ultramafic cumulates of dunite, harzburgite and
orthopyroxenite (Teigler and Eales 1996). The Criticai
Zone (1,000 m thick) is subdivided in two sub-Zones on
the basis of their composition; the Lower Critical Zone
consists of cyclic units of chromitites, harzburgites and
orthopyroxenite, whereas the Upper Critical Zone consists
of cyclic units of chromitites, orthopyroxenites, norites and
anorthosites.

The two main PGE deposits occur at the top of the
Upper Critical Zone; the UG-2 Reef (in Upper Group
chromitite 2) and the Merensky Reef. As no samples were
available for the Merensky Reef from the Union Section
boreholes, Se was determined in Merensky Reef samples
previously studied by Godel et al. (2007) from the
Rustenburg Mine and in the international reference material
SARM-7, which is a composite of the Merensky Reef from
five different mines {(Steele et al. 1975). Selenium has
previously been determined in these samples by INAA by
Godel et al (2007). In addition, Barnes and Maier (2002a)
determined Se in ten Merensky Reef samples from Impala
mine. The new results for the reef are similar to the earlier

[:l Younger Sedimentary
Cover & Intrusions

Granophyres + Granites g Bushveld
Lo 7} Rustenburg Layered Suite$ Complex villa

R Nora
: aoiberg Group
Pretoria Group Jransvaal
@ Chuniseport Group Supergroup Limb

[:.j Archaean Basement
Pre-Transvaal
Farmations

f 7 Faults

-
+ +
O -~ Y
Rustenburg W Brits® ¢
° ™~ o o o

2?'

Believue
Northern Borehole

® Pretoria
/

_Jofiafinesburg

0 25 50 75 100
oo s Sem———1

km
29" .Betha: 30

Fig. 1 Geology of the Bushwveld Complex and location of the boreholes studied in this work. Map modified after Barnes and Maier (2002b)

@_ Springer



650

Miner Deposita (2009) 44:647-663

results, but more precise, and only the TCF analyses will be
used in the current study.

The Main Zone {2,000 m thick) is relatively homoge-
neous and is composed of norite, gabbronorite and
anorthosite. Olivine and chromitite are virtually absent
(Mitchell 1990).

The Bellevue stratigraphic borehole

The Bellevue borehele is located on the Northern limb of
the complex (Fig. 1). Sampies for this study came from the
interval between the top of the Main Zone through to the
top of the Upper Zone. The Upper Zone is 1,500-2,000 m
thick and consists of cyclic units of magnetite, gabbronorite
or diorite and anorthosite. Its base is defined as the zone
where magnetite becomes a cumulate phase. The lower part
of the Upper Zone, known as sub-Zone A, contains cumu-
late plagioclase, low-Ca pyroxene and magnetite. Overlying
this is sub-Zone B, where olivine becomes a cumulate
phase, and sub-Zone C, where apatite becomes a cumulate
phase. The upper parts of the Upper Zone contain
numerous country rock xenoliths (Ashwal et al. 20035,
Cawthorn and Street 1994) and the final 100 m consists of
granophyre.

Parental magmas

Harmer and Sharpe (1985) showed that the crystallization
sequence and trace element composition of the B-1 magma
are consistent with it being the parental magma of the
Lower Zone. Trace elements and isotopes of the Critical
Zone suggest that these rocks formed from a magma that
was a mixture of B-1 and B-2 magmas (Kruger 1994; Maier
and Barnes 1998; Wilson and Chunnet 2006). The Main
Zone is thought to form from the B-3 magma (Sharpe 1981;
Maier and Barnes 1998). Sharpe (1981) suggested that the
Upper Zone formed from fractionated Critical Zone magma.

Analytical techniques
Selenium determination

A slightly modified version of the Se/TCF-INAA technique
described by Savard et al. (2006) was used to determine Se.
The first modification was that sample size was reduced
from 1 g to 0.9-0.95 g and the quantity of each acid
reduced by a facter of 0.75. This modification was
introduced so as to allow use of the 56 ml closeable PTFE
beakers that fit our digestion block. The second modifica-
tion was that the pre-cut nanosep centrifugal vials contain-
ing the TCF were replaced by 1 ml pipette tips containing
TCF with a small cotton ball to keep the TCF in place. Five
international reference materials and a blank were deter-
mined at the same time as the Bushveld samples. The
UQAC results agree with literature values (Table 1), thus
the modifications do not appear to have affected the quality
of the results. The analytical blank was prepared by placing
the reference material BIR-1 in a fumace at 1,000°C
overnight to volatilize all Se. Based on the BIR-1 blank,
the limits of detection and quantification are 0.007 and
0.021 ppm, respectively. Unfortunately, Se concentrations
could not be determined in chromite-rich rocks (e.g. UG-2)
because the low-temperature/low-pressure dissolution tech-
nique used (HF-HNO;~H,0,) does not dissolve all of the
chromite.

Sulfur determination

In most of our samples, sulfur had been previously
determined by the combustion idometric procedure using
a LECO titrator. Recently, analytical methods for low-level
S samples have improved and we have re-determined S in
many of the samples using high temperature combustion
combined with infrared spectrometry using a Horiba 220 V
S-C analyzer and the protocol outlined in Bédard et al.

Table I Se and S values obtained at UQAC for reference materials and blanks and accepted values for reference materials

Sample Se (ppm} =% n Se (ppm) + S (ppm) *+ n S {ppm) + Reference
UQAC Literature UQAC Literature

AN-G 0.046 0.005 0.041 0.002 146 5 2 138 6 Terashima and Imai (2000},
Okai et al. 2001)

BE-N 0.065 0.004 0.061 0.005 310 2 2 304 24 Savard et al. (2006),
Bédard et al. (2008)

BIR-1 0.020 0.003 0.018 0.003 i8 3 2 none Gladney and Knab (1981)

DR-N 0.098 0.010 0.082 0.008 441 12 2 433 15 Marin et al. (2001),
Okai et al. (2001)

MRG-1 0.193 0.015 0.199 0.010 666 23 3 610 - Halt et al. (1997),
Govindaraju (1994)

Blank <0.007 0.0023 - - 13 3 8§ - -
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(2008). Sulfur concentrations in five reference materials
were also determined along with the Bushveld samples and
agree with literature values (Table 1). The detection limit,
as defined as 3 sigma on the blank, is 9 ppm. In most cases,
the results for the Bushveld samples were comparable to
the previously published values. However, in the case of the
Upper Zone samples, it was found that most of the
previously published values were SO; values that were
erroneously reported as S values (Barnes et al. 2004). The
revised values are indicated with a cross (}) in Table 2.

The whole-rock Cu and La contents and the anorthite
content of plagioclase were collected as part of previous
studies (Maier and Barnes 1998, 1999; Bames et al. 2004;
Ashwal et al. 2005).

Results
Marginal rocks—parental magmas

The rocks of the Marginal Zone contain 0.006 to 0.182 ppm
Se and 40 to 560 ppm S (Table 2). The highest values for
both Se and S are found in the B-1 samples (averaging at
0.142 and 496 ppm, respectively). These samples have S/Se
ratios broadly similar to the mantle (~3,333; McDonough
and Sun 1995). The B-2 and B-3 samples contain less Se
and S (averages of 0.0416 and 97 ppm, respectively) but
similar S/Se values (3,100).

Three of our B-1 samples (CD001, CD017 and CO114)
were the same as those analyzed by Harmer and Sharpe
(1985). Their S values covered a wider range than the
present values (200-1,200 ppm), but the averages are
similar (533£577 versus 465426 ppm S).

The data of Davies and Tredoux (1983) for both the B-1
and B-2/3 magmas show considerably higher S contents
than those of the present study. These authors report
averages of 897+300 ppm (n=8) for the B-1 and 287+
312 ppm (n=4) for the B-2/3 magmas. There appears to
have been either a calculation error for the average of the
B-2/3 magma or an error in the values reported in their raw
data, as the average in the table for the B-2/3 samples is
actually 5264326 ppm. We believe our S values to be
correct, based on the results for the international reference
materials and the improved techniques used for S determi-
nations at low levels (Bédard et al. 2008). We respectfully
suggest that Davies and Tredoux (1935) overestimated the
S concentrations in the marginal rocks because of the
limitations of the analytical methods used at the time and
the difficulty of determining S at these low concentrations.
A similar explanation can be given for the large uncertainty
of the S determinations of Harmer and Sharpe (1985). We
have determined S in the marginal rocks in a larger sampie
set and the average results are similar to the ten samples

reported here (B-1 average S=396 ppm n=10; B-2/B3
average S=146 ppm n=23, Barnes et al. in preparation).

Samples from the Rustenburg Layered Suite

Within the RLS, Se concentrations decrease from ~0.1 ppm
at the base of the intrusion to 0.01 ppm just below the UG-1
chromitite, which occurs in the Upper Critical Zone some
50 m below the Merensky Reef (Table 2, Fig. 2a). Sulfur
follows a similar trend decreasing from approximately
300 ppm at the base of the Lower Zone to 30 ppm just
below the UG-1 chromite (Table 2 Fig. 2b). The average Se
and S contents in rocks from the Lower Zone and Critical
Zones below the UG-1 chromitite are 0.03and 99 ppm,
respectively, and the average S/Se ratio is similar to mantle
at 3,400 (Table 2).

Selenium values increase through the cyclic units imme-
diately underlying the Merensky Reef from 0.024 ppm in the
UG-1 pyroxenite to 1-14 ppm in the Merensky Reef and
then decrease throughout the Merensky Cyclic unit to
0.07 ppm. In the overlying pyroxenite of the Bastard unit,
the Se values rise once again (~0.4 ppm) and then fall
throughout the unit. Both S and Cu follow similar trends as
Se throughout these units (Table 2 and Fig. 2a and b).

The Main Zone samples from both the Union and Bellevue
boreholes generally contain very little Se and S (Table 2,
Fig. 2a and b). The concentrations are similar to those of the
Lower and Critical Zones below the UG-1 unit (average
0.045 ppm Se and 143 ppm S, S/Se=3,180). Only three
samples contain more than 0.1 ppm Se and these also contain
more than 200 ppm S. There does not appear to be a system-
atic variation with either Se or S and stratigraphic height.

In the Upper Zone, Se and S concentrations are generally
higher than in the other zones (Fig. 2a and b). The concen-
tration of Se ranges from 0.1 to 10 ppm , with an average of
1.2 ppm for the entire Upper Zone, and the average S
content is ~6,000 ppm. Sulfur concentrations in sub-Zones
A and B are similar, in the 0.03 to 1 wt.% (average 0.4 wt.
%). In contrast, S concentrations in sub-Zone C are
generally higher, in the 0.1 to 16 wt.% range (average
~1.2 wt.%). The average S/Se ratio is lower in sub-Zone A
(~2,700) than in sub-Zones B and C which average ~7,000.

Interpretation

Modeling sulfide saturation

The samples are meso- to adcumulates of pyroxene, oxide,
+plagioclase (Ashwal et al. 2005; Barnes et al. 2004; Godel
et al. 2007; Maier and Barnes 1998). The amount of base

metal sulfides present varies from <0.1 to 10 modal percent,
with the vast majority of samples containing <0.5 modal
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Table 2 Whole-rock concentrations of Se, S, Cu, La for rocks from the|Bushveld Complex

Sample Rock type Zonefunit Height  Se (ppm) S Cu La Anin  S/Se S/Cu Cu/Se
(km) (ppm)  (ppm)  (ppm)  Plag
103.88 Diorite Upper C 6.1461 0.140 ¢t 1,347 34 37.13 4153 9,621 39.6 243
157.07 Diorite Upper C 6.0929 0314 ¢} 1,627 204 53.69 4498 5,182 8.0 650
269.28 Diorite Upper C 5.9807 0768 t 5,647 121 2343 7,353 46.7 158
269.96 Diorite Upper C 5.9800 0418 t 5,776 50 34.71 13,818 115.5 120
272.58 Xenolith Upper C 5.9774 2.146 + 27,100 530 29.01 12,628 511 247
304.72 Diorite Upper C 5.9453 2.024 12,000 257 162.21 5,929 46.7 127
305.44 Mag layer R Upper C 5.9446 0458 ¢t 3,859 93 6.24 5474 8,426 41.5 203
328.87 Gabbronorite ~ Upper C 5.9211 9.760 67,900 940 15.17  47.76 6,957 722 96
351,13 Gabbronorite Upper C 5.8989 3308 f 19,500 398 505 4832 5,895 49.0 120
3517 Gabbronorite Upper C 5.8983 1.014 ¢ 6,600 162 6.10  47.02 6,509 40.7 160
352.1 Anorthosite Upper C 5.8979 0.105 ¢t 1,487 16 7.87 14,162 92.9 152
443.87 Gabbronorite Upper C 5.8061 0.054 ¢ 332 10 9.68 6,148 33.2 185
559.16 Gabbronorite Upper C 5.6908 0825 ¢t 4,840 110 4997 4583 5,867 44.0 133
603.67 Mag layer Q Upper C 5.6463 0.841 t 5,405 152 1.60  50.00 6,427 35.6 181
611.56 Mag layer P Upper B 5.6384 8.121 58,296 1,010 212 53.62 7,178 57.7 124
611.76 Mag layer P Upper B 5.6382 1.303 10,158 337 579  533.55 7,796 30.1 259
644.8 Mag layer O Upper B 5.6052 0300 1,599 104 363  54.03 5,330 15.4 347
687.3 Gabbronorite Upper B 5.5627 0362 t 2,500 110 409  48.08 6,906 22.7 304
806.02 Gabbronorite Upper B 5.4440 0537 § 4,695 184 326 4827 8,743 255 343
830.57 Mag layer M Upper B 5.4194 0262 t 1,936 91 1.09  51.19 7,389 213 347
830.75 Mag layer M Upper B 5.4193 0270 ¢+ 1,570 83 2.64 5,815 18.9 307
848.8 Mag layer L Upper B 5.4012 0.031 T 286 25 0.64 49.08 9,226 114 806
882.05 Gabbronorite Upper B 5.3680 0.058 ¢t 236 28 444 5398 4,069 8.4 483
903.08 Mag layer J Upper B 5.3469 0455 ¢ 2,300 292 045  56.56 5,055 7.9 642
920.83 Gabbronorite Upper B 5.3292 L1711 T 5,459 1,210 759  56.15 3,191 4.5 707
930.4 Mag layer [ Upper B 5.3196 c476 + 1,600 345 0.58  56.58 3,361 4.6 725
978 Mag layer II Upper B 5.2720 0.031 T 212 29 0.66  56.72 6,839 7.3 935
1,002.5 Mag layer H Upper B 5.2475 0.196 ¥ 774 109 0.81 55.75 3,949 7.1 556
1,028.03 Gabbronorite Upper A 5.2220 0.046 ¥t 539 18 7.57 11,717 29.9 391
1,048.81 Gabbronorite Upper A 5.2012 0120 ¢t 321 79 6.17 5586 2,675 4.1 658
1,049.26 Gabbronorite Upper A 5.2007 0534 ¢t 2,400 179 852 56.40 4,494 13.4 335
1,070.95 Gabbronorite Upper A 5.1791 1512 ¢ 3,905 1,430 557 5786 2,583 2.7 946
1,144.8 Gabbronorite Upper A 5.1052 0120+ 524 56 326 56.77 4,367 9.4 467
1,216.3 Gabbronorite Upper A 5.0337 0433 ¢t 1,118 341 357 56.48 2,582 33 788
1,224 Mag layer Upper A 5.0260 1.330 ¢t 2,068 1,459 i.14 1,555 1.4 1,097
1,279.93 Gabbronorite Upper A 4.9701 0.596 ¢t 2,000 484 202 5504 3,356 4.1 812
1,316.52 Gabbronorite Upper A 4.9335 2276 ¥ 4,913 1,640 1.65 5556 2,159 3.0 721
1,334.55 Mag layer E Upper A 4.9155 2267 % 5,400 1,940 646  57.54 2,382 2.8 856
1,374.84 Gabbronorite Upper A 4.8752 0444 t 1,723 270 629 5497 3,881 6.4 608
1,382.24 Anorthosite Upper A 4.8678 0600 T 1,500 425 879  55.61 2,500 35 708
1,397.05 Mag layer C Upper A 4.8530 0274 % 733 231 0.50  53.23 2,675 3.2 843
1,403.17 Mag layer B Upper A 4.8468 2.281 11,200 970 282 5787 4,910 11.5 425
1,404.35 Gabbronorite Upper A 4.8457 2024 % 5,200 2,150 133 5535 2,569 2.4 1,062
1,483.34 Gabbronorite Upper A 4.7667 0245 ¢+ 667 194 4.67  60.65 2,722 3.4 792
1,517.08 Anorthosite Upper A 4.7329 0095 440 49 4.50 4,632 9.0 516
1,520.33 Anorthosite Upper A 4.7297 4958 ¢t 8,654 3,500 3.04 6147 1,745 2.5 706
1,530.27 Gabbronorite Upper A 4.7197 2.017 1,900 1,647 1.39 942 1.2 817
1,530.47 Gabbronorite Upper A 4.7195 1.595 1,800 1,320 1.39 1,129 1.4 828
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Table 2 (continued)

Sample Rock type Zone/unit Height  Se (ppm) S Cu La An in S/Se S/ICu Cu/Se
(km) (ppm)  (ppm) (ppm)  Plag

1,534.54 Gabbrenorite  Upper A 4.7155 0.662 1,000 808 1.47 1,511 1.2 1,221
1,547.7 Gabbronorite ~ Upper A 4.7023 0.580 ¢ 625 743 1.34 1,078 0.8 1,281
1,618.43 Gabbronorite  Main 4.6316 0018 ¢ 54 6 2.31 3,000 9.0 333
1,708.75 Gabbronorite ~ Main 4.5413 0.053 ¢ 221 30 2.76 4,170 7.4 566
1,745.45 Gabbronorite ~ Main 4.5045 0029 ¢ 63 17 1.54 2,172 3.7 586
1,745 .45 Gabbronorite  Main 4.5045 0.095 7 492 50 1.54 5,179 9.8 526
1,967.1 Norite Main 4.2829 0.028 ¥ 90 20 1.30 3,214 4.5 714
1,973.68 Norite Main 4.2763 0.027 ¢ 97 55 0.30 3,593 1.8 2,037
1,973.78 Anorthosite Main 4.2762 0241 ¢ 567 278 0.97 2,353 2.0 1,154
mz7 Gabbro Main 47210 0.029 7 29 30 3.44 1,000 1.0 1,034
mz4 Gabbro Main 4.5120 0078 ¥ 23 28 0.00 295 0.8 359
spll Gabbro Main 4.2920 0017 ¢ 55 27 2.18 3,235 2.0 1,588
al Gabbro Main 4.0319 0016 ¥ 39 18 2.24 2,438 22 i,125
a35s Gabbro Main 3.8262 0.010 ¥ 30 11 1.88 3,000 2.7 1,100
a65 Gabbro Main 3.6326 0033 7 38 i2 1.32 1,152 3.2 364
a79 Gabbro Main 3.5550 0022 ¢ 97 33 3.32 4,409 2.9 1,500
al06 Gabbro Main 3.4263 0.025 f 109 17 3.62 4,360 6.4 680
aldl Gabbro Main 3.2265 0018 7 55 20 2.53 3,056 2.8 Lt
al68 Gabbro Main 2.9941 0017 7 68 22 242 4,000 3.1 1,294
a206 Gabbro Main 2.8224 0.009 ¥ 53 22 3.22 5,889 2.4 2,444
2238 Gabbro Main 2.6201 0.i14 ¢ 280 98 223 2,456 2.5 860
a254 Gabbro Main 2.5550 0.044 ¥ 63 33 2.85 1,432 1.9 750
a255 Gabbro Main 2.5300 0.023 ¥ 75 0.00 3,261

a261 Gabbro Main 2.5150 0.019 ¢ 80 0.00 4,211

a262 Gabbro Main 2.4900 0016 f 63 0.60 3,938

a27t Gabbro Main 2.4350 0019 ¥ 60 27 2.79 3,158 22 1,421
a275 Gabbro Main 2.4000 0.008 ¥ 58 3.48 7,250

a297 Norite Main 2.3000 0.063 % 115 0.00 1,825

a298 Pyroxenite Main 2.2960 0210 F 1,066 134 0.77 5,076 8.0 638
a301 Norite Main 2.2820 0019 ¥ 58 34 2.58 3,053 1.7 1,789
a31s Norite Main 2.2000 0.018 ¥ 108 0.00 6,000

a334 Norite Main 2.1080 0.022 ¢ 73 22 4.13 3,318 3.3 1,000
ua? Norite Critical 2.0820 0032 ¢ 78 19 4.46 2,438 4.1 594
ua20 Norite Bastard 2.0320 0.033 180 16 1.59 5,455 11.3 485
ua25 Pyroxenite Bastard 2.0240 0.451 1,080 216 3.27 2,395 5.0 479
ua3l Anorthosite Merensky 2.0190 0.067 170 40 2.30 2,537 4.3 597
ua36 Norite Merensky 2.0100 0.109 260 52 2.55 2,385 5.0 477
vadl Norite Merensky 2.0020 0416 820 151 5.89 1,971 5.4 363
m-4 Melanorite Merensky 1.9970 4.380 14,542 1,400 3,320 10.4 320
m-3 Melanorite Merensky 1.9970 3.890 15,848 1,100 4,074 14.4 283
m-2 Melanorite Merensky 1.9970 3.010 8,007 1,000 2,660 8.0 332
m-1 Melanorite Merensky 1.9976  14.570 40,271 2,800 2,764 14.4 192
CGM-2 Melanorite Merensky 1.9970 5.510 14,833 4,300 2,692 3.4 780
GGM-1 Melanorite Merensky 1.9976 14.320 29,814 3,500 2,082 8.5 244
An Anorthosite Merensky 1.9970 1.750 5,824 900 3,385 6.6 514
SARM-7 composite Merensky 1.9976 1990 ¥ 4,173 700 420 2,097 6.0 352
uad8 Anorthosite Pseudoreef  1.9940 0.034 70 13 2.66 2,059 5.4 382
ua63 Pyroxenite UG-2 £.9790 0.058 100 29 3.84 1,724 34 500
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Table 2 (continued)

Sample Rock type Zone/unit Height  Se (ppm) S Cu La An in S/Se S/Cu Cu/Se
(km) (ppm)  (ppm) (ppm)  Plag

ua66 Pyroxenite UG-2 1.9740 0.056 210 33 2.90 3,750 6.4 589
ua70 Harzburgite UG-2 1.9690 0.061 230 30 2.29 3,770 7.7 492
b235/34 Pyroxenite UG-1 1.9630 0024 ¢t 149 23 3.10 6,208 6.5 958
b235/36 Pyroxenite UG-1 1.9550 0024 ¢t 105 24 1.90 4,375 4.4 1,000
b235/39 Norite MG4 1.9470 0.008 1 9 14 1.34 1,125 0.6 1,750
sil Norite MG4 1.9000 0.007 T 17 12 140 2,429 1.4 1,714
$20 Norite MG4 1.8450 0.007 T 9 10 1.02 1,286 0.9 1,429
$30 Norite MG4 1.8000 0.012 ¢ 15 8 0.64 1,250 1.9 667
540 Pyroxenite MG4 1.7500 0.016 ¥ i9 13 0.45 1,900 1.5 1,300
$52 Pyroxenite MG4 1.7000 0.013 ¢t 29 14 0.94 2,231 2.1 1,077
ng3 146.5 Pyroxenite MG4 1.6668 0017 + 16 7 0.27 941 23 412
ng3 159.4 Pyroxenite MG3 1.6539 0.029 90 18 1.29 3,103 5.0 621
ng3 176.45  Norite MG3 1.6368 0035 ¢t 84 9 1.18 2,400 9.3 257
ng3 194.7 Norite MG3 1.6186 0.016 50 9 0.88 3,125 5.6 563
ng3 21425  Pyroxenite MG2 1.5990 0.022 58 13 0.62 2,636 4.5 591
ng3 220.17  Pyroxenite MGl 1.5931 0.013 50 7 7.52 3,846 7.1 538
ng3 232 Pyroxenite MGl 1.5813 0023  t 111 17 2.36 4,826 6.5 739
ngl 25 Pyroxenite MG1 1.5383 0.044 ¥ 86 18 1.95 1,955 4.8 409
ngl 95.1 Harzburgite LG7 1.4683 0016 t 169 7 1.09 10,563 24.1 438
ngl 163.27 Pyroxenite LG6 1.4000 0.037 T 97 14 2.05 2,622 6.9 378
ngl 233.6 Pyroxenite LG6 1.3300 0.026 ¥ 88 17 1.45 3,385 52 654
ngl 245.25  Pyroxenite LG6 1.3181 0.013 ¢ 31 8 0.04 2,385 3.9 615
ngl 257.7 Pyroxenite LGS 1.3056 0.024 80 22 227 3,333 3.6 917
ngl 292.3 Pyroxenite LG5 1.2710 0.009 ¥ 29 12 0.56 3,222 2.4 1,333
ngl 327.45  Pyroxenite LGS 1.2358 0.026 t 84 18 1.14 3,231 4.7 692
ngi 380.35 Pyroxenite LG4 1.1830 0.032 T 113 16 238 3,531 7.1 500
ngl 421 Pyroxenite LG4 1.1423 0.052 T 99 18 3.99 1,904 5.5 346
ngl 500.5 Pyroxenite LG2 1.0628 0.029 50 19 0.00 1,724 2.6 655
ngl 509.8 Harzburgite LG2 1.0535 0.061 ¥ 120 16 0.68 1,967 7.5 262
ngl 528.5 Pyroxenite LG1 1.0348 0022 % 67 17 1.07 3,045 39 773
ngl 55878  Pyroxenite LGl 1.0045 0.017 60 16 1.52 3,529 3.8 941
ngl 57535  Pyroxenite Critical 0.9880 0.017 80 18 1.10 4,706 4.4 1,059
ngl 61985  Pyroxenite Critical 0.9435 0.0l16 ¥ 51 i5 4.01 3,188 3.4 938
ngl 670.1 Pyroxenite Lower 0.8932 0.023 ¢ 142 14 322 6,174 10.1 609
ngl 698 Harzburgite Lower 0.8653 0.027 70 15 1.16 2,593 4.7 556
ngl 773.38 Dunite Lower 0.7899 0.017 t 25 6 0.03 1,471 4.2 353
ngl 793.8 Dunite Lower 0.7695 0.007 ¥ 36 16 0.12 5,143 2.3 2,286
ng2 11525  Pyroxenite Lower 0.6580 T 23

ng2 171.5 Pyroxenite Lower 0.6018 0.028 110 16 1.24 3,929 6.9 571
ng2 253.05  Pyroxenite Lower 0.5203 0.080 7 168 32 1.88 2,100 5.3 400
ng2 332.25  Pyroxenite Lower 0.4410 0.083 160 22 2.95 1,928 7.3 265
ng2 373 Pyroxenite Lower 0.4003 0036 1 208 22 1.42 5,778 9.5 611
ng2 409.79  Pyroxenite Lower 0.3635 0016 ¥ 142 329 8,875

ng2 449.4 Harzburgite Lower 0.3239 0.079 ¢ 327 29 1.99 4,139 11.3 367
ng2 490.05  Pyroxenite Lower 0.2833 0.056 320 1.96 5,714

ng2 557.1 Harzburgite Lower 0.2162 0.042 1 223 29 1.54 5,310 7.7 690
ng2 626.12  Harzburgite Lower 0.1472 0.056 271 32 1.63 4,839 8.5 571
ng2 678.64  Pyroxenite Lower 0.0946 0.102 7 270 247 2,647
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Table 2 (continued)

Sample Rock type Zone/unit Height  Se (ppm) S Cu La Anin S/Se S/ICu Cu/Se
(km) (ppm)  (ppm)  (ppm)  Plag
CD-017 B1-QT Marginal 0.0000 0.181 ¢ 491 67 15.17 2,713 73 370
CD-001 BI-QT Marginal 0.0000 0.157 t 466 46 19.36 2,968 10.1 293
D1-225 B1-QT Marginal 0.0000 0095 ¢t 619 58 20.70 6,516 10.7 611
CO-114 B-1 Marginal 0.0000 0.146 t 439 45 17.44 3,007 9.8 308
DI-204 B-1 Marginal 0.0000 0131 f 463 47 12.88 3,550 9.9 359
CD-005 B1-UM Marginal 0.0000 0.143 ¥ 360 52 12.56 2,517 6.9 364
be-5 B1-UM Marginal 0.0000 0073 % 355 32 6.24 4,863 11.0 441
CO-113 Bi-UM Marginal 0.0000 0.072 ¢t 207 23 7.59 2,875 9.0 321
be-6 B-2 Marginal 0.0000 0.069 i 168 78 15.30 2,435 22 1,128
be-25 B-2 Marginal 0.0000 0.059 ¢ 56 78 15.26 949 0.7 1,319
CO-66 B-2 Marginal 0.0000 0052 t 165 51 nd, 3,173 32 981
CO-48 B-3 Marginal 0.0000 0.017 ¥ 44 8 3.42 2,588 59 441
C0-252 B-3 Marginal 0.0000 0.008 1 53 3 1.78 6,025 17.7 375

TNew § value, Mag magnetite, UG Upper Group unit, MG Middle Group unit, LG Lower Group unit

percent sulfides. Selenium is known to be a chalcophile
element with a high partition coefficient into sulfide
(Table 3) and many publications report high Se values in
sulfides (e.g. Paktunc et al. 1990). Therefore, one would
predict that the bulk of the Se in the rocks is present in the
sulfides. Indeed, in situ determination of Se in sulfides from

Rustenburg Mine showed this to be the case for the
Merensky Reef (Bédard et al. 2007). These sulfides are
thought to crystallize from a sulfide liquid which segre-
gated from the silicate liquid by liquid immiscibility. The
Se would have partitioned into the sulfide liquid at this
time. In detailed studies of the Merensky Reef unit from the
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Fig. 2 Variation of S and Se with stratigraphic height in the Bushveld Complex
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Table 3 Partition coefficients
between silicate and sulfide Cu Se Reference
liquid
1,383 1,770 Peach et al. 1990
620-1,513 397-793 Brenan et al. (personal communication 2009)
913-1,006 - Francis (1990)
250-313 - Gaetani and Grove (1997)
480-1,303 - Ripley et al. (2002a, b)
380-1,670 - Holzheid and Lodders (2001)

Impala and Rustenburg mines, Barnes and Maier (2002a)
and Godel et al. (2007) showed that the chalcophile element
concentrations, including Se, can be modeled by collection
of these elements by a sulfide liquid and accumulation of
the liquid on the cumulate pile. The Merensky Reef and
Bastard units are relatively S-rich and the presence of
cumutate sulfides in these units is plausible. The question in
debate is whether cumulate sulfides are present in rocks
with low S contents or whether the traces of sulfides found
in these rocks represent the crystallization product of the
trapped liquid fraction.

Plots of Se versus S, Cu versus S and Se versus Cu show
that there is a positive correlation between these elements
throughout the RLS (Fig. 3a—c). The data do not, however,
form a single trend. The samples from sub-Zones B and C
of the Upper Zone have higher S/Se and S/Cu ratios
(average ~7,000 and ~34, respectively) than the parental
magmas {median ~3,000 and ~9, respectively) and thus
form lower trends on S versus Se and Cu plots than the
other samples. The change in $/Cu ratios in the Upper Zone
was also noted by Hamney et al. (1990) and Barnes et al.
(2004) who suggested that this trend arises because very
little magma was being added to the chamber while sulfide
liquid was extracted from the silicate liquid during the
formation of sub-Zone A. As a result, the concentration of
chalcophile elements decreased in the fractionated magma.
The sulfide liquid that segregated from this fractionated
magma would be poor in Cu and other chalcophile
elements. The magma would be depleted in Se and thus
the suifide liquid that formed would have higher S/Se
ratios. This interpretation is supported by the negative
correlation between An content of plagioclase (a proxy for
fractionation of the magma) and S/Se ratios (Fig. 4).

The plot of Se versus Cu also shows two trends
(Fig. 3c). Samples from sub-Zones A and B and the
Merensky Unit have higher Cu/Se ratios (660) than samples
from sub-Zone C (200). This could occur if the silicate
liquid that formed sub-zone C was more depleted (by a
factor of ~3) in Cu than Se. If the partition coefficient for
Cu between sulfide and silicate liquid were slightly higher
than that of Se, then the silicate liquid would have become
depleted in Cu relative to Se. The only published study to
date where both Se and Cu partition coefficients were

_@_ Springer

estimated (Peach et al. 1990) found that the partition
coefficient for Se was slightly higher than that of Cu for
sulfide droplets in MORB basalt (Table 3). However,
Brenan (personal communication 2069), using experimental
work, has found that Cu partition coefficients can be greater
than Se (Table 3).

The evolution of the B-1 magma and its cumulates has been
modeled using the average B-1 composition and the program
PELE (Boudreau and Meurer 1999) V 6.07 (a version of
MELTS that allows sulfide liquid saturation). The model
used was for fractional crystallization with temperature
increments of 20°C. Modeling was stopped when there was
37% liquid left because at this point the An content of the
plagioclase in the model is close to that of the most
fractionated sections of the Complex (the sub-Zone C of
the Upper Zone). As will be outlined below, the partition
coefficients used for Se and Cu, 1,200 and 1,700 respec-
tively, were chosen to be within the range reported in the
literature (Table 3) and to match the S, Se and Cu dis-
tributions in the rocks containing more than 800 ppm S.

The model shows that the magma becomes saturated in
sulfide liquid after 16% crystallization, at approximately
600 ppm S, 0.17 ppb Se and 60 ppm Cu (Fig. 5a). The
concentrations of S, Se and Cu in the magma fall steadily to
150, 0.03 and 4 ppm as the magma evolves (Fig. 5a).

The compositions of the sulfide liquids in equilibrium with
the initial and most fractionated magmas were calculated and
tie lines between these magmas and the sulfide liquids are
shown on plots of S versus Se and Cu (Fig. 3a and b). The tie
line between the least fractionated magma and the sulfide
liquid in equilibrium with it passes close to samples from the
Merensky Reef, the Critical Zone above the UG-1 and sub-
zone A of the Upper Zone. Tie lines between the most
fractionated magma and the sulfide liquid in equilibrium
pass close to the samples of sub-Zones B and C of the Upper
Zone. Thus, most of these rocks can be modeled as
containing cumulate sulfides and the composition of the
sulfides evolved as the composition of the magma evolved.

An exception to this is a group of five samples mostly
focated at the base of sub-Zone A of the Upper Zone which
have low S/Se ratios (ranging from 942 to 1,745). In a
previous study, Barnes et al. (2004) suggested that these
samples have lost S, on the basis that they contain corroded
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sulfides and that they have whole-rock S/Cu ratios close to
1. The low S/Se ratio of these rocks is in agreement with
this interpretation.

Copper can also be modeled in the same fashion using a
partition coefficient of 1,700. This is quite a high partition
coefficient, but the low Cu concentrations in sub-Zone C
cannot be modeled using a lower coefficient. By using
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Fig. 3 Plots of a Se versus S b Cu versus S ¢ Cu versus Se, showing
that there are positive correlations between these elements. The heavy
dashed lines are model tie lines between the initial silicate and sulfide
liquids. Light dashed lines are model tie lines between fractionated

these partition coefficients, the low Cu/Se ratio in sub-Zone
C can be simulated (Fig. 3¢}. Modeling in mixing of the B-
2 or B-3 magmas does not greatly change the result as the
S/Se ratios of these magmas are similar to the B-1 magma.

An alternative possibility to explain the decoupling in
chalcophile elements is suggested by the abundance of
country rock xencliths in sub-Zone C of the Upper Zone. It
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silicate and sulfide liquids. Samples containing more than 150 ppm S
fall within the model lines indicating that the distribution of these
elements can be modeled by sulfide liquid control. The % figures
indicate the weight percent sulfide present
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Fig. 4 Plot of S/Se ratio versus An# of the plagioclase in the Upper
Zone showing a negative correlation, suggesting that the sulfides
formed from fractionated magma were depleted in Se

is possible that the addition of the xenoliths led to
saturation of the magma in sulfide liquid, via addition of
S, changing the magma composition and raising the fO,. If
the country rock had a slightly lower Cu/Se ratio than the
Upper Zone magma, the contaminated magma could have a
lower Cu/Se ratio and thus the sulfide liquid that segregated
from it would also have a lower Cu/Se ratio. However, we
do not believe that this is the correct interpretation as the
roof country rocks in the Bellevue area are granitic {Ashwal
et al. 2005). They contain very little Cu or Se and thus
would not be expected to contribute significant amounts of
S, Cu or Se to the magma.

Samples containing less than 800 ppm S

As mentioned in the Introduction, some authors (e.g.
Cawthorn 1999) suggest that there is insufficient S and

Cu in the Lower and most of the Critical Zone samples for
cumulate sulfides to be present. In order to consider how
much S should be present in the Lower and Critical Zone
samples, the amounts of S present in the model cumulates of
the B-1 liquid have been calculated for two cases, the instan-
taneous curnulate and the average cumulate (Fig. 5b). The
concentration in the instantaneous cumulate is calculated as

Sic = 330000 * Wiy /Wi

Sie=S in ppm in the instantancous cumulate, 330,000=
concentration of S expressed in ppm in the sulfide liquid,
Wsu=the weight percent sulfide liquid segregated in this 20°
C interval, W, =the weight percent of all the cumulate
phases that crystallized in this 20°C interval.

The S concentration in the average cumulate after X
percent crystallization is calculated as

Sac = 330000 * Wagy / Woe

where S,.=the S content in the average cumulate, W su=the
weight percent sulfide segregated after X percent crystalli-
zation, W,.=the weight percent of all cumulate phase that
have crystallized after X percent crystallization of the magma.

The instantaneous cumuiate assumes that after the cumu-
late phases form they separate perfectly from the silicate liquid
and ali the phases remain together. In this case, the amount of
S in the cumulate is zero until sulfide saturation occurs. It is
highest (~2,400 ppm) just after the silicate liquid becomes
saturated in a sulfide liquid and falls off to ~500 ppm once
plagioclase comes on the liquidus (Fig. 5b). It is probably
unrealistic to assume that the various phases remain together
in cotectic proportions. They could be separated by gravity
and the sulfide liquid could migrate. Possibly, the average
cumulate represents a more realistic model of the cumulates.
The average cumulate also contains no S until sulfide
saturation. After saturation, the S content increases to
approximately 800 ppm when plagioclase comes on the
liquidus and then falls to approximately 700 ppm (Fig. 5b).
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Plagioclase first becomes a cumulate phase in the upper
Critical Zone of the Complex, a few 100 m below the PGE
reefs. If the Lower Zone and lower Critical Zone rocks were
saturated in a sulfide liquid, then the model requires that the
average amount of S in these rocks should be greater than
800 ppm. In fact, on average, the Lower Zone and lower
Critical Zone samples contain only 99 ppm suggesting that
cumulate sulfides are not present.

On S versus Se and S versus Cu plots, most of the samples
containing <800 ppm S plot along the extension of the trend
defined by the samples with cumulate sulfides (Fig. 3a and b).
These trends could be interpreted to support the model that
cumulate sulfide was present in these rocks despite the very
low levels of S. However, surprisingly, the accumulation of
cumulate sulfide would not radically change the S/Se or S/
Cu ratio of a rock. This is because essentially all of the S, Se
and Cu partition into the sulfide liquid, thus preserving the
ratios observed in the silicate liquid. It could be argued
that the correlation of the chaicophile elements in rocks
with <800 ppm simply reflects their presence in the trapped
liquid component as suggested by Willmore et al. (2000),
who based their conclusion on a moderate correlation
between Cu and P.

This idea may be tested by considering the chalcophile
element to incompatible lithophile element ratios. If both
the chalcophile elements and the incompatible elements are
present in the trapped liquid fraction, then the S and Se to
incompatible element ratios should be similar to that of the
magma. La was selected as the incompatible element
because it is the incompatible element which has been
determined with the greatest precision in most samples.
Plots of La versus Se and S (Fig. 6a and b) show that most
of the samples with <800 ppm have Se/La and S/La ratios
greater than either the B1 or B2/3 magmas suggesting that
these samples contain cumulate sulfides despite having
<800 ppm S. Plots of S and Se to Zr show similar results.

Fig. 6 Plots of S and Se versus a

Discussion

The distribution of Se in most samples from the Upper
Zone and from the Merensky and Bastard Units can largely
be interpreted by segregation of a sulfide liquid that
collected Se and Cu. In the case of the Merensky and
Bastard Units, this sulfide liquid also collected PGE. It is
notable that the samples from the Merensky Reef unit have
S/Se ratios in the 2,000 to 4,000 range and thus do not
appear to have lost appreciable amounts of S. In most of the
Upper Zone, the concentrations of PGE are very low, thus
the sulfide liquid did not collect PGE. Barnes et al. (2004)
argued that this is because the Upper Zone magma has been
depleted in PGE by the segregation of a PGE-rich sulfide
liquid that formed the reefs.

Most samples from the Lower and lower Critical Zone
are enriched in PGE and have S/La and Se/La ratios greater
than the Bushveld magmas suggesting that some cumulate
sulfides were present in these rocks. However, all of the
Lower and lower Critical Zone rocks have much less S than
model cumulates formed from a B-1 magma saturated in
sulfides. This creates an intrigning problem of why these
samples have S contents less than model cumulates but
more than can be accommodated by the trapped liquid
fraction.

We suggest three possible models. In the first model
(Fig. 7), the magma was not sulfide saturated when it was
emplaced. The magma was emplaced and crystallized
silicates and oxides (Fig. 7a). The magma attained sulfide
saturation after approximately 17% crystallization and the
metals and Se partitioned into the sulfide liquid and collected
on the cumulate pile (Fig. 7b). During subsequent magma
injections, the sulfide liquid migrated downwards through
the cumulate pile along dilatencies as previously proposed
for the Merensky Reef (Barmnes and Maier 2002a,b; Godel
et al. 2006). The dilatencies may have opened up during
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Model of sulfide saturation in the Bushveld chamber
for formation of sulfide-poor rocks

@ Magma was emplaced inte the Bushveld
chamber and began crystallizing

N sufice o~

silicate and oxides
crystallized

b magma attained sulfide saturation
sulfide droplets collected on cumulate pile

(
O

C Fresh injection of magma, seismic activity,
liquefaction of cumulate pile, sulfide liquid
migrated into underlying cumulate and foot wall

fresh magma

sulfides migrated into footwall
potential PGE-Ni deposit

Fig. 7 Model for forming the S-poor PGE-bearing rocks assuming
sulfide saturation was attained in the Bushveld magma chamber. Note
the leakage of sulfide liquid into the footwall leading to a potential for
sulfide mineralization in the footwall

seismic activity associated with each new injection of
magma and this seismic activity caused liguefaction of the
cumulate pile (Fig. 7¢). The migration of the sulfide liquid
could result in most of the Lower and Critical Zone rocks
having less than model proportions of sulfides. The average
S content of the Lower and Critical Zone rocks below the
UG-1 is only 99 ppm. Assuming that the magma was
saturated at 800 ppm S, this proposal requires that ~90% of
the sulfide liquid has migrated away, possibly into the center
of the lopolith or into footwall veins. These sulfides would
make an interesting exploration target.

In the second model (Fig. 8a-b), the Bushveld magma
attained sulfide saturation in a feeder chamber (Fig. 8a).
Eales (2002) suggested that magma batches were periodi-
cally emplaced into the Bushveld chamber as crystal mush.
We suggest that these miushes carried some sulfide droplets
(Maier 2005) but the amount present was less than cotectic
as some droplets settled out during transport, possibly in

@ Springer

embayments (Fig. 8b). In this case, the embayments would
represent an interesting target.

The third model suggests that initially sulfides accumnu-
lated on the Lower and Critical Zone crystal pile (Fig. 9a). It
has long been argued that, during crystallization, the
interstitial magma of the Lower and Critical Zone became
saturated in a high temperature fluid which rose through the
cumulate pile and dissolved sulfides (e.g. Willmore et al.
2000). During the dissolution of the sulfides, some PGE
could have formed PGM which remained in situ, accounting
for the enrichment of PGE in these zones. It also has the
potential to explain the depletion of Pd relative to the other
PGE in the Lower and Critical Zones. Experimental work
(Peregoedova et al. 2004, 2006) has shown that, during de-
sulfidization, Pd is preferentially pastitioned into gas or
liquid while the other PGE form alloys or partition into the
refractory Fe-rich monosutfide solid solution. The difficulty
with this argument is that on average the S/Se ratio of the
Lower and lower Critical Zone rocks is close to mantle and

Model with suifide saturation at
depth for sulfide-poor rocks

& Feeder chamber developed at depth;

magma saturated in sulfide liquid
surface

cumulate
silicate minerals

e

sulfide Hquid

b Magma emplaced as crystal mush with
entrained sulfides

Crystal mush
emplaced from
feeder chamber;
suifides < cotectic
proportions

Sulfide droplets
lagged in embayment

magma rose as a sulfide
bearing crystal mush

Feeder chamber

Fig. 8 Model for formation of the S-poor PGE-bearing ‘rocks
assuming sulfide saturation occurred at depth. Note the potential for
sulfide mineralization in the embayments
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Model with dissolution of the disseminated
sulfides for formation of the sulfide-poor rocks

& Partially crystaliized Lower and Critical
Zones with disseminated sulfides

b Fluid exsolved and dissolved sulfides. S and Se
largely dissolved. Pd and Pt partially dissolved

i Sluid undersaturated magma

Lower and: Critical Zones

w o

[ " Fluid dissolved the primary sulfides
S and Se partially removed f,f’

: P \
. IPGE enriched mss and PGM remditg

EY

7
-

Fig. 9 Model for the formation of the S-poor PGE-bearing rocks by
dissolution of S and Se by late magmatic fluid

the initial magma and thus one could suggest that appre-
ciable S lost has not occurred as it is generally assumed that
S is more mobile than Se. This premise is based on the idea
that S is more readily oxidized than Se and that their
mobility increases along with their oxidation state. This is
supported by observations of changes in S/Se ratios in
weathered rocks, e.g. Dreibus et al. (1995) found lower S/Se
ratios in a meteorite affected by weathering. However, if S
and Se were volatized at high temperature, then it is possible
they not necessarily need to be decoupled. For example,
Walf et al. (1995) heated meteorites above ~1,050°C and
found S and Se were equally depleted.

Conclusions

In the Upper Zone and the Merensky and Bastard Units, Se,
Cu and S distributions can be modeled by sulfide liquid
segregation. In this modeling, partition coefficients of 1,200
and 1,700 were used for Se and Cu, respectively.

Samples from the Lower Zone and Critical Zone rocks
below the UG-1 contain less than cotectic proportions of
sulfides. However, most of the samples have S/La and Se/
La ratios greater than the magma and the samples are
generally enriched in PGE. Thus, the rocks appear to
contain cumulate sulfides despite their very low S content.
Three possible models may be considered. The first model
suggests that magma attained sulfide saturation after the
emplacement in the Bushveld chamber and some crystalli-
zation. The sulfide liquid that collected on the cumulate pile
then migrated into the footwall or into the center of the
intrusion. The second model suggests that the Bushveld
magma was saturated in sulfide liquid in a feeder chamber.
The magma that filled the Bushveld chamber was a sulfide
droplet-bearing crystal mush and during transport to the
Bushveld chamber some sulfide droplets lagged behind in
embayments leaving the mush with less than cotectic
proportions of sulfides. The third model suggests that
originally cumulate sulfides were present in the Lower
and Critical Zone samples but both S and Se were
remobilized at high temperatures.

We do not have a preferred model at present. It should be
noted that the first and second model have important
exploration implications as they imply that PGE-bearing
sulfides could be present around the Bushveld margins or in
the center of the intrusion.
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Abstract

In geological samples, Se concentration ranges from ! x 107 gg™ up to 1 x 1072 gg~'. The analytical difficulty at low concentration
(<1 pgg™!), is one of the main reasons why the geological cycle of Se is poorly known. The analytical method that consisted of preconcen-
tration of Se with thiol cotton fiber (TCF) followed by graphite furnace atomic absorption spectrometry (GFAAS) has been modified by finishing
with instrumental neutron activation analysis (INAA). The modified technique involves sample dissolution (HF-HNO;-H;,0,) and evaporation to
dryness at low temperature (55-60 °C) to avoid selenium volatilization. Se¥! is converted to Se’¥ by adding 6 M HC1 to the dry residuum and the
solution is then beated in a covered boiling bath (95-100°C). The solution is diluted to obtain 0.6 M HCI and then collected on TCF. The TCF is
placed in a polyethylene vial for irradiation in the SLOWPOKE Il reactor (Montréal) for 30 s at aneutron flux of 10" m™2 s™', The 162 keV peak of
7TmSe (half-life 17.36s) is read for 20s after a decay of 7 5. The amount of sample to be dissolved is controlled by two competing effects. To obtain
low detection limits, a jarger amount of sample should be dissolved. On the other hand, the TCF could become saturated with chalcophile elements
when large sample is used. Sulfur is a good indicator of the amount of Se and chalcophile elements present. In S poor sample (<100 pgg™") 3.0g
of sample was used and the Lp was ~2ngg™*. In S high samples (>1.5% S) 0.05 g of sample was used and the Lp was ~120ng g~'. The present
work also includes suggested Se concentration for eight international geological reference materials (IGRM) that compare favorably with literature

values.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Selenium is important because it is a pathfinder element
in economic geology [1]. It has similar geochemical proper-
ties to sulfur, but is slightly less mobile and less volatile. It is
also an essential nutrient that becomes toxic at high concen-
tration [2,3] thus it is an important analyte in environmental
science [2-8]. Although its environmental cycle is well under-
stood, its geological cycle is almost unknown. The reason for
the poorly understood geochemical cycle is in part because pre-
cise quantification of this element is a real challenge, especially
at low concentrations in geological materials (<1 pg g~ !). Fur-
thermore, the paucity of certified geological reference material
makes calibration difficult by any method. Classical INAA ana-
lytical methods show a limit of detection too highto be useful for
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crustal rock analysis [9-11]. ICP-MS is suitabie for Se analysis
but argyles interferences are numerous and complex [12]. As the
selenium abundance is usually low in geological samples, pre-
concentration is generally necessary, with the added advantage
of reducing matrix interferences. The thiol cotton fiber (TCF)
originally developed by Nishi et al. [13] for preconcentration of
mercury is known today for its affinity with 19 elements [14,15].
TCF is a strong smelling white powder, notably able to collected
Se!V from HCI [14,16]. TCF preparation is easy, relatively sta-
ble, well known, inexpensive and has been used in some previous
works [13-22]. Elements collected on TCF have been analyzed
after destruction of TCF with varied instrument such as graphite-
furnace atomic absorption (GFAA), ICP-MS and ICP-AES. This
work presents development of a method coupling the TCF Se
preconcentration with INAA (Se/TCF-INAA). INAA provides
some advantages over GFAAS and ICP-MS such as eliminating
the desorption step and recalibration, non-destructive, less time
consuming than GFAAS and has no interference unlike ICP-MS.
Results for geological reference materials AN-G, BE-N, SBC-1,
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UM-1, WMS-1, QLO-1, BIR-1 and JCh-1 using Se/TCF-INAA
technique are compared to published values.

2. Experimental
2.1. Apparatus

1. Closable 50 mi PTFE beaker (Savilex®) is used for the diges-
tion of the rocks samples.

2. A digestion bloc (DigiPrep Jr.; SCP Science) is used for both
digestion (60 °C) and reduction steps (95 °C).

3. Anadsorptioninstaliation (Fig. 1) consisting of a prefiltration
250 ml Millipore funnel (0.45 pwm filter) followed by a cen-
trifugal filter device (Pall Life Sciences Nanosep—3500 ul,
0.45 pm filter) filled with 0.2 g of TCF to adsorb selenium.
The output of the funnel is attached with fiexible tubing to the

Fig. 1. Installation for the adsorption step: (1) 250 ml Millipore separation fun-
nel; (2) 0.45 wm filter; (3) flexible tubing; (4) centrifugal device (0.45 wm) filled
with 0.2 g of TCF; (5) perforated cork stopper; (6) Erlenmeyer flask; (7) flow
controller clamp or valve.

upper part of a centrifugal filter device. The output of the cen-
trifugal device is then attached to flexible tubing and pushed
through a perforated cork stopper into an Erlenmeyer flask
connected to a vacuum system. The flow rate (-3 ml min~1)
is controlled with a clamp. All instruments are washed in hot
aqua regia between each analysis.

4, After the adsorption step, the centrifugal filter device that
contains TCF is directly placed into polyethylene capsules
(12 mm diameter by 25 mm high) without homogenization,
and sealed. Samples are irradiated at the SLOWPOKE II
reactor (Ecole Polytechnique, Montréal). Thereactor has five
internal irradiation sites with a highly reproducible neutron
flux of 10° m~2 s~ [23,24]. The reactor is equipped with the
automatic “Rabbit” System.

5. EPAA program is used for peak interpretation of the nuclear
decay spectrum [25,26].

2.2. Reagents

2.2.1. Acids

Technical grade hydrogen peroxide (H,03), ACS grade nitric
acid (HNO3) and hydrofiuorydric acid (HF) are used for diges-
tion. ACS grade 37% (12M) hydrochlorydric acid (HCI) is
diluted with distilled water to 6.0 M for the reduction step and to
0.6 M for the preconditioning of TCF and for rinsing the instru-
ments.

2.2.2. Standard solution

PlasmaCAL (SCP Science) 1000 pg ml~! (4% HNO3) Se
standard solution diluted with distilled water was used for cali-
bration.

2.3. Making the TCF

Although there are variation in TCF [13-22], the method
used in this study is similar to Marin et al. [21]: 10 g of commer-
cial cotton, 53 mi of thioglycollic acid (mercaptoacetic acid),
35ml of acetic anhydride, 16.5 ml of acetic acid and 0.15ml
of sulfuric acid (H,SO4) (all ACS grade) were mixed in an
Erlenmeyer flask and placed in a water bath (40°C) for 4-5
days. The mixture was stirred every day. Then the treated cotton
was thoroughly washed with distilled water, dried and pul-
verized in a domestic coffec grinder to obtain a fine, white,
strong smelling powder. The TCF is kept at room temperature
in a sealed dark container under vacuum to minimize risk of

contamination.

2.4. Procedures

The procedure outlined below assumes that 0.25 g of sample
is dissolved. As it will be discussed in Section 3, the optimal
amount of sample to be used depends on how much Se and other
chalcophile elements are estimated to be present in the rock. If
the amount of sample used is adjusted (as described in Section
3) quantity of acids, HoO and TCF should also be adjusted as
indicated in Table 1.
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Table 1
Suggested sample and acids weights vs. expected Se concentration based on sulfur content with a S:Se ratio of 3000:1
Sulfur content Expected Se Amount of rock HF (m}) HNO; (mb H0; (mb) HCI6M (mD) Water (ml) TCF {g)
(ngeg™ concentration range sample (g)

(weg™)
<100 <0.03 3.0 120 60 12 120 1080 04
100-300 0.03-0.1 1.0 40 20 4 40 360 0.2
3001500 0.1-0.5 0.5 20 10 2 20 180 2
1500-15000 0.5-5.0 0.25 i0 5 i 10 90 6.2
>15000 >5.0 0.05 10 5 1 10 90 0.4

2.4.1. Digestion of the rock samples

Rock powder was weighed in a 50 ml PTFE beaker then 5 ml
of HNOs3, I ml of HyO; and 10ml of HF were successively
added to the sample. The beaker was then placed in a digestion
block (60 °C) until complete evaporation of acids had occurred.
For 1 and 3 g samples, 400 mi Teflon beaker and water bath were
used.

2.4.2. Reduction of Se"! to Se!V

In order to reduce Se¥! to Se!¥, 6 M HCl is added to the dried
residuum. The beaker was closed, and samples were heated in the
digestion block (95 °C) for 30 min. After cooling to room tem-
perature, the samples were transferred into 500 ml glass beakers
and distilled water was added to adjust to 0.6 M HCI.

2.4.3. Pre-filtration

Solutions are pre-filtrated through a 20 wm filter to prevent
the obstruction of the 0.45 pum filter mounted on the adsorp-
tion installation. The amount of suspension matter varies largely
according to the nature of sample (<5% up to about 50% of the
initial quantity of sample). Since Se recovery agrees with liter-
ature values (see Section 3.6), it has been interpreted that the
insoluble residuum were mostly fluorides salts that contain neg-
ligible amounts of Se.

2.4.4. Preconditioning the TCF

TCF is preconditioned by passing 10 ml of 0.6 M HCI into
the TCF, previously mounted in the adsorption installation. All
labware are rinsed before and after the adsorption with 0.6 M
HCl solution.

2.4.5. Adsorption of Se on TCF

The 0.6 M HCl solution is poured into the adsorption installa-
tion reservoir and flow is adjusted with a clamp to 1-3 ml min~1.
After complete filtration, in order to avoid a high background
during INAA, 25 ml of distilled water is added to the reservoir
in order to leach most of the chlorine absorbed on TCF. This last
operation is repeated twice.

2.4.6. Analysis by INAA

The centrifugal device containing the TCF was transferred
directly into the 12 mm polyethylene irradiation capsule, without
homogenization, and sealed. Se/TCF-INAA does not require the
desorption step as in GFAAS or ICP-MS. The TCF was sent to
the reactor and irradiated for 30 s (1 =305s). After a decay of 7s

(tg =7 s), the spectrum was read for 20 s (¢. =20 s) on a co-planar
detector. Decay peak of 7™Se (161.9 keV) is analyzed with the
EPAA program [25,26] to compute Se concentration.

3. Results and discussion
3.1. Calibration

Once a detector has been calibrated, it does not need to be
recalibrated for each batch of sample because the neutron flux
of the Slowpoke reactor is stable within 1% [23,24]; a notable
advantage of INAA over GFAAS and ICP-MS. To establish
the initial calibration, different samples of known concentra-
tion diluted from standard solution were sent to the reactor. In
addition, one Se monitor sample (0.1-1.0 ug) was prepared and
sent to the reactor for verification with each batch of sample.

3.2. Blank value

If no rock powder is added to acids, Se recovery could be
erratic in some cases [17]. Therefore, a biank was created by
first placing a basalt with low Se content (geological reference
material BE-N, <0.1 pgg™! Se) in furnace at 800 °C for 48 h.
This process volatilized all Se. The Se content in 3.0 g of this
was then determined using the Se/TCF-INAA method. No Se
was detected in this sample, indicating Se was present at less
then a detection limit of 6 ng, i.e. 2ng g~} in rock concentration
equivalent.

3.3. Analytical limits

To estimate the detection limit of neutron activation, Currie’s
theory (1968) based on background fluctuation is generally used
and as been recently modified by De Geer [27]. Three limits were
originally outlined by Currie in the 1960 [28]: (1) the critical
limit (L¢) defined is the signal present or not, (2) the detection
limit (Lp) characterized the measurement process and indicate
the sensitivity of the method, (3) the determination limits (Lg)
define the precision good enough for quantitative determination.
De Geer [27] developed a model to work with multiple channel
analyzer (MCA) and a simple method of limit determination
using EPAA program is present here.

To formulate an appropriate L¢, all the irradiations and count-
ing parameter (sample identification code, 4, 1, 4, flux, counting
position) must be fed into EPAA program, and the weight of
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sampie was fixed at 1 g. The chosen area of the signal must be
intentionally selected as negative, i.e. background higher than
peak, whether a peak is present or not. By doing this, no error
from the hidden region below the peak is calculated. Negative
peak selection must respect the number of channels at full-width
at half maximum height of the original peak (FWHM). When
no peak is present, a minimum of three channels (0.5 keV each)
was selected in this work instead of a minimum representative
area at FWHM. Because left and right background selection
should be as wide as possible [27], a minimum of 40 channels
was selected in both left and right backgrounds. The EPAA pro-
grams compute a negative concentration value and a positive
error value. By multiplying the error value by a factor “k” that
quantifies the risk of a false signal, the critical limit is obtained
(Lc) [27]. For the present work, a 5% risk was chosen which
gives a k factor of 1.645. To determine the absolute L¢ for
Se/TCF-INAA, an average from 56 rock samples (6.05-3.0g)
using the present analysis has been measured and the absolute L¢
was estimated to be 3ng. Consequently, absolute Lp obtained
at 2L¢ and absolute Lg at 6Lc as suggested by De Geer [27]
is 6ng and 18ng. Uncertainty at Lc and Lp is approximately
60% and 30%. A 10% uncertainty is considered reasonable for
L. However, the main factor that affects the absolute Lp is
the INAA background fluctuation, while the weight of material
used is determinant for the rock concentration equivalent Lp (see
Section 3.5).

3.4. Defining EPAA relative error corresponding to limits

Since each sample has its own background fluctuation, deter-
mining a relation between EPAA error and the uncertainty is a
tool to evaluate if a value is greater than Lg. Hence, a graph has
been plotted with the selenium results in ng and their respective
EPAA relative errors obtained from 56 rock samples (cumula-
tive routine analysis and values presented in this work, ranging
from 8ng to 4335ng Se). A trend line can be draw and Eq. (1)
is given as y=0.9533x706194 with a coefficient of correlation of
99.38%. For this exercise, the same samples used to define L¢
were used but this time the real peak area was selected and a Se
mass (ng) and error (ng) was calculated by EPAA.

From Eq. (1), the EPAA relative errors corresponding to Lc,
Lp and L are ~52%, ~34% and ~17%, respectively. In the
present work, all value presented respected the Lg (<17% EPAA
relative error). When using 0.25 g of sample the L should be
around 72 ng g~ '; when using 3.0 g of rock material, Lg is down
to 6ngg~! and so on: EPAA relative error and different con-
centration limit based on nominal weight are summarized in
Table 2.

3.5. Sample weight and TCF saturation

For many geological samples 0.25 g of powder will produce
acceptable Se analysis. However, in samples with low Se con-
tent, 0.25 g of sample will not contain sufficient Se to produce
a detectable signal. At the other extreme, samples rich in chal-
cophile elements (including Se) tend to saturate the TCF and the
Se is not quantitatively collected. In order to circumvent these

Table 2
Specific rock equivalent limits Lo, Lp and Lo for different sample weight based
on the absolute L¢ (3 ng), Lp (6ng) and Lg (18 ng)

Sample Lec (ngg™ ) (52%)  Lp (ngg™') (34%) Lo (ngg™") (17%)
weight (g)

0.05 60 120 360

0.25 12 24 72

0.50 6 12 36

1.00 3 6 i8

3.00 1 2 6

Values in parentheses are EPAA relative error %.

problems, it is useful to estimate both the Se and chalcophile ele-
ment content of the sample and then adjust the sample weight
and, proportionally, the amounts of acids and TCF to be used.
This is done by considering the S content of the sample (see
Table 1).

Many igneous rocks have a S:Se ratio similar to mantle values
of approximately 3000:1 [29,30]. Thus, the S content of the rock
may be used to estimate the Se content of the sample and the
weight required to produce Se content above the Ly may be
calculated. Because the S:Se ratio can vary largely, the weight
used for the samples was increased by a factor of, at least, 1.67
above the absolute Lg. Consequently, the absolute Se targets
range from 30 ng to 1250 ng. Table 1 lists the suggested sample
weight for a given S concentration. When the sample weight is
increased from 0.25 g, the amount of acids used in the dissolution
step needs to be adjusted (see Table 1).

The second point needing consideration is the amount of
chalcophile elements present. Sulfur rich samples tend to be
rich in chalcophile elements. Multiple elements could saturate
the TCF by occupying most of thiol group sites (—~SH) render-
ing Se adsorption on TCF partial. Yu et al. [14,15] discussed
TCF saturation. We expected that TCF saturation from geolog-
ical samples would be made mainly by combined effect of Co,
Ni, Cu, Pb and Zn. These elements have affinity with TCF and
can be quite abundant in some ores (up to 20wt% [31]). High
concentration of these elements follow sulfur content which, in
most cases, reaching up to 35% in some sulfide ore [31]. A good
indicator of TCF saturation is the reddish coloration of the TCF.
Diminishing the nominal amount of sample to analyze down to
0.05 g combined with larger amount of TCF (0.4 g instead of
0.2 g, see Table 1) reduce risk of TCF saturation. When larger
amount of TCF is used, the pre-cut GHP Nanosep MF cen-
trifugal device is too small to contain larger amount of TCF, It
can be replaced by a 1ml pipette tip in which a small cotton
ball, thoroughly rinsed with HC1 0.6 M, is used to retain TCF.
When selenium content from IGRM WMS-1 was analyzed with
0.25 g of sample and 0.2 g of TCF, a strong reddish coloration of
TCF then appeared and saturation was suspected. The Se con-
tent found was low (58 ugg~! compared to the accepted value
of 108 wgg~! [32]). When the filtrated solution was passed
through a second TCF, this latter also show the reddish col-
oration and analysis confirm the presence of selenium. When
0.4 g of TCF and 0.05 g of WMS-1 were used, saturation was
not reached and the Se determined was similar to the accepted
value.
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Table 3

Detailed resuits for Se concentration in five geological reference materials ana-
lyzed with different weight fixed on the basis of their sulfur content and expected
Se concentration

Sample i.d.

AN-G  BE-N SBC-1 UM-1  WMS-1
S content (ngg™!) 150 300 6400 35000 330000
Se predicted (ngg™!)  0.05 0.10 2.1 117 110
Sample weight (g) 1.00 0.50 0.25 0.05 0.05

Determination of individual Se/TCE-INAA values (pgg™!)
1 0.051 0.054 124 10.4 100

2 0.046 0.068 1.18 103 140
3 0.048 0059 1.31 10.8 101
4 0043 0063 115 9.5 101
5 0042 0061 116 111 112
Average Se (ugg™!) 0046 0061 121 10.4 11t
o 0.004 0005 007 0.6 17
R.S.D. (%) 9 8 6 6 15
Maximum cousnting <10 <13 <3 <3 <1

error (%)

3.6. Detailed results for five international geological
reference materials (IGRM)

Table 3 presents detailed results obtained for five geolog-
ical reference materials using different weights as suggested
in Table 1. The sulfur content for the SBC-1 was determined
in our laboratory and the S content for the other IGRM ana-
lyzed is reported in literature [31-33]. Results in Table 3 also
demonstrated the reproducibility of the method with low R.S.D.
{<10%), except for sample WMS-1, which show high R.S.D.

(15%) and this is mainly attributable to a single determination
of 140 pgg~! (see Table 3). High uncertainty also appears in
WMS-1 certificate of analysis [32]. This inconsistency could
be attributable to “nugget effect” analog to those reported for
traces elements [34]. Results are compared with literature val-
ues in Table 4.

3.7. Experiment on three IGRM with very low Se contents

To confirm the low concentration determination capacity of
the Se/TCF-INAA method, a test has been undertaken on three
fow sulfur IGRM, thus low Se is expected. BIR-1 sulfur concen-
tration was determined in our laboratory as 60 pg g~ !. Sulfur
content is 30 ugg~! for QLO-1 [35] and 4pgg™! for JCh-1
[31]. Using a ratio S:Se of 3000:1, selenium should be around
20.0ngg™!, 10.0ngg~" and 1.3ngg™~! for BIR-1, QLO-1 and
JCh-1, respectively. Three grams of these materials have been
treated and 0.4 g of TCF was used for Se adsorption to ensure the
non-saturation although this reaction was not anticipated. When
using 3 g of material, Lg should be suitable for BIR-1 and QLO-1
analysis (Table 2). For JCh-1, the expected Se {1.3ng g ~!) would
be near Lp (2ng g~ 1). Results are given in Table 4 and compare
favorably with other literature values. However, selenium con-
centration found is higher than expected for all three materials
(Table 4). Sulfur:selenium ratios in the igneous rocks (BIR-1
and QLO-1) are slightly lower than 3000 at ~250C and 1500,
respectively, but still within reported values for igneous rocks
[36,37]. The chert (JCh-1) has a much lower S:Se ratio of 235,
which is similar to other quartz rich sediments [37]. Results
clearly demonstrate the possibility to gquantify precisely very
low Se concentration. According to Lp (Table 2) and consid-
ering that these low selenium concentrations characterize some

Table 4

Se comparison from this study and Se value from literature

Sample Type (name)

identification

Quartz latite Chert (JCh-1) Basalt (BIR-1) Anorthosite Basalt (BE-N) Shale Ultramafic Ore (WMS-1)
(QLO-1) (AN-G) (SBC-1) (UM-1)

This study
Se 0.016 0.017 0.024 0.046 0.061 1.21 10.4 111
+? 0.001 0.001 0.002 0.004 0.005 0.07 Q.6 17
n 1 1 1 5 5 5 5 5

Literature values [references]
[*¥#] - - - - - 1.23 - -
191 - - - 0.059 £0.005 0.133:£0.035 - - -
(10} - - - - - - 13+£3 -
[11] 0.01:£0.01 - 0.024+0.01 - - - - -
(21] <0.02 - <0.02 0.045 0.057 - - -
{31] - - - 0.06 - - - -
[32] - - - - ~ - - 108 & 17
[35} 0.009-0.011 - - - - - — -
{36} - 0.0068-0.050 - - - - - -~
371 £.009 - 0.018 _ - _ 13 _
[38] - - - 0.042-0.088 0.063-0.133 - - -
139} - - - 0.041 +0.002 0.056+0.004 - - -
{40} - - 0.016&0.020 - - - - -

All Se values are given in pgg™ and uncertainty from literature () is given at one standard deviation. [**] S. Wilson (USGS), personal communication.
* Given at one standard deviation for multiple analysis (> 1) and INAA counting error of single analysis (n=1).
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of the lowest geological material, sample weight from 0.05 g to
1.00 g should be suitable for the Se determination in most type
of geological material.

4. Conclusion

Literature shows a paucity of information about the selenium
geological cycle. Developing an efficient method for quantify-
ing Se is a key to advance knowledge of the Se geochemical
cycle. Se/TCF-INAA technique provides efficient total selenium
quantification and show noticeable advantages such as less time
consuming than GFAAS, lower detection limit, no major inter-
ferences compared with ICP-MS, no hazardous desorption step
isrequired. The Se/TCF-INA A technique has a limit of detection
(Lp) of 6ng g~ ! when using 1.0 g of geological material and is
able to cover large range of Se concentration (from 0.002 pg g~}
up to 100 g g™1). Varying sample weight and amount of TCF
give to Se/TCF-INAA technique the flexibility to: (1) diminish
risk of TCF saturation, (2) respect low INAA dead time, (3) pro-
vide economically affordable results and (4) reach appropriate
limit of quantitation. Selenium concentrations from eight IGRM
of assorted nature are presented and show agreement with liter-
ature values.
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Total sulfur is an analyte for which there are few
determinations published, despite the fact that it is
a very important element (e.g., a mojor element in
most ores, an important gas constituent in global
warming, an active palicipant in acid drainage).
Most geological reference materials have very poor
quality sulfur results, that is with relative standard
deviations (RSD) in the range of 30-50%, even

for concentrations over 100 ug g-! §, which
compromises their use as calibrators. In order to
provide modern results with low RSD, sulfur was
determined in twenty-nine geological reference
materials with a state-of-the-art elemental $/C
analyser using metal chips (certified reference
materials with a traceability link) and analytical
grade sulfur for high concentration samples.
Analytical parameters {sample mass, crucible
degassing, calibration strategy, etc.) were optimised
by testing. Our results agreed with reference
material values provided by issuing bodies. Results
for CCRMP SY-2 (129 = 13 ug gt S), which has
been proposed as a sulfur reference material, were
in agreement with the proposed modern value of
122 + 3.7 ug g S.

Keywords: sulfur, infrared analyser, reference materials,
CCRMP SY-2,
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Le soufre total est un analyte pour lequel il existe
trés peu de déterminations publiées, bien que cet
élément soit trés important {par exemple, c’est un
élément majeur de la plupart des minerais, un gaz
frés important dans le probléme de réchauffement
global et un participant actif au probléme des eaux
acides). La plupart des matériaux de référence cerfifiés
ont des données sur le soufre de trés mauvaise
qualité, avec des écart-types relatifs (RSD) de
ordre de 30 & 50%, méme pour des concentrations
supérieures & 100 g g, ce qui compromet leur
utilisation comme calibrant. Afin de fournir des
résultats assortis de trés faibles RSD, le soufre a

été mesuré dans vingt neuf matériaux de référence
certifiés avec un analyseur 5/C élémentaire de
derniére génération, en utilisant des fragments de
métal (matériaux de référence certifiés ayant

un lien de tragabilité} et du soufre de qualité
analytique pour les échantillons les plus concentrés.
Les paramétres analytiques (poids de I'échantillon,
dégazage du creuset, stratégie de calibration, etc.)
ont été oplimisés via une série de tests. Nos
résultats sont en bon accord avec les valeurs
données pour les matériaux de référence par leurs
organismes de certification respectifs. La concentration
mesurée (129 = 13 ug g7 S} pour CCRMP SY-2 qui
a été proposé comme matériau de référence pour
le soufre, est en accord avec la valeur actuelle de
122 = 3.7 ug g’ S.

Mots-clés : soufre, analyseur & infra rouge,
matériaux de référence, CCRMP SY-2.

Sulfur is a geologically important element because
it is essential in understanding core/mantle separation,
crust evolution, and is present in most metal mineral
deposits such as copper, nickel, and the precious
metals. In environmenial studies, sulfur is o major com-
ponent of acid mine drainage and an important

constituent of volcanic gases, which have major impli-
cations for global warming. Thus, its importance in
understanding geological processes is very high.

Sulfur is an analyte of relatively high concentration
{ng g! to % m/m) that should be simple 1o determine
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in geological reference maoterials (RM). However,
although sulfur is impodant, very few determinations
are available for geological RMs. In a recent geoche-
mical proficiency test (Potts et al 2005) only twelve
out of seveniy-one participating laboratories reported
results for total sulfur, suggesting that the determination
of this analyte is not routine in most laboratories.
Furthermore, uncertainties associated with most of the
common agreed, accepted or certified values are very
large, i.e, 30-35%, suggesting that the quality of
determinations that are available is poor. For example,
the certificate for BE-N shows 300 = 150 ug g* S
RTS-1 5000 = 1600 pg g! S and SY-4 150 = 40 ug g'.

This is surprising since sulfur can be determined by
many analytical methods: XRF, atomic absorption spec-
trometry, combustion/iodometric titration, coulometry,
combustion elemental anclyser, UV fluorescence, etc.
Potentially, it has the advantage of having results
contributed by methods that should be independent of
each other and so improve the robustness of common
agreed vaiues, assuming that instruments are correctly
calibrated. Results presented in this contribution are
from o state of the art infrared spectrometry carbon-
sulfur analyser (HORIBA EMIA 220-v).

Experimental

The HORIBA EMIA 220V is a latest generation ins-
trument with a programmable high frequency fumace.
The plate current control heated the sample in small
steps {up fo ten) which allowed fine control over sulfur
extraction. The sample was placed in o porous crucible
with accelerators (Table 1) covering the rock powder.
The sample was heated in an O, flux by an induction
furnace. Volatilised gases were oxidised (S to SO,) and
passed through glass wool in order to filter dust, follo-
wed by Mg(CIO ), to dry gases. Gases then flowed 1o
the infrared detector for quantification. Some samples
did not fuse entirely, but could be identified easily by
the lack of an orange glow in the sample chamber,
and the powdery appearance of the sample after
fusion, instead of the normal dull grey metallic sudface.

Calibration

Two analytical protocols were developed: one for
low concentration samples (22 ug g7 - 10 000 pug g
(1% m/m)) and the other for high concentrations
(1000 ug g! (0.1% m/m) - 50% m/m; sulfides
obvious in hand specimen); both protocols overlap in
the 1000 - 10 OO0 ug g1 {0.1-1% m/m) S range. The

204

Table 1.
Analytical conditions in relation to the matrix

Silicate rock Sulfide-rich rock

Accelerators

tron g

Tungsten 2g

Tin 03g

Copper 29
Test portion

Typical mass 0.1-03¢g 005g

Measurement conditions

Step | Plate current| Time | Plate current| Time
1 0-175 mA 5s 0-35 mA 20s
2 175-175 mA 60s 35-35 mA 20s
3 50-50 mA 20s
4 55-55 mA 20s
5 60-60 mA 20s
6 70-70 mA 20s
7 70-75 mA 20s
8 75-75 mA 20s
9 85-85 mA 205
10 85-200 mA 90 s

Crucibles were heated to 1050 °C for one hour for drying and
degassing; accelerators were kept in a dry and dust free area.

J5d-2 reference sample was measured using both cali-
brations and results agreed within uncertainties
(13637 = 3% versus 13956 = 4%). Two different pro-
tocols were required because the amount and rate of
sulfur released differed between low and high sulfur
concentration samples although the detector is linear
for most of the range. At very high concentrations, o
smaoll mass test portion must be used and o slower
extraction rate was needed to allow gases time fo
both react with the O, flux to avoid detector satura-
tion, and for water removal in magnesium perchlorate.
In order to fully control the calibration, raw counts were
exiracted from the instrument and a linear colibration
curve was defined using a spreadsheet, instead of
using the instrument software.

A calibration curve for low concentrations was defi-
ned using steel samples (Table 2) because too few
geological reference materials have certified S values
and traceability links. Such combustion analyses are
relatively free of matrix effects, provided carbonate
samples are avoided (large amounts of CO and CO,
released) and/or do not have high structural water
contents. Traceability links to certified reference mate-
rials are listed in Table 2. The calibration curve (R2 =
0.99939) was:

© 2008 The Authors. Journal compilation © 2008 International Association of Geoanalysts
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Calibration sample list for low concentration determinations and traceability

Reference material S {ug g1} Uncertainties (157 ug g-1) Traceable fo

LECO #501-510 1340 20 NIST SRM 129¢

LECO #501-501 {lot R1030-4) 132 9 NIST SRM 344

LECO #501-501 150 7

LECO #501-500 228 8

155 155-14 62 1.68

J5S 150-15 295 5.3

Ar-958 270 10 INIST SRM: 8j, i4e, 73¢, 343a, 367
BAM 228-1, 238-1
JSS 150-14, 155-9

Ar-950 90 10 NIST SRM: 15h, 50¢, 101e, 129b, 345¢, 368
BAM 079-1
i85 155-14

Ar = Alpha Resources; BAM = Bureau of Analysed Samples: JSS = Japanese Stee! Standard; NIST = National Institute of Standards and

Technology.

Table 3.

Contribution from blank in sulfur determination using degassed
and non-degassed crucibles (n = 10 determinations)

Material Crucible Yest portion mass* (g} | S (ng g-') | s{ug g!) RSD (%}
IDI-2 non-degassed 0.5 4510 103 2
LD}-2 degassed 0.5 4660 61 1
Blank non-degassed 0.5 22 11 50
Blank degassed 0.5 13 3 23

* B
Nominal mass.

S (ug g-1) = (14585 x -8.82349)

{ug) / (mass of test portion) (g) M
for this parficular run. Calibration was performed
using fifty-eight calibration points, among which there
were twenty-three blanks. Optimal test portion mass
was determined by analysing the LDI-2 reference
material (OGS} using different sample masses. At 1 g,
it was quite clear that the furnace had difficully in pro-
perly fusing the sample as most samples failed (ie,
did not fuse completely as explained in the previous
paragraph). At 0.5 g, the number of samples that did
not fuse was still large. Reproducibility statistics impro-
ved marginally at masses lower than 1 g (RSD was 6%
at 1 g and 4% at 0.1-0.5 g). Care had to be taken to
avoid using very low fest portion masses and so lose
representivity. Therefore, typically a fest portion of
0.1-0.3 g was used. The instrument did not seem too
sensitive fo fest portion mass within this range (for low
sulfur concentration samples).

Another potential variable that it was important to
evaluate was the degassing of crucibles. Crucibles can

© 2008 The Avthors. Journal compilation © 2008 International Association of Geoanalysts

contribute to the blank value because of minute
amounts of sulfur within the crucible material or adsor-
bed on the crucible surface. in order to remove sulfur,
crucibles were heated in a muffled furmace at 1050 °C
for one hour. Tests (Table 3) showed that the contribu-
tion to the blank of unheated crucibles and accelera-
tors was about 22 pg g1 and about 13 ug g in
heated crucibles. Degassing the crucibles approxima-
tely halved the relative standard deviation {(RSD) of the
blank on ten sample replicates and seemed to impro-
ve the RSD on unknown samples, although it is not
clear that it was statistically significant (see variations
in Table 3). The detection limit was 22 ug g-! (blank +
3s; Table 3).

The high sulfur colibration curve was undertaken
using sublimated sulfur (Fisher $594-500) as the cali-
brator with @ mass that varied between 0.003% and
0.0243 g. This strategy was preferred to using inade-
quately characterised geological RMs. Metal chips
could not be used for this calibration because they did
not have sufficient S content to calibrate for sulfide-rich
samples. The calibration curve (R2 = 0.9995) was:
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Table 4.
Sulfur results for geclogical reference materials
issuing body UQAC %RSD Certificate %RSD Alternative Ref.
{ug g) {ng g%} values

Al-f GIT-IWG 59 21 85 pv

AN-G GIT-IWG 155 11 140 pv

BE-N GIT-IWG 304 8 300 9%

BSK-1 UsGs 6100 2 na 6000 w

BX-N ARNT 115 13 na 160 O

CHR-Pt+ GIT-WG 467 9 na

DNC-1 USGS 538 2 na 392 G

DT-N ARNT 114 16 na 110 O

IF-G GITIWG 702 3 700 pv 724 (o]

15D-2 GSJ 13956 4 13146 Go
13300 [

OKUM OGS 24 9 200 50

OuU-6 1AGeo 52 iR na 19-115

SBCA UsGs 7440 cA4 na 6000-8C00

SCo-1 UsGs 593 6 630 14

SDC-1 UsGs 609 2 na 650 Go

SDO-1 UsGs 54100 3 53500 8 53500 = 4400 K
49652 = 1682 Y

SSAR-1 USGS 2980 G.1 na

SY-2 CCRMP 129 13 110 na 122 = 3.7 Gr

M9 +x35 L
N5 = 22 M

SY-3 CCRMP 529 5 500

SuU-1 CCRMP 122400 2 na 121000 F

7DB-1 CCRMP 305 1 300 na

UM-1 CCRMP 37900 1 na 35300 F

UM-2 CCRMP 11070 0.4 9400 na

UM-4 CCRMP 5370 1 4400 na

UMT-1 CCRMP 2290 4 2000 na

WGB-1 CCRMP 188 3 100-300 200 Go

WMG-1 CCRMP 35940 2 37000 5

WMS-1 CCRMP 313200 2 330000 3 320000 Go

WPR-1 CCRMP 10520 2 9400 6 9000 Go

na = not available; pv is provisional value.

Ref.: W - 5. Wilson {personal communication, 2006), O - Okai et al. (2001), Go - Govindaraju {1994), 1 - Imai et al. (1996), P - Potts ef al.
(2001} lrange of values], K - Kans et ol (1990}, Y - Yokose et al. (2005}, Gr - Gros et al. (2005), L - Lorand et al. (2003), M - Michel and

Villemant (2003), F - Faye et al. (1973)

S (ug g1) = (1.5874765 x -70868737)
(ug) / (test portion mass) (g) 2)

The detector saturated ot approximately 0.03 g of
sulfur. Considering that a massive sulfide has a maximum
of 35 to 40% m/m S, test portions had to be kept
below 0.08 g in order not to saturate the system. To
stay within the optimal range of the detector, a test
portion of 0.05 g was used {Table 1).

Results

Determinations were done in triplicate or more
(Table 4} and samples that failed to fuse were not
included. All UQAC values are within uncertainties of
the values available on the certificate (Table 4 and

206

Figure 1) although none are certified. No bias towards
high or low values was observed (Figure 1). Two
exceptions were WMS-1 and WPR-1, which were
respectively 1% too low and 3% (relative percent)
too high. Given that the S values on the respective
certificates are not certified, these small differences are
not considered significant. UQAC values for Al were
lower than the cerificate value, which is provisional
based on six determinations that have a computed
relative standard deviation of approximately 45%,
which would bring it within uncertainties. For samples
without S values on their certificates, BSK-1 and DI-N
were in agreement with single published values {Table
4). For the samples BX-N, DNC-1 and SDC-1, the
UQAC value was ir disagreement with a single publi-
shed value and little argument can be made at this

© 2008 The Authors. Journal compilation © 2008 International Association of Geoanalysts
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Figure 1. Graph of UQAC sulfur results plotted against certificate or published values (from Table 7)
demonstrating the absence of significant bias. Error bars: standard deviation for the x-axis and

uncertainty or range of value for the y-axis.

point as to which is the more reliable. JSD-2 was
within 4% (including uncertainties) of the two publi-
shed values (Tabie 4). Thus, this difference is not consi-
dered significant. The UQAC OU-6 value was within
the range of those on the original certification (Potts et
al. 2001). The SBC-1 value was within the range of
published values. UM-2 and UM-4 values on the certi-
ficate are based on a single determination {Cameron
1975) and it is not clear which value is more reliable.
The UQAC value for SY-2 129 + 13 pg g! S was in
closer agreement with that of Gros et al. (2005) (122
+ 3.7 ug g S} and the other alternative values in
Table 4 than with the certificate value of 110 pg g S.

Conclusions

Sulfur is an analyte that needs more attention, as is
demonstrated by the lack of agreement between
results in proficiency testing and the large coefficient of
variation on geological relerence materials. New
results are ps'esenfed for twenty-nine geological refe-
rence materials by a technique that benefits from an

established traceability link.

© 2008 The Authors. Journal compilation © 2008 International Association of Geoanalysts
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The interest in selenium concentrations in whole
rocks is growing, in part because it is a useful tool
for base and precious metal exploration. Selenium
is often neglected in whole rock geochemistry
because of the inability of most laboratories to
maoke reliable determinations of this element. A
consequence of these difficulties is a paucity of
assigned or certified values for Se in international
geological reference materials, so that the “best
practice” proposed by Kane and Poits {2007} to
obtain robust values for such reference materials
cannot be followed. In order to address this
problem, we have determined Se by pre-
concentration on thiol-cotton fibre followed by
INAA (Se/TCF-INAA technique) in twenty-six
international geological reference materials,

and one quality control material (KPT-1).

These values were used, in conjunction with a set
of published values, to estimate Se concentrations
for these twenty-seven reference samples. Robust
statistics were developed for seven of the RMs, with
standard deviations equal to or less than precisions
caleulated using the Horwitz function and so that
consensus values could be proposed. For three of
the RMs, the presence of outliers gave less robust
results, and suggested volues are proposed. For
seventeen of the RMs, only information values are
provided, because either insufficient determinations
were availoble or because large standard
deviations of the data were derived.

Keywords: selenium, thiol cotton, INAA,

geological reference materials, proposed values,
compilation,

Received 06 Jul 08 —— Accepted 03 Feb 09

Uintérét de déterminer la concentration du sélénium
dans les roches augmente paice que cet élément
est un outil pour Fexploration des méiaux de bases
et des métaux précieux. Le sélénium est un élément
méconnu en géochimie étant donné les nombreuses
difficultés a analyser cet élément. Une conséquence
de ces difficultés s’exprime par le nombre restreint
de matériaux de référence géologique internationaux
(MRGI) présentant une teneur certifiée ou assignée.
La capacité de la plupart des laboratoires &
déterminer le sélénium est inadéquate cu inexistante
et la “bonne pratique” telle que proposée par Kane
et Potts (2007) pour obtenir des valeurs robustes ne
peut é&tre appliquée. Pour contrer ce probléme, le
sélénium a é1é déterminé par pré-conceniration sur
fibre de coton thiol suivi de I'andlyse par activation
neutronique (fechnique du Se/TCF-INAA) dans 26
MRGI et un étalon interne (KPT-1) pour le contréle
de la qualité. Nous avons ensuite utilisé ces
résultafs conjointement & ceux publiés dans la
litérature pour évaluer la concentration en sélénium
de ces étalons. Des statistiques fiables ont pu étre
développées pour 7 MRGI avec des écari-types
relatifs équivalents ou mieux & ceux de la fonction
d’Horwitz et des teneurs fiables (consensus) ont é1é
proposées. Pour 3 MRGI, des résultats dispersés ont
mené & des consensus moins fiables et des feneurs
suggérées sont présentées. Pour 17 MRGI, un
nombre insuffisant de données disponibles ou de
larges écart-types ont contraint la proposition de
teneurs informatives seulement.

Mots-clés : sélénium, thiol coton, INAA,
matériaux de référence géologique,
valeurs proposées, compilation.
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Selenium has been extensively studied in environ-
mental materials because, dithough potentially toxic, it
is essential in the food chain. In most cases, environ-
mental samples are relatively easy to prepare for ana-
lysis {water, organic material) compared to geological
samples (silicates and sulfides). Selenium is less mobile
than S, especially under oxidising and acidic condi-
tions. Therefore, the S/Se ratio can vary with geclogi-
cal processes, such as weathering and alteration,
metamorphism and sulfate formation, thus providing a
useful tool for studying these processes (Bethke and
Barton 1971, Dreibus et ol 1995, Thériault and Barnes
1998, Maier and Barnes 1999, Alirezaei and
Cameron 2001, Hattori et al. 2002).

Determination of Se in geological samples is diffi-
cult because rocks are refractory and resistant to
attack by acids. The aggressive technriques used to
dissolve rocks can lead fo loss of Se by volatilisation
at quite low temperatures. in routine analytical tech-
niques (INAA, AAS, XRF), detection limits are higher
than the average crustal concentration {~ 50 ng g
Se, Taylor and Mclennan 1995), and in most cases Se
cannot be determined by these methods. ICP-MS has
a lower detection limit but argide intederences in I1CP-
MS limit Se determination. The common method of
determining Se in the past was hydride generation
coupled to atomic absorption spectrometry, but this
method appears to have fallen out of favour
Consequently, very few reference materials have certi-
fied values for Se. Reference materials with well
defined Se contents are essential to facilitate the
development of analytical techniques capable of the
accurate determination of Se.

Best practice in obtaining values for international
geological reference materials is described in Kane
and Potts (2007, and references therein). The
international Association of Geoenalysts' protocol
{(Kane et al. 2003, 2007) proposes that values for
geological reference materials should be derived from
determinations from at least fifteen laboratories selec-
ted by proficiency testing. However, historically, typically
between only one and six laboratories have reported
results for Se in the 1AG's GeoPT proficiency testing
scheme (e.g. Webb et ol 2006). In circumstances
where there is limited ability of most loboratories to
adequately determine Se and o limited number of
matrix-maiched geological reference materials, it is
considered justified to use a protocol that does not
represent the first choice in terms of best practice, but
that will provide useable reference values. Since Se
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values have been published for many international
geological reference materials, we have combined our
values with a compilation of literature data as an
alternative way of obtaining consensus values that wil
be useful to the geological community.

Analytical technique

The development of Se pre-concentration using the
TCF technique was based on the protocols of Xiao-
Quan and Kai-Jing (1985} and Marin et al. (2001),
and was modified for determinations by INAA by
Savard et al. (2006). In terms of trueness, INAA has the
advantage of being o definitive method. Moreover, it
avoids the potential loss of Se by volatilisation associa-
ted with wet analytical techniques {i.e., AAS and
ICP-MS; Marin et al 2001, Yu et al. 2002, tayton-
Matthews et al. 2006).

The Se/TCF-INAA technique used in the present
work is presented in detail in Savard el al. (2006)
and only a short description is given here. The TCF
was prepared as follows: commercial cotton (10 g)
mercaptoacetic acid (53 ml), acetic anhydride (35
ml), acetic acid (16.5 ml) and sulfuric acid {0.15 ml)
were mixed in a glass beaker, then heated at 40 °C
for one week, thoroughly rinsed with distilled water,
dried, and the residue was pulverised to a fine pow-
der. Powdered geological material {or when appro-
priate glass discs that had been pulverised in an
agate mortar) was weighed {0.05 g to 1.00 g depen-
ding on its expected Se content using a nominal $/5e
ratio of 3000) to minimise the risk of saturation of the
TCF. Powders were dissolved by mixing with
HFE:HNO4H,0, at a ratio of 10:5:1, then heated at
60 °C and evaporated to dryness. Se®* was then
reduced to Se4* using 6.0 mol 11 HCI heated at 95
°C in closed vessels for 30 minutes. Solutions were
diluted to 0.6 mol 1 with distilled water then passed
through TCF mounted in pipette tips at a flow rate of
~ 1 ml min'? to adsorb selectively the Se. The TCF was
transferred to a polypropylene capsule and sent to
the Ecole Polytechnique SLOWPOKE facitity (Montréal)
for irradiation. Capsules were irradiated for 30 s, at @
flux of 1012 m-2s-1. After o decay time of 7 5, the
samples were counted on a co-axial gamma ray
detector for 20 s. The interpretation of spectra was
undertaken with the EPAA program {Kennedy 2003).
Selenium reference solutions (1000 pg gt; SCP
Science, traceable to NIST SRM 3149} were used for
calibration. Detection limits varied with mass of test
portion taken for analysis and were equivalent to 6
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Table 1.

Se results for this study

Material type Sample ID Se (ug g-7) $D {1s) % RSD n*
Anorthosite AN-G 0.046 0.005 109 3
Bosalt BE-N 0.070 0.009 129 7
Basalt BiR-1 0.020 0.002 80 2
Sediment BSK-1 4.88 023 47 b
Bauxite BX-N 0174 0.010 57 4
Diorite DR-N 0.100 0.0 11.0 4
Gabbro diorite KPT-1 2.742 0.289 10.5 13
Sediment MAG-1 1.013 0.080 7.9 6
Gabbro MRG-1 0.209 0.015 72 1
Glass NIST SRM 610 950 5.6 59 4
Glass NIST SRM 612 148 07 4.7 4
Glass INIST SRM 614 0.300 0.045 150 4
Komatiite OKUM 0.110 0.035 318 4
Platinum ore SARM-7 1.99 0.19 2.5 3
Shale $BC-1 RN 0.09 8.1 [}
Shale 5Co-1 0.788 0.160 20.3 13
Shale SDO-1 1.50 0.09 6.0 6
Shale SGR-1b 293 Q.22 7.5 3
Soil Sail-5 0.357 C.076 21.3 4
River Sediment SSAR-1 2.08 0.18 8.7 6
Serpentinite UB-N 0.174 0.058 333 3
Ultramafic UM-1 105 0.6 57 7
Ultramafic UMI-1 3.28 0.60 18.3 4
Dicbase W2 0.091 0.013 143 2
Gabbro WGB-1 0.088 - - 1
Gabbro WMG-1 122 - - 1
Altered peridotite WPR-1 34 - - 1

x

Muraber of individual determinations {UQAC).

ng g of sample powder. Reproducibility was typically
about 10% RSD (Savord et ol 2006).

Results and discussion

New Se determinations of twenty-seven reference
samples by the TCF-INAA technique are presented in
Table 1. Demonstration of method fitness-for-purpose
was presented in Savard et al (2006). Single determi-
nations were performed on some reference materials
(WGB-1, WMG-1, WPR-1) whilst samples used as qua-
lity control materials, KPT-1 and SCo-1, were analysed
up to thirteen times. Replicates were not made from
aliquots of one sample preparation but always from
different rock powders and over a period of many
months in different batches. The quality control mate-
rial KPT-1 was included in every baich. Traceability was
ensured by calibration using NIST SRM 3149.

Only original data are presented in the literature
compilation (Table 2); results from previous literature
compilations were not included to avoid repetition.
When Se concentrations were determined using more
than two techniques, both set of results are presented

© 2009 The Authors. Journal compilation © 2009 Infernational Asscciation of Geoanalysts

UQAC qualily control material,

{Table 2, e.g, KPT-1 in Webb et ol 2006). Al uncer-
tainties from published values, when available are
expressed as one standard deviation (1s) {no matter
how these data were originally cited). Average,
median, standard deviations, and the target precision
using the Horwitz function (Horwitz and Albert 1995)
were calculated for all samples with more than three
determinations (Table 3). These statistics were compu-
ted and are reporied in Toble 3 for different subsets of
the data as follows: (1) for all determinations {lines
labelled “All"), (2) for all determinations excluding the
highest value (lines labelled “High X7), (3} for all deter-
minations excluding the lowest value (lines labelled
“low X"} and (4) for all determinations excluding both
the highest and the lowest values (lines lobelled “H+L
X"}, This approach allowed an estimation of the robust-
ness of these statistical parameters by comparing the
different values computed. If the resulis were similar, it
is considered that the result is robust. In some samples
elimination of end-member outliers dramatically lowe-
red the relative standard deviation, so that the resultant
average from the reduced data set might therefore
be considered closer to the frue value. However, these
results are considered to be less robust. The Horwitz
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Table 2.

Published Se values for international geochemical reference materials

Reference material {provider} | Se {ug g1} | SD {is) References Analytical method t

AN-G (ANRT - CRPG) 0.041 0.002 Terashima and Imai (2000) HG-AAS
0.042 0.001 Chon (1985} HG-AAS
0.045 0.004 Marin et al. (2001} TCF-GF-AAS
0.046 0.004 Savard et al. (2006) TCF-INAA
0.046 0.005 UQAC (this study) TCFINAA
0.053 - Van der Sloot et ol {1982) HG-INAA
0.059 - Meyer (1988) INAA
0.06 - Chan and Baig (1984) HG-AAS
0.060 - Certificate {proposed value) na.

BE-MN {ANRT - CRPG) 0.056 0.004 Terashima and imai (2000) HG-AAS
0.057 0.008 Marin et al. {2001) TCF-GF-AAS
0.061 0.005 Savard et al. {2006) TCF-INAA
0.063 0.002 Van der Sloot et ol (1982) HG-INAA
0.070 0.009 UQAC (this study) TCR-INAA
0.070 - Chan and Baig (1984) HG-AAS
0.133 - Meyer (1988) INAA

BIR-1 (USGS) 0.016 0.001 Van der Sloot et al. (1982) HG-INAA
0.020 0.010 Gladney and Knab (1981} INAA
0.020 0.002 UQAC (This Study) TCRINAA
0.024 Savard et al. {2006) TCF-INAA

BSK-1 (USGS) 4.5 04 S. Wilson {pers. comm. 2005) HG-AAS
488 023 UQAC (this study) TCFINAA
5.4 - Korotev (1996) INAA

BX-N {ANRT - CRPG) 0.08 - Chan and Baig {1984) HG-AAS
0.108 - Erzinger and Puchelt {1980) GF-AAS
0.116 0.004 Terashima and imai (2000) HG-AAS
0.145 0.004 Chan (1985) HG-AAS
0.15 0.01 Marin et al. (2001) TCF-GF-AAS
0.174 0.010 UQAC (this study) TCF-INAA
0.183 - Meyer (1988) INAA

DR-N {ANRT - CRPG) 0.08 - Chan and Baig (1984) HG-AAS
0.081 - Van der Sloot et of. {1982} HG-INAA
0.082 0.003 Terashima and Imai (2000) HG-AAS
0.082 0.008 Marin et ol. (2001) TCF-GF-AAS
0.084 - Erzinger and Puchelt {1980} GF-AAS
0.085 0.001 Chan {1985} HG-AAS
0.089 - Meyer (1988) INAA
0.0966 0.0013 Kolmer and Raptis (1983) HG-AAS
0.100 o.on UQAC {this study) TCFRINAA

KPT-1 {UQAC) 0.6 Webb et ol (2006) n.o.
2 Webb et al. (2006) n.a.
226 - Webb ef al. {2006} n.a.
2.5 Webb et of. (2006) n.a.
2.5 - Webb ef ol. (2006) n.a.
2.527 Webb ef al. (2006) no.
27 - Webb et ol. (2006 n.a.
2.742 0.289 UQAC (this study) TCF-INAA
2.92 Webb ef al. (2006) n.Q.
3.1 . Webb et al. {2006) n.a.
3.36 - Webb et al. (2006) n.a.
3.5 - Webb et ol (2006) n.a.
3.8 Webb et o, (2006) n.a.
4 - Webb et al. (2006) n.a.
5.3 Webb ef al. (2006) n.a.
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Table 2 (continued).
Published Se values for international geochemical reference materials
Reference material (provider) | Se {ng g-1) | SD (1) References Analytical methed f
MAG-1 (USGS) 0.998 0.022 Hell and Pelchat (1997) HG-ICP-MS
0.998 0.026 Hall ef of, (1997} HG-AAS
0.998 0.020 Hall et ol. (1997) HG-AAS
1.0 0.1 Wahlberg (1981) ED-XRF
1.0 - Rowe and Steinnes (1977) INAA
1.00 - Van der Sloot ef ol (1982) HGANAA
1 - Baedecker et ol (1977} INAA
1.01 0.65 Marin et ol. {2001) TCR-GF-AAS
1.013 0080 UQAC (this study) TCF-INAA
1.015 0.008 Hall and Pelchat {1997) HG-ICP-MS
1.050 0.035 Hall et al. (1997) ICP-MS
111 - Korotev (1996) INAA
113 0.04 Gladney and Knab (1981) INAA
1160 0013 Chan (1985) HG-AAS
117 - Chan and Baig (1984) HG-AAS
1.308 0.029 Schnepfe and Flanagan {1973) SF
MRG-1 (CCRMP) 0.19 002 Gladney and Knab (1981) INAA
0.19 0.01 Imai et al. (1984) HG-AAS
0.195 0005 Chan (1985) HG-AAS
0.199 0.010 Hall and Pelchat (1997) HG-ICP-MS
0.200 - Chan and Baig {(1984) HG-AAS
0.200 0.017 Richardson et al. (1996) HG-AAS
0.209 0.015 UQAC (this study) TCFRINAA
0.210 0.010 Marin et of. (2001) TCF-GF-AAS
NISTHT0 {NBS -NIST) 95.0 5.6 UQAC {this study) TCRINAA
108 4.5 Benjamin et al. (1988) PIXE
110 6 Rogers et al. (1987) PIXE
110 - Fitzpatrick et al. (2008) LA-ICP-MS
114 7 Rogers ef al. (1987) PIXE
183 16 Rocholl et al. (1997) PIXE
NIST612 (NBS- NIST) 14.8 0.7 UQAC (this study) TCRNAA
20 - Fitzpatrick et al (2008) LA-ICP-M$
NIST614 (NBS- NIST) 0300 0045 | UQAC {this study) TCRNAA
OKUM (0OGS) 0.110 0.035 UQAC (this study) TCFINAA
0.139 0.005 M. Burnham (pers. comm. 2005) HG-ICP-MS
SARM-7 {SABS) 1.41 - Barnes and Maier (2002) INAA
1.99 0.19 UQAC (this study) TCR-INAA
2.4 - Korotev (1996) INAA
SBC-1 {USGS) L 0.09 UQAC (this study) TCRINAA
1.21 007 Savard et al, (2006) TCF-INAA
1.23 0.05 S. Wilson (pers. comm. 2005) HG-AAS
SCo-1 {USGS) 0.7 - Wahlberg (1981) ED-XRF
0.780 0.017 Hall et al. (1997) HG-AAS
0.788 0.160 UQAC {this study) TCFINAA
0.80 0.04 Gladney and Knab {1981) INAA
0.82 - Chan and Baig (1984) HG-AAS
0.82 - Korotev (1996} INAA
0.823 0.046 Hall and Pelchat (1997) HG-ICP-MS
0.832 0045 Hall et al. (1997) HG-AAS
0.839 0.028 Hall et ol (1997} 1ICP-MS
0.861 0.035 Hall and Pelchat (1997) HG-ICP-MS
0.89 0.03 Marin et al. (2001) TCF-GF-AAS
0.907 0.078 Schnepfe and Flanagan (1973) SF
0.930 0.000 Chan (1985) HG-AAS
0.983 0.068 Van der Sloot ef al. (1982} HG-INAA
© 2009 The Authors. Journal compilation © 2009 International Association of Geoanalysts 253
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Table 2 (continued).

Published Se values for international geochemical reference materials

Reference material (provider) | Se {ug g} | SD (1s) References Analytical method T
SDO-1 (USGS) 1.50 0.08 UQAC {this study) TCFINAA
172 - Korotev (1996) INAA
1.89 0.1 Marin et ol {2001) TCF-GF-AAS
1.9-6.3 - Certificate (range) n.a.
SGR-1 (USGS) 293 022 UQAC (This Study, SGR-1b) TCFINAA
3.25 0.21 Rowe and Steinnes (1977) INAA
3.3 0.2 Baedecker ot ol (1977} INAA
3.377 0.184 Van der Sloot et ol. (1982) HG-INAA
3.5 0.1 Gladney and Knab (1981) INAA
3.520 0.102 Hall et al. (1997) HG-AAS
3.6 0.15 Wahlberg (1981) ED-XRF
3.610 0.131 Hall and Pelchat (1997) HG-ICP-MS
3.652 0.120 Hall et ol (1997) ICP-MS
3.67 0.13 Marin et of. (2001) TCF-GF-AAS
3.69 0.23 Schnepfe and Flanagan (1973) SF
40 - Korotev {1996) INAA
35 - Certificate {recommended value) n.a.
SQIl-5 (IAEA) Q.22 - Van der Sloot et ol {1982) HG-INAA
0.339 - Erzinger and Puchelt (1980) GF-AAS
0.357 0.076 UQAC {this study) TCRINAA
1.28 0.49 Dybcezynski e ol (1979) INAA
1.81 0.88 Dybczynski et al (1979) XRF
13 . Certificate {information) n.a.
SSAR-1 (USGS) 208 0.18 UQAC (ihis study) TCF-INAA
2.36 0.01 S. Wilson {pers. comm. 2005) HG-AAS
UB-N (ANRT - CRPG) 0.101 - Erzinger and Puchelt {1980) GE-AAS
0.106 0.006 Kaolmer and Raptis (1983) HG-AAS
0110 - Chan and Baig {1984) HG-AAS
o112 0.003 Terashima and imai (2000) HG-AAS
0.12 - Van der Sloot et ol {1982) HG-INAA
0.125 0.003 Chan {1985) HG-AAS
0.130 0.009 Marin et al. (2001} TCRGF-AAS
0135 - Meyer (1988} INAA
0.174 0.058 UQAC (this study) TCF-INAA
UM-1 (CCRMP) 10.4 0.6 Savard et ol {2006) TCF-INAA
10.5 0.6 UGAC (this study) TCFINAA
13.0 3.0 Hannington and Gorton {1991) INAA
UMT-1 {CCRMP) 3.28 0.60 UQAC {this study) TCF-INAA
4,80 0.23 Constantin (2006) INAA
W-2 {USGS) 0.091 0.013 UQAC (this study) TCRINAA
0.10 0.02 Gladney and Knab (1981) INAA
0.103 0.024 Van der Sloot et al. (1982) HG-INAA
WGB-1 (CCRMP) 0.088 - UQAC (this study) TCRINAA
0.1-0.8 B Certificate (informational range) na.
WMG-1 (CCRMP) 122 - UQAC (this study) TCEINAA
13.8 0.7 Constantin {2006) INAA
15.0 3.0 Certificate {provisional value) n.a.
WPR-1 {CCRMP) 34 - UQAC {this study) TCF-INAA
1 Certificate (provisional value) n.a.

T HG = hydride generation; TCF = thiol cotton fibre; GF = graphite furnace; SF = Spectrofluorimetry.
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Table 3.
Statistical treatment of data
Data § Se{ug g’)| SD(1s) % RSD Median Hwz SD / Hwz
AN-G(n =8) Al 0.049 0.007 14.3 0.046 0.006 117
High X 0.047 0.006 12.8 0.046 0.006 1.00
tow X 0.050 0.007 14.0 0.046 0.006 1.7
H+L X 0.049 0.006 122 0.046 0.006 1.00
BE-N {n =7) All 0.073 0.027 370 0.063 0.009 3.00
High X 0.063 0.006 9.5 0.062 0.008 0.75
Ltow X 0.076 0.029 38.2 0.067 0.009 322
H+L X 0.064 0.006 9.4 0.063 0.008 0.75
BIR-1 {n = 4) All 0.020 0.003 15.0 0.020 0.003 1.00
High X 0.019 0.002 105 0.020 0.003 0.67
Low X 0.021 0.002 9.5 0.020 0.003 0.67
HL X 0.020 0003 150 0020 0003 1.00
BX-N (n = 7} All 0137 0.037 270 C.145 Q.015 2.47
High X 0.129 0.034 26.4 0.131 0.014 243
Low X 0.146 0.030 205 0.148 0.016 1.88
H+L X 0.139 0.027 19.4 0.145 0.015 1.80
DR-M {n =9) All 0.087 0.007 8.0 0.085 0.010 0.70
High X 0.085 0.005 59 0.084 0.010 0.50
Low X 0.087 0.007 8.0 0.085 0.010 0.70
H+L X 0.086 0.006 70 0.085 0.010 0.60
KPT-1 {n = 15) All 2.93 1.01 34.5 2.74 0.20 508
High X 2.75 0.82 298 272 0.19 4.34
Low X 3.09 0.83 269 2.83 0.21 3.97
H+L X 292 058 199 274 020 291
MAG-1 (n = 16) All 1.060 0.091 8.6 1012 0.084 1.08
High X 1.043 0.064 6.1 1.010 0.083 0.77
Low X 1.064 0.092 8.6 1.013 0.084 1.10
H+L X 1.047 0.066 6.3 1012 0.083 0.80
MRG-1 (n = 8) All 0.199 0.008 40 0.200 0.020 0.40
High X C.198 0.007 35 0.199 0.020 0.35
Low X 0.200 0.007 3.5 0.200 0.020 0.35
H+L X 0.199 0.006 30 0200 0020 0.30
NIST SRM 610 All 120.0 315 263 110 47 6.70
(n=8) High X 107.4 73 68 1o 42 1.74
Low X 125.0 325 260 110 48 6.77
H+L X 110.5 2.5 2.3 110 4.4 0.57
SCo-1 {n = 14) All 0.841 0.071 8.4 0.828 0.069 1.03
High X 0.830 0.060 72 0.823 0.068 0.88
Low X 0.852 0.060 70 0.832 0.070 0.86
H+L X 0.841 0.047 5.6 0.828 0.069 0.68
SGR-1 {n = 12) All 3.51 0.27 77 3.56 0.23 1.16
High X 3.46 0.23 6.7 3.52 0.23 1.01
low X 3.56 0.21 59 3.60 0.24 0.89
H+L X 3.52 Q.16 4.5 3.56 0.23 0.68
Soil-5 {n = 5) Al 0.80 o 88.0 0.36 0.07 10.70
High X 0.55 0.49 89.3 0.35 0.05 10.23
Ltow X 095 072 76.3 0.82 0.08 2.51
H+L X 0.66 0.54 814 0.36 0.06 9.59
UB-N {n = 9) All 0.124 0.022 177 0.120 0.014 .57
High X o7 0.012 10.3 C.1é 0.013 092
Low X 0.127 0.022 17.3 0.123 0.014 1.57
H+L X 0.120 0.011 9.2 0.120 0013 0.85

§ = “High X” = data treatment excluding the highest value; “Low X” = data reatment excluding the lowest valug; “H+L X" = data
treatment excluding both the highest and the lowest values; YAVG” = average; SD = Standard deviation; “Hwz” = Target precision

caiculated using Horwitz function.
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Table 4.
Consensus, suggested and information values, and comparison with the literature
Sample Se (ug gt} SD(Is) %RSD Selected data-stat n # Se {ug g1)

Govindaraju {1994)

Consensus {most robust statistics)
AN-G {ANRT.CRPG) 0.049 0.007 14.3 All AVG +/- StdDev 8 0.06
BIR-1 (USGS) 0.020 0.003 15.0 All AVG +/- StdDev 4 <0018
DR-N {ANRT-CRPG} 0.087 0.007 8.0 All AVG +/- StdDev 9 na.
MAG.-1 (USGS) 1.060 0.09 8.6 All AVG +/- StdDev 16 116
MRG-1 (CCRMP) 0.199 0.008 4,0 Al AVG +/- StdDev 8 0.194
5Co-1 (USGS) 0.841 0.071 8.4 All AVG +/- StdDev 14 0.89
SGR-1 {USGS) 3.51 027 77 All AVG +/- StdDev 12 35
Suggested (less robust statistics)
BE-N (ANRT-CRPG} 0.063 0.006 9.5 High X AVG +/- StdDev ) n.a.
NIST SRM 610 110.5 2.5 2.3 H+L X AVG +/- StdDev 4 n.a.
UB-N {ANRT-CRPG) 0.117 0.012 10.3 High X AVG +/- StdDev 8 n.a.
Information (insufficient date or large variations)
BSK-1 {USGS) 493 0.45 9.1 All AVG +/- StdDev 3 n.a.
BX-N {ARNT-CRPG} 0.137 0.037 270 All AVG +/- StdDev 7 n.ao.
KPT-1 (UQAC) 2.92 0.58 19.9 HeL X AVG +/- StdDev 13 n.a.
NIST SRM 612 174 3.7 213 Al AVG +/- StdDev 2 na.
INIST SRM 614 0.30 0.05 167 This study 1 na.
OKUM (OGS) 0.125 0021 16.8 All AVG +/- StdDev 2 n.a.
SARM-7 (SABS) 1.93 Q.50 259 All AVG +/- StdDev 3 na.
SBC-1 (USGS) 118 0.06 5.1 All AVG +/- StdDev 3 n.a.
SDO-1 (USGS) 170 020 1.8 All AVG +/- StdDev 3 n.a.
SOlL-5 (IAEA) 0.80 0.71 88.8 All AVG +/- StdDev 5 1
SSAR-1 {USGS) 2.22 0.20 9.0 All AVG +/- StdDev 2 .
UM-1 (CCRMP) 0.5 0.10 10 All AVG +/- StdDev 3 na.
UMT-T (CCRMP) 4,04 1.07 265 All AVG +/- StdDev 2 n.a.
W-2 {USGS) 0.098 0.006 6.1 All AVG +/- StdDev 3 na.
WGB-1 (CCRMP) 0.088 - - This study 1 na.
WMG-1 {CCRMP) 13.0 12 92 All AVG +/- StdDev 2 n.a.
WPR-1 (CCRMP} 3.4 - - This study 1 n.a.

+ Number of values used for statistics.

function is an empirical model that can be used for
estimating the farget pecision in group determinations.
The expected relative standard deviation (% RSD} is
calculated as 2C+0.1508), where “C” is the concentration
of the analyte expressed as a decimal fraction
{(Horwitz and Albert 1995). Thompson et al (1996)
used a slightly modified Horwitz function for pure geo-
chemistry (0.01C08495), The Horwitz function used in
the present work provides an estimation of the stan-
dard deviation at the 1s level. When assessing the
results presented in this work, if the calculated stan-
dard deviation was smaller than the Homwitz function
value and the average and median were close in
value, then a consensus value was proposed {Table 4).
For samples where the standard deviation exceeded
the Horwitz function, suggesied values were proposed.
Finally, for samples where less than four determinations
were available, the average is provided as an infor-

” u

mation volue. The “consensus’, “suggested” and “infor-

mation” terminology is designed o give an overall
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assessment of the degree of confidence in the respec-

tive values.

Results for the reference materials AN-G, BIR-1,
DR-N, MAG-1, MRG-1, 5Co-1 and SGR-1 gave avera-
ge and median values that were within one standard
deviation, the magnitude of which was similar 1o or
smaller than those predicted by the Horwitz function
(Table 3). Thus, for these RMs, because of the perceived
robustness of the statistical data, the average and stan-
dard deviation of all values were designated consensus
values (Table 4). For BE-N, NIST SRM 610 and UB-N,
the standard deviation approached the Homwitz func-
tion when the data set was trimmed. For these RMs, the
timmed values are suggested values. For BX-N and
KPT-1 the average and median were similar, and trim-
ming the data set did not greatly change the results.
However, since the respective standard deviations were
larger than those predicted by the Horwitz function,
only information values could be proposed. For SOIL-5,

© 2009 The Authors. Journal compilation © 2009 International Association of Geoanalysts
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Figure 1. Comparison of new Se determinations provided in this study with proposed values (this study).

Uncertainties are shown at the 1s level,

the average, median and standard deviations changed
significantly if one high or low determination was trim-
med from the data set. In fact, the results for this sample
had a bivariant distribution and thus an information

value is presented.

The new resulis (labelled UQAC) are in good
agreement with previously published results (Table 2)
as they are within one standard deviation of the pro-
posed values (Figure 1). For two consensus values
{DR-N and MRG-1, Table 4) the UQAC values were
in the upper range, in agreement with recent results
(Marin et al. 2001) and older neutron activation
results (Meyer 1988) probably because Se is an ana-
lyte that is easily fost by volatilisation in many proto-
cols that involved acid dissolution. A similar argument
can be made for the UQAC results for BX-N ond UB-
N, which were in the upper range of results that may
have been affected by Se volatilisation losses. The
exception is sample SGR-1, which was determined on
a different split (SGR-1b) than the original results
(SGR-1). In addition, the high oil content of this petro-
leum- and carbonate-rich shale may have caused
unforeseen analytical problems in the present study.
For NIST SRM 610, the UQAC value was the lowest
(but still within one standard deviation of the propo-
sed value with its own standard deviation) but since
there are so few independent determinations (n = 6,

© 2009 The Authors. Journal compilation © 2009 InternationaliAssosiation of Geodnalysts

Table 2), it is unclear what is the most probable Se
concentration for NIST SRM 610,

Conclusions

A copability of determining the total Se content of
geological materials is useful because Se is a trace ele-
ment in sulfide mineralisation, and is important in some
platinum-group element mineralisation studies. Accurate
characterisation of Se in infemational geological referen-
ce materidls is essentiol to contibute to the development
of analytical technigues for Se measurement to allow
determinations of the appropriate quality to be made. it
is proposed that geological reference materials of
various matrices (AN-G {anorthosite), BIR-1 (basalt), DR-N
{diorite), MAG-1 (sediment), MRG-1 (gabbro), SCo-1
{shale), and SGR-1 (shale)) can be used for assessing the
calibration of Se and for quality control, whereas BE-N,
NIST SRM 610 and UB-N should be used with caution.
Additional analyses of other geological reference mate-
rials are needed in order to develop and increase our
geochemical knowledge of selenium. In particular results
for sulfide and chromite-rich materials would ke valucble.
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