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d�années ont 

d�une part

et d�autre part d�avoir de meilleures connaissances 

in d�apporter de nouveaux éléments de réponse, notre approche a consisté à 

est structuré autour de deux hypothèses, (1) le développement et l�utilisation d�un nouvea

d�enrichissements en métaux dans les dépôts métallifères océaniques

manganèse comme proxy de la composition isotopique de l�eau de mer profonde.

Après avoir développé une méthode d�analyse des isotopes du Ni par MC

lors de l�adsorption du Ni, la phase solide est enrichie en isotopes légers par rapport à la 

�

� �

A partir de ces résultats et d�autres études récentes, nous avons pu appuyer 

l�hypothèse selon laquelle d�un point de vue global la variabilité isotopique du Ni

dépôts métallifères océaniques riches en Fe et Mn s�explique pa

d�enrichissement et de formation lors de l�incorporation des métaux dans les phases 

tir de l�eau de mer 

Puis, afin d�évaluer la possibilité d�utiliser les signatures isotopiques du Ni comme 

précipitation très lente de l�ordre de quelques mm/Ma entre 1500 et 3000 m de profondeur

fournissent un enregistrement de plusieurs millions d�années des métaux dissous dans l�eau 



probablement des mélanges de masses d�eau. Les compositions isotopiques en Fe 

�

de l'activité magmatique du point chaud de Hawaii et ayant affecté les masses d�eau. En 

opique du Ni de l�eau de mer est restée constante au cours des 1

millions d�années, mais que des fractionnements isotopiques important (~1.5 �

produire lors de processus d�altération après dépôt.  Ces résultats apportent donc de 
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Contexte de l�étude et concepts généraux sur 



H.M.S (His/Her Majesty�s Ship) Challenger

également des mesures de température et d�autres paramètres physico

curiosité n�est que vanité le plus souvent », d�

ne voir dans la mer qu�une masse d�eau, c�est ne pas 

maintenant. Il faut rappeler qu�à cette époque les océans 

mystérieuses alors qu�ils recouvrent près de 70 % de la surface de notre Terre. Durant cette 

l�abondance de ces dépôts sur le planc

: Dessins d�observation de nodules polymétalliques et d�encroûtements de fer

manganèse collectés lors de l�expédition océanographique du navire H.M.S Challenger de 

�expédition (Murray and



Ces dépôts métallifères formées d�hydroxydes de manganèse et de fer renferment 

en raison de l�accroissement continu de la demande en métaux stratégiques, certains de ces 

A partir des années 1950 l�émergence de nouveaux pays industrialisés, 

l�industrialisation toujours croissante des pays et le développement des nouvelles 

gies ont provoqué un besoin croissant pour l�apport en métaux de transition. Dans 

d�indépendance, les états ne cessent de vouloir protéger leurs ressources ou d�en acquéri

potentielles ressources minières apparaissent comme des lieux privilégiés d�exploration. 

Mais bien qu�en 1959 John Mero préconise déjà d�exploiter les nodules pol

leur richesse en métaux, ce n�est que plus tard dans les années 1970 que ces dépôts ont 

réellement connu un regain d�intérêt important car de nombreuses compagnies minières ont 

commencé à s�intéresser à ces dépôts métallifères. Afin de mieux gérer l�accès des pays à 

mis en place un cadre juridique pilotée par l�ISA (International Seabed Authority ou Autorité 

d�attribuer des zones de permis miniers dans la zone Clarion/Clipperton de l�océan Pacifique 

équatorial aux pays demandeurs, ce qui leur permit de procéder à l�exploration de leur zone 

en vue d�établir la faisabilité d�une exploitation future. Il a donc fallu estimer la ressource 

disponible et prendre en compte les phénomènes d�impact environnemental lors des phases 

d�exploration. En France, l�Ifremer (anciennement CNEXO) fut chargé de mener ces travaux. 

Parallèlement, à la fin des années 1970 l�Ifremer fut partie des pionniers dans 

l�exploration des

. Plus tard en 1984, la mise à l�eau du sous

pes françaises de poursuivre l�exploration des fonds marins par la 

découverte et l�échantillonnage de plusieurs champs hydrothermaux formés le long des 

s les océans du globe procédant ainsi à la constitution d�une collection très 

remarquable et conséquente d�échantillons hydrothermaux et d�autres minéralisations 

à des dépôts inactifs pouvant constituer d�importantes réserves en métaux 



l�IFREMER ont été menées dans le but de caractériser les fonds marins et la ZEE (Zone 

Economique Exclusive) française. En particulier, des échantillons d�encroûtements riches 

Pacifique (notamment dans l�archipel des îles de la Société, Polynésie Française). L�étude 

de la composition chimique et de l�étendue spatiale de ces dépôts n�est encore que 

Bi, Pb,�) par rapport aux gisements exploités à terre sont observés 

Bien que la littérature s�attachant à comprendre les mécanismes de formation de ces 

dépôts riches en Fe et en Mn abonde, l�origine des métaux ainsi que les méc

d�enrichissement liés aux processus géochimiques et biologiques de ces dépôts ne sont pas 

souvent une continuité entre ces catégories à la fois spatiale et temporelle. C�est dans la 

perspective de combler ces lacunes que s�inscrivent les objectifs de cette étude. Il s�agit de 

mais également à la compréhension des processus océanographiques et de l�évolution des 

minérales et concernent d�une manière générale les processus contrôlant le cycle 

�

Les métaux de transition sont généralement présents à l�état de traces dans les roches 

Il s�agit de concrétions d�hydroxydes de fer et de manganèse ayant précipités en couches 

concentriques autour d�un nucleus généralement constitué d�un débris animal (coquille, dent 

de requin, etc) ou d�un débris rocheux de diamètre de 3 à 10 

. Les sources d�enrichissement en métaux dans les nodules de 

variés, (1) métaux dissous dans l�eau de mer, (2) altération des sédiments 

enrichissements sont également multiples, (i) précipitation des colloïdes d�oxydes de Fe et 



de Mn formé dans la colonne d�eau de mer, (ii)  réactions chimiques de précipitation des 

ites par l�activité 

Toutefois, bien qu�une documentation importante soit disponible sur la caractérisation 

ant les facteurs d�enrichissements en 

Ces dépôts, composés d�un assemblage de phases minérales d�hydroxydes de fer et 



les océans du globe. Leur taux de précipitation sont très lents, de l�ordre de 1 à 6 mm/Ma, et 

certains encroûtements ont des âges allant jusqu�à plus de 60 Ma 

quelque sorte une archive géologique de l�évolution du cycle des métaux traces dans l�eau 

Contrairement aux nodules de manganèse dont l�origine des métaux est multiple et 

d�oxydes de fer et de manganèse formés dans la colonne d�eau de mer à partir des métaux 

traces dissous. L�absence de sédimentation importante de particules détritiques et 

carbonatés associée à un très faible taux de déposition permet d�obtenir des 

minérales les plus riches en Co sur Terre, d�où le fait qu�on les désigne aussi souvent sous 

d�encroûtements cobaltifères

Une synthèse plus étoffée de l�éta

manganèse est fournie dans l�introduction du chapitre III de ce 

ux se déposent dans des contextes géodynamiques où l�activité 

d�arrière

hydrothermale. L�activité tectonique associée aux dorsales océaniques lors de l�é

des plaques lithosphériques et de la formation d�une nouvelle croûte océanique implique la 

présence d�un réseau de failles important. Lorsque l�eau de mer s�infiltre dans ces fractures 

l�interface eau de mer/plancher océanique pour 

finalement retourner dans l�eau de mer et former ces impressionnantes cheminées 

mal chaud et riche en métaux et en soufre avec l�eau de 

Néanmoins outre ces sulfures hydrothermaux formés à proximité de l�axe d�accrétion des 

dorsales océaniques, la circulation hydrothermale génère également d�importantes quantités 



de dépôts d�oxyde

dans ces environnements sont très faibles car dépourvus d�une sédimentation carbonatée 

Depth) et l� apport en

(généralement un assemblage d�oxyhydroxydes de fer et de manganèse) par une forte 

l�enrichissement en REE et l�extension de l�anomalie positive en 

colonne d�eau démontrant la dispersion des flux hydrothermaux émis par la dorsale Est 

rmaux fournissent les particules d�oxydes de fer 

et de manganèse sur lesquelles peuvent s�adsorber les Terres Rares qui sont ensuite 

es sédiments pélagiques de l�Océan Pacifique 



sediments pélagiques de l�Océan Pacifique 

contient pas d�hydrogène sulfuré qui aurait, dans le cas contraire, titré le Fe dissous pour 

résultent de l�accumulation de fluides hydrothermaux formant des saumures à

contact de l�eau de mer avec les sédiments évaporitiques présent de la pile sédimentaire 

Enfin, malgré un niveau d�enrichissement en métaux moindre en comparaison aux 

dessus et le fait qu�ils ne fassent pas partie des dépôts métallifères 

ésultant de la présence de courants d�



L�étude des sources et des processus d�enrichissement en métaux dans les dépôts 

n Fe et Mn offre deux niveaux de compréhension. Il faut d�une 

part comprendre les processus biogéochimiques se produisant dans l�eau de mer influant sur 

le cycle global des métaux dans les océans et qui, d�une manière ou d�une autre, affectent la 

des dépôts métallifères marins. Et d�autre part il faut pouvoir déchiffrer 

par l�environnement géologique de formation, les vitesses de formation, les sources 

hydrothermales ou diagénétiques etc. En  s�appuyant sur les connaissances reportées dans 

la littérature concernant la géochimie des dépôts d�une manière générale, ma

minéralogie et le contexte géologique, notre objectif est d�apporter de nouveaux outils 

géochimiques qui permettront d�affiner cette classification et d�aller encore plus loin dans 

des métaux dans la colonne d�eau de mer et l�évaluation de la contribution des différentes 

sources aux métaux dissous dans l�eau de mer ainsi que des puits. Ces deux paramètres 

nt très importants car ils conditionnent l�estimation du temps de résidence des éléments 

chimiques dans l�eau de mer. Ces diverses sources comprennent les apports continentaux 

via les fleuves transportant les produits issus de l�érosion continentale, les p

atmosphériques, et probablement la décharge d�eaux souterraines au niveau des marges 

chacune de ces sources au bilan global des éléments dissous dans l�eau de mer sera 

variations climatiques influant directement sur les flux de matière provenant de l�érosion des 

continents, grâce à l�utilisation des variations des compositions isotopiques des éléments

e de l�isthme de Panama entre 8 et 6 Ma , l�intensité du transport 

des masses d�eau de l�Atlantique Nord vers l�océan de l�Atlantique Sud 

influencé par l�activité biologique et il n�est plus à démontrer que la biosphère interagit avec 

l�environnement géologique. Que ce soit près des sources hy

d�écosystèmes biologiques diversifiés et abondants

avec l�activité phytoplanctonique des eaux de surface où par exemple le Fe et le Zn sont des 



sur l�activité biologique. De plus, il est probable que la productivité biologique de surface 

influe sur l�enrichissement en Cu et Ni des nodules polymétalliques 

qualitatives et qui méritent donc d�être évaluées 

Il est également nécessaire de considérer le rôle de la zone d�oxygène minimum 

d�oxygène minimum (présente entre 500 et 1500 m de et variant suivant les océans) est un 

manganèse. Elle permet d�accumuler 

pourra précipiter sous forme d�oxydes de Mn capable de piéger les métaux dissous dans 

l�eau de mer 

que l�épaisseur et la profondeur de cette couche varie avec l�intensité de l�activité biologique 

réactions de précipitation chimiques et surtout les taux de précipitation et d�accumulation

varient suivant les dépôts. Comme nous l�avons mentionné dans les paragraphes 

uniquement à partir des métaux dissous dans l�eau de mer, la formation des nodules

manganèse sur les sédiments pélagiques profonds résulte de l�intégration complexe de 

d�enrichissement des métaux: la précipitation à partir des métaux de 

l�eau de mer, l�altération des roches encaissantes (sédiments, substrats basal

particules hydrothermales pouvaient être transportées dans l�eau de mer loin de leurs 

s�accumulant lentement, ils peuvent ainsi être enrichis en métaux et notamment en REE 

géochimie des fluides hydrothermaux et donc de l�environnement géologique, c�est



(bassin d�arrière

Jusqu�à présent les dépôts méta

dépôts suivant trois domaines indiquant l�origine prédominante des métaux de transi

c�est

Néanmoins cette classification ne permet pas d�entrer réellement dans le niveau de 

relativement grossière et comme nous l�avons vu pour les nodules polym

pas de distinguer de manière précise les différentes sources d�enrichissement et les 

Quels outils utiliser pour l�étude

privilégier l�étude des encroûtements de fer

de l�eau de mer, ils sont moins complexes à considérer d�un point de vue processus de 

formation. L�étude d�une série d�échantillons d�encroûtements en provenance de bassins 

océaniques variés permettra d�avoir une

(environnement géodynamique, masses d�eau océaniques, etc) pouvant influencer sur les 

compositions géochimiques des dépôts métallifères marins. D�un autre côté, la réalisation de 

différentes localités géographiques sera un moyen d�obtenir des réponses sur les facteurs 

locaux qui influent sur l�évolution dans le temps des cycles biogéochimiques des métaux 

r les derniers 60 Ma). L�avantage de cette méthodologie est 

qu�elle intègre à la fois le facteur spatial et le facteur temporel.

Le défi majeur qui est au c�ur de notre étude est de trouver de nouveaux traceurs 

niveaux de compréhension. A l�instar de la classification de Bonatti (1972) qui prend 

isotopiques). L�objectif est d�utiliser les variations des compositions isotopiques en Ni dans 

océans modernes, en y intégrant également d�autres traceurs isotopiques des métaux.



conséquent, les isotopes d�un même élément auront les mêmes propriétés chimiques, mais 

les différences de masse peuvent engendrer des comportements physiques différents. C�est 

e de masse entre les isotopes que s�appuie le fondement de la théorie des 

Au milieu du XXe siècle l�émergence de travaux majeurs sur les fractionnements 

des différences dans les fréquences de vibrations des isotopes qui sont à l�origine de 

variations dans leur état fondamental d�énergie quantique. Ainsi, les isotopes lourds ont des 

zéro d�énergie (ZPE) es liaisons chimiques. Le 

zéro d�énergie définit la différence d�énergie entre les atomes dissociés et les atomes 

ison chimique. Plus cette valeur est faible, plus la différence d�énergie 

entre l�atome dissocié et l�atome lié sera grande. Par conséquent l�énergie à apporter pour 

isotope lourd sera plus forte et plus stable donc plus difficile à dissocier qu�une liaison 

le fractionnement à l�équilibre. Le premier se produit suite à une différence entre les vitesses 

deuxième type de fractionnement concerne les fractionnements à l�équilibre qui résultent de 

le plus lourd, et un composé C. D�une manière simple, on peut visualiser le 

fractionnement à l�équilibre par une différence entre les constantes d�é

B + C  A

B + C  A

a réaction AB + C  AC +B sera enrichit en A

que pour les réactions ayant lieu à haute température. Par conséquent, l�amplitude des 

fractionnements isotopiques est plus importante à basse température qu�à haute 

. Cet effet a permis notamment d�utiliser les isotopes stables légers 

écipitation chimique, l�incorporation de l�élément chimique dans une 

phase minérale lors de la cristallisation, l�adsorption sur des phases minérales, les réactions 



d�oxydoréductions ou bien encore les processus d�altération

ogiques telles que l�assimilation des métaux comme micronutriment.

isotopiques, conventionnellement l�isotope lourd correspond au numérateur et l�isotope léger 

d�isotopes stables ont communément d�abord été étudiées pour les éléments légers (par 

systèmes d�isotopes stables 

». L�un des avantages des éléments légers par rapport aux éléments lourds est 

�

». Cependant, à l�inverse des éléments légers, l

masse entre les isotopes d�éléments lourds est plus petite, par conséquent la détection de 

techniques analytiques de haute précision. Les techniques d�analyse usuellement utilisées 

l�émergence de l�étude de nouveaux systèmes isotopiques, en particulier les éléments lourds 

. Au vu de cette perspective, l�étude des métaux de transition a attiré de plus en plus 

l�attention des géochimistes et de nouveaux terrains d�investigation ont alors peu à peu 

émergés, en particulier les études s�attachant à explorer et comprendr

d�isotopes stables est la notation delta exprimée en pour mille (

d�une part une meilleure lisibilité des résultats car les variations des compositions 

isotopiques sont généralement sont de petite amplitude, et d�autre part elle exprime une 

déviation de la composition isotopique de l�échantillon

isotopique d�un standard que l�on déterminera comme une valeur de référence. Elle permet 



E (�) = 1000 x (R �

E spécifie le rapport isotopique de l�élément E avec x et y représentant les masses 

est le rapport mesuré de l�échantillon et R

résidence du Ni de l�ordre 10000 ans 

ans, d�autres auteurs proposent une valeur près de 30 fois supérieure à la précédente 

. Cette incertitude du temps de résidence provient d�une mauvaise 

au temps de mélange des océans d�environ 1500 ans. 

l�érosion continentale via l�apport des fleuves et les décharges d�eaux souterraines au niveau 

hériques d�origine 

hydrothermaux. D�un autre côté,

délivrés par la circulation hydrothermale compliquant l�estimation de ce flux. Par ailleurs, Gall 

estimé (voire non pas mentionné) l�influence des activités anthropiques 

sur le flux de Ni des fleuves mais également des particules atmosphériques. Ainsi, l�apport 

apports anthropiques sont par exemple les résidus d�exploitation des mines, les fonderies, 

les rejets issus de la combustion du charbon, mais également l�im



(altération de la croûte océanique) qui pourrait être un flux important si l�on considère 

également l�altération des affleurem

passives où sont présentes les zones d�

Comportement du Ni dans l�eau de mer

dans l�océan et varie entre 2 nmol/kg en surface et 12 nmol/kg en profondeur 

et les eaux profondes est due à l�activité biologique en surface consommant du Ni, et au 

recyclage en profondeur de cette matière organique libérant le Ni. C�est un 

donc un profil d�élément nutritif dans les océans comme c�est également le cas du Fe, Zn et 

. Jusqu�à présent, on pensait que les espèces de Ni aqueux étaient sous la 

. D�autres études, dont 

ligands organiques n�a pas encore été établie dans l�eau de mer actuelle, il est très probable 

qu�elle est un rôle non négligeable voire peut être prédominant comme c�est le cas pour le 

avoir un impact sur la stabilisation du Ni dans l�eau de mer et par exemple cela pourrait 

améliorer le transport du Ni émis par les sources hydrothermales dans l�océan, comme cela 

a déjà été démontré pour d�autres métaux te

. C�est donc une problématique qu�il faudra pouvoir résoudre dans le 

Rôle du Ni lors de l�activité biologique

élément important pour l�activité biologique (on peut le qualifier d�élément «

»), bien qu�il ne soit pas bio

biologique est démontré par son profil d�élément nutritif dans la colonne d�eau.

facteur enzymatique nécessaire à l�assimilation de l�azote et du d

carbone durant l�hydrolyse de l�urée 

paramètre est fondamental il explique pourquoi le Ni suit un profil d�élément nutritif dans les 



Lors de l�initiation de ce projet, les études ayant reportées les variations isotopiques 

De plus, avant de s�intéresser au Ni en tant que nouveau traceur biogéochimique, il est 

Ni (�) = 1000 x [( �

Après accrétion de la Terre lors de la formation du système solaire, la Terre s�est 

épisode de différenciation, la formation du noyau composé d�un alliage Fe

une majeure partie du Ni présent initialement après le stade d�accrétion. Le manteau 



l�élément pour

L�en

peu. Elle est proche de 0 � dans les basaltes de la croûte océanique, tandis que dans les 

péridotites le fractionnement isotopique par rapport à cette valeur n�excède pas ~0.2 � au 

résultats ont été publiés au cours de la thèse. L�ensemble de ces compositions isotopiques 

en Ni ont permis d�estimer une composition isotopique moyenne du réservoir de Ni dans

croûte terrestre à +0.05 ±0.05 � (cf. chapitre 1).

Il n�existe pas encore dans la littérature de données sur les compositions isotopiques 

d�environnements marins anciens riches en matière organique 

. Ces enrichissements ont été favorisés par l�enfouissement rapide 

de quantités importantes de matière organique dans le sédiment empêchant l�oxydation et 

donc la destruction de cette matière organique à l�interface sédiment/eau de mer, mais 

ar les conditions d�oxydo

traces de l�eau de mer vers le sédiment ainsi que la préservation des métaux contenus dans 

favorables à la présence d�H

principalement de la chlorophylle et l�hème 

allant de +0.28 à +2.50 �, soit un enrichissement systématique en isotopes lourds. Ces 

résultats montrent qu�au

(TOC), l�augmentation des compositions isotopiques en Ni est corrélée avec l�augmentation 

par l�enrichissement en matière organique. En

tétrapyrroles (dans lesquels est contenu l�essentiel du Ni) sont très stables face aux 



» car replacés sur l�échelle des temps géologiques ces dépôts 

sont relativement jeunes et ne peuvent pas être plus vieux que l�âge maximal de la croût

océanique d�environ 180 Ma), le Ni est particulièrement enrichi dans les encroûtements de 

manganèse, les nodules de manganèse et d�une manière générale dans toutes les 

précipitations authigènes d�oxydes de Fe et de Mn des sédiments océaniques profond

continentales où des courants d�

t publiés les premières données sur l�isotopie du 

+2.5�. Les données ont été reportées à la fois sur des encroûtements roche totale 

série temporelle d�un échantillon d�encroûtement. Chacune des différents couches de la 

d�obtenir une stratigraphie des 

l�Océan Pacifique. Selon les auteurs, les variations observées dans cet échantillon, montrent 

hydrothermales ont des valeurs proches de ~+1.5�. Ainsi, ils proposent que les fluides 

aucune corrélation avec la localisation géographique, indiquant que ces variations n�ont pas 

de lien directe avec des différences potentielles entre les masses d�eau des océans du 

continentales soient enrichis en isotopes lourds du Ni. Les explications qu�ils fournissent à 

ces observations est que l�altération de roches silicatées produit des enrichiss

mesurée sur un échantillon de saprolite. Ceci implique que le Ni lessivé lors de l�altération 

En revanche, un point crucial qu�il faut évaluer est le fractionnement isotopique qui 

pourrait se produire entre le Ni présent dans l�eau de mer et le Ni incorporé dans les phases 

d�oxy manganèse lors de l�adsorption. 

Ce type d�expérimentation sur oxy

dans la littérature pour d�autres systèmes isotopiques tels que Fe, Cu, Zn et Mo 

d�émettre des hypothèses raisonnables quant aux 



L�utilisation du Ni par les méthanogènes (micro

méthanogenèse) montre des fractionnements isotopiques de plus de 1 � avec une 

Fractionnement isotopique du Ni entre les différentes espèces présentes dans l�eau 

démontré qu�un fractionnement isotopique du Ni de l�ordre de 2.5� pouvaient se 

produire entre les espèces organiques et les espèces inorganiques présentes dans l�eau de 

, or l�amplitude de ces fractionnements est dans la gamme de variation 

Apport de l�utilisation couplée des compositions isotopiques en Fe, Cu et Zn (et Ni) dans 

bénéficier une approche multi proxy par l�analyse intégrée de plusieurs systèmes isotopi

des métaux tel que le Fe, Cu et Zn (et Ni). Bien que l�ensemble des facteurs contrôlant les 

cycles biogéochimiques de ces métaux traces dans l�eau de mer ne soient pas encore 

et les étapes du déroulement de l�étude

Hypothèses et objectifs sur l�utilisation des fractionnements isotopiques du Ni dans les 

était limitée par le peu d�études disponibles (les résultats de l�équipe de L. 

d�échantillons terrestres n�avaient été caractérisés pour leur composition isotopique en

et qu�elle est 

qu�une meilleure 

opiques en Ni n�en étaient qu�à leurs 



et analytique, l�amplitude des fractionnements i

réservoirs terrestres importants pour cet élément. En outre, ce travail initial s�accompagnera 

de l�estimation d�un paramètre essentiel qui s�agit de la valeur isotopique en Ni de la Terre 

de sa source, l�eau de mer.

l�incorporation du Ni dans les phases minérales riches en Fe et Mn ?

d�adsorption du Ni sur des phases d�oxy

t été réalisés avec des chercheurs de l�Université 

Dans un troisième temps, l�analyse des compositions isotopiques de dépôts de Fe

Mn hydrogénés permettra d�évaluer si les 

dans des dépôts provenant exclusivement de l�eau de mer ?

des océans, on peut supposer d�une part, que les compositions isotopiques en Ni sont 

homogènes dans tous les océans, et d�autre part qu�elles ne sont pas influencées par l�effet 

hydrogénétiques est un proxy de la composition isotopique de l�eau de mer profonde, Gall et 

en Fe et Mn d�origine hydrothermale et l�analyse de séries temporelles effect

différentes), de masses d�eau océanique n�ayant pas la même composition isotopique, ou 

encore d�un effet minéralogique.

mieux comprendre l�importance des sources hydrothermales dans le cycle biogéochimique 

des métaux dans les océans, l�influence de la productivité biologique, et l�impact des flux 

issus de l�érosion continentale sur la disponibilité des métaux dans les océans, en évaluant 

minéralogie fine, l�analyse des compositions en éléments majeurs, traces et Terres Rares, et 



disposer d�une boîte à outils substantielle pour répondre à nos lacunes de compréhension.

qu�il s�est passé dans les océans anciens à travers les dépôts anciens comme par exemp

Plan de l�étude

d�une publication scientifique. Ce choix rédactionnel implique que le lecteur rencontrera 

des répétitions dans le texte. Le manuscrit de thèse s�organise de la manière 

sur les méthodes d�analyses des isotopes du Ni. 

Dans la seconde partie est présentée une méthode d�analyse des isotopes du Ni dans l�eau 

Le chapitre 2 s�intéresse aux résultats obtenus sur les fractionnem

lors de l�adsorption du Ni sur les des oxy

compositions isotopiques en Ni obtenues sur une séquence stratigraphique d�argiles 

dans les océans modernes et son temps de résidence. Ce chapitre est précédé d�une 

introduction résumant l�état des connaissances sur les encroûtements de fer

Le chapitre 5 s�intéresse à l�intérêt d�une approche couplée par l�utilisation des 

temporelles d�encroûtements de fer

d�étude notamment le

En annexe figure deux manuscrits d�articles scientifiques

auquel j�ai contribué en y incluant une discussion autour des compositions isotopiques en Ni 

sur la spéciation et la minéralogie fine du Fe à travers d�une section de nodule 

aux interstitielles collectés dans l�océan 
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analytique pour l�analyse des compositions 

�



comprend l�article publié en 2013 dans la revue 

description du protocole d�analyse des isotopes du Ni. Le développement et la mise en 

s�

basalte, péridotite, dunite) ainsi qu�une sélection de basaltes, météorites de fer et quelques 

argiles profonds. Notre but était d�une part de fournir d

études futures et d�autre part d�obtenir un premier aperçu global des fractionnements 

C�est ainsi que d�une manière très 

s�attache à

ir d�une matrice d�eau de mer. 

dans l�introduction de ce chapitre que ces dépôts étaient formés par précipitation à 

l�eau de mer et que par conséquent les métaux de transition enrichis dans ces dépôts 

Ni enregistrée dans ces dépôts reflètent celle de l�eau de mer. Ainsi

l�eau de mer est indispensable pour savoir où se situent réellement nos échantillons par 

rapport à l�eau de mer la source à partir de laquelle nos échantillons se sont formés.

traces de l�eau de mer, la méthode décrite ci

s�est révélée être la bonne pour mesurer les compositions 
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Nickel Isotope Variations in Terrestrial Silicate Rocks
and Geological Reference Materials Measured by MC-ICP-MS
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Although initial studies have demonstrated the applica-

bility of Ni isotopes for cosmochemistry and as a potential

biosignature, the Ni isotope composition of terrestrial

igneous and sedimentary rocks, and ore deposits remains

poorly known. Our contribution is fourfold: (a) to detail an

analytical procedure for Ni isotope determination, (b) to

determine the Ni isotope composition of various geo-

logical reference materials, (c) to assess the isotope

composition of the Bulk Silicate Earth relative to the Ni

isotope reference material NIST SRM 986 and (d) to

report the range of mass-dependent Ni isotope fractio-

nations in magmatic rocks and ore deposits. After

purification through a two-stage chromatography proce-

dure, Ni isotope ratios were measured by MC-ICP-MS

and were corrected for instrumental mass bias using a

double-spike correction method. Measurement precision

(two standard error of the mean) was between 0.02 and

0.04‰, and intermediate measurement precision for

NIST SRM 986 was 0.05‰ (2s). Igneous- and mantle-

derived rocks displayed a restricted range of d60/58Ni

values between -0.13 and +0.16‰, suggesting an

average BSE composition of +0.05‰. Manganese nod-

ules (Nod A1; P1), shale (SDO-1), coal (CLB-1) and a

metal-contaminated soil (NIST SRM 2711) showed

positive values ranging between +0.14 and +1.06‰,

whereas komatiite-hosted Ni-rich sulfides varied from

-0.10 to -1.03‰.

Keywords: nickel, stable isotopes, MC-ICP-MS, geological

reference materials, Bulk Silicate Earth, abiotic fractionation.

Bien que les premi"eres !etudes d!emontrent la pertinence

des isotopes du nickel en cosmochimie et en tant que

signature biologique, la composition isotopique du nickel

des roches ign!ees et s!edimentaires terrestres ainsi que

celle des d!epôts de minerais est encore tr"es peu connue.

Notre contribution s’organise en quatre axes, (a) d!etailler

la proc!edure analytique pour la d!etermination des

compositions isotopiques en nickel, (b) d!eterminer la

composition isotopique de mat!eriaux g!eologiques de

r!ef!erence vari!es, (c) estimer la composition isotopique de

la Terre Silicat!ee Globale (BSE) par rapport au standard

isotopique de r!ef!erence de nickel NIST SRM 986, et (d)

reporter la gamme des fractionnements isotopiques du

nickel d!ependants de la masse dans les roches mag-

matiques et les d!epôts de minerais. Apr"es purification

suivant une proc!edure de chromatographie en deux

!etapes, les rapports isotopiques du nickel ont !et!e mesur!es

par MC-ICP-MS puis corrig!es du biais de masse instru-

mental par la m!ethode du double-spike. La fid!elit!e de

nos mesures (erreur standard de la moyenne) est

comprise entre 0.02 et 0.04‰, et la pr!ecision de mesure

interm!ediaire pour le NIST SRM 986 est de 0.05‰ (2s).

Les roches ign!ees et mantelliques montrent une gamme

restreinte de valeurs isotopiques d60/58Ni entre -0.13 et

+0.16‰, ce qui sugg"ere une composition moyenne de la

BSE "a +0.05‰. Les nodules de mangan"ese (Nod A1; P1),

le shale (SDO-1), le charbon (CLB-1) et le sol contamin!e

en m!etaux (NIST SRM 271) donnent des valeurs d60/58Ni

positives comprises entre +0.14 et +1.06‰, tandis que

les sulfures riches en nickel pr!esents dans les komatiites

ont des valeurs n!egatives allant de -0.10 "a -1.03‰.

Mots-clés : nickel, isotopes stables, MC-ICP-MS, mat!eriaux

g!eologiques de r!ef!erence, Terre Silicat!ee Globale,

fractionnement abiotique.Received 03 Aug 12 – Accepted 17 Dec 12

doi: 10.1111/j.1751-908X.2013.00209.x
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Nickel has five naturally occurring isotopes, that is, 58Ni,
60Ni, 61Ni, 62Ni and 64Ni, with abundances of 68%, 26%,

1.1%, 3.6% and 0.9%, respectively. To date, Ni isotope

studies have been applied mainly to cosmochemical

processes (e.g., Morand and Allegre 1983, Shimamura

and Lugmair 1983, Tanimizu and Hirata 2006, Moynier

et al. 2007, Cook et al. 2008), specifically to detect any
60Ni anomaly in iron meteorites resulting from the rapid

decay of 60Fe, which has a half-life of 2.62 Myr (Rugel et al.

2009). As Ni occurs solely in one natural valence state (Ni2+)

in the Earth’s crust, redox-controlled processes will not induce

mass-dependent isotopic fractionations as is the case for

other transition metals such as Fe, Mo, Cr and Cu (e.g.,

Albarede and Beard 2004, Anbar and Rouxel 2007). It

implies that any observed fractionation in natural environ-

ments should be the result of either biotic processes, such as

assimilation of Ni by micro-organisms, or abiotic processes

such as chemical precipitation or adsorption in aqueous

systems, or during mineral crystallisation. However, despite its

potential, the understanding of Ni isotope systematics of

terrestrial reservoirs lags behind other non-traditional isotope

systems. An initial study by Tanimizu and Hirata (2006)

demonstrates significant Ni isotope fractionation in mag-

matic sulfides, and only two studies subsequently report Ni

isotope composition of crustal rocks (Cameron et al. 2009,

Gall et al. 2012). Interestingly, a recent study demonstrated

that methanogens – micro-organisms producing methane in

anaerobic environments – fractionate 60Ni/58Ni ratios by

up to 1.5‰ by preferential incorporation of the low atomic

number isotope (Cameron et al. 2009). Identification of such

biosignatures in complex natural systems, however, remains

uncertain. More recently, Fujii et al. (2011) report theoretical

and experimental constraints on abiotic Ni isotope fractio-

nations among aqueous species (i.e., chlorides, sulfides,

sulphates, carbonates and hydroxides). The experimental

results indicate that fractionation among Ni ligands, such as

Ni2+, NiSO4, NiCO3, NiHCO3
+, NiCl+ and NiOH+, is up to

2.5‰ in d60/58Ni values and encompasses the magnitude

of fractionation during biological processes associated with

methanogens (Cameron et al. 2009).

Since a growing number of studies apply Ni isotope

systematics to natural samples, we aimed this study at (a)

developing an experimental and analytical protocol to

perform high-precision Ni isotopic determination in geolog-

ical samples, including igneous rocks and sediments by

multicollector-inductively coupled plasma-mass spectrometry

(MC-ICP-MS) and using a double-spike method to correct

for instrumental mass bias; (b) providing a substantial and

relevant data set of Ni isotope composition for RMs to allow

a comparison of Ni isotope data among different labora-

tories and with the purpose of demonstrating that significant

Ni isotope variations are detectable in a large range of rock

types occurring on Earth; and (c) assessing Ni isotopic

composition of the Bulk Silicate Earth (BSE) necessary for

interpreting Ni isotope fractionation in terrestrial rocks, based

on analyses of mantle-derived rocks and komatiites.

Materials and methods

Sample description

Geological reference materials: Samples analysed in

this study include several USGS geological reference

materials, namely BHVO-2, a basalt from Hawaii (USA);

BIR-1, a basalt from Iceland; DNC-1, a dolerite sampled in

North Carolina (USA); DTS-1, a dunite sample from the Twin

Sisters area in the Washington state (USA); PCC-1, a

peridotite sample from the Twin Sisters area in the Wash-

ington State (USA); Nod-A-1 and Nod-P-1 representing

composites of manganese nodules from the Atlantic (Blake

Plateau at 788 m depth) and Pacific (at 4300 m depth)

oceans, respectively; CLB-1, a coal from the Lower Bakers-

town coal bed (Bettinger Mine in the Castleman Coalfield,

MD, USA); SDO-1, a Devonian shale from Morehead,

Kentucky (USA); and the granite G-2 collected in the Sullivan

quarry (Rhode Island, USA). We also analysed NIST SRM

2711, a modern soil RM affected by metal contamination

(Montana, USA). Further description of these RMs and their

chemical composition can be found in the study Gov-

indaraju (1994). For Mn-nodule RMs, Axelsson et al. (2002)

provide an intercomparison study of trace and major

element concentrations. In addition, the ca. 3.8 Ga IF-G

Banded Iron Formation geological reference material pro-

vided by the CRPG (Nancy, France) was also analysed.

Selected samples of basalts, mantle-derived rocks

and marine sediments: Fresh volcanic glass and olivine

from seafloor basalts from recent olivine-phyric pillow lava

flows were selected from the site FeMO Deep at the base of

Loihi Seamount (Edwards et al. 2011). These samples were

recovered during the FeMO cruise by the R/V Thompson

(University of Washington). Samples of serpentinized ultra-

mafic rocks that were recovered from the Logatchev

hydrothermal field (Rouxel et al. 2004, Fouquet et al.

2010) during the MICROSMOKE cruise by the R/V Atalante

(Ifremer-Genavir) were also analysed. Olivine and fresh

glass of the FeMO Deep basalts were separated by hand-

picking to evaluate potential Ni isotope fractionation

between olivine and glass, whilst serpentinite powders were

prepared from bulk rocks. In addition, samples of altered

and fresh basalts, and deep-sea clays (from the top of the

stratigraphic sequence, in the first few metres below the

seafloor) recovered at IODP site 1149 (hole C, Pacific
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Ocean, Eastern Japan) during cruise 185 by the R/V Joides

Resolution (Plank et al. 2000, Rouxel et al. 2003) were also

studied. Together with volcanic rocks available as RMs, this

selected set of igneous and mantle-derived rocks allowed

the estimation of the BSE Ni isotope composition and

potential Ni isotope fractionation during olivine crystallisa-

tion.

Komatiite-hosted Ni-rich sulfides: Bulk rock samples

comprising both komatiites and associated Ni-rich sulfide

ores were analysed from two areas: the Agnew-Wiluna

greenstone belt in Western Australia and the Abitibi

greenstone belt in Canada (Bekker et al. 2009). The ca.

2.7 Ga Agnew-Wiluna greenstone belt is composed of a

deep-marine volcanic and volcaniclastic sequence with

felsic and mafic to ultramafic compositions, which locally

contains large lenses of volcanogenic massive sulfides,

sulfidic cherts, carbonaceous shales, and laterally vari-

able komatiites with cumulates, thin spinifex-textured units

and komatiitic basalts. Mineralisation occurs as dissem-

inated sulfides, massive sulfide ores or sulfide aggregates

comprising mostly pentlandite and pyrrhotite grains. The

Mount Keith and Perseverance sites of the Agnew-Wiluna

greenstone belt are among the largest komatiite-hosted

Ni-Cu-PGE ore deposits. Samples from the Abitibi

greenstone belt in Canada are from the Alexo mine,

where Fe-Ni-Cu-PGE sulfide mineralisation occurs in a

komatiitic unit with olivine cumulates (Naldrett and

Mason 1968, Muir and Comba 1979, Houl!e et al.

2012). Nickel-rich sulfide ores selected for this study

include massive and blebby sulfides; in addition, brown

olivine associated with disseminated Ni-sulfides was also

analysed.

Iron meteorites: Two iron meteorites, namely Gibeon

and Nantan, were selected for testing the experimental and

analytical procedure because of their very high Ni con-

tent and previously determined Ni isotope compositions

(Moynier et al. 2007, Cook et al. 2008).

Experimental procedure

Reagents and materials: Ultra-pure 18.2 MO cm

water made with a Millipore system (Milli-Q grade) was

used. Both concentrated nitric and hydrochloric acids used

for dissolution and column work were double-distilled from

reagent-grade acids using a Cleanacids! distillation appa-

ratus (Analab, Bischheim, France). Acids of lower molarity

were prepared from these double-distilled acids. All plastic

wares were cleaned with cold 1.2 mol l-1 HCl (reagent

grade), whereas Savillex! Teflon beakers were washed with

hot 8 mol l-1 HNO3 (reagent grade).

The double-spike used was prepared with spikes 61Ni

(batch 127890) and 62Ni (batch 233026) provided by the

Oak Ridge National Laboratory. Original spikes in metal

form were dissolved separately in concentrated distilled

HNO3 and evaporated at 70 °C. Aliquots of the spikes

were mixed together in known proportion to obtain a final

double-spike solution at a concentration of 500 lg g-1 and

with a 61Ni/62Ni ratio of ~ 1. The double-spike concentra-

tion was then determined by MC-ICP-MS using the nickel

NIST SRM 986 standard solution. Considering the limited

amount of spike used, we did not attempt to determine the

double-spike isotope composition through a gravimetric

approach.

Sample digestion: Depending on their Ni concentra-

tions, between 50 and 250 mg of sample powder was

weighed in Teflon beakers. Non-siliceous materials such as

Mn nodules, sulfides and iron meteorites were digested with

5 ml of concentrated HNO3 and 5 ml of 6 mol l-1 HCl,

whilst silicate rocks were digested with a mixture of 2 ml of

concentrated HF (28 mol l-1 Trace Metal Grade or Supra-

pure grade) and 6 ml of concentrated HNO3. Closed

beakers were put on a hot Teflon plate at 70–80 °C

overnight, and then caps were removed to allow evapora-

tion to dryness. The solid residue was then dissolved in a

mixture of concentrated HNO3 and 6 mol l-1 HCl and

further evaporated to dryness at a temperature of 70–80 °C.

This latter step was repeated to achieve complete digestion

of non-siliceous rocks and ensure removal of potential

fluorides formed in the course of the first dissolution step of

siliceous materials. Final solutions were prepared by dissolv-

ing the residue in 10 ml of 6 mol l-1 HCl, and one drop of

optima-grade H2O2 was added to each sample to ensure

complete oxidation of Fe.

As explained below, all sample batches, generally

including twenty-four samples, were processed with dupli-

cates of BHVO-2, DTS-1, PCC-1, Nod-P-1 or Nod-A-1

reference materials, one procedural blank and one pure

mono-elemental solution of Ni (Ni Plasma Cal standard

solution made by SCP Science). Note that the shale SDO-1

and the coal CLB-1 were ashed prior to digestion at 600 °C

to oxidise organic matter before chemical dissolution.

Nickel chemical purification by ion-exchange chro-

matography columns: The chemical purification protocol

used was adapted from previous work by Cameron et al.

(2009) and Cook et al. (2007) and followed a two-stage

procedure. The first set of ion-exchange chromatography

columns (i.e., disposable polypropylene columns equipped

with a large-volume (15 ml) reservoir) was filled with 3 ml

(wet volume) of anionic resin AG1-X8 in the chloride form
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(Bio-Rad 100-200 mesh). The washing procedure of the

columns was begun by loading 15 ml of ultra-pure water,

then 15 ml of 3 mol l-1 HNO3, 15 ml of ultra-pure water

and 5 ml of 0.24 mol l-1 HCl. Conditioning was carried out

with 5 ml of 6 mol l-1 HCl followed by the loading of a

fraction of the final solutions in 6 mol l-1 HCl on the columns.

The final solutions obtained after digestion were kept as

archive solutions, and only a split was taken for ion-

exchange chromatography column work. Nickel elution was

achieved by passing through 15 ml of 6 mol l-1 HCl during

which Fe, Zn and most of the Co and Cu were retained on

the resin. The eluted Ni fraction was then taken to dryness at

100–120 °C on a hot plate and then dissolved in 1 ml of

0.24 mol l-1 HCl. This solution was then purified on a

second series of chromatography columns filled with a

specific nickel resin commercially available from Eichrom (Ni-

Spec). As discussed below, the use of the Ni-spec resin was

required to ensure complete removal of all matrix elements

remaining after the anion-exchange purification step, includ-

ing major rock-forming elements such as alkali and alkaline

earth metals.

The specific Ni-resin, made of polymethacrylate, contains

a dimethylglyoxime (DMG) molecule that scavenges Ni at

pH 8–9 to form an insoluble Ni-DMG complex retained on

the resin. To prevent the co-precipitation of metals in the form

of insoluble hydroxides, which may inhibit the formation of

the Ni-DMG complex on the resin, ammonium citrate was

added to buffer solutions at pH 8–9. About 0.5 ml (wet

volume) of Ni-Spec resin was loaded into disposable

columns and initially washed with ultrapure water. Condi-

tioning was made using a mixture of 2.1 ml of 0.2 mol l-1

ammonium citrate and 11.7 mol l-1 optima-grade ammo-

nia adjusted to pH 8–9. Before loading the sample onto the

column, 1 ml of the initial solution in 0.24 mol l-1 HCl was

mixed with 0.3 ml of 1 mol l-1 ammonium citrate and

0.1 ml of 11.7 mol l-1 optima-grade ammonia to maintain

a pH of 8–9. The matrix was then eluted with 4.2 ml of

mixed ammonium citrate and ammonia solution and 4 ml of

ultra-pure water. Nickel was quantitatively eluted from the

resin with 8 ml of 3 mol l-1 HNO3, which ensured oxidation

and destruction of the Ni-DMG complex with nitric acid. This

technique therefore prevented any regeneration and reuse

of the resin. The eluted Ni solution was evaporated to

dryness on a hot plate at 90 °C, and the residue dissolved

in 0.28 mol l-1 HNO3 when it was ready for isotope

determination.

Before chemical purification through the Ni-spec column,

a known amount of double-spike solution was added to

each sample. As explained below, the double-spike amount

was chosen to be equal to the Ni content in the sample.

Chemistry yields were determined using the measured

spike/natural ratio (i.e., 62Ni/58Ni). Chemistry blanks were

also spiked, which enabled us to determine procedural

blank values. Chemistry yields through Ni-spec resin were

generally better than 85%, whilst yields through AG1-X8

resin were always quantitative. In contrast to another recently

published experimental procedure for nickel purification

(Gall et al. 2012), our yields were not dependent on

the geological matrix and amount of nickel loaded on

the column. Nickel procedural blanks were generally ca.

3–4 ng, and as between 0.5 and > 1 lg of nickel was

generally processed through chemistry (see footnotes in

Tables 3–7), this blank level was considered negligible and

did not require any correction. However, when smaller

sample sizes are analysed, care should be taken to reduce

these blanks.

Mass spectrometry procedure and data reduction
scheme

Delta notation: Nickel isotope composition is

expressed following the conventional stable isotope delta

notation, that is, sample isotopic ratios are expressed relative

to a standard ratio as per mil deviation (‰) following:

d
x=58Ni ¼ (Rspl=RNIST -1)" 1000 ð1Þ

where Rspl and RNIST are the isotopic ratios xNi/58Ni of

the unknown sample and the nickel NIST SRM 986

reference material, respectively; xNi stands for one of the

following three isotopes: 60Ni, 61Ni or 62Ni, and the light

isotope, 58Ni, is placed in the denominator (it is also the

most abundant). However, note that following Coplen’s

(2011) recommendation, omission of the multiplication

factor of 1000 in the delta notation could be permitted

because technically it belongs to the ‰ symbol rather

than to the d notation. The ratio that will be used to

describe the data in this study is 60Ni/58Ni, and it will be

reported as d60/58Ni.

MC-ICP-MS settings: All samples were analysed on a

Neptune (Thermo-Electron) MC-ICP-MS operated at the Pôle

Spectrom!etrie Oc!ean (PSO) located at IFREMER, Centre de

Brest, France. This instrument was equipped with nine

Faraday cups that allowed simultaneous measurement of
58Ni, 60Ni, 61Ni and 62Ni, 63Cu and 65Cu isotopes, as well

as isobarically interfering Fe monitored at mass 57Fe. The

instrument was run in either a medium- or high-mass-

resolution mode, but the medium-resolution mode was

sufficient to resolve argide and oxide interferences on Ni

isotopes as discussed below. Nickel ion beam intensity in a
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medium-resolution mode with the ApexQ was typically ~ 50

–75 V per lg ml-1 on 58Ni. Although both sample and

skimmer cones (X cone) were made of Ni, their contribution

to the Ni isotopic ratios of samples was negligible, because

the measured instrumental blank signal intensity on mass
58Ni did not exceed 0.5 mV and 0.2 mV on the spiked

isotope 62Ni. This also indicated that the use of other cone

types (e.g., Al or Pt cones) was unnecessary, as already

demonstrated by Moynier et al. (2007). The inlet system was

either a spray chamber (i.e., Stable Introduction System (SiS)

coupled with a 50 ll min-1 PFA micro-concentric nebuliser)

or an ApexQ (ESI, USA) desolvation introduction system.

Fifty measurement cycles, each having an integration

time of 4 s, were performed on samples, whereas washout

consisted of ten measurement cycles, each with an integra-

tion time of 4 s. The total time required per analysis was

therefore approximately 4 min (analysis plus washout).

The main interferences on Ni isotopes included Fe (e.g.,
58Fe on 58Ni), Ar or other element (e.g., Ca) oxides

generated in the argon plasma with identical masses (e.g.,
40Ar18O+ on 58Ni+), and doubly charged ions (e.g., 124Xe2+

on 62Ni). The latter was negligible considering that (a) Xe

has a high first-ionisation potential, and (b) no 124Xe2+ was

measured on mass 62 in the blank solution; and (c) the use

of ultrapure argon resulted in negligible Xe intensity, as

previously reported by Fehr et al. (2004) for Te isotope

measurements with potential important isobaric interferences

from Xe isotopes. The other major potential spectral interfer-

ence on 64Ni is from 64Zn. As the Faraday cup configuration

of the mass spectrometer did not allow simultaneous

measurement of the interference-free 66Zn isotope, we did

not attempt to measure the 64Ni isotope in this study. Argide

and oxide interferences included 36Ar24Mg+ and
44Ca16O+ on 60Ni+; 36Ar25Mg+, and 38Ar23Na+ on
61Ni+; 36Ar26Mg+, 38Ar24Mg+ and 46Ca16O+ on 62Ni+;

23Na35Cl+, 40Ar18O+ and 42Ca16O+ on 58Ni+. Medium-

resolution (and also high-resolution) modes allowed us to

resolve polyatomic interferences on 58Ni+, which still

remained significant even when using the ApexQ (ESI,

USA) system due to the production of argon oxide.

Fe isotope interference correction: Consideration of

isobaric interference from Fe was critical given that it affects

the major isotope 58Ni. Therefore, even if Fe was quantita-

tively separated from Ni during chemical purification prior to

analysis, 57Fe was systematically measured and the interfer-

ence of 58Fe on 58Ni was corrected using Equation (2):

ð58Fe=57FeÞmeasured

¼ ð58Fe=57FeÞnatural % ðM58=M57Þ
fFe ð2Þ

where (58Fe/57Fe)measured is the raw ratio measured by MC-

ICP-MS; (58Fe/57Fe)natural is the corrected natural iron ratio;

M58 is the atomic weight of 58Fe; M57 is the atomic mass of
57Fe; and fFe is the mass-discrimination factor considered

equivalent to the mass-discrimination factor of nickel (fNi),

which is generally around 1.8. The discrimination factor was

estimated based on measurements of iron and nickel mixed

solution at the beginning of each analytical session. It is

important to note that this correction is only an approxima-

tion because the natural Fe isotope ratio may vary by as

much as 3‰ per mass unit (e.g., Dauphas and Rouxel

2006). However, this correction was negligible for Ni

isotopes (< 0.1‰) given that iron interference was very

small after chemical separation, when iron was quantitatively

removed from the analyte. Additionally, we estimated the

effect of iron on the isotopic composition of nickel by

measuring several NIST SRM 986 solutions doped with

various amounts of iron. The results (see Table 1) show that

minor amounts of iron (Fe/Ni ratios from 0.001 to 0.010) did

Table 1.
Nickel isotopic composition (in ‰) of NIST SRM 986 solutions doped in Ca, S or Fe

Doped element Element/Ni ratioa d60/58Ni (‰)b 2sc

Ca 0.5 -0.19 0.14

Ca 1 -0.18 0.14

Ca 2 -0.05 0.14

S 0.5 -0.01 0.14

S 1 -0.02 0.14

S 2 -0.06 0.14

Fe 0.001 -0.11 0.09

Fe 0.01 -0.06 0.09

Fe 0.001 -0.05 0.09

Fe 0.01 -0.09 0.09

a

The elemental ratio corresponds to a ratio of element concentrations in the solution analysed by MC-ICP-MS.
b

Isotopic compositions of NIST SRM 986 Fe doped solutions calculated without application of the Fe correction.
c

2s is the two standard deviation value calculated for all pure NIST SRM 986 solutions analysed during the session in calibrator-sample-bracketing mode.
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not produce any bias in Ni isotope ratios. The Ni isotope

composition of NIST SRM 986 Fe-doped solutions was

corrected for instrumental mass bias using the calibrator-

bracketing method (a non-doped NIST SRM 986 solution

was measured before and after each Fe-doped NIST SRM

986 solution), which explains why the analytical precision

was lower than for the samples corrected with the double-

spike.

Interelemental correction of Ni instrumental mass bias

using Cu isotopes: This method is based on adding a

known amount of Cu standard solution (i.e., NIST SRM 976),

which is used to correct for instrumental mass bias. As

demonstrated in previous studies (e.g., Marechal et al.

1999), instrumental mass bias on MC-ICP-MS follows an

exponential mass-fractionation law with the fractionation

factor ‘f’ being specific for each element. The linear

relationship (plot not shown) between logarithms of Ni

isotope ratios of NIST SRM 986 and Cu isotope ratios of

NIST SRM 976 confirmed that (a) Cu isotopes follow the

same exponential mass-fractionation law as Ni isotopes; (b)

fCu/fNi was constant during individual analytical sessions,

which allowed us to use fCu determined on NIST SRM 976

(Equation 3) to calculate fNi (Equation 4).

ðRmeas=RtrueÞCu ¼ ðM65Cu=M63CuÞfCu ð3Þ

ðRmeas=RtrueÞNi ¼ ðM60Ni=M58NiÞfNi ð4Þ

Considering that nickel recovery yield on the Ni-spec

resin purification step ranged from 85% to 99%, it is possible

that Cu-corrected Ni isotope compositions of purified

samples were affected by significant analytical artefacts.

Hence, this correction method is only suitable for Ni-rich ores

and iron meteorites purified through anion-exchange resin

as used in previous studies (Quitt!e et al. 2006, Moynier

et al. 2007, Cook et al. 2008). In addition, this approach

was used to compare Ni isotope data obtained using

Cu-doping and double-spike methods.

Determination of the double-spike composition: In

theory, double-spike composition can be determined either

gravimetrically or after normalisation to a known isotopic

reference material, such as NIST SRM 986 (Gramlich et al.

1989). In practice, however, the gravimetric technique does

not yield a sufficiently precise composition for small quantities

of spike. In addition, isotope ratios might be influenced by

the type of instrument and instrumental settings, and it is

therefore critical to cross-calibrate both isotope reference

materials and spike on the same instrument. Indeed, as

discussed previously by Siebert et al. (2001), uncertainties on

the natural spike and RM isotope composition do not

introduce bias providing that both double spike and RM are

calibrated on the same instrument and that isotope data are

expressed as d60/58Ni values.

The isotopic composition of NIST SRM 986 was first

determined by internal normalisation using a 60Ni/58Ni

ratio of 0.385199 & 0.000728 (2s) (Gramlich et al. 1989).

This ratio was then used to calculate the instrumental mass-

discrimination factor fNi, which allowed the calculation of

other isotopic ratios, that is, 62Ni/58Ni and 61Ni/58Ni. The

isotopic composition of the nickel double spike was then

determined using the Cu-doping correction method to

determine the true 60Ni/58Ni, 61Ni/58Ni and 62Ni/58Ni

ratios of the spike versus NIST SRM 986. A Cu-doped pure

standard solution was used to calculate the fCu/fNi ratio,

which was then applied to Cu-doped pure double-spike

solution. To avoid cross-contamination between the standard

solution and the double-spike solution, an extended rinse

Table 2.
Abundance (in %) of Ni isotopes for NIST SRM 986 and double-spike

Standard solution Isotope Abundance (%) 2sa

NIST SRM 986b 58Ni 68.07689 0.00592

NIST SRM 986b 60Ni 26.22315 0.00514

NIST SRM 986b 61Ni 1.13989 0.00043

NIST SRM 986b 62Ni 3.63453 0.00114

NIST SRM 986b 64Ni 0.92555 0.00060

Double-spike 58Ni 1.05106 0.00071

Double-spike 60Ni 0.76974 0.00071

Double-spike 61Ni 51.28893 0.04432

Double-spike 62Ni 46.61106 0.04753

Double-spike 64Ni 0.27920 0.00055

a

2s of double-spike isotopic composition is the two standard deviation value calculated from ratios of repeated measurements corrected for blank and Fe

interference but not corrected for instrumental mass bias.
b

NIST SRM 986 values are from Gramlich et al. (1989).
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time and ‘on-peak zero’ method were used. Results are

presented in Table 2.

Double-spike correction scheme: The double-spike

calculation procedure was based upon the method

described by Siebert et al. (2001) for Mo isotope determi-

nation. The double-spike method can be visualised as a

three-dimensional diagram where axes represent the three

measured isotopic ratios as specified above. Line and plane

intercepts, defined by isotopic compositions of the double-

spike, standard solution and sample measured by MC-ICP-

MS, are used to determine fractionation factors between the

measured and corrected isotopic ratios (Albarede and

Beard 2004). A template was established to calculate those

plane intercepts by making iterative calculations to account

for both natural and instrumental fractionation factors, which

were applied subsequently to the measured raw isotope

ratios. At least two nested iterations were run to properly

obtain the fractionation factors. The template could be

performed either on an ExcelTM (Microsoft) spreadsheet or

using MatlabTM (MathWorks Inc., Massachusetts, USA).

To obtain satisfactory precision, fifty analytical cycles

(~ 4 min of total integration time) were acquired during

sample analysis. Each sample analysis was bracketed by the

measurements of NIST SRM 986 nickel solutions at the same

nickel concentration and spike/standard ratio as that of the

samples. The double-spike method offers several advanta-

ges relative to the Cu-doping or sample-calibrator-bracket-

ing methods by allowing (a) the correction of potential

isotopic fractionation during chemical separation through

Ni-spec resin; (b) the determination of precise and accurate

nickel concentrations of samples using the isotopic dilution

method; (c) better overall analytical precision (because

corrected ratios were less affected by the stability of the

instrumental mass bias and the assumption that fCu/fNi

remained constant throughout the analytical session); and

(iv) accurate measurement of very small amounts of nickel,

down to 50 ng, by MC-ICP-MS.

Results of analytical method
development

Measurement precision and limit of detection

For each analysis, the measurement precision is reported

as a two standard error of the mean calculated on fifty cycles

of measurement during MC-ICP-MS acquisition. With the

double-spike correction, the precision of d60/58Ni values

was usually around & 0.02–0.04‰ (2SE) for samples with

nickel concentrations ranging from 100 ng g-1 to 1 lg g-1.

Precision at lower concentrations was assessed by analysing

NIST SRM 986 solution at different concentrations. In

Figure 1, the two standard error of the mean calculated

for each analysis is reported against the nickel concentra-

tions and shows that below 30 ng g-1 the precision slightly

deteriorated to about & 0.07‰, but became worse at

10 ng g-1 and lower concentrations, for example,

2SE = 0.59‰ at 2 ng g-1 of nickel.

For optimum measurement precision during isotope

measurements, we usually ran samples with nickel concen-
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Figure 1. Plot of two standard errors (2SE) of delta values versus Ni concentration (in ng g -1) of NIST SRM 986. These

measurements were taken to assess the effect of Ni concentration on the precision of the determination of Ni

isotopes. Nickel concentration in solution above 40 ng g-1 during MC-ICP-MS analysis was necessary to obtain

satisfactory precision, that is, 2SE < 0.06‰, shown on the figure by the grey band (see text for further details).
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trations of 100–200 ng g-1, when using either the ApexQ or

SiS introduction systems on the MC-ICP-MS instrument.

Intermediate measurement precision of NIST SRM
986 and RMs

A spiked NIST SRM 986 solution was measured before

and after each sample in a manner similar to the calibrator-

sample bracketing (CSB) analysis. We found that the Ni

isotope ratios of NIST SRM 986 calculated using the double-

spike method may deviate by up to 0.2‰ per mass unit

between analytical sessions but remained constant within

0.02–0.05‰ (2s) during each analytical session. As a result,

we normalised delta values of the samples relative to the

average NIST SRM 986 Ni isotope ratios determined during

the same analytical session. The large data set acquired for

NIST SRM 986 allowed us to evaluate the measurement

precision under intermediate precision conditions of the Ni

isotope composition determined by the double-spike

method. For instance, 2s determined using all NIST SRM

986 delta values calculated so far gave a value of 0.045‰

for 320 measurements.

The precision under intermediate precision conditions

was also estimated for certified reference materials (BHVO-2,

PCC-1, DTS-1, DNC-1, BIR-1, Nod-A-1 and Nod-P-1) using

duplicate analyses of these samples (see footnotes of

Table 3 for details). A value of 0.041‰ (2s) calculated for

BHVO-2 duplicates (n = 11) was similar to the precision

under repeatability conditions. This suggests that the chem-

Table 3.
Nickel isotope composition (in ‰) of mafic rock reference materials

Sample name Rock type Ni (lg g -1)** d60/58Ni (‰) 2SE Number of
duplicates

2s***

USGS BHVO-2† Basalt, Hawaii 112 0.014 0.026

USGS BHVO-2†* Basalt, Hawaii 110 0.023 0.031

USGS BHVO-2†† Basalt, Hawaii 113 0.049 0.026

USGS BHVO-2††† Basalt, Hawaii 111 0.020 0.029

USGS BHVO-2†††* Basalt, Hawaii 108 -0.011 0.029

USGS BHVO-2†††† Basalt, Hawaii 110 0.003 0.029

USGS BHVO-2††††† Basalt, Hawaii 115 -0.003 0.019

USGS BHVO-2†††††* Basalt, Hawaii 115 0.006 0.027

USGS BHVO-2†††††* Basalt, Hawaii 112 -0.006 0.036

USGS BHVO-2†††††* Basalt, Hawaii 114 -0.003 0.036

USGS BHVO-2†††††* Basalt, Hawaii 112 -0.030 0.032

Average BHVO-2 0.006 – n = 11 0.041

USGS BHVO-2†††††$ Basalt, Hawaii 105 -0.067 0.017

USGS BIR-1† Basalt, Iceland 159 0.105 0.020

USGS BIR-1†
* Basalt, Iceland 159 0.115 0.026

USGS BIR-1†† Basalt, Iceland 165 0.140 0.020

Average BIR-1 0.120 – n = 3 0.035

USGS DNC-1† Dolerite 242 0.165 0.027

USGS DNC-1†* Dolerite 244 0.115 0.023

USGS DNC-1†† Dolerite 239 0.118 0.021

Average DNC-1 0.132 – n = 3 0.056

USGS DTS-1† Dunite 2327 -0.061 0.028

USGS DTS-1†* Dunite 2451 -0.100 0.026

USGS DTS-1†† Dunite 2171 -0.083 0.022

USGS DTS-1††† Dunite 2199 -0.039 0.034

Average DTS-1 -0.071 – n = 4 0.053

USGS PCC-1† Peridotite 2245 0.111 0.035

USGS PCC-1†* Peridotite 2369 0.100 0.026

USGS PCC-1†* Peridotite 2188 0.149 0.022

USGS PCC-1†† Peridotite 2204 0.097 0.023

USGS PCC-1† Peridotite 2241 0.136 0.043

Average PCC-1 0.119 – n = 5 0.045

*This symbol denotes the archive solution of a digested sample that was processed several times through the identical procedure of chemical purification to

obtain duplicates of the same sample that were processed through the same chemistry.
†This symbol stands for different powder digestions, e.g., five digestions were made for BHVO-2 and two digestions for PCC-1.
$Samples were usually spiked prior to the second chromatography column step (Ni-spec resin), the BHVO-2 sample (in italic) was spiked only after the entire

procedure of purification.

**Ni concentrations (in lg g-1) were determined by isotope dilution after measurement on MC-ICP-MS. Amount of Ni processed through chemistry was between

0.5 and 25 lg.

***Two standard deviation (2s) calculated on values of the whole batch of identical samples (see text); number of samples (n) is specified.
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ical purification method did not introduce additional

variability in isotope measurements. One of the BHVO-2

basalt duplicates was spiked after a complete purification

procedure to evaluate potential Ni isotope fractionation

during chemical purification. Although only one sample was

spiked subsequent to the purification procedure, the results

gave similar values, that is, 0.006 & 0.041‰ (2s) and

-0.067 & 0.017‰ (2SE), for the samples spiked before and

after sample purification, respectively. This indicates that the

incomplete recovery of Ni through the Ni-resin did not

introduce Ni isotope fractionation (Table 3). Other RMs, that

is, PCC-1, Nod-A-1, Nod-P-1, BIR-1, DNC-1 and DTS-1,

were also analysed in duplicate, and their d60/58Ni values

generally did not deviate by more than 0.069‰ (2s;

Tables 3 and 7), which is similar to the intermediate

measurement precision of NIST SRM 986. It is also important

to note that for BHVO-2 the isotopic composition and

recovery remained invariant even for different amounts of

sample material processed through the chemistry, that is,

between 0.2 and 5 lg of nickel. In addition, the mono-

elemental solution of Ni-PCal (Ni Plasmacal!, SCP science)

processed through the entire chromatography procedure

(Figure 2) yielded an average value of 0.020 & 0.065‰

(2s, n = 24), which is similar to that for direct analysis of

Ni-PCal standard solution.

Alternatively, another method for estimating the precision

under intermediate precision conditions would be to pool all

the data and to calculate the standard deviation using

Equation (5) (Steele et al. 2011):

s2 ¼ k-1
X

i
d2
i ð5Þ

where s is the standard deviation, k is the degree of

freedom and d is the deviation from the mean. This method

is appropriate when conditions of sample processing and

measurement are similar. From data in Table 3 with five

samples and 21 degrees of freedom (not including the

BHVO-2 spiked after the purification procedure), 2s was

0.045‰; from data in Table 7 with six samples and 23

degrees of freedom (not including single measurements on

USGS G-2, IF-G and NIST SRM 2711), 2s was 0.053‰.

Taking samples from both Tables 3 and 7 (i.e., eleven

samples and 44 degrees of freedom), 2s was 0.050‰.

Hence, the 2s value of 0.045‰ calculated as the

measurement reproducibility of NIST SRM 986 (see above)

is comparable to the standard deviation calculated

following the methodology of Steele et al. (2011), indicat-

ing that in our study both methods were adequate for

assessing the measurement reproducibility (‘external preci-

sion’).

Optimum spike/sample ratio for Ni isotope
determination

Several tests were undertaken with different spike/

sample ratios (between 0.03 and 8) to evaluate the

robustness of the double-spike correction. For each sample

used for the tests, the concentration of NIST SRM 986 was

kept fixed and different amounts of double-spike were
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Figure 2. Isotopic composition of the mono-elemental standard solution Ni PlasmaCal® after it was processed

through chemistry. This standard solution was run along with each sample batch. This figure shows the consistency

of the measured value even when different amounts of nickel were processed. The dashed lines indicate the range of

2s (2s = 0.07‰ for 24 data points) calculated for the mean of Ni delta values of Ni PlasmaCal® .
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added to make final solutions with different spike/sample

ratios, which is tantamount to 61Ni/58Ni ratios. To simply

visualise the meaning of the spike/sample ratio, one should

consider that nickel from the NIST SRM 986 solution is

equivalent to the nickel present in a natural sample

(denominator of the ratio), whereas nickel from the double-

spike solution is the spike (numerator of the ratio). Instead of

simply reporting a concentration ratio (concentration of

spike/concentration of NIST SRM 986), the spike/sample

ratio was calculated using measured intensities (corrected for

instrumental mass bias), isotopic masses and true 61Ni/58Ni

ratios of NIST SRM 986 and the double-spike mixture.

As shown in Figure 3, only under-spiked samples may

not be properly corrected. Indeed, spike/sample ratios lower

or equal to 0.6 yielded d60/58Ni values ranging between -

0.05 & 0.02‰ (2SE) and -0.24 & 0.06‰ for NIST SRM

986, whereas ratios higher than 0.6 yielded d60/58Ni values

clustering around 0.01 & 0.02‰. Even spike/sample ratios

of up to 7 gave consistent d60/58Ni values of

0.04 & 0.02‰. Although an optimum precision was

obtained for spike/sample ratios between 0.7 and 8, we

used a spike/sample ratio ~ 1 throughout this study.

The MatlabTM template constructed by Rudge et al.

(2009) allowed us to further evaluate the optimum spike/

sample ratio. Calculations indicated that the best results

were obtained with spike/sample ratios between ~ 0.6 and

~ 4, which is consistent with our results.

Evaluation of potential matrix effect and chemical
purification efficiency

Chemical purification efficiency was checked for a

number of RMs (e.g., manganese nodules, basalts and shale)

by measuring concentrations of matrix elements with an ICP-

Quadrupole (ICP-Q-MS, X-series II) at PSO, Brest. Potassium,

Na, Ca, Cr, Mn, Fe, Mo and Co concentrations in purified

samples were all below the detection limit of the instrument.

The estimated separation efficiency factor, defined as the

mass (g) of an element loaded on resin divided by the mass

of the element remaining after purification, was > 106 for Na

andMg, ~ 106 for Cu and > 107 for Mn. Titanium was found

more difficult to separate with a separation factor as low as

103. On the other hand, Zn was well separated (separation

efficiency factor better than 106), although care should be

taken to avoid Zn contamination during sample preparation.

As 64Ni was not considered in our double-spike calculations

and final results, potential isobaric interference from 64Zn was

not critical for our study. Iron was not detected in all analysed

solutions (separation efficiency >> 106), which suggests that

iron was quantitatively separated during the chemical

procedure even if samples had high amounts of iron.

Potential matrix effects were further assessed using

several NIST SRM 986 solutions doped separately with Ca

and S. As several Ni-rich sulfides were analysed without Ni-

spec resin column purification, we tested the influence of
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Figure 3. Plot of NIST SRM 986 delta values versus different spike/sample ratios. Under-spiked samples (ratios

below 0.6) were found not to be correctly calculated by the double-spike method (wide error bars and non-zero

delta values), whereas over-spiked samples up to a ratio of 7 were still correctly determined (see text for details).

The black line stands for the isotopic composition of NIST SRM 986,

d60/58Ni = 0.00‰ .
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sulphur on the instrumental mass bias with S/Ni ratios

between 2 and 0.5 in analysed solutions. The same was

also done with Ca, which is a good proxy for matrix-forming

elements in silicate rocks. Calcium is also a source of

potential isobaric interferences from calcium oxides (e.g.,
40Ca18O on 58Ni). Matrix-doped nickel solutions were

analysed using a CSB method and without a nickel double-

spike to monitor all natural Ni isotope ratios. As shown in

Table 1, the results suggest that isobaric interferences and

changes in instrumental mass bias were insignificant for

element/Ni ratios between 1 and 0.5, yielding d60/58Ni

values of -0.18 & 0.14‰ (2s) and 0.02 & 0.14‰ (2s) for

Ca/Ni = 1 and S/Ni = 1, respectively. These results also

imply that the medium-resolution mode resolved major

isobaric interferences from CaO. Note that similar to the Fe-

doping tests (see section on MC-ICP-MS settings), measured

Ni isotope values for NIST SRM 986 doped with Ca and S

were corrected for instrumental mass bias using the sample-

calibrator-bracketing method. The reported precision is the

two standard deviation value based on replicate measure-

ments of non-doped NIST SRM 986.

Comparison between Cu-doping and
double-spike correction methods for instrumental
mass bias

Several Ni-rich sulfides as well as iron meteorites (i.e., Ni-

rich meteorites) were analysed and corrected for instrumen-

tal mass bias using two different methods. One method

involved sample purification through anion-exchange resin

and instrumental mass bias correction based on Cu-doping.

The second method involved purification through the entire

procedure and double-spike correction. As shown in

Figure 4, values calculated with the two methods fall within

uncertainties for the total range of d60/58Ni values from

-0.60‰ to 0.40‰. These results further validate the

reliability of the double-spike data reduction scheme.

Sample analysis results and discussion

Assessment of the BSE Ni isotope composition

It is important to have an estimate of the BSE value to

interpret and compare Ni isotope fractionation in natural

samples. Hence, our approach was to measure Ni isotope

values in various igneous rocks, including oceanic basalts

and Archaean komatiites. The former yield an estimate of the

modern mantle isotope composition, whereas the latter may

represent the early Earth’s mantle isotope composition.

Igneous and ultramafic rock samples: As presented in

Table 3 and Figure 5, mafic and ultramafic RMs (i.e., basalt,

dunite and peridotite) closely clustered within a range of

d60/58Ni values between -0.10‰ and +0.15‰; BHVO-2

gave a near zero d60/58Ni value (0.01 & 0.04‰, 2s,

n = 11). Table 4 and Figure 5 display isotopic and

chemical composition of the basalt samples from Hawaii

(Loihi Seamount) and serpentinite from the Mid-Atlantic

Ridge (Logatchev field). Fresh pillow basalts from Loihi

Seamount were selected because they were probably

derived from the deep enriched Earth’s mantle as indicated

by their high 3He/4He ratios (Kurz et al. 1983). Therefore,

they might represent the most primitive mantle composition,

which is important for determining the BSE Ni isotope

composition. Fresh glass material from Loihi yielded a value

of +0.07‰, whilst hand-picked olivine crystals displayed a

slightly more positive value of +0.10‰. Serpentinite from

the Logatchev hydrothermal field had a d60/58Ni value of

-0.13‰, whereas peridotite PCC-1 had the value of

+0.12‰ and dunite DTS-1 had a composition of -0.07‰.

In addition, fresh and altered basalts recovered at IODP

core site 1149 (Plank et al. 2000, Rouxel et al. 2003) were

also analysed (Table 5 and Figure 5). They gave d60/58Ni

values between -0.03 and +0.10‰, without any significant

difference between fresh and altered basalts, and are in

agreement with Ni isotope values for other mafic igneous

rocks reported in this study. In summary, all mantle-derived

rocks analysed in this study, that is, RMs (BHVO-2, BIR-1,

DNC-1, DTS-1 and PCC-1) and fresh and altered basalts

from Loihi seamount and IODP core 1149, displayed a

60/58Ni (‰ ± 2SE) double-spike method 
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Figure 4. Comparison of values obtained with the

Cu-doping and double-spike correction methods. The

1:1 linear trend was plotted on the figure to show that

data points follow this line. It indicates the consistency

of the two methods, but more importantly it validates

use of the double-spike method for correction of

instrumental mass bias when Ni isotope ratios are

measured (see text for details on each method).
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small range of d60/58Ni values, < 0.1‰, which is too

close to the analytical uncertainty to be considered

significant.

For comparison, previously published d60/58Ni values

(figure 5 in Cameron et al. 2009) are systematically heavier

with values up to +0.34 & 0.08‰ (2s) for PCC-1 and

Table 4.
Concentration of some major elements (in lg g-1) and Ni isotope composition (in ‰) of basaltic glass and
olivine from Loihi and serpentinite from the Logatchev hydrothermal field

Sample
name

Rock
type

Al
(lg g-1)a

Ca
(lg g-1)a

Mg
(lg g-1)a

Na
(lg g -1)a

Mn
(lg g -1)a

Fe
(lg g-1)a

Co
(lg g-1)a

Zn
(lg g-1)a

Ni
(lg g-1)b

d60/58Ni
(‰)

2SE

Basaltic glass

(Loihi)

Basalt,

Hawaii

51291 70609 98084 15661 1329 91013 80 110 603 0.074 0.029

Olivine

minerals

fractions

(Loihi)

Olivine

minerals

322 2348 280653 51 1500 104045 163 88 2250 0.104 0.030

Serpentinite

(Logatchev

hydrothermal

field)

Serpentinite,

Atlantic

2329 622 159862 2901 399 151144 473 1378 1505 -0.126 0.035

a

Elemental concentrations (in lg g-1) were determined by ICP-AES at PSO, Brest, France. Precision expressed as RSD was between 0.5% and 3%.
b

Ni concentrations (in lg g-1) were redetermined by isotope dilution after measurement using MC-ICP-MS. Amount of Ni processed through chemistry was

between 0.5 and 25 lg.
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Olivine crystalsDunite

Serpentinite Peridotite

Iron meteorites

Mn-nodules
AtlanticPacific
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Deep-sea surface clays and lithogenic 
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60/58Ni (‰) 

Figure 5. Plot showing Ni isotope composition in ‰ of terrestrial samples from this study and the literature. RMs,

komatiites and associated Ni-sulfide mineralisation, mantle-derived rocks and deep-sea clays are shown by closed

symbols, and literature data for both extraterrestrial and terrestrial materials are represented by open symbols

(Cook et al. 2007, Moynier et al. 2007, Cameron et al. 2009, Steele et al. 2011). The grey bar stands for the BSE

d60/58Ni value of 0.05 & 0.05‰, determined using various igneous and volcanic rocks and minerals such as altered

and fresh basalts, dunite, peridotite, deep-sea clays and olivine crystals. See text for further details.

1 2 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts



+0.13 & 0.03‰ (2s) for BHVO-2. In contrast, Gall et al.

(2012) obtained results similar to ours for both PCC-1 and

BHVO-2 (~ +0.1‰). The small discrepancy in the data,

although minor, might be related to reference material

heterogeneity or to an as yet unclear difference in analytical

methods.

Ni isotope composition of deep-sea clays: Deep-sea

clays were collected at IODP site 1149 along with altered

and fresh basalts described above (Plank et al. 2000). Clay

minerals are the most common component of sediments on

the oceanic seafloor; hence, they represent an important

sedimentary reservoir on Earth. Deep-sea sediments are the

repository of materials of both detrital and chemical origin

derived from the continents. Therefore, their Ni isotope

composition can be taken as representative of the average

composition of the continental crust. As expected, d60/58Ni

values of +0.04 and +0.02‰ for deep-sea clays (Table 5,

Figure 5) clearly fall in the range of values obtained for

igneous and ultramafic rocks in our study.

Ni isotope composition of komatiite-hosted

Ni-sulfide ores: Our komatiite samples were representative

of Ni-sulfide-mineralised ultramafic magmas. Whilst some

samples were dominated by pentlandite mineralisation (AX-

1, AX-2, MC-1, TD21, MKTD76), others were composed of

almost pure komatiitic materials (B and A) and two samples

were olivine mineral separates (BE-1 and BE-2). An

unexpectedly large range of Ni isotope values was found

for these samples, ranging from -0.10 to -1.03‰ (Table 6,

Figure 5), but the most negative d60/58Ni values, from -0.62

to -1.03‰, were determined on samples with elevated

content of pentlandite, whereas olivine minerals and pure

komatiite samples were close to modern basalt values, from

-0.26 to -0.10‰.

The choice of these samples was essentially motivated

by our attempt to assess a value for the BSE composition,

and we did not expect to obtain such a large range of

variation in the Ni isotope composition of komatiites.

Regardless of the, as yet unclear, mechanism of Ni isotope

fractionation in komatiites, our results clearly demonstrate

that significant abiotic fractionation of Ni isotopes took place

during the magmatic processes that formed these rocks. This

interpretation is further confirmed by recent Ni isotope data

for Archaean Ni-rich magmatic sulfides from Zimbabwe that

show a systematic enrichment in low atomic number isotopes

to values as low as -0.82 & 0.02‰, with most values

clustering around -0.40‰ (Hofmann et al. in press). There-

fore, it seems very likely that negative Ni isotope values

measured for these komatiites reflect the contribution of Ni-

rich sulfides.Ta
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Table 6.
Ni, Fe and S isotope composition (in ‰) and major element concentrations (in % m/m) of selected komatiites and associated Ni-sulfide mineralisation from
Canada and Western Australia

Sample
name

Sample location Drill core # Type of
mineralisation

Type of
komatiite

S
(% m/m)a

Fe
(% m/m)a

Cu
(% m/m)a

Ni
(lg g-1)b

d60/58Ni
(‰)

2SE d56/54Fe
(‰)a

D33/32S
(‰)a

BE-1 Betheno, Yakabindie, Agnew-Wiluna

Belt, Yilgarn Craton, Western

Australia

MKTD 528 Olivine Barren 0.36 5.0 < DL 7253 -0.256 0.024 -0.05 –

BE-2 Betheno, Yakabindie, Agnew-Wiluna

Belt, Yilgarn Craton, Western

Australia

MKTD 528 Olivine Barren 0.36 5.0 < DL 8692 -0.243 0.028 -0.02 –

A Jordan, Albion Downs, Agnew-Wiluna

Belt, Yilgarn Craton, Western

Australia

ADJD 348 Disseminated sulfides Barren 0.87 – 0.62 3893 -0.103 0.024 – -0.1

AX-1 Alexo Mine, Abitibi Greenstone Belt,

Canada

– Massive sulfide ores Ni sulfide-bearing – 53.15 1.04 58693 -1.003 0.029 -0.29 -0.9

AX-2 Alexo Mine, Abitibi Greenstone Belt,

Canada

– Massive sulfide ores Ni sulfide-bearing – 52.4 1.61 71462 -1.035 0.034 -0.30 -0.8

MC-1 Mount Newman, Mount Clifford,

Agnew-Wiluna Belt, Yilgarn Craton,

Western Australia

LMCD005 Blebby sulfides Ni sulfide-bearing 1.07 21.7 1.70 82159 -0.621 0.029 0.03 -0.5

TD21 Spinifex Park, Mount Keith,

Agnew-Wiluna Belt, Yilgarn Craton,

Western Australia

MKTD21 Massive sulfide ores Ni sulfide-bearing 41.50 44.5 0.07 77063 -0.718 0.023 -0.10 -0.6

TD21c Spinifex Park, Mount Keith,

Agnew-Wiluna Belt, Yilgarn Craton,

Western Australia

MKTD21 Massive sulfide ores Ni sulfide-bearing 41.50 44.5 0.07 77063 -0.817 0.033 -0.10 -0.6

MKTD96 Spinifex Park, Mount Keith,

Agnew-Wiluna Belt, Yilgarn Craton,

Western Australia

MKTD96 Massive sulfide ores Ni sulfide-bearing 35.00 47.2 0.56 22418 -0.639 0.024 0.36 -0.6

MKTD96c Spinifex Park, Mount Keith,

Agnew-Wiluna Belt, Yilgarn Craton,

Western Australia

MKTD96 Massive sulfide ores Ni sulfide-bearing 35.00 47.2 0.56 22381 -0.643 0.030 0.36 -0.6

< DL: below detection limit.
a

Data are from Bekker et al. (2009) and D33/32S d33/32S-0.515c d34/32S
b

Ni concentrations (in lg g-1) were determined by isotope dilution after measurement with MC-ICP-MS. Amount of Ni processed through chemistry was between 10 and 20 lg.
c

The same digested powder was used, but separate chemistry procedures were applied.
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All Archaean komatiite samples and associated Ni-

sulfide mineralisation from this study previously yielded

negative D33S values (Table 6; Bekker et al. 2009). Bekker

et al. (2009) suggest that these negative values reflect

assimilation of sulphur processed through an oxygen-poor

atmosphere, where it underwent mass-independent frac-

tionation during photochemical reactions. Although S iso-

topes indicate crustal contribution for sulphur during

komatiite emplacement, which promoted sulfide saturation

to form sulfide mineralisation, Ni is unlikely to be sourced

from a crustal reservoir and is most probably linked with

partial mantle melting (Fiorentini et al. 2007; Rosengren

et al. 2008). Therefore, the observed Ni isotope fractiona-

tions are solely the result of magmatic processes occurring at

high temperatures (i.e., abiotic fractionation). Iron isotope

composition of the same samples was less variable, with a

range from +0.36 to -0.30‰ interpreted as being the result

of either crustal contamination or high-temperature fraction-

ation (Bekker et al. 2009). High-temperature Fe isotope

fractionation has been documented by Teng et al. (2008),

who show that magmatic differentiation in the Kilauea Iki

lava lake (Hawaii) produced Fe isotope fractionations of

Table 7.
Nickel isotope composition (in ‰) of iron meteorites, granite G-2 and selected geological reference
materials of sedimentary origin

Sample name Rock type Ni (lg g -1)** d60/58Ni (‰) 2SE Number of
duplicates

2s***

USGS G-2 Granite 2 0.431 0.034

Nantan Iron iron meteorite (IICD) 58328 0.331 0.022

Nantan Iron* iron meteorite (IICD) 59370 0.301 0.029

Nantan Iron* iron meteorite (IICD) 61239 0.313 0.030

Average Nantan Iron 59645 0.315 – n = 3 0.030

Gibeon Iron iron meteorite (IVA) 69314 0.284 0.026

Gibeon Iron* iron meteorite (IVA) 82959 0.239 0.026

Gibeon Iron* iron meteorite (IVA) 74133 0.255 0.032

Average Gibeon Iron 75469 0.260 – n = 3 0.045

USGS Nod-A-1† Mn-nodule Atlantic 5616 1.034 0.028

USGS Nod-A-1†* Mn-nodule Atlantic 5413 1.062 0.031

USGS Nod-A-1†† Mn-nodule Atlantic 5633 1.043 0.026

USGS Nod-A-1††* Mn-nodule Atlantic 5778 1.043 0.028

USGS Nod-A-1†* Mn-nodule Atlantic 5513 1.043 0.031

USGS Nod-A-1††* Mn-nodule Atlantic 5334 0.976 0.031

Average Mn-nodule

Atlantic

5548 1.034 – n = 6 0.059

USGS Nod-P-1† Mn-nodule Pacific 12330 0.347 0.028

USGS Nod-P-1†* Mn-nodule Pacific 11961 0.412 0.028

USGS Nod-P-1†† Mn-nodule Pacific 12208 0.401 0.034

USGS Nod-P-1††* Mn-nodule Pacific 12454 0.345 0.029

USGS Nod-P-1†* Mn-nodule Pacific 12165 0.363 0.025

USGS Nod-P-1††* Mn-nodule Pacific 12482 0.343 0.039

USGS Nod-P-1†* Mn-nodule Pacific 12605 0.304 0.032

USGS Nod-P-1††* Mn-nodule Pacific 11553 0.349 0.038

Average Mn-nodule

Pacific

12220 0.358 – n = 8 0.069

USGS SDO-1 Devonian shale 92 0.600 0.021

USGS SDO-1* Devonian shale 95 0.593 0.040

USGS SDO-1* Devonian shale 85 0.576 0.030

USGS SDO-1* Devonian shale 91 0.583 0.036

USGS SDO-1* Devonian shale 91 0.571 0.031

Average SDO-1 91 0.585 – n = 5 0.025

USGS CLB-1 Coal 20 0.475 0.018

USGS CLB-1* Coal 21 0.502 0.046

USGS CLB-1* Coal 21 0.470 0.027

USGS CLB-1* Coal 21 0.443 0.042

Average CLB-1 21 0.473 – n = 4 0.048

IF-G Banded Iron

Formations

20 0.455 0.032

NIST SRM 2711 Contaminated

Montana soil

18 0.140 0.019

*, **, *** and † same as in Table 3.
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~ 0.2‰. As the range of Ni isotope variations reported in

our study was ~ 0.90‰, it indicates that Ni isotopes are at

least as sensitive as Fe isotopes to high-temperature

processes and crystallisation effects in magmatic systems.

Although a detailed discussion of parameters that govern Ni

isotope fractionation at high temperature is beyond the

scope of this paper, these promising results coupled to their

ubiquitous occurrence in mantle rocks mean that Ni isotopes

could be potentially used to investigate crystallisation

processes at the magmatic system scale.

Ni isotope composition of the BSE: Mantle heteroge-

neity and high-temperature mass-dependent fractionation

processes have been inferred from studies of stable isotope

systems ranging from traditional low atomic number

isotopes, O and S (e.g., Eiler 2001), to non-traditional

isotopes, including Mg and Fe (e.g., Young and Galy

2004, Dauphas and Rouxel 2006, Teng et al. 2008). Our

results for Ni isotopes are, to some extent, consistent with

inferences from studies of other stable isotope systems,

precluding a straightforward estimate of the BSE value.

However, as we observed a narrow range in d60/58Ni

values from mantle-derived rocks, between ~ -0.1 and

+0.1‰, we feel confident to ascribe the BSE composition to

the average value of common basalts and mantle-derived

rocks, which is +0.05 & 0.05‰ (measurement reproduc-

ibility). Our BSE estimate is slightly lower than that of

+0.179 & 0.036‰ determined by Steele et al. (2011) on

Japanese basalt JP-1 and dunite DTS-2. The large range of

mantle-derived rocks analysed in our study and the

inclusion of common sedimentary minerals such as deep-

sea clays improve our understanding of the Ni isotope

composition of BSE.

Ni isotopes in selected RMs

Organic matter–rich samples: Samples containing

high contents of organic matter, namely SDO-1 Devonian

Ohio shale (Morehead, KY, USA) and CLB-1 coal (Maryland,

USA), gave d60/58Ni values of +0.58‰ and +0.47‰,

respectively (Table 7 and Figure 5). These positive values

relative to BSE provide strong evidence for Ni isotope

fractionation in low-temperature environments with interest-

ing prospects for future studies. Although shales are gener-

ally considered as a proxy for bulk crustal composition (e.g.,

Turekian and Wedepohl 1961), organic-rich shales are

characterised by authigenic enrichments of redox-sensitive

trace metals such as Mo, Ni, U, Cu, V and Zn, leading to

metal/Al ratios well above crustal values (e.g., Algeo and

Maynard 2004, Brumsack 2006, Tribovillard et al. 2006,

Scott et al. 2008, 2011). In marine sediments nickel has a

strong affinity to organic matter, forming organometallic

complexes, and with iron sulfides (e.g., pyrite), which may

form either in the water column or during diagenesis in

sediments. Hence, positive Ni isotope values in marine

organic matter–rich sediments probably reflect the contribu-

tion of isotopically heavy nickel sources, derived either

directly from seawater or in association with organic matter.

Table 8.
Compilation of published isotope composition of Tl, Mo, Cd, Fe, Cu and Zn in two Mn-nodule RMs and Ni
isotope data (this study)

Nod-P-1 2s Nod-A-1 2s Reference

d60/58NiNIST986 (‰) 0.36 0.07 1.03 0.06 This study

d205TlNIST997 (‰)a nd – 1.07 0.05 Nielsen et al. (2004)

d205TlNIST997 (‰)a 0.05 0.045 0.89 0.045 Rehk€amper et al. (2002)

d97/95MoJMC-spec (‰) -0.42 0.1 -0.63 0.1 Barling et al. (2001)

d114/110CdJMC-Cd-Mainz (‰)a,d,c 0.020 0.016b
-0.018 0.016b Schmitt et al. (2009)

d114/110CdJMC-Cd-alfa (‰)d 0.22 0.06b 0.25 0.06b Horner et al. (2010)

d114/110CdCd-SPEX (‰)d 0.13 0.12b
-0.07 0.12b Cloquet et al. (2005)

d56/54FeIRMM-14 (‰) -0.50 0.10 -0.35 0.09 Rouxel, unpubl.

d56/54FeIRMM-14 (‰) nd – -0.42 0.07 Dideriksen et al. (2006)

d65/63CuNIST976 (‰) 0.46 0.08 nd – Chapman et al. (2006)

d65/63CuNIST976 (‰) 0.35 0.08 nd – Bigalke et al. (2010)

d66/64ZnJMC-Zn (‰) 0.78 0.09 nd – Chapman et al. (2006)

d66/64ZnJMC-Zn (‰) 0.87 0.08 nd – Bigalke et al. (2010)

nd, not determined.
a

Isotope ratios were initially reported in per thousand in epsilon notation. For clarity, values are given here in per mil to express values in delta notation.
b

Measurement precision is expressed as two standard error of the mean.
c

Data from Schmitt et al. (2009) were originally reported as 112/110Cd ratio. For more comparison with other Cd data, the data were converted to delta values

expressing them as the 114/110Cd ratio.
d

Note that Cd isotope compositions for the three references are reported relative to different reference materials (JMC-Mainz, JMC Alfa Z€urich, Spex).
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Mn-nodule RMs: Geological reference materials of

manganese nodules (Nod-A-1 and Nod-P-1) that repre-

sent composite samples from the Atlantic and Pacific

oceans gave d60/58Ni values of +1.03‰ and +0.36‰,

respectively. Mn nodules are typically enriched in transition

metals such as Ni, Cu, Zn and Co and form in deep-sea

sediments generally at water depths between 4 and 6 km.

They consist of concentrically laminated Fe-Mn oxyhydrox-

ides precipitated at the sediment–water interface. The two

Mn-nodule RMs were prepared from a large number of

individual Mn nodules collected from the Atlantic and Pacific

oceans (Table 7 and Figure 5). These nodules had been

analysed previously for other isotopic systems (Table 8) such

as Fe (Dideriksen et al. 2006), Zn and Cu (Chapman et al.

2006, Bigalke et al. 2010), Cd (Cloquet et al. 2005, Schmitt

et al. 2009, Horner et al. 2010), Mo (Barling et al. 2001)

and Tl (Rehk€amper et al. 2002, Nielsen et al. 2004),

highlighting differences in their isotopic composition with

the exception of Mo (Anbar 2004) and Cd isotopes. The

difference in Ni isotope composition between these two

nodules is larger (per mass unit) than for any other studied

isotope system and indicates that Ni isotopes are particularly

sensitive to mechanisms involved in the formation of nodules,

compared with other metal isotope systems. Several pro-

cesses could be inferred to explain such variations: (a)

diagenetic processes through which metals contained in

subsurface sediments (e.g., associated with organic matter)

were released into pore waters and then scavenged onto

Mn oxides during nodule growth; (b) adsorption of metals

directly from seawater onto oxyhydroxides; (c) biological

productivity in surface waters, which could result in a high

supply of organic matter to the sediments providing metals to

pore waters during organic matter re-mineralisation; and (d)

in situ biological activity, specifically that of microbial mats,

which have been observed to cover entire nodule surfaces. It

is clear that more detailed investigations regarding the

contribution of each of these mechanisms to the composition

of polymetallic nodules, as well as a larger data set, are

needed to clearly establish which of these processes are

responsible for variations in the Ni isotope composition of

Fe-Mn nodules.

Rehk€amper et al. (2002) argue that variations in Tl

isotope ratios of Mn nodules reflect equilibrium fractionation

during preferential adsorption of heavy Tl isotopes onto Mn

oxides in a closed system developed in pore waters, which

are an important source of metals for Mn-nodule growth.

Similarly, Ni isotopes might be affected by this mechanism

as revealed by experimental results on nickel adsorption on

Fe-Mn oxides (Gueguen et al. 2011). Alternatively, Horner

et al. (2010) argue that Cd isotopes incorporated with Mn

oxides into Fe-Mn crusts were not fractionated compared

with seawater Cd probably because of the high ionic

strength of seawater. The same might hold true for Mn-

nodule Cd isotope compositions that probably reflect biotic

fractionations by micro-organisms rather than fractionation

during adsorption on Fe-Mn oxides (Schmitt et al. 2009).

The chemical behaviour of nickel in seawater is akin to that

of cadmium (and zinc), for example, in their depletion in

surface waters upon their uptake by phytoplankton.

We therefore suggest that Ni isotopes in precipitated marine

Fe-Mn oxides might have been also affected by biological

activity, although this remains to be demonstrated.

Other RMs corresponding to major terrestrial

reservoirs: The metal-contaminated soil sample NIST SRM

2711 (Table 7 and Figure 5) was found to have a d60/58Ni

value of +0.14‰, which is very close, within uncertainty, to

lithogenic sediments such as loess and Nile river sediment

with d60/58Ni values of +0.10 and +0.13‰, respectively

(Cameron et al. 2009), and to Pacific deep-sea clays (see

above). In contrast, granite G-2 with very low nickel content

was significantly enriched in heavy Ni isotopes with a value

of +0.43‰ (Table 7 and Figure 5), suggesting variability in

Ni isotope ratios within common continental rocks. Finally, the

Iron Formation IF-G sample displayed an enrichment in

heavy Ni isotopes of +0.45‰ (Table 7).

Ni isotope composition of iron meteorites

Our main goals in measuring iron meteorite samples

were to implement our experimental and analytical proce-

dure on Ni-rich rocks and to compare our data with results

from previous studies. As the first Ni isotope measurements

were made on meteoritic materials to study nucleosynthetic

processes (Birck and Lugmair 1988, Cook et al. 2006,

2007, Moynier et al. 2007, Regelous et al. 2008, Chen

et al. 2009), the available data set of Ni isotope determi-

nations mainly concerns extraterrestrial reservoirs with the

main focus on mass-independent Ni isotope variations.

The Gibeon and Nantan Iron meteorites both displayed

fairly similar positive d60/58Ni values (see Table 5; 2s

calculated on duplicate analyses) of +0.26‰ and

+0.31‰, respectively, consistent with data in Cook et al.

(2008), who obtained a d62/58Ni value of +0.37 & 0.09‰

on Gibeon Iron. Our values are also in full agreement with

the range of d60/58Ni values measured in iron meteorites by

Cameron et al. (2009) and Steele et al. (2011), that is, 0.24

–0.36‰. Other meteorites analysed by Moynier et al.

(2007) and Cameron et al. (2009), including chondrites,

are also enriched in high atomic number isotopes and have

a range of values between +0.02‰ and +0.80‰ (only few

meteorites in these data sets have negative Ni isotope

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 1 7



values). It is however important to note that Moynier et al.

(2007) report their isotopic ratios with respect to the Aesar

ICP-MS Ni standard solution batch No 066110910 and

expressed their results as per mass unit.

As discussed by Regelous et al. (2008), the observed

isotopic variations among iron meteorites and chondrites,

which are mass-independent, are likely to be the result of

mixing within the protosolar nebula of mineralogical phases

with different nucleosynthetic origin. Steele et al. (2011) and

Regelous et al. (2008) suggest that each iron meteorite class

had their protolith formed in a restricted region of the

protosolar nebula as was previously demonstrated for the

precursor materials to the different classes of chondrites.

The overlap between mass-independently fractionated Ni

isotope values of iron meteorites and chondrites suggests

that the source regions of parent bodies for the different

classes of chondrites and iron meteorites might have also

overlapped. In addition, the range of Ni isotope values

among iron meteorites is also suggestive of lateral hetero-

geneity in the early Solar System. Alternatively, based on

mass-dependent Ni isotope compositions, Moynier et al.

(2007) and Cook et al. (2007) argue that all meteorites

follow the same mass-dependent fractionation line as

terrestrial samples and indicate fractionation from a common

isotopic pool, which was homogenised in the solar nebula.

In this interpretation, nickel isotope variations in meteorites

reflect physicochemical reactions between distinct phases

(e.g., solid-vapour, metal-silicate). Recently, Huh et al. (2009)

experimentally demonstrated an isotopic fractionation of at

least -0.3‰ between metallic and silicate phases at

magmatic temperature (800 °C), with the metal being

enriched in low atomic number isotopes. Altogether, these

results suggest that significant Ni isotope fractionations may

have occurred during Earth’s core segregation and that Ni

isotope composition of the Earth after its accretion may have

differed from the BSE composition developed after the early

differentiation of the metallic core.

Conclusions

In this paper, investigation of deep-sea clays and

mantle-derived rocks of RMs and mafic and ultramafic

igneous rocks and minerals such as fresh and altered

basalts, komatiites and olivine crystals allowed us to establish

the isotopic composition of the BSE at d60/58Ni =

+0.05 & 0.05‰. We report here the Ni isotope composi-

tion of selected geological reference materials, which show

a range of d60/58Ni values more than 1‰. Interestingly,

both Fe-Mn nodules and organic matter–rich shales have

positive d60/58Ni values, suggesting either biotic or inor-

ganic Ni isotope fractionations in aqueous environments.

We also found that bulk rock samples of komatiites and

associated Ni-sulfide mineralisation display a range of d60/

58Ni values from -0.10 to -1.03‰, indicating that fraction-

ation in high-temperature magmatic systems can explain

some variations in the Ni isotope composition of natural

samples. We infer that Ni-rich sulfides with negative d60/

58Ni values affected the Ni isotope composition of komat-

iites, which otherwise, as shown by the least mineralised

komatiite samples, have Ni isotope compositions close to

that of BSE with a near zero value. This is an important

finding because it emphasises that Ni isotope fractionations

are not an unique biosignature, as was recently inferred

(Cameron et al. 2009), but they can be also produced by

abiotic processes such as high-temperature magmatic

processes and, potentially, by low-temperature processes

during co-precipitation of Ni with Fe-Mn oxides (Gueguen

et al. 2011). Therefore, the Ni isotope composition of specific

terrestrial reservoirs (e.g., magmatic and sedimentary rocks)

relevant to the biogeochemical Ni cycle might significantly

deviate from the BSE value, and, more importantly, our results

demonstrate that Ni isotope fractionations are systematic,

that is, positive fractionations characterise low-temperature

processes, while negative fractionations mark high-temper-

ature processes. Finally, we have demonstrated that for Ni

isotopes, the double-spike correction method is appropriate

for measuring a broad range of sample matrices from

silicate rocks to metalliferous deposits, including sulfides, and

a large range of Ni concentrations. The method allowed us

to measure small but meaningful fractionations of more than

ten times the analytical precision even when small amounts

of Ni were processed through chemistry and determined by

MC-ICP-MS. The new results for RMs and analytical methods

presented here should help to make Ni isotope measure-

ments more straightforward, and more frequently utilised in

future studies of terrestrial and planetary materials.
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appliquées à des matrices d�eau de mer

La séparation des métaux traces dissous dans l�eau de mer est une étape délicate en 

raison de la quantité importante d�éléments alcalins et alcalino

matrice d�eau de mer. Deux autres méthodes ont été utilisées préalablement à celle

elles ont été abandonnées soit en raison de l�inefficacité lors la séparation en elle

dessous s�est 

concentrer le Ni de l�ea

l�état de trace ainsi que les Terres Rares.

concentration des métaux dans l�eau de mer

n des métaux de transition de l�eau de mer a été réalisée en utilisant une 

90 µm (l�ensemble sera 

Rares de la matrice d�eau de mer riche en sels. Pour ce faire il est nécessaire dans un 

Aldrich) ont été dissous dans 25 mL d�eau 

colonnes chromatographiques en polypropylène. La résine a été lavée avec 20 mL d�eau 

milliQ et 20 mL d�un mélange de HCl à 2 mol/L et d�HNO

été réalisé avec 50 mL d�ammonium acétate à 0.

quantité d�échantillon d�eau de mer chargé sur la colonne est de 200 mL. De plus, afin 

d�évaluer précisément les rendements de Ni obtenus lors de l�entière procédure, une 

d�échantillon sont préalablement tamponné à un pH de 5.3.

L�élution se fait ensuite en deux étapes, dans un premier temps la matrice d�eau de 

mer est éluée avec 15 ml d�acétate d�ammonium à 0.05 mol/L tamponné à un 



�

puis l�élution des métaux de transition se poursuit par l�ajout de 25 mL d� HNO

Pour terminer, la résine est rincée avec 20 mL d�un mélange de HCl à 2 mol/L et d�HNO

0.5mol/L, puis 10 mL d�acétate d�ammonium à 0.05 mol/L  tamponné

10 mL d�eau milliQ.

de l�eau de mer

L�analyse isotopique a été réalisée sur un échantillon d�eau de mer profonde du Pacifique 

L 1.25 ±0.02�.
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Outre les développements analytiques nécessaires pour l�obtention de données 

isotopiques en Ni précises notamment grâce à l�utilisation d�un double

corriger du biais de masse instrumental lors de l�analyse par MC

chapitre a permis de rendre compte l�étendue de la variabilité des compositions isotopiques 

édimentaires,�). En effet, 

référence pour, d�une part montrer la grande variabilité isotopique, et d�autre part fournir un 



nickel lors de l�adsorption sur des oxy

�



avec des chercheurs de l�Université du Minnesota (USA), Brandy Toner et Jeffry

adsorption sur des phases minérales de d�oxydes de fer et de manganèse. Leur travail 

réaliser les expériences en laboratoire d�adsorption du Ni sur

qu�ils ont réalisés, ce sont également des experts des techniques d�analyses de 

spectrométrie d�absorption des rayons X par utilisation du rayonnement synchrotron 

(EXAFS). En effet, l�objectif était également de déterminer la coordination du Ni dans les 

s�expliquai

minérales précipitées dans l�eau de mer et l�incorporation des métaux traces dans ces 

phases minérales se fait en grande partie via des processus d�adsorption. Or ces processus 

peuvent générer des fractionnements isotopiques non négligeables qu�il est important de 

sous forme d�un article La rédaction de cette partie a déjà bénéficié de l�apport des 

�acquisition des données pour les oxydes de manganèse 

données isotopiques du Ni sur toutes les phases n�est pas encore 
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: Ni isotope composition (�) of minerals (green squares) and supernatant 

the Ni isotope composition of the starting Ni solution ( 0.33 �).

6), Ni isotopes were not fractionated ( 0.03�) or weakly 
fractionated ( 0.12�) respectively (Figure 

line ferrihydrite with 0.32 � 
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fractionation factors (
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with 0.70 � and 0.88 � for pH 5 and 
. The most negative 1.00 � 
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The difference in isotopic composition between the mineral and the supernatant solution is expressed as = 
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presents 

react faster, hence producing a fractionation factor 

expected to provide a first assessment of the equilibrium Ni isotope fractionation factor 
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3.7%) and generated 
0.70 �, with an average of 0.85 ±0.27 �. Isotopic results of this experiment should 

experiments for goethite show contrasted �0.78 �, 
0.86 ±0.24 � (2sd), with a general trend towards highly fractionated Ni 

average ±0.08 � (2sd)
0.40 �. Excluding extreme values of 0.03 � and 0.12 � at 

0.27 �, average �

0.12� and 0.00�, respectively, clearly falling out of the 

each minerals, generally at low pH), a trend is outlined with increasing negative 

Decreasing 



� �

 

 

that 

� and +0.2 � for 
consistent with 

+0.52� 

0.78� for goethite and 
+0.73� for ferrihydrite 

These data agree with the value of +0.78�
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enriched in light isotopes by 1.6� compared to MoO
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dependent on the composition of the sources (hydrothermal, detrital,�) 
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résultats sur le fractionnement isotopique se produisant lors de l�adsorption du Ni 

première par de ce chapitre. L�objectif de ce projet et de

pour but d�évaluer le fractionnement isotopique du Ni lors de son adsorption sur des oxydes 

de Mn. C�est un paramètre important car, comme 

dans l�eau de mer, le sédiment,

birnessite est un minéral qui adsorbe très facilement les métaux de transition. C�est 

lors des premières tentatives d�adsorption du Ni sur les oxydes de Mn et ce dans 

entre la phase solide et la phase aqueuse. Ceci a donc entraîné un certain délai qui n�a pas 

permis l�achè

pes légers jusqu�à 1 �, ce qui jusqu�à présent, 

d�adsorption. Le facteur de fractionnement obtenu sur la ferrihydrite est de ~ 0.4 � tandis 

qu�il est de ~ 0.9 � pour la goethite.

Ces résultats montrent d�une part que les isotopes 

d�adsorption et se traduisent par un enrichissement préférentiel de la phase minérale en 

isotopes légers, et d�autre part le facteur de fractionnement dépend de la phase minérale 
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L�objectif guidant ce projet est de s�intéresser à la variabilité isotopique du Ni dans les 

océans modernes et les processus d�enrichissement en métaux de ces dépôts m

dans le premier chapitre nous avons d�abord montré les techniques analytiques pour obtenir 

nous a ensuite permis d�évaluer la variabilité naturelle des compo

e l�adsorption du Ni en solution sur des 

phases minérales d�oxydes de Fe et de Mn (Figure C.2). C�est un paramètre fondamental

déterminer mais aussi à comprendre avant de s�intéresser précisément aux échantillons 

naturels. Notre étude montre qu�en effet l�adsorption du Ni sur des phases minérales peut 

la minéralogie, l�oxyde de Mn birnessite étant le plus fractionné ( �

�) �)
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lors de l�adsorption sur des phases minérales de geothite et ferrihydrite. Les flèches rouges 
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revue de l�état des connaissances sur la géochimie élémentaire et isotopique des 

d�avoir un 

reportant les compositions isotopiques en Ni d�encroûtements de 

une séquence sédimentaire d�argiles profondes collectées dans l�Ouest du Pacifique. Cette 
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geographical locations within oceans ( 0.1 �) could not reveal any 

. Data of 

0.8 to +0.8 � in the Atlantic 

0.24 � in 
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0.95 � have been reported in a Fe

localized hydrothermal plume haven�t imprinted the two crusts, (2) precision on the 

0.04 and +0.32�. Therefore, the trend showing that, the more elevated Pb isotope ratios the 

0.77 to +0.13�), is in agreement with mixing of 
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Surprisingly, most of the 

+0.30 to +0.71� in the Atlantic Ocean, and from 0.01 to +0.58� in the Pacific Ocean. Other 

studies have reported negative dissolved 3.45� for coastal 

0.9� for 

regarding its Mo isotope composition with = +2.3 � 

0.50 to +0.25 � 

of +2.5� (relatively to Mo ICPMS standar

= 2.09 ± 0.10 � 

0.5 � narrow range 

younger than 25 Ma display from +1.1 to +1.5 �, whereas base of crusts has 

a value comprised between +0.5 and +0.7� 

to seawater by about 2 �. The average Tl composition of Fe

+1.28 � whereas seawater 0.6 �, thus Fe

from seawater by about 2 � 
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+0.01 to +0.23 � whereas Cd isotope composition of seawater is +0.33 � 

. The authors attributed the light Cd isotope composition of +0.02 � i

0.05 to+0.20 � for 

values from +0.1 to 0.0 �, whereas in nodules collected in waters > 2000 m 

depth 

However, 

+0.22 to +0.75 � with the heaviest values measured in surface seawater

from +0.12 to +0.14 �
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Values of Mn crusts is contained in the +0.60 to +1.42 � 

gnitude of variation of ~0.8 � 

day seawater isotope composition. 

ary from +0.53 to +1.16 �.

Zinc isotope composition measured for seawater is = +0.05 to +0.53 � (i.e. 

= +1.01 to +1.49 �)  in the North Atlantic Ocean (GEOTRACES samples) 

which is similar to the +0.16 to +0.50 � range in 

= +1.12 to +1.46 �) for the Pacific Ocean (SAFe Samples) 

birnessite 0.17� indicating enrichment of the solid phase in light isotopes 

nce, it is surprising that 

generally higher than seawater Zn isotope composition (~0.4 to ~0.5 � higher in average). 

and carbonate particles formed in these waters will systematically have lower 
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= +0.4 to +1.4 � 

( = +0.58 and +0.98 �) 

1.5�) 

specific trend has emerged from analyses of these nodules, the mean value for 

is +0.31� with a range of variation from +0.09 to +0.60 � and no relation could be 

Atlantic, Indian and Pacific oceans with 

+1.19 � range . Except several outliers, the average 

of those crust is between +0.20 and +0.54 �, which is 
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�

in �



�



�



�

�

Frank, M., O�Nions, R. K., Hein, J. R. and Banakar, V. K. (1999). "60 Myr records of major 
�

�



�

�

�



�

�

�

�



�

�
�

� � �



�



� �

 

�

d�enrichissement des dépôts marins 



� �

 

(

0.76 to +1.80 �

isotope fractionation. Local variations in 

Ni value of +0.33 � 

between +0.51 and +1.11 �. These deposits 

negative �



� �

 

suggested an average value of 0.0 to 0.05 � for the Bulk Silic

� with no obvious distinction between oceanic basins. The authors argued 
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1 �
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Yaquina (Oregon State University) at latitude=13°40�S and longitude=102°8�W 



� �

 

�

on Ni isotope composition is better than 0.04 � and 

SRM 986 is ~0.05 �.
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: Ni isotope composition (�), selected elemental ratios (µg/µg) and Ce/Ce* (Ce anomaly) of Fe
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�



� �

 



� �

 

Ni values range between +0.76 � and +1.80 � with most values clustering 

� showing 

overall range of +2.5 �



� �

 

Ni isotope composition (�) versus Ni concentration (ppm) in hydrogenetic Fe



� �

 

isotope composition (�) versus Ni/Mn (panel A) and Fe/Mn (panel B) ratios in hydrogenetic Fe



� �

 

0.33 � is 

� highest 



� �

 

�, whereas Ni isotope compositions of Ula Nui sa

0.80 �

The two samples display positive Ni isotope values of +0.51 and +1.11 � for NL



� �

 

+0.9 to +2.5 � and they suggested that 

an average Ni value of ~+1.5 �

indicate negative 

and ) indicating that phosphatization doesn�t necessarily



� �

 

: Ni isotope composition (�) versus Ca/Fe ratios in hydrogenetic Fe

0.4 �, 0.9�, and 1.0 � respectively 

� 

0.8�



� �

 

owed fractionations up to 2.5 � for 

ratios and 



� �

 

e displays a very low Ni value of +0.33 � indicating a marked depletion in 

mostly ranging between +1.4 and +1.9 �. As shown in



� �

 

The apparent difference between 

about 1�, which is similar to the maximum Ni isotope fractionation factor 

member (Loihi glass) has a �

1.49� are consistent with isotope fractionation from this near

� � on 



� �

 

�, which is 

�. Although the Ni isotope composition of hydrothermal fluids has not been determined 



� �

 

ositive Ni isotope values of +0.51 and +1.11 � measured in LB samples are consistent with

ower 

around ~0.0 �



� �

 



� �

 

isotope values from +0.76 to +1.80 �

most values are >+1.5 �, i.e. in the range of seawater Ni i

�

from +0.51 to +1.11 �

, negative 

1.49 � in 
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� �

�

résultats du site ODP 1149 dans l�Ouest du 



� �

( ) varies in the range of +0.04 ±0.04 to +1.03 ±0.03 �. There

that of seawater at ~+1.5 �. The variability in Ni isotope composition could be the result of 

member at 0 � and pure Mn

member of ~+1.6 � akin to Fe

results also allow us to estimate the Ni isotope composition (~+1.2 �) and the flux of Ni of 



� �

+0.05 ± 0.05 � 

As pelagic clays is one the largest sediment repository on the Earth�s surface and that 



� �



� �

mantle in the �subduction factory� 



� �

: Elemental geochemistry (µg/g) and Ni isotope composition (�) of pelagic clays 

(�)



� �



� �

we see that Ni values vary from +0.04 to +1.03 � which is 

ween 

and enriched in Ni, the other one close to 0 � and more depleted in Ni. Note that the first top 



� �



� �

sediment and 

zero 

n +0.8 and +1.2� (Figure III.

zero 

+1.03 � 

9 and +2.5 � 

average Ni value of about +1.6� have been reported in Fe

differences between oceanic basins, our estimated 

deep sea clay is lower by 0.4 to 0.8 �. This value is also lower than seawater value 

mined at about ~+1.5 � (Cameron and Vance). Although it is possible that seawater 



� �

to +1.2 �. 

imate of Ni/Mn ratios and 

Mn oxides. As explained above, 

member authigenic pool in Site 1149 is estimated between 1.0 to 1.2 � with Ni/Mn 



� �

estimated at ~0.05 � 

to +1.2 � and an output Ni flux of 2.2 to 6.8x10



� �

�

�



� �

ean Basins to Understand Earth�s Geodynamic and 



� �



� �

Dans l�introduction générale de ce manuscrit de thèse, nous avons mentionné le fait 

qu�il restait des incertitudes sur l�estimation du temps de résidence du Ni dans les océans 

modernes en raison d�une mauvaise évaluation des sources et des puits. Quel est 

l�apport anthropique en Ni crée une surestimation du flux de Ni en provenance des rivières, 

et l�on peut faire un raisonnement similaire pour les particules atmosphériques d�origine 

anthropique. Enfin, le flux de Ni provenant de l�

Au cours de ces travaux de thèse, une équipe de chercheurs de l�Université d�Oxford 

emps de résidence océanique du Ni d�environ 15800 ans, ce qui est 

ailleurs, en supposant que le bilan de masse du Ni dans les océans est à l�état stationnaire, 

s le flux entrant doit être égal au flux sortant (E.1). Or ce n�est pas le cas dans les calculs 

entrant impliquant qu�il y a donc des incertitudes importantes dans l�estimation des flux.

isotopiques en Ni de chaque flux. L�apport continental (particules atmosphériques et rivières) 

constitue la source en Ni la plus importante, c�est donc ce flux qui va essentiellement 

contrôler l�apport de Ni aux océans. Néanmoins, ce flux peut être suresti

l�apport anthropique 

compte dans le calcul. L�apport anthropique peut donc introduire un



� �

Ni (�) best 

²

²

²



� �

du site ODP 1149. L�affinité très forte du Ni pour les phases d�o

précipitation d�oxydes de Mn authigènes dans les sédiments profonds est le puits majeur de 



� �

�



�

réflexion qui a été menée au cours de ces trois années de thèse sur le développement d�un 

les dépôts métallifères océaniques riches en Fe et Mn peuvent s�expliquer par des 

processus d�enrichissement, en invoquant notamment le temps de formation des dépô



�



l�Océan Pacifique

�



ont des vitesses de croissance très lentes (de l�ordre 

jusqu�à 

géologique de l�évolution de la composition isotopique des métaux dissous dans l�eau de 

une série temporelle d�isotopie du Ni réalisée dans un encroûtement du Pacifique qui montre 

une excursion en isotopes légers du Ni et qu�ils expliquent comme étant le résultat d�un 

par rapport au Ni l�eau de mer. Cependant, nos résultats des compositions

nous ont permis de montrer que la variabilité des compositions isotopiques en Ni s�expliquait 

par les processus de formation et d�enrichissement des métaux dans les phases 

d�oxyhydroxydes de Mn et de Fe, au cours lesque

étude sur des séries temporelles d�encroûtements de fer manganèse afin d�évaluer la 

a pour objectif d�étudier quatre séries temporelles 

d�isotopie en Ni effectuées sur des échantillons d�encroûtements de fer

l�Océan Pacifique. Deux échantillons proviennent de l�Océan Pacifique Nord (

marin Apuupuu dans l�archipel d�H

l�Océan



Average 

±0.18 � (2sd) and +1.87 ±0.10 � were found in two Fe

Mn crusts yield averages of +1.64 ±0.18 � and +1.79 ±0.13 �. These 

low 

from +1.01 to +0.25 �



in spite of large variations from +0.9 to +2.5 � in 

lower 



of 

enrichment of the mineral phase in light Ni isotopes up to 1 � for Mn

ZEPOLYF2 cruise on the R/V L�Atalante (Ifremer



to bottom. Accordingly, each crust is defined by its �Outer� and �Inner� regions which 



m.

²



Nickel isotopic compositions are reported in delta notation 

�

 

   



 

















red line delimits region �I� and region �O� of ZEP2





: Ni isotope composition (�) in Fe



oxyhydroxides and 



oxides � �

�top�

� � map



�Inner� region

�Outer� region

�Outer�

� � region

o show that in the �Inner� region of the crust some Fe

�Inner�

�I� (over a thickness of ~4 mm) and �O�

. The area �I� shows significantly enriched

in comparison to the area �O�

restricted region �I� of the crust is formed by newly crystallized Mn

in the �matrix� (the material surrounding the columnar structures), Mn is always present 

ted,�).





isotope composition is rather uniform in the range of +1.64 to +1.72 � for crust J2

480 with the exception the most basal point with Ni = +1.40 �. On the other hand, J2

R14 displays variations in the +1.70 to +1.86 � with the exception of the top

R14 with a higher Ni of +1.94 �

show smaller range of 

from +0.76 to +1.80 �

( from +0.9 and +2.5 �



region �I�

: region �I� in 

the �Inner� crust and region �O� for the 2). In region �I�



than region �O�

region �I�

to region �O�

�I� composition of region �O�

region �I�

microprobe analyses indicating that region �I� of ZEP2

in comparison to region �O�

� in ZEP2

�Inner� region of the crust show

ty in �

�



in region �I� of ZEp2



: Ni isotope composition (�

phase neither the presence of MnO





region �I� ( �Inner� ZEP2 DR 05 04

region �I�

region �I� of the crust. 

predominant in the �Inner� crust since very few Fe phas

04 (region �I� of the sample Figure 

+0.25 � are strongly ²

�



�

�

(�) in Tahiti Fe



inner �I�

�PGE nuggets�



ious studies have reported the Ni isotope composition of meteorites and 

values of +0.20 and +0.30 � were reported for Nantan and Gibeon iron meteorites

of +1.72 � 

±0.10 � South Pacific, and +1.64 � and +1.79 � 

� from various localities. The authors did not 



seawater of ~+1.5 � 

1 �) 

to Ni isotope composition of seawater. The determined average Ni values of +1.8 �, 

which is higher than modern seawater values at +1.5 � 

traces of alteration. We have previously demonstrated that region �I� of ZEP2



region �I� of the 

1 � during a

+1.5 �) 

+1.5 � 

. 

�

low Ni isotope values in the range of +1.08 to +0.25 � 
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Frank, M., O�Nions, R. K., Hein, J. R. and Banakar, V. K. (1999). "60 Myr records of major 
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�

� � �

 



�

encroûtements différents de l�Océan Pacifique (Nord et Sud) ont révélées que sur les 10 

derniers millions d�années la composition isotopique du Ni enregistrée dans les 

ents n�a pas varié significativement. En revanche, des processus 

d�altération/recristallisation dans un encroûtement du Pacifique Sud montre que finalement 

les isotopes du Ni sont très affectés par les processus d�altération et de re

III qui favorisent l�hypothèse selon laquelle les processus de formation et d�enrichissement 

en Fe et en Mn influent d�un part s

minérales, et d�autre part les compositions isotopiques en Ni. Les dépôts formés rapidement, 

comme c�est le cas des dépôts hydrothermaux, montrent des fractionnements isotopiques du 

lors des processus d�adsorption du Ni dans les phases minérales.

D�un autre côté, le Ni incorporé dans les dépôts hydrogénétiques formés sur des périodes de 

temps beaucoup plus longue (de l�ordre du million d�années) n�exprimera pas de facteur de 

leur source, l�eau de mer.

l�échantillon ZEP2



l�Océan Pacifique : une approche multi

�



le Ni était un bon traceur des processus d�enrichissement et que les variations isoto

du Ni s�expliquait donc par les processus de formation et de précipitation 

conséquent, l�objectif de ce chapitre V est d�étudié les variations isotopiques e

permettraient de tracer les processus d�enrichissement ou bien les variations des sources de 

dans l�introduction du chapitre III nous

les études réalisées sur d�autres systèmes isotopiques des métaux dans les dépôts 

encroûtements. Ainsi, l�utilisation conjointe de ces différents systèmes isotopiques pourrait 

permettre d�avoir une approche multi

biogéochimique du Fe et de ses sources dans l�eau de mer au cours du  Cénozoïque, une 

partie s�articule autour des compositions isotopiques en Fe des encroûtements 

qui ont été collectés dans l�océan Pacifique Nord au Sud de la grande île d�Hawaii sur le 



� �

�

d�apports hydrothermaux dans l�eau de mer 



� �

and 

negative correlation between 

R14) lacking correlation between 

correlation between 

increase in � to �

decrease of 0.30 �. 



� �

oxides layers of predominantly vernadite (



� �

series of 

Mn crusts collected on Apuupuu seamount (Latitude = 18°34�54��N; 

Longitude = 155°28.11�76��W) ~50 km south of Hawaii were recovered during FeMO 2009 



� �

The �Inner� reg

the older part of the crust (towards the substrate), and the �Outer� region is the one in contact 



� �

�

deviation of 0.05 � based on replicate measurements of IRMM

zero value at the base of the crust ( 0.04�) 

0.68 � (Figure V.4). By contrast, J2

0.30 to +0.06� and the increase in Fe isotope 

Pb ratios with gradual increasing patterns from the �Inner� to the �Outer� of the crust 

its �Inner� region. The increasing Pb isotopes are correla



� �



� �

and Pb/Mn, Fe isotope composition (�) and Pb isotopes ratios in Fe



� �



� �



� �



� �



� �

: Pb isotopes ratios versus Fe isotopes values (�) in Apuupuu Fe



� �

+0.8� 



� �



� �



� �

+0.32�

0.77 to +0.13�), is consistent 



� �

0.8 � 

1.3 � 

3.4 � (relatively to average isotope composition of igneous rocks) 

in the OMZ acting as a Fe and Mn �shuttle� in the oceans. In the OMZ these elements 

0.95 � have already been reported in Fe

drothermal plume haven�t imprinted the two crusts, (2) precision on the determination of 



� �

vents from Pele�s summit and surprisingly they observed that Ni was enriched and correlates 

�



� �

R14, lowest 

0.68 � in one 
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�
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�

manganèse de l�Océan 



� �

Cu and Zn isotope composition of both Hawaiian crusts varies between +0.57 to +0.73 � for 

+1.91 to +2.19 � for 

the last ~6 Ma from +1.61 to +2.01 � and +0.16 to +0.51� respectively. The results c

observed a remarkable positive correlation between and 



� �

values in seawater range from +0.56 to +0.72 � in the Atlantic Ocean 

, and from +0.47 to +0.63 � in the Northwestern Pacific Ocean 

. Larger range of 

Pacific Ocean from +0.90 to +1.44 � 

varies from +1.01 to 1.49 � in the Atlantic Ocean and from +1.12 to +1.46 � 



� �

Antarctic Current  vary from +1.49 to +2.12 � for 

obtained an average for of +0.31� with a range of +0.09 to +0.60 �. 

of 

from +1.56 to +2.38 � for . 

0.16 to +1.19 �. However, no specific explanations were

during ZEPOLYF 2 cruise on the R/V L�Atalante (Ifremer

Mn crust we defined the �Inner� region as the bottom/older crust, 

whereas the �Outer� region defined the top/younger crust (see Figure 2 of chapter IV).



� �

Isotopic compositions are expressed as and (�) 

�

�

0.96 �

1 yields average values of +0.26 ±0.01 � 

(2sd, n=2) and +0.32 ±0.03 � (2sd, n=3) for and +1.91 ±0.10 � (2sd, n=2) 

and +1.79 ±0.09 � (2sd n=3) for 



� �

and Cu and Zn isotopes (in �) in 



� �

e �Inner� 

region (i.e. older) to the �Outer� region (i.e. younger). In contrast, Fe

variations with values of +0.57 to +0.67 � for and +1.91 + to 2.18 � for 

.56 to +0.72 � and +2.09 + to 2.18 � 

for 

increase in and 

from +0.16 to +0.51� for and from +1.61 to +2.03 � for 



� �

This translates into a remarkable positive correlation between 

²



� �

Cu and Zn isotopes (�) time



� �

: Plot showing the positive correlation between Cu and Zn values (�) 

birnessite � indicating 

( = +0.58 and +0.98 �) 

�

�



� �

�

he positive relationship observed between and 

: Zn and Cu isotope compositions (�) versus Co/Mn ratios in Tahiti Fe

with between +0.52 to +0.65� and +2.0 to +2.2 �. Compared 

Mn crusts show that (1) 

ydroxide; (2) 

�. This fractionation factor contrasts with results of Zn adsorption on birnessite indicating 

0.17 � relatively to



� �

As discussed above, the positive correlation observed between 

the South Pacific crusts starts before 6 Ma with relatively low Cu and 

relationship defined by the diagram Cu vs. 

crustal values with 

Zn values at 0 and 1.4 � which is similar to average basalt values e.g. 



� �

related to the presence of the OMZ, and in deep waters below ~1000 m depth 

to have higher Mn/Fe ratios in older part of the crusts (the �Inner� region). In fact, this is the 

and OMZ position cannot account for the shift in Cu and 

�



� �

. The average isotope composition of rivers are +0.68 � 

for (range of +0.02 to +1.45 �) 

� for (range of +1.15 to +1.52 �) 



� �

values from these vent fluids vary from +0.96 to +2.00 �, albeit most values 

cluster between +1.16 to +1.26 �, which is generally below the range reported for Apuupuu 

Mn crusts (+1.61 to +2.19 �). Cu isotope composition of hydrothermal fluid



� �

and +0.73 � for and between +1.91 to +2.19 � for 

isotopes varying from +1.61 to +2.03 � and Cu isotopes are comprised in the +0.16 to +0.51 

� range.

Cu values and 
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�

général dans les dépôts métallifères océaniques, l�idée de ce travail est également de 

tels que Fe, Cu, Zn et le Ni (Figure C.5). Nous avons notamment examiné l�évolution des 

manganèse et les relations que l�on pouvait établir 

encroûtements d�Apuupuu près d�Hawaii dans le Pacifique Nord sont probablement le 

at de mélanges entre différentes masses d�eau océanique. Les valeurs négatives en 

hydrothermal en provenance l�activité magmatique ayant lieu au niveau du point chaud 

d�Hawaii et qui aurait affecté la masse d�eau océanique dans laquelle ont précipité les 

parfaite corrélation positive et les échantillons d�Apuupuu du Pacifique Nord s�alignent sur 

probablement un mélange entre des masses d�eau océanique entre ce «

simples tels que la précipitation de colloïdes d�oxydes de Fe et de Mn, présentent parfois de 

des métaux dans l�eau de mer a donc un impact significatif sur les compositions isotopiques 

des masses d�eau et donc également sur les compositions isotopiques des encroûte



�





indiquant que le Ni n�est pas fractionné par rapport à sa source, l�eau de mer. Cette étude a 

fractionnements isotopiques du Ni significatifs lors de l�adsorption dans les oxydes de Fe et 



être affectés par des processus tardifs d�altératio

Cu et du Zn peuvent être affectés par des variations des sources aux masses d�eau 

océanique (tels qu�un apport hydrothermal) et pourraient ainsi permettre de tracer le 

mélange de ces différentes masses d�eau o

au cours des derniers millions d�années.

: Compilation of Ni isotope data (�)



analytiques ont permis d�établir un protocole de séparation des isotopes du 

d�eau de mer, et la méthode du double spike pour l�analyse des compositions isotopiques en 

montrer qu�elle est significative et que les variations ont un lien avec le type de roche. Par 

température) sont systématiquement enrichis en isotopes légers jusqu�à moins de 1 �, 

jusqu�à +2 �.

nites, péridotites ou serpentinites présentent une gamme restreinte des valeurs de 

autour de 0� suggérant que le réservoir terrestre silicaté global (ou Terre silicatée) a une 

composition isotopique proche de +0.05 ±0.05 �. Ces résultats sont en accord avec les 

dans l�eau de mer profonde et des sources potentielles en fonction des contextes 

dépôts. L�approche est en ce sens similaire à celles qui ont été mises en place lors des 

en lien avec les différentes masses d�eau des océans du globe, ce qui est cohérent avec les 

base de la zone d�oxygène minimum. En revanche, Gall et al. (2013) ont montré à partir 



d�une série temporelle dans un manganèse que l�enregistrement des 

compositions isotopiques en Ni permettait de tracer l�apport hydrothermal aux océans et 

qu�on pourrait ainsi tracer les variabilités de cette source dans les océans profonds.

manganèse nous avons élargi notre étude à l�analyse 

d�une sélection de dépôts d�oxydes de Fe

d�échantillons formant un continuum d�un pôle hydrothermal à un pôle hydrogénétique. Ainsi, 

d�augmenter la cinét

0.69 �) sont le résultat de 

fractionnements isotopiques lors de l�adsorption sur les phases d�oxydes de Fe 

manganèse, formés par précipitation des métaux dissous dans l�eau 

car ils se sont formés très lentement dans l�eau de mer. Ainsi le piégeage du Ni de l�eau de 

u niveau de la couche de surface des encroûtements en cours de formation s�est fait 

de manière quantitative et il n�y a pas de fractionnement isotopique exprimé. 

de Mn menés en collaboration avec Brandy Toner et Jeffry Sorensen de l�Université du 

Unis. L�adsorption du Ni sur les oxydes de Fe et de Mn produit 

étant plus fractionnée ( 0.9 �) que la ferrihydrite ( 0.4 �), 

alors que l�oxyde de Mn birnessite est la phase minérale montrant le plu

fractionnement ( 1.0 �).

effets d�un apport hydrothermal sur la variabilité isotopique du Ni dans les encroûtements 

plaques tel que Loihi (archipel d�Hawaii). 



variations isotopiques du Ni dans l�Océan Pacifique

marin Apuupuu (Hawaii) et dans l�archipel de 

isotopique du Ni dissout dans l�eau de mer n�a quasiment 

pas varié sur la période des ~17 derniers millions d�années et était relativement homogène 

dans tout l�océan Pacifique. Les moyennes des compositions isotopiques des quatre 

t très proches, de +1.72 ±0.18 � (2sd) et +1.87 ±0.10 � pour les 

Nord ont des compositions similaires de +1.64 ±0.18 � et +1.79 ±0.13 �

Toutefois, il faut noter que l�un des deux encroûtements récoltés dans l�archipel de 

Tahiti montre des valeurs isotopiques en Ni particulièrement basses de +0.25 à +1.08 � à la 

croûte. Ces résultats suggèrent une précipitation importante d�oxydes de Mn incorporant Ni, 

Cu, Zn et Co au détriment de la précipitation d�oxydes de Fe auxquels est associé l

évènement très local aurait pu être provoqué par un apport, à la base de la croûte, d�eau de 

hauts qui auraient pu être apportés par l�eau de mer. Ainsi, la précipitation rapide de 

.3. Variations isotopiques du Fe, Cu, et Zn dans l�Océan Pacifique profond

l�analyse d�encroûtements de fer

et d�enrichissement des métaux dans les dépôts métallifères océaniques, les isotopes du Fe, 

sont encore très débattus en particulier concernant l�influence de l�hydrothermalisme ou des 

d (Apuupuu, Hawaii) montrent d�excellentes corrélations entre 

0.7 �. Ces résultats suggèrent que les variations isotopiques en Fe soient dues à des 

d�eau océanique ayant été affectées par des sources différentes. Même 

atmosphériques ayant affecté certaines masses d�eau profondes. 



D�un autre côté, les compositions isotopiques en Cu et Zn dans les encroûtements du 

or ce résultat n�est pas observé dans les encroûtements d�Apuupuu 

l�excellente corrélation positive entre les compositions isotopiques en Cu et Zn qui indiquerait 

nge entre différentes masses d�eau océaniques. Il est également intéressant de 

noter que les valeurs isotopiques des encroûtements de Apuupuu s�alignent sur cette 

colonne d�eau aux processus de précipitation in

(2) La dynamique de l�OMZ influe directement sur l�efficacité de la formation des 

circulation océanique des différentes masses d�eau océanique profondes mais également de 

hydrothermaux dans la colonne d�eau, mais avec des caractéristiques différentes: les 



océaniques à différents échelles, ainsi que les processus d�halmyrolyse "in

colloïdes de Fe et de Mn dissous dans l�eau de mer) 



l�origine des variations isotopiques des métaux dans les dépôts modernes, là où les 

Dès lors, les perspectives qui émergent de ces travaux sont de s�intéresser à des 

l�Océan Pacifique Central

La campagne océanographique BIONOD 2012 s�est déroulée en Avril

l�Océan Pacifique équatorial sur les zones de permis minier français et allemand à b

navire océanographique L�Atalante de l�Ifremer

projet collaboratif dédié à l�étude fine et détaillée des nodules polymétalliques. Le détail de 

s l�annexe 3 de ce manuscrit.

�il y a finalement encore de fortes 

processus d�enrichissement. La France et l�Allemagne (parmi d�autres pays) disposent 

chacun d�un permis minier pour les nodules dans la zone Clarion/Clipperton de l�Océan 

aucune des campagnes n�a réalisé un échantillonnage intégrant nodules, sédiment et eaux 

interstitielles uniquement dédié à l�étude détaillée et approfondie des métaux d

L�objectif de ce projet est donc d�effectuer une étude fine et approfondie des nodules 

eur environnement de dépôt en s�intéressant aux processus 

biogéochimiques qui ont lieu à l�échelle du nodule et des premiers centimètres de sédiment. 

concentration des métaux traces dans l�eau de 

ielles. A terme, une étude incluant l�utilisation de plusieurs systèmes isotopiques des 

(1) mécanismes d�enrichissement des métaux dans les nodules

le sédiment sur l�apport des métaux 

(3) impact de la productivité biologique sur l�apport en métaux au sédiment.



s primitifs et l�évolution biogéochimique des océans anciens 

. Ces problématiques concernent notamment l�étude des premières traces de 

vie et l�évolution de la biosphère primitive.

thèse (en collaboration notamment avec Andrey Bekker de l�Université du Minnesota au 

Canada) est l�application des compositions isotopiques en Ni aux dépôts anciens tels que le

». L�hypothèse est d�utiliser cet outil isotopique comme 

traceur de l�utilisation du Ni par la biosphère précoce et la disponibilité d

anciens et les liens que l�on pourrait établir avec l�évolution de la biosphère précambrienne et 

0.30 à +0.85 � dans les 

échantillons paléoprotérozoïques, alors qu�une série d�échantillons néoprotérozoïques 

provenant d�une même séquence sédimentaire montrent une gamme de variations aussi 

31 �. D�un autre côté, les schistes noirs montrent des valeurs positives 

de +0.05 à +1.31 � alors que les fractions séparées de pyrite dans ces schistes montrent 

systématiquement des valeurs négatives jusqu�à 1 � dans l�unité plus vieille que 2.5 Ga, et 

es valeurs positives jusqu�à +1 � plus jeune que 2.5 Ga. Une partie de ces résultats sont 

présentés dans l�annexe 4 avec le poster qui a été présenté lors de l�AGU en décembre 
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Abstract Trojan and Shangani mines are low-grade (<0.8 %

Ni), komatiite-hosted nickel sulfide deposits associated with

ca. 2.7 Ga volcano-sedimentary sequences of the Zimbabwe

craton. At both mines, nickel sulfide mineralization is pres-

ent in strongly deformed serpentinite bodies that are

enveloped by a complex network of highly sheared, silici-

fied, and sulfide-bearing metasedimentary rocks. Strong,

polyphase structural–metamorphic–metasomatic overprints

in both the Trojan and Shangani deposits make it difficult

to ascertain if sulfide mineralization was derived from

orthomagmatic or hydrothermal processes, or by a combina-

tion of both. Multiple S, Fe, and Ni isotope analyses were

applied to test these competing models. Massive ores at

Shangani Mine show mass-dependent fractionation of sulfur

isotopes consistent with a mantle sulfur source, whereas S-

isotope systematics of net-textured ore and disseminated ore

in talcose serpentinite indicates mixing of magmatic and

sedimentary sulfur sources, potentially via post-magmatic

hydrothermal processes. A restricted range of strongly

mass-independent 33S values in ore samples from Trojan

Mine likely reflects high-temperature assimilation of sulfur

from supracrustal rocks and later superimposed low-

temperature hydrothermal remobilization. Iron isotope

values for most Ni-bearing sulfides show a narrow range

suggesting that, in contrast to sulfur, nearly all of iron was

derived from an igneous source. Negative Ni isotope values

also agree with derivation of Ni from ultramafic melt and a

significant high-temperature fractionation of Ni isotopes. Fe

isotope values of some samples from Shangani Mine are

more fractionated than expected to occur in high-

temperature magmatic systems, further suggesting that hy-

drothermal processes were involved in either low-grade ore

formation (liberation of Ni from olivine by sulfur-bearing

hydrothermal fluids) or remobilization of existing sulfides

potentially inducing secondary Ni-sulfide mineralization.

Keywords Komatiite-hosted nickel deposit . Zimbabwe

craton . Archean . Sulfur isotopes . Iron isotopes . Nickel

isotopes

Introduction

Komatiite-hosted nickel sulfide deposits are common in

Neoarchean greenstone belts of the Yilgarn craton of

Western Australia, the Superior Province of North America,

and the Zimbabwe craton in southern Africa as well as in

Proterozoic greenstone belts of Canada (Naldrett 2004). The

Kambalda area of Western Australia is regarded as the type

locality for komatiite-hosted nickel sulfide deposits (Lesher

Editorial handling: B. Lehmann

A. Hofmann (*)

Department of Geology, University of Johannesburg, Auckland

Park 2006, South Africa

e-mail: ahofmann@uj.ac.za

A. Bekker

Department of Geological Sciences, University of Manitoba,

Winnipeg, MB R3T 2N2, Canada

A. Bekker :D. Rumble

Geophysical Laboratory, Carnegie Institution, Washington, DC

20015, USA

P. Dirks

School of Earth and Environmental Sciences, James Cook

University, Townsville, QLD 4812, Australia

B. Gueguen

Technopôle Brest-Iroise, European Institute for Marine Studies,

University of Brest, UEB, Place Nicolas Copernic,

29280 Plouzané, France

B. Gueguen :O. J. Rouxel
IFREMER, Centre de Brest, 29280 Plouzané, France

Miner Deposita

DOI 10.1007/s00126-013-0476-1

Author's personal copy



1989; Hronsky and Schodde 2006). Two main types of de-

posits have been recognized (Lesher 1989; Lesher and Keays

2002; Barnes 2006). Type 1 deposits occur near or along the

base of ultramafic volcanic sequences and hypabyssal sills and

are considered to result from the separation of an immiscible

sulfide liquid from an ultramafic magma (Lesher and Keays

2002; Naldrett 2004; Arndt et al. 2005). Massive sulfides

typically occur at the base of ultramafic bodies or within their

footwall embayments. Massive ore is commonly overlain by

net-textured (= matrix) ore with sulfides surrounding cumulate

olivine and pyroxene. Matrix ore is in turn overlain by perido-

tite or dunite with disseminated sulfide (disseminated ore),

which grades into unmineralized, locally spinifex-textured ul-

tramafic rocks toward the stratigraphic top. Mineralization is

regarded to have formed at the base of inflated lava flows

representing feeder channels for large komatiite flow fields.

Sulfides are concentrated at the base of the channels, charac-

terized by cumulate-textured dunites that pass laterally into thin

komatiite flow lobes with spinifex texture (Hill et al. 1995).

Type 2 deposits are low-grade disseminations in the central part

of cumulate-textured, lenticular dunite bodies. While sulfides

may have been precipitated simultaneously with olivine to form

interstitial ores (Barnes 2006), some of the Ni in finely dissem-

inated sulfides may have been derived from subsolidus hydra-

tion processes under the influence of sulfur-bearing fluids

(Eckstrand 1975; Grguric et al. 2006).

Most komatiite-hosted nickel deposits are interpreted to

have been derived from sulfide-undersaturated magmas

(Keays 1995; Naldrett 2004; Arndt et al. 2005). Sulfide satura-

tion of the magma and the formation of an immiscible sulfide

liquid trapping nickel, copper, and platinum-group elements are

attributed to the addition of crust-derived sulfur. Sulfide-

bearing carbonaceous sedimentary rocks, including shale and

chert, sulfidized iron formation, and base-metal barren massive

sulfides are commonly intercalated with komatiite flows in

mineralized ultramafic sequences (Bavinton 1981; Hopwood

1981). The exact relation between nickel sulfide mineralization

and the sedimentary horizons has not yet been conclusively

resolved, but many authors have suggested that the sulfidic

sediments provided the sulfur for the ultramafic magmas to

reach sulfide saturation (Lesher 1989; Naldrett 1989; Lesher

and Burnham 2001; Bekker et al. 2009). The most commonly

inferred model for sulfur contamination of type 1 deposits is by

thermal erosion and assimilation or devolatilization of the

sulfidic sediments beneath ultramafic lava channels (Huppert

et al. 1984; Groves et al. 1986; Naldrett 2004; Barnes 2006;

Williams et al. 2011). In contrast, some authors argued that

thermal erosion of the substrate by ultramafic lava flows is

unlikely to occur (Rice and Moore 2001; Cas and Beresford

2001). In addition, sulfide-hosting troughs and embayments

have been regarded as structural rather than primary footwall

features (Cowden 1988; Cowden and Roberts 1990; Stone and

Archibald 2004).

A further problem in unraveling the origin of komatiite-

hosted nickel deposits is their presence in greenstone belts

that experienced multiple episodes of deformation and meta-

morphism, generally interpreted to have affected already

existing mineralization. However, many deposits consist of

tabular or elongate ore bodies that are parallel to regional,

penetrative linear fabrics, including fold axes, and mineral

lineations, which formed during the peak of a dynamic

regional metamorphic event at upper greenschist to upper

amphibolite facies (e.g., Viljoen et al. 1976; Barrett et al.

1977; Gresham and Loftus-Hills 1981; Lesher 1989; Stone

and Archibald 2004). It is unlikely that in all these cases,

deformation was focused along pre-existing primary mag-

matic linear trends. The co-linearity of ore bodies with re-

gional structural trends (cf. Gresham and Loftus-Hills 1981;

Naldrett 1981) strongly suggests considerable ore redistribu-

tion and, possibly, ore generation in response to dynamic

metamorphic and metasomatic processes.

In Zimbabwe (Fig. 1), general aspects of the stratigraphy,

ore composition, and geochemistry of nickel sulfide deposits

are known (e.g., Shangani Mine, Viljoen et al. 1976; Trojan

Mine, Chimimba and Ncube 1986; Epoch Mine, Baglow

1986; Hunters Road Deposit, Moubray et al. 1979,

Prendergast 2001; Damba Deposit, Williams 1979, Killick

1986), but a detailed description and interpretation of struc-

tures and metamorphic textures formed by regional defor-

mation events is mostly lacking. As a result, all deposits have

been interpreted as orthomagmatic (Prendergast 2003), i.e.,

the Ni-bearing sulfides crystallized from a melt and did not

form during sub-solidus processes. However, every nickel

deposit in Zimbabwean greenstone belts is centered on struc-

tural discontinuities, such as faults or fold hinges, and an

evaluation of the structural and metamorphic imprints on

these deposits must be made to fully appreciate what role

deformation and metamorphism may have played in affect-

ing these low-grade deposits. Furthermore, it has been

shown that many of the sulfidic sedimentary horizons that

are associated with mineralized ultramafic volcanics have

been intensely sheared (Hofmann et al. 2003), possibly

resulting in the redistribution of primary sedimentary to

diagenetic sulfides and potentially inducing secondary sul-

fide mineralization. The spatial association of sulfide-

bearing high-strain zones with nickel sulfide mineralization

in komatiites may thus point to a secondary, hydrothermal

origin or redistribution/enrichment of at least some of the Ni

mineralization. Cases of this type of mineralization are

known to exist elsewhere (type 4, Barnes 2006).

In this paper, we present field and petrographic observa-

tions from the Trojan and Shangani Ni mines in Zimbabwe in

combination with trace element geochemistry and multiple

sulfur, nickel, and iron isotope data. We critically evaluate

mineralization style and test if multiple S, Ni, and Fe isotope

data can provide constraints on the relative importance of
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orthomagmatic vs. hydrothermal processes in the generation

of komatiite-hosted Ni sulfide mineralization. The study is

focused on Trojan Mine, but multiple S, Ni, and Fe isotope

data are also presented for the Shangani Mine nickel deposit.

Geology of the Shangani Mine and Ni sulfide

mineralization

Shangani Mine (Fig. 1) is situated in the Shangani Mineralized

Complex of the Shangani greenstone belt (Harrison 1969) and

is associated with the Shangani Layered Ultramafic Complex

that intruded into greenstone units assigned to the Lower

Bulawayan Group (Fig. 2; Wilson et al. 1995). It is a low-

grade type 2 deposit with some occurrences of type 1 massive

sulfides. Production at the mine in 2002 was 0.93 Mt/year of

ore at an average grade of 0.48 % nickel (C. Makuni, personal

communication, 2003). The Shangani Mineralized Complex is

intrusive into the Esmyangene Formation, a succession of felsic

tuffaceous sedimentary rocks and agglomerates that is capped

by sulfidic carbonaceous shale (Viljoen et al. 1976; Viljoen and

Bernasconi 1979). It consists of two lobes on both sides of a

central stem (Fig. 2b) resulting in a mushroom-shaped body in

cross section that was interpreted by Viljoen et al. (1976) as a

lopolith. Dirks and Sithole (1996) reported a more complex

geometry resulting from deformation (Fig. 2c). Their mapping

has shown that the ultramafic lobes occur as folded lensoidal

bodies within a complex network of highly sheared sedimen-

tary rocks that include carbonaceous and sulfidic cherts, and

carbonaceous shale with mylonitic texture. Prendergast (2003)

argued for an extrusive origin for the Shangani Mineralized

Complex, possibly related to the observation of apparent spini-

fex texture in a pyroxenite-gabbro layer, features not considered

by Viljoen et al. (1976) to represent a true quench texture.

The east and west lobes of the Shangani Mineralized

Complex correspond to the Main and Far West ore bodies,

respectively. The massive sulfide bodies, which are much

better developed in the eastern lobe, generally occur at the

assumed stratigraphic base of both lobes, consistent with a

magmatic control of mineralization (Viljoen et al. 1976). In

contrast, Dirks and Sithole (1996)) noted a structural control

over the ore bodies since they are highly linear and are

parallel to a mineral lineation developed in sheared sedimen-

tary rocks as well as fold axes of several generations of

colinear folds.

Sedimentary rocks of the Esmyangene Formation consti-

tute the footwall to the Main and Far West ore bodies and

consist of siliceous felsic tuff locally interleaved with carbo-

naceous shale with abundant pyrite and pyrrhotite. Lenses of

layered siliceous tuff and carbonaceous shale occur both

along the footwall and hanging wall contacts and within

the ultramafic rocks along shear zones (Fig. 2c). Sulfide

mineralization is developed within the tuff, especially where

it underlies Ni sulfide mineralization in ultramafic rocks.

Sulfide grains in tuff display an orientation parallel to the

compositional layering.

The mineralized complex consists of massive green and

talcose serpentinites and carbonated talc schist. These rocks

Fig. 1 Geological map of the

Zimbabwe craton showing

major nickel deposits
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are enveloped and interleaved with black shale, chloritic

siliceous tuff, and chlorite–actinolite schist. Massive green

serpentinite occurs throughout the mineralized complex and

commonly contains disseminated pyrrhotite and pentlandite,

which occur as blebs and trails along the margins of

serpentinite patches resembling cumulate textures. The sul-

fides are intergrown with serpentine and subhedral grains of

magnetite. Much of the sulfide is, however, within

carbonate-filled fractures, which also contain abundant mag-

netite. Talcose serpentinite is more abundant in the eastern

lobe of the complex and occurs along shear zones dissecting

the massive green serpentinite. Mineralization occurs as either

disseminated sulfide or several centimeter-wide massive sul-

fide veins. Coarse-grained, carbonated talc schists are associ-

ated with the talcose serpentinite and form the most common

rock type within the eastern lobe and the stem of the Shangani

Mineralized Complex. Disseminated sulfide is rare in carbon-

ated talc schist; instead, sulfides occur either as schlieren

parallel to foliation or within veins. Sulfide-bearing carbonate

veins are common within the rock. The association of sulfides

with secondary carbonates indicates sulfide mineralization

during carbonatization of the ultramafic rocks, a feature com-

mon to low-grade type 2 deposits (Grguric et al. 2006).

Geological setting of Trojan Mine

Trojan Mine is the largest nickel producer in Zimbabwe.

Mining of this type 1 deposit started in 1968, and production

in 2002 was 1.03 Mt/year of ore at an average grade of 0.62 %

nickel (C.Makuni, personal communication, 2003). The Trojan

nickel deposit is hosted by the Upper Bulawayan Group

metavolcanic rocks within the southern flank of the Bindura–

Shamva greenstone belt (Fig. 3a). The basal unit of the green-

stone succession overlies the Chinamora granitoid gneiss dome

along a tectonic contact and is represented by the 2715±15-Ma

Iron Mask Formation (Jelsma et al. 1996), a sequence of calc-

alkaline rhyodacitic volcanic and volcaniclastic rocks that are

intercalated with lenses of banded iron formation, chert, con-

glomerate, and basalt. The overlying Arcturus Formation hosts

Fig. 2 a Regional geological setting of the Shangani nickel deposit

(after Viljoen and Bernasconi 1979). b Detailed geology of the

Shangani Mineralized Complex (after Viljoen and Bernasconi 1979).

c Detailed geological map of the southern portion of the Shangani

Mineralized Complex (after Dirks and Sithole 1996), showing a much

more complex geometry for the lobes and stem. SLUC Shangani Lay-

ered Ultramafic Complex
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the Trojan nickel deposit and is a sequence of pillowed and

massive tholeiitic basalt, komatiitic basalt, ultramafic schist,

and serpentinite. The volcanic rocks are intercalated with thin

horizons of banded iron formation, chert, slate, sandstone, and

marble. The Arcturus Formation is overlain by siliciclastic

metasedimentary rocks of the Shamvaian Supergroup

(Hofmann et al. 2002).

Ultramafic rocks that host the nickel mineralization at

Trojan Mine (Fig. 3b) have been interpreted as extrusive

komatiitic flows in a consistently N-younging volcano-

sedimentary sequence (Chimimba 1984; Chimimba and

Ncube 1986; Baglow 1992). Gravity settling within the

flows has been described as the dominant means of nickel

sulfide concentration with minor remobilization along later

shear zones, resulting in localized veins of massive sulfides

(Chimimba 1984; Chimimba and Ncube 1986; Maiden et al.

1986).

Geology and Ni sulfide mineralization at Trojan Mine

Lithological units and structural–metamorphic history

The lithological units around Trojan Mine form discontinu-

ous blocks with sheared, discordant contacts and sigmoidal

outcrop pattern (Fig. 3; Dirks and Jelsma 1998; Jelsma and

Dirks 2000). Table 1 summarizes lithological, mineralogical,

and structural features of the rock units. The mineralization is

generally associated with cumulate-textured peridotitic to

dunitic rocks, altered to serpentinite, that occur as a horizon

of partly overlapping lensoidal bodies within a metabasalt

sequence (Table 1; Fig. 3b). Near the mine site at Cardiff

Hill, several stacked serpentinite lenses are tectonically in-

tercalated with metasedimentary units (Fig. 4a). Serpentinite

is variably carbonated and silicified. The ultramafic rocks are

strongly schistose near lithological contacts and within the

mineralized zones, but massive, coarse-grained, and

cumulate-textured in the center of ultramafic lenses. They

have been considered as extrusive flows (Chimimba and

Ncube 1986), and their volcanic origin is supported by the

intimate association with metabasalts. However, an intrusive

origin as shallow-level sills cannot be discounted.

Layers and lenses composed of a variety of silicified and

sulfide-bearing, highly deformed metasedimentary rocks

(Table 1) are intercalated with the volcanic rocks. Silicified

carbonaceous schist and black chert are confined to the

immediate vicinity of ultramafic units (Fig. 4b). The rocks

become less silicic both vertically and laterally away from

the ultramafic rocks. A vein network of sulfides (mostly

pyrrhotite) is common in silicified metasedimentary rocks.

A detailed description of the structural and metamorphic

history of the Trojan Mine area was presented in Dirks and

Jelsma (1998) and Jelsma and Dirks (2000). These authors

differentiated three major events that affected the greenstone

succession. D1 resulted in a pervasive schistosity (S1) that

trends between 040° and 100° and is steeply dipping toward

the NW (Fig. 5a). The intensity of S1 is the greatest along an

anastomosing network of 1–30-m-wide shear zones hosted

by silicified metasedimentary rocks (Fig. 3b).D1 shear zones

preserve mylonitic features and are associated with a shal-

lowly SW-plunging mineral lineation (L1, Fig. 5b). D1 was

associated with a metamorphic event (M1) at lower amphib-

olite facies metamorphic grade, with a temperature of

500 °C and a pressure of 3–4 kbar (Dirks and Jelsma 1998).

D2 gave rise to a second foliation (S2) related to the solid-

state emplacement of the Chinamora granite gneiss dome

south of the mine area (Fig. 2a). S2 is a shallow to moderate

N-dipping, penetrative schistosity and contains a NE-

plunging mineral lineation (L2, Fig. 5b). Metamorphism

(M2) reached a grade of 565 °C and 3.5 kbar at Trojan

Mine (Dirks and Jelsma 1998). Brittle strike-slip faulting

during D3 reactivated D1 shear zones. Faulting was accom-

panied by the brecciation of competent units and the infiltra-

tion of sulfide and quartz carbonate veins.

Structural setting of the ore bodies and mineralization

patterns

All nickel ores at Trojan Mine consist of pyrrhotite and

pentlandite with lesser amounts of chalcopyrite, pyrite, and,

locally, millerite. Disseminated ore (cutoff <0.4 % Ni, aver-

age 0.6 % Ni) is pervasive and makes up 95 % of the

reserves. The remaining 5 % of the reserves are composed

of matrix or net-textured ore (30–40 % sulfides, 4 % Ni) and

massive ore (60–90 % sulfides, 10 %Ni). The average Ni/Cu

ratio is 15 (Chimimba 1984), similar to that in other

komatiite-hosted nickel sulfide deposits (Naldrett 2004).

Ore is concentrated in a number of ultramafic bodies

separated by sheared sedimentary units. Ore bodies currently

mined include the Main and Hanging Wall ore bodies

(Figs. 3b, 6, and 7). The ore bodies as well as the lenses of

ultramafic host rock are elongated. Constructed from mine

plans, the average orientations of the long axes of Main,

Hanging Wall, and Cardiff South ore bodies parallel one

another in a general direction of 320/70 (Fig. 5c), which is

nearly identical to the intersection lineation between the

anastomosing S1 orientations and the primary layering S0 in

the area (Fig. 5d). In plain view, the Main ore body (MOB)

extends about 100–150 m along strike with a maximum

width of 60–100 m. It is situated along two anastomosing

shear zone branches that outline a broad synformal feature

(Fig. 7), which has previously been interpreted as a footwall

embayment (Chimimba 1987). This shear zone is not a

simple planar feature, but consists of a 20–50-m-wide zone

of anastomosing branches that envelop lenses of metabasalt,

chert, metasediment, and feldspathic schist.
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The Hanging Wall ore body is more irregular and has a

strike length of about 200 m (Figs. 6 and 7). It is underlain

and separated from the Main ore body by a 20–60-m-wide

shear zone (Fig. 7) in which lenses of spinifex-textured

komatiitic metabasalt, feldspathic schist, and metagabbro

are present. In places, the shear zones are entirely situated

within the ultramafic rocks and consist of talc-carbonate

schist with high proportions of magnetite and thin quartz

veinlets. Small lenses (<2 m long) of footwall schist are

locally present within the shear zones.

Massive ore occurs near the base of the Main, HangingWall,

and Cardiff South ore bodies. Matrix ore is present as shoots in

the Main and Hanging Wall ore bodies. The contacts between

massive, matrix, and disseminated ores are sharp and parallel to

the foliation. With the exception of the Footwall 2 ore body,

massive and matrix ores are generally restricted to the

stratigraphically lower parts of the ultramafic host rock and

occur in direct contact with a strongly silicifiedmetasedimentary

unit resembling chert. In the Hanging Wall ore body, massive

ore is only present in the extremewest where it overlies silicified

sedimentary rock. Massive ore is absent in places where the

sedimentary horizon pinches out (Figs. 6 and 7).

Chimimba and Ncube (1986) reported that the nickel con-

tent of disseminated ores gradually decreases from the strati-

graphic base to the top of the ultramafic host rocks. However,

this is an idealized view as, in general, the Ni-content drops off

sharply away from the basal massive and matrix ores. In

detail, Ni and MgO concentrations vary greatly across ultra-

mafic lenses and change sharply across shear zones.

Ore environment

Massive ore is represented by banded to massive sulfide

intervals conformable with the principal tectonic fabric and

in places transgressing primary igneous layering (Fig. 7a).

Lenses of massive ore contain significant proportions (up to

40 %) of footwall metasedimentary lithologies, carbonate,

and vein quartz fragments, but no ultramafic host rock frag-

ments. Many footwall rock fragments, including vein quartz,

are well-rounded and enveloped by foliated sulfide similar to

“durchbewegung” structures (Marshall and Gilligan 1989)

indicative of non-coaxial flow. In places, deformed footwall

rock fragments with D1 and D2 fabric elements become so

abundant that massive ore is more aptly described as breccia

ore. The margins of both massive and breccia ore shoots

typically contain sulfide veins that extend into the adjacent

footwall lithologies. These veins are commonly developed

along D3 shear zones.

Massive sulfide ore consists of pyrrhotite with minor chal-

copyrite, pyrite, and chromite. Pentlandite occurs as grains

and exsolution lamellae in pyrrhotite or as small grains along

the boundaries of larger pyrrhotite crystals. Pentlandite grain

aggregates are common and are elongated parallel to S1 and

the contact with the wall rock. The proportion of chalcopyrite

is the highest in the contact zone with the footwall rock and

along the margins of wall rock fragments. The chalcopyrite

content also increases in injection veins.

Matrix ore consists of densely disseminated sulfide in an

ultramafic host. Pyrrhotite and pentlandite, which are the

main sulfide phases, form aggregates that are commonly

banded parallel to S1. Chalcopyrite occurs in the matrix as

small aggregates elongated parallel to S1. Pyrite occurs as

subhedral grains. Magnetite, chromite, and carbonate are

accessory minerals.

Both the massive and matrix ores are foliated. The folia-

tion is defined by preferred orientation of silicate fragments

in the sulfide matrix and silicate inclusions within pyrrhotite

grains, orientation of pentlandite bands, shape of matrix

pyrrhotite grains, and cleavage orientation in matrix pyrrho-

tite and pentlandite grains. Matrix pyrrhotite is generally

granoblastic due to post-kinematic recrystallization.

Disseminated sulfides are intergrown with metamorphic

alteration products and are present in talc-carbonate schist,

talc-antigorite schist, and massive serpentinite. They fre-

quently occur as elongated matrix grains or grain aggregates

oriented parallel to S1.

Ore texture

Silicate–sulfide textures and mineralogy in the ore bodies at

Trojan Mine generally reflect post-magmatic alteration, mo-

bilization, and recrystallization processes. Most sulfides in the

metasedimentary schist do not show features consistent with a

primary origin. They commonly form veins parallel to and

cutting across foliation planes and occur in pressure shadows

of metamorphic minerals or in association with ribbon quartz

and quartz veins (Fig. 8). Primary sulfides in the form of

nodules in metasedimentary rocks are rare and form a minor

part of total sulfide budget at best. The secondary, cross-

cutting nature of the sulfides in the metasedimentary rocks is

a common feature on the mine scale, as indicated by orienta-

tion of massive sulfide veins with respect to foliation and

stratification of the footwall rocks (Fig. 7).

Sulfide grains in the ultramafic rocks show a variety of

textures, but unequivocal evidence for unrecrystallized, pri-

mary, magmatic sulfide has not been observed. Intergrowth

of sulfides with serpentine, talc, tremolite, and chlorite in

serpentinized ultramafic rocks is common (Fig. 9a). Some

Fig. 3 a Geological map of the southern part of the Bindura–Shamva

greenstone belt, showing the main lithologies and the orientation of L1
and L2 lineations. Map is modified from Baglow (1992). b Map of the

area around Trojan Mine (modified from Dirks and Jelsma 1998) and

cross section through Cardiff Hill. MOB Main ore body, HWOB Hang-

ing Wall ore body, CSOB Cardiff South ore body, CEOB Cardiff East

ore body, FW2OB Footwall no. 2 ore body, CWOB Cardiff West ore

body, CFWOB Cardiff Far West ore body
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Table 1 Lithological description, mineralogy, and structural features of the geological units around Trojan Mine

Lithology Description Mineralogy Structure

Tholeiitic

metabasalt

Pillowed to massive basalt. Pillows

(mostly c. 0.5 m in diameter) contain

carbonate–quartz–filled vesicles

Poorly oriented amphibole needles in an aphanitic groundmass

of plagioclase, chlorite, and biotite with minor opaques and

secondary quartz and carbonate; interpillow domains contain

coarse-grained plagioclase, quartz, and carbonate with minor

chlorite and amphibole

Massive to foliated. Pillows are elongated (typical

width-to-length ratio=1:3) within the foliation plane;

elongation is the highest along lithological contacts

Metagabbro Massive, homogeneous, coarse-

grained rock

Pyroxene is replaced by green hornblende embedded in a dark-

gray aphanitic matrix of plagioclase with minor chlorite,

actinolite and quartz

Interstratified with metabasalt; undeformed

Komatiitic

metabasalt

Pillowed (<0.5 m in diameter) to massive

rock with local spinifex textures. The rock is

locally deformed to talc-chlorite schist

Massive rock consists of poorly oriented tremolite–actinolite

needles, talc, chlorite, variable amounts of magnetite, and

secondary carbonate and quartz. Schistose varieties have high

talc content. Spinifex texture is defined by 2–10-cm-long

needles of pyroxene replaced by tremolite

Undeformed to strongly schistose. Stretched pillows

have a maximum width-to-length ratio of 1:3.

Schistose zones are common along lithological

contacts, but also occur at an angle to stratification

Ultramafic rock Serpentinite with locally preserved cumulate

texture; pyroxenite occurs at the top of some

ultramafic bodies; the primary grain size is

mostly less than 3 mm

Massive serpentinite is composed of antigorite and talc with

minor metamorphic olivine, tremolite, chromite and

carbonate. Schist consists of talc, magnesite, and antigorite,

with minor chlorite, tremolite, magnetite, and chromite.

Quartz is locally common along fine fractures in magnetite-

rich zones. Cumulate-textured rock consists of closely packed

antigorite rimmed by magnetite in a talcose matrix. Pyroxene

in metapyroxenite is replaced by amphibole with minor

chlorite and talc

Massive to strongly schistose

Silicified meta-

sedimentary

rocks

Various metasedimentary schists Graphitic schist (chlorite, sericite, graphite, quartz, biotite),

chlorite–sericite–quartz–feldspar schist, biotite–tremolite/

actinolite–quartz–feldspar schist, rare lenses of biotite–

muscovite–cordierite–quartz schist

Strongly schistose anastomosing horizons exhibiting

foliation truncations, S–C fabrics and intense

disharmonic folding

Metasandstone intercalated with

metasedimentary schist

Quartz augen (rare sericitized feldspar augen) set in a matrix of

quartz, plagioclase, and biotite. Biotite foliation is overgrown

by unoriented, radiating aggregates of hornblende and up to

1 cm large, anhedral garnet

Metachert consists of quartz with variable amounts of graphite,

chlorite, sericite, and carbonate. Carbonaceous schist is

composed of quartz with variable amounts of aligned

hornblende and biotite

Black metachert and carbonaceous schist associated

with ultramafic rock. Chert is well-layered to

massive

Equal proportions of elongate, hornblende-bearing basaltic and

quartz–feldspathic fragments embedded in a schistose,

chlorite–carbonate-rich matrix

Metaconglomerate lenses (rare)

Feldspathic schist Lensoidal bodies of schist associated with

metasedimentary rocks

Medium-grained (<3 mm) hornblende intergrown with

plagioclase with minor matrix quartz, biotite, and secondary

carbonate. Two generations of hornblende occur; an early one

parallel to the regional foliation and a later unoriented one

Schistose horizons parallel to the regional foliation
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sulfide aggregates in serpentinized dunite occur as cross-

cutting veins that were apparently formed both before and

after the serpentinization process (Fig. 9b, c). Sulfides that

formed prior to the alteration could represent remobilized

primary magmatic sulfides. Metadunites with relict cumulate

texture are common toward the core of the disseminated ore

bodies (Fig. 7). Magnetite frequently rims olivine, now re-

placed by serpentine and talc or talc and carbonate, and is

commonly intergrown with pyrrhotite and pentlandite.

Sulfide-bearing reaction rims along margins of olivine crys-

tals suggest sulfide formation during metamorphic processes

(Fig. 9d, e). Sulfide globules are commonly aligned along

Fig. 4 a Boudin of serpentinized ultramafic rock within sheared and sulfide-impregnated carbonaceous metashale. b Contact between sheared

carbonaceous metashale (left) and serpentinite (right). A thin unit of carbonaceous metachert is present along the contact (center)

Fig. 5 Lower hemisphere

stereographic projections of

structural data from the Trojan

Mine area. a S0 and S1; b L1 and

L2; c mean orientations of the

long axes of ore bodies

constructed from mine plans

(MOB Main ore body, HWOB

Hanging Wall ore body, CSOB

Cardiff South ore body); d

intersection between average S0
and S1 orientations. Note that

the ore bodies are parallel to the

S0–S1 intersection lineation
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fine cracks both within and interstitial to variably replaced

olivine grains likely indicating secondary origin for these

globules (Fig. 9f).

Timing of sulfide mobilization relative to deformation

Textural evidence indicates sulfide mobility during each defor-

mation stage. Sulfur mobility during the initial serpentinization

process is indicated by the intergrowth of sulfides and

unoriented laths of metamorphic talc, tremolite, and antigorite

in serpentinite (Fig. 9a). Metamorphism and serpentinization

coincided with the development of the penetrative regional

foliation and network of shear zones during D1, and many

nickel sulfide crystals in disseminated and massive ores are

aligned parallel to S1. In metasedimentary schist, it is common

to find sulfide patches parallel to S1, such as in asymmetric

pressure shadows around porphyroclasts and porphyroblasts

(Fig. 8b). During progressive folding of the schist, massive

sulfide veins formed parallel to axial planes.

Garnet-bearing schist contains unoriented hornblende

patches that are intergrown with sulfides, reflecting sulfide

mobility during D2/M2. Similar relationships exist between

sulfides and unoriented antigorite replacing metamorphic

olivine (Chimimba 1987). Most deformation textures in

massive and matrix ores appear to post-date D2, considering

that blocks of strongly foliated and folded footwall rock

fragments and fragments of garnet-bearing schist containing

unoriented M2 minerals are common within the massive

ores. In addition, invasion of sulfide into metasandstone is

controlled by D3 brittle–ductile faults.

Analytical procedures

We analyzed major and trace element contents of selected

samples. Fresh-rock samples were reduced with jaw crusher

into small chips. Vein-free chips were handpicked, ultrason-

ically cleaned, and pulverized using an agate mill. Major

element concentrations were measured by X-ray fluores-

cence spectrometry (Philips X’Unique XRFS) on glass tab-

lets at the School of Geological Sciences, University of

KwaZulu-Natal (UKZN). Accuracy for major elements was

checked against international standard NIM-G and was

found to be better than 3 %.

Trace elements were measured using a Perkin-Elmer Elan

6100 inductively coupled plasma mass spectrometry (ICP-

MS), also at the School of Geological Sciences (UKZN),

calibrated against primary standard solutions, and validated

with certified standard rock materials. Fifty milligrams of

sample was dissolved in HF-HNO3 in an Anton-Paar

Multiwave high-pressure and temperature microwave di-

gester with 40-min digestion time and evaporated to dryness

in Teflon beakers before being taken up in 5 % HNO3 for

analysis. The final solution was topped up to 50 ml for

Fig. 6 Geological plan of the

seventh level showing the

distribution of the principal ore

bodies (modified from

Chimimba 1984). MOB Main

ore body, HWOB Hanging Wall

ore body, CSOB Cardiff South

ore body, FW2OB Footwall no.

2 ore body, CEOB Cardiff East

ore body, CFEOB Cardiff Far

East ore body. Note that the

distribution of the CSOB and

the FW2OB along an inferred

fold structure (Chimimba 1984)

is inconsistent with younging

directions to the east as well as

subsequent mapping (Fig. 3b)
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Fig. 7 Geological plan of the 23/2 (a) and 25/3 (b) levels. MOB Main ore body, HWOB Hanging Wall ore body
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analysis. Internal standards (10 ppb Rh, In, Re, and Bi) and

calibration solutions were prepared from certified single and

multi-element standard solutions. Quality of data was mon-

itored using the international standards BCR-1, BHVO-1,

and BIR-1. For this analysis, precision was better than 5 %

except for Sc, V, and Sr (better than 7 %), on the basis of

four repeat analysis of BCR-1. Accuracy was better than

15 % for most elements except for V, Ni, and Cu (better

than 25 %) and Cr and Zn (better than 35 %). Lower limit

of detection was typically well below 0.1 ppm for rare

earth elements and below 1 ppm for all other elements

except for Cu (below 2.5 ppm) and Zn (below 3.7 ppm).

One sample (ZTR-1) was analyzed using a Fisons PQ2+

ICP-MS at the University of Queensland, Australia (see

Bolhar et al. 2005 for analytical methods and details on

accuracy and precision).

Sulfur isotope ratios were determined at the Geophysical

Laboratory, using technique described by Hu et al. (2003)

and under the same analytical conditions as described in

Hofmann et al. (2009). The sulfur isotope compositions are

reported with respect to VCDT. The intralaboratory preci-

sion for 34S, 33S, and 33S values based on multiple S

isotope analysis of CDT material and internal laboratory

standards (Maine Light and Alpha Aesar pyrite) is better

than 0.34, 0.19, and 0.03 ‰, respectively. Iron isotope and

chemical analyses of sulfides were performed on the same

aliquots of mineral separates that were used for S-isotope

work. Sulfides were digested in Teflon beakers using con-

centrated HCl and HNO3 acid mixture and dry residue

obtained after evaporation was then dissolved in 6 N HCl.

A fraction of the solution was diluted for S, Fe, Cu, Ni, and

Zn chemical analyses using high-resolution ICP-MS or ICP-

atomic emission spectroscopy at the Pole Spectrometrie

Ocean (PSO, Brest, France). For each element, instrument

sensitivity was calibrated using matrix-matched standard

solutions corresponding to synthetic sulfide matrices. The

detection limit was better than 0.01 wt.%, and analytical

precision was estimated at 2 %. Iron isotope ratios were

measured on the Neptune multi-collector inductively

coupled plasma mass-spectrometer (MC-ICP-MS, Thermo

Fisher Scientific; Waltham, MA, USA) operated at the PSO

(Brest, France) following previously published methods

(Rouxel et al. 2005, 2008). The MC-ICP-MS was operated

in a medium-resolution mode, and we used Ni as an internal

Fig. 8 Photomicrographs of sulfide-bearing metasedimentary rocks. a

Crenulated chlorite–actinolite schist; sulfides (pyrrhotite and minor

chalcopyrite) occur within the foliation plane (preferentially along fold

hinges) and as veins cutting across the crenulations (plane-polarized

light). b Chlorite–actinolite schist; sulfides (mainly pyrrhotite) are

irregularly dispersed or occur in pressure shadows of actinolite (Act)

porphyroblasts (plane-polarized light). c Chert cut by vein filled with

quartz, actinolite, and sulfides (pyrrhotite (Po) and chalcopyrite (Ccp);

plane-polarized light). d Same as in c (reflected light)
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standard for mass bias correction. Fe isotope values are

reported relative to the international isotopic standard

IRMM-14 using the conventional delta notations. Several

georeference materials, including banded iron formation

(IF-G) and Hawaiian Basalt (BHVO-1) standards, were also

measured and results were similar to previously reported

values (Dauphas and Rouxel 2006). Based on duplicate

chemical purifications and isotope analyses, the long-term

external reproducibility is 0.08 ‰ for 56Fe and 0.11 ‰ for
57Fe values (2 standard deviations).

Ni isotopes were measured by MC-ICP-MS (PSO, Brest,

France) using a double-spike method for correction of the

instrumental mass bias. The experimental and analytical

methods are described in Gueguen et al. (2013). Samples

were digested in double-distilled, concentrated HCl and

HNO3. Ni was purified with a two-step column separation

procedure using AG1-X8 anionic resin for removal of most

Fe, Cu, and Zn and a specific resin for Ni (manufactured by

Eichrom) for elution of remaining matrix elements. Prior to

loading samples on Ni-spec resin, a known amount of

double-spike solution containing 61Ni and 62Ni isotopes

was added to the samples. 60Ni/58Ni ratios are reported in

conventional delta notation using the NIST SRM 986

international standard. Pure NIST SRM 986 standard so-

lution was also analyzed during each MC-ICP-MS session

in a standard-sample-bracketing manner in order to mon-

itor the external error. The error associated with Ni isotope

analyses is 0.02 ‰ (2 standard error). It was calculated

from the data for 50 measurement cycles performed on

each sample during MC-ICP-MS analysis. The double-

spike correction method is based on iterative calculations

using three isotopic ratios (60Ni/58Ni, 61Ni/58Ni, and
62Ni/58Ni) as previously described by Siebert et al.

(2001) for Mo isotopes. We estimate that this number of

measurement cycles is necessary in order to calculate a

satisfactory error on samples.

Fig. 9 Photomicrographs

(reflected light) of sulfide-

bearing ultramafic rocks. a

Coarse-grained serpentine and

tremolite are intergrown with

sulfides (pyrrhotite (Po),

pentlandite (Pn), and minor

chalcopyrite). The sulfides form

stringers parallel to S1. b Mesh

texture of serpentinized dunite

is cut by a sulfide vein. Sulfide

in turn is also cut by magnetite

(Mag) veins that are parallel to

the mesh texture of the

surrounding metadunite,

suggesting that serpentinization

and magnetite formation took

place after sulfide veining. c

Mesh texture of serpentinized

dunite is cut by a sulfide vein

with a weak fabric parallel to

mesh texture indicating that

veining took place prior to

serpentinization. d, e Sulfide-

bearing reaction rim between

serpentinized dunite and

massive talc-serpentine rock. f

Globular sulfide blebs both

interstitial and within

serpentinized olivine. The

globules are generally aligned

along fractures
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Geochemistry of metasedimentary horizons at Trojan

Mine

Variably silicified and carbonaceous metasedimentary units

were analyzed for their major and trace element contents.

These include nine samples of fine-grained siliciclastic rock,

representing metamorphosed shale and siltstone, and two

samples of metachert. Some samples are from surface expo-

sures, while others were collected from the drillcore 35-1-20

that intersected the MOB and the footwall on the 35th level.

For this aspect of our study, samples of metasedimentary

rocks with sulfide mineralization were avoided as the focus

was on the composition of the siliciclastic material of the

rocks. Results of major and selected trace element analyses

are presented in Table 2.

Excluding two chert samples, selected element concen-

trations for the average composition of the samples of

siliciclastic metasedimentary rocks normalized to PAAS

(post-Archean average Australian shale, Taylor and

McLennan 1985) are plotted in Fig. 10. Most elements have

concentrations lower than PAAS, possibly due to silicifica-

tion resulting in apparent element depletion due to silica

dilution, as SiO2 content has a large range with values as

high as 82 %. Compared to PAAS (Fig. 10), Al2O3 and TiO2

values are relatively low (average Al2O3=13.3 %). Samples

with the highest Al2O3 contents do not necessarily have the

lowest SiO2 contents, as would be expected for siliciclastic

sedimentary rocks, again suggesting that the primary miner-

alogy has been modified by silicification. Na2O contents are

strongly enriched relative to PAAS, with values as high as

6.9 %, indicating albitization. Transition metals correlate

positively with each other and with Fe2O3 content and are

generally slightly depleted relative to PAAS, with the excep-

tion of Ni, which is slightly enriched, with values as high as

419 ppm. Base metals are strongly enriched in the sample

set, yielding average values of 212 ppm for Cu, 2,841 ppm

for Zn, and 70 ppm for Pb.

High-field-strength element ratios show a moderate

range of variation (Nb/Ta=9–14.4; Zr/Hf=38–42;

Th/U=1.1–6.3), which possibly suggests contributions

from compositionally different sources, but they are gen-

erally close to the chondritic values, suggesting no sig-

nificant fractionation as a result of metasomatic or hy-

drothermal processes during silicification (Bau 1996).

REE contents range widely from 46 to 430 ppm and

are on average higher than that for PAAS (Fig. 10).

There is a moderate positive correlation with P2O5 content

(R2=0.58), suggesting a possible control by detrital minerals

such as monazite. All samples show LREE enrichment (aver-

age LaN/SmN=3.81; Fig. 11), while the HREE are relatively

unfractionated (average GdN/YbN=1.36). Both negative and

positive Eu anomalies (Eu/Eu*=0.64–1.99) are present in the

sample set.

Useful and widely employed proxies for the bulk composi-

tion of the provenance are the Cr/Th and Th/Sc ratios (Condie

and Wronkiewicz 1990; McLennan and Taylor 1991). The

average Cr/Th ratio of 14.6 and Th/Sc ratio of 0.6 for the

siliciclastic metasediments in our study suggest a source of

intermediate to felsic composition. A comparison with geo-

chemical data (Tomschi 1987; Jelsma 1993) for rhyodacite of

the Iron Mask Formation and basalt of the Arcturus Formation,

both in terms of REE systematics and Cr/Th ratios (Figs. 11 and

12), suggests that a major proportion of the clastic material was

derived from a source that may have had a composition inter-

mediate between the two endmembers. However, this source is

unlikely to represent a simple mix of the two lithologies as a

result of erosion. An intermediate to felsic volcanic source is

also indicated by a large proportion of felsic volcanic detritus in

metasandstone intercalated with the metashale. However, dif-

ference in composition between the metasedimentary rocks and

rhyodacite of the Iron Mask Formation (e.g., the latter have

strongly fractionated HREE, see Fig. 11) makes it unlikely that

felsic material was simply derived from erosion of

stratigraphically underlying rocks. Instead, synsedimentary vol-

canism providing pyroclastic material of intermediate to felsic

volcanic composition seems more likely. Contemporary mafic

and felsic volcanism has been reported from several greenstone

belts that host Ni sulfide deposits (Barrie 1999; Trofimovs et al.

2004).

The chert samples consist predominantly of SiO2 and

Fe2O3 and likely represent either exhalites precipitated at

the seafloor or replacement products of siliciclastic sedi-

ments. Replacement may have taken place near the sedi-

ment–water interface shortly after deposition during hydro-

thermal activity and silicification, or during later episodes of

hydrothermal alteration. Trace element ratios and REE pat-

terns of the cherts are very similar to those of the clastic

rocks, suggesting that they do contain minor amounts of

compositionally similar detrital material.

Multiple S, Fe, and Ni isotope systematics

A recent study of several komatiite-hosted Ni deposits from

Western Australia (Yilgarn craton) and Canada (Abitibi green-

stone belt, superior craton) using multiple isotopes of sulfur

( 33S, 34S) and iron isotopes ( 56Fe) has confirmed previous

inferences that S is predominantly derived from crustal

sources (Bekker et al. 2009; Hiebert et al. 2012). A sedimen-

tary source was also indicated for some Archean Ni–

Cu–(PGE) sulfide deposits in mafic–ultramafic intrusions of

Botswana (Fiorentini et al. 2012) and Finland (Konnunaho

et al. 2013). Mass-independent fractionation (MIF) of S isotopes

is defined by non-zero 33S values, where 33S 33S 0.515×
34S (Hulston and Thode 1965), and accompanies SO2 photol-

ysis under ultraviolet radiation (Farquhar et al. 2001). MIF of S
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Table 2 Major element (in weight percent oxide) and trace element (in parts per million) concentrations of metasedimentary rocks from TrojanMine

TM6.9 TM7.5 TM9.5 TM12.7 ZTR-2 ZTR-3 ZTR-4 ZTR-6 ZTR-7 ZTR-8 ZTR1

Shale Shale Shale Shale Shale Chert Shale Shale Shale Shale Chert

SiO2 65.65 60.74 61.62 63.37 48.20 88.19 70.05 81.97 73.92 56.02 98.26

TiO2 0.52 0.48 0.44 0.52 0.42 0.02 0.56 0.26 0.46 0.35 0.01

Al2O3 12.42 12.37 15.13 15.62 13.63 0.04 16.89 8.56 11.34 14.08 bd

Fe2O3 8.17 11.84 6.58 1.42 11.60 7.61 0.67 0.58 0.65 1.42 0.37

MnO 0.12 0.15 0.11 0.03 0.05 0.02 0.04 0.02 0.01 0.03 0.01

MgO 1.65 2.13 2.16 2.52 2.23 0.11 0.87 0.48 1.02 9.53 bd

CaO 0.83 1.84 0.96 2.05 2.16 0.10 0.02 0.01 1.77 0.88 0.07

Na2O 5.34 4.13 4.94 1.50 6.94 0.05 0.16 0.18 3.87 4.61 bd

K2O 1.40 1.86 4.14 12.15 0.02 bd 5.49 2.83 0.12 0.03 0.12

P2O5 0.07 0.08 0.08 0.17 0.08 0.03 0.02 0.02 0.04 0.02 bd

LOI 1.56 0.92 2.07 0.69 11.92 0.98 5.49 4.67 6.54 12.55 0.46

Total 97.73 96.55 98.24 100.03 97.25 97.15 100.26 99.58 99.74 99.52 99.3

Sc 12.5 13.1 10.5 8.0 28.2 0.1 6.4 5.5 8.2 6.7 0.1

V 48.6 74.5 86.5 49.5 85.5 0.7 89.4 38.4 44.5 41.5 0.5

Cr 80.4 120.4 78.5 23.9 114.4 0.8 59.4 44.2 54.9 56.1 0.9

Co 26.9 40.5 29.0 3.3 65.5 15.2 0.8 0.2 4.1 8.2 0.9

Ni 93.5 83.9 50.4 7.9 224.5 41.3 20.4 12.3 38.9 419.0 5.5

Cu 196 354 268 145 357 751 22 18 189 361 21

Zn 3639 1695 5191 117 11881 226 60 26 113 2848 17

Rb 59.8 94.2 75.3 160.7 0.4 0.1 98.6 61.4 1.3 0.3 0.1

Sr 109.4 128.6 61.3 233.6 83.2 0.7 11.1 10.8 134.3 64.3 1.2

Y 24.2 20.7 11.8 25.2 20.5 1.3 3.3 4.8 9.1 14.1 1.1

Zr 222.2 168.7 162.4 223.4 110.9 0.4 200.9 100.3 167.3 135.4 2.6

Nb 9.62 5.74 4.96 8.25 4.86 0.03 8.74 5.36 7.23 4.04 0.05

Ba 67 79 286 1486 17 1 318 350 69 28 4

La 20.0 17.2 8.4 34.4 14.3 0.4 2.9 17.3 10.3 13.7 0.4

Ce 41.2 35.3 20.5 66.2 33.6 0.7 4.5 30.2 21.3 24.6 0.9

Pr 5.07 4.34 1.82 6.41 4.35 0.10 0.51 3.19 2.09 3.73 0.12

Nd 20.93 17.80 7.20 23.21 18.26 0.48 1.90 11.94 7.80 15.73 0.50

Sm 4.47 3.86 1.42 4.33 4.26 0.13 0.28 2.11 1.61 3.67 0.11

Eu 1.31 0.98 0.74 1.11 1.74 0.04 0.12 0.40 1.08 1.31 0.06

Gd 4.41 3.78 1.60 4.61 3.97 0.17 0.37 1.74 1.74 3.62 0.14

Tb 0.67 0.56 0.27 0.76 0.62 0.03 0.08 0.21 0.33 0.49 0.02

Dy 4.23 3.48 1.79 4.88 3.76 0.18 0.61 1.12 1.67 2.67 0.15

Ho 0.87 0.71 0.39 0.98 0.74 0.04 0.14 0.20 0.34 0.51 0.04

Er 2.58 2.11 1.23 2.78 2.12 0.12 0.52 0.57 1.03 1.46 0.10

Tm 0.39 0.32 0.20 0.39 0.32 0.02 0.10 0.09 0.16 0.22 0.02

Yb 2.64 2.20 1.40 2.30 2.17 0.11 0.79 0.63 1.45 1.51 0.11

Lu 0.42 0.35 0.24 0.31 0.36 0.02 0.14 0.10 0.22 0.25 0.02

Hf 5.36 4.19 4.19 5.32 2.81 bd 4.91 2.64 4.14 3.43 0.02

Ta 0.69 0.40 0.55 0.57 0.39 bd 0.63 0.40 0.61 0.34 0.00

W 0.21 0.23 1.29 1.08 0.57 0.06 3.27 1.37 1.03 0.50 0.02

Pb 198.5 118.9 123.7 61.2 51.6 332.2 6.7 29.4 16.4 27.4 0.9

Th 5.83 4.61 6.08 7.22 5.22 0.03 2.33 3.92 4.78 8.19 0.01

U 1.85 1.36 2.49 3.20 1.71 0.08 2.22 1.18 1.95 1.31 0.04

Total iron is reported as Fe2O3
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isotopes in Archean sulfides and sulfates has been attributed to

the absence of an ozone shield in the anoxic Archean atmo-

sphere (Farquhar et al. 2000; Pavlov and Kasting 2002; Bekker

et al. 2004). Multiple S isotope analysis thus allows differenti-

ation between S with 33S 0 ‰ that passed through the

Archean atmosphere and magmatic S with 33S=0 ‰.

Bekker et al. (2009) observed both negative and positive
33S values of Ni-bearing sulfide ore. For several deposits,

these values were similar to those of base-metal barren massive

sulfides and sulfidic shales present in the footwall of the ore

bodies. The sulfur in the Ni ores was interpreted by the authors

to have likely been derived from the footwall sedimentary

sulfides.

Fe isotope fractionation occurs during redox changes, fluid–

mineral interactions, and biological processes (e.g., Anbar and

Rouxel 2007; Johnson et al. 2008). While igneous and

siliciclastic sedimentary rocks have near-zero 56Fe values that

cluster at 0.1‰ relative to the IRMM-14 standard, iron sulfides

in Archean black shales, and volcanogenic massive sulfides of

various ages systematically show negative iron isotope values

as low as 3.2 ‰ (Rouxel et al. 2005, unpublished data). In

contrast, banded iron formations generally yield more positive
56Fe values up to 1.8‰, although distinct Fe isotope compo-

sitions are observed depending on Fe-bearing minerals, such as

Fe-carbonate, magnetite, or hematite (Johnson et al. 2008;

Planavsky et al. 2012). Bekker et al. (2009) reported iron

isotope composition of Archean komatiite-hosted Ni sulfides

of the Yilgarn and Superior cratons to be close to 0 ‰,

suggesting a predominantly magmatic source of iron in the

sulfides.

To date, Ni stable isotope studies were mainly applied to

cosmochemical processes (Moynier et al. 2007; Cook et al.

2008), with only few studies (Cameron et al. 2009; Tanimizu

and Hirata 2006) dealing with Ni isotope systematics of terres-

trial rocks. Recently, Gueguen et al. (2013) estimated the bulk

silicate Earth 60/58Ni value to be around +0.05±0.05 ‰ rela-

tive to SRM 986 standard. Recently reported 60/58Ni values of

komatiite-hosted Ni-rich sulfides from the Agnew–Wiluna

greenstone belt in Western Australia and the Abitibi greenstone

belt in Canada vary from 0.10 to 1.03±0.03 ‰, which

indicates significant abiotic fractionations at high temperature

in magmatic systems (Gueguen et al. 2013).

Sulfide mineral separates of selected samples were

subjected to multiple S, Fe, and Ni isotope analyses.

Fig. 10 PAAS-normalized distribution of selected major and trace

elements of the average clastic metasedimentary rock from Trojan Mine

Fig. 11 Chondrite-normalized

REE plots of clastic

metasediment and metachert

samples from the Trojan Mine

area as well as the average

compositions of rhyodacite of

the Iron Mask Formation and

basalt of the Arcturus Formation
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Trojan Mine

We separated sulfides from 11 samples from drillcore 35-1-20.

Samples include sediment-hosted sulfide and sulfide frommas-

sive, net-textured, and disseminated ore (Table 3). Sulfides

show 34S values from 0.1 to 4.1 ‰ (Fig. 13a). All samples

have a MIF signal with 33S values ranging from 0.58 to

1.12 ‰. The metasedimentary sulfides have the highest 34S

and the lowest 33S values. The ore sulfides have relatively

constant 33S values irrespective of mineralization type. 34S

and 33S values of the metasedimentary sulfides and some ore

sulfide samples show an apparent negative linear correlation.

Iron isotope values of ore sulfides (Fig. 14) show a narrow

range of 56Fe values from 0.28 to 0.07‰with the average of

0.11 ‰, which is slightly lower than that for Eoarchean

peridotites (Dauphas et al. 2009) and fertile upper-mantle de-

rived from measurements of modern peridotites (Weyer and

Ionov 2007) and defined at 0.02 ‰. The metasedimentary

sulfides have the lowest 56Fe values ranging between 1.36

and 1.52 ‰, which are within the range of 56Fe values of

Neoarchean sedimentary sulfides in metashales that have high-

ly negative Fe isotope values (e.g., Rouxel et al. 2005).

Nickel isotope values of massive and net-textured ore

samples from Trojan Mine display a restricted range of neg-

ative 60/58Ni values from 0.23 to 0.43‰ (Table 3) with the

average value of 0.38 ‰ within the range of, albeit less

variable than, values for komatiite-hosted Ni sulfides reported

by Gueguen et al. (2013).

Shangani Mine

We separated sulfides from nine samples of hand specimens and

the drillcore 855/50W/2. Samples include sulfides frommassive

and net-textured ore from the Main ore body, disseminated

sulfides, mainly present in carbonate veins in talcose serpentinite

from the Main ore body, and pyrite nodules from carbonaceous

shale associated with the Far West ore body (Table 3). The

sedimentary pyrites in carbonaceous shale have the highest
34S (3.8 to 5.1‰) and 33S (1.8‰) values (Fig. 13a), while
56Fe values show systematic enrichment in light isotope and

are as low as 1.4 ‰ (Fig. 14). Disseminated sulfides in

carbonate veins in talcose serpentinite as well as samples of

net-textured ore have 34S values ranging from 0.8 to 2.8 ‰,

with the average 33S value of 0.7‰ and 56Fe values of 0.75

to 0.58 ‰. 33S values of massive ore are within the range of

mass-dependent fractionation of sulfur isotopes (0.0±0.2 ‰,

Farquhar and Wing 2003) and have 34S and 56Fe values of

0.9 to 1.3 and 0.25 to 0.26‰, respectively. Only one Ni isotope

analysis of the net-textured ore from Shangani Mine has been

performed, and it yielded a 60/58Ni value of 0.47‰, which is

similar to that for ore samples from Trojan Mine.

Discussion

When considering the genesis of the Trojan and Shangani

nickel deposits, it is important to differentiate between primary

magmatic and secondary metamorphic–hydrothermal process-

es. Previously, the preferred model for the Trojan and Shangani

deposits has been one in which gravity settling of sulfides in

ultramafic flows resulted in nickel concentration toward the

footwall of the flows, with massive sulfides forming in de-

pressions. It was thought that the effect of structural–metamor-

phic processes during subsequent events was limited to minor

remobilization (Chimimba and Ncube 1986). Considering the

complex deformation and alteration experienced by the rocks in

the Trojan and Shangani mine areas, it is necessary to explore to

what extent other processes may have affected the distribution

and grade of Ni sulfide mineralization. Although both deposits

share a similar geological history, we focus our discussion on

Trojan Mine for which more data are currently available.

Gravity settling of sulfide melt vs. secondary hydrothermal

processes

According to Chimimba (1984), the main observations

supporting a magmatic origin of the sulfides include the pres-

ence of intercumulus sulfides inmatrix ore, the basal position of

Fig. 12 Cr/Th vs. LaN/YbN diagram showing siliciclastic metasediments

(filled circles), rhyodacite of the Iron Mask Formation (open squares),

and basalt of the Arcturus Formation (open triangles). Also shown is the

average composition of the Iron Mask Formation rhyodacite (filled

square) and Arcturus Formation basalt (filled triangle) as well as a mixing

trajectory between the two end-member compositions in steps of 10 %.

Note that the Trojan Mine samples do not plot near the proposed mixing

trajectory, thus not supporting a simple mixing relationship between the

two potential end-member compositions
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Table 3 Description of samples used for sulfur, iron, and nickel isotope and element concentration analyses and analytical results

Drillcore Depth (m) Sample # Rock type 34S* 33S* 33Sln 56/

54Fe

57/

54Fe

60/

58Ni

S

(wt.%)

Fe

(wt.%)

Ni

(wt.%)

Cu

(wt.%)

Sulfide type

Trojan Mine

35-1-20 7.5 TM7.5 Silicious meta-greywacke 3.5 2.7 0.84 1.41 2.12 37.29 59.44 0.04 0.02 2 mm layer of Po

35-1-20 9.5 TM9.5 Silicious meta-shale 4.1 2.7 0.58 1.52 2.24 33.81 54.14 0.05 0.40 Po nodule

35-1-20 10.4 TM10.4 Silicious meta-greywacke 4.0 2.6 0.60 1.36 2.12 14.38 25.04 0.02 0.15 Po veinlets

35-1-20 20.4 TM20.4 Massive ore 2.6 2.4 1.05 0.07 0.14 0.40 35.52 41.36 16.88 0.51 Po–Pn

35-1-20 20.8 TM20.8 Massive ore 1.1 1.5 0.96 0.03 0.01 0.39 35.90 42.80 16.44 0.41 Po–Pn

35-1-20 22.55 TM22.55 Massive ore 2.7 2.3 0.96 0.18 0.26 0.43 36.78 47.52 8.94 0.62 Po–Pn

35-1-20 25.6 TM25.6 Massive ore 0.1 0.9 0.95 0.22 0.32 0.38 36.73 48.02 8.72 0.36 Po–Pn

35-1-20 27.9 TM27.9 Massive ore 0.1 0.9 0.95 0.08 0.15 37.14 47.98 10.10 0.35 Po–Pn

35-1-20 30.55 TM30.55 Massive ore 2.7 2.3 0.97 0.07 0.16 36.23 45.03 12.77 0.63 Po–Pn

35-1-20 34.2 TM34.2 Net-textured ore, serpentinite 2.4 2.4 1.12 0.28 0.44 0.28 31.89 39.59 15.10 0.03 Po–Pn

35-1-20 37.9 TM37.9 Disseminated ore, serpentinite 2.9 2.5 1.01 0.18 0.27 14.18 24.55 1.91 0.26 Po

Shangani Mine

Hand specimen FWOB-1 Carbonaceous shale 5.1 4.4 1.84 0.25 0.37 30.07 25.81 0.01 0.00 Cubic Py forming nodules

Hand specimen FWOB-2 Carbonaceous shale 3.8 3.8 1.83 1.41 2.09 33.85 51.02 0.11 0.11 Cubic Py–Po forming nodules

Hand specimen MOB-1 Massive ore 0.9 0.5 0.03 0.26 0.42 33.80 29.18 0.25 29.09 Ccp

Hand specimen MOB-3 Massive ore 1.3 0.7 0.03 0.25 0.34 34.81 30.70 0.22 31.06 Ccp

Hand specimen MOB-2 Net-textured ore, serpentinite 0.8 1.1 0.69 0.58 0.87 0.47 32.45 33.47 23.83 0.13 Po–Pn

Hand specimen MOB-2B Net-textured ore, serpentinite 1.0 1.2 0.68 0.10 0.22 34.03 42.41 13.53 0.04 Po–Pn

855/SOW 8.9 855-MOB-8.9 Talcose serpentinite 2.2 1.8 0.69 0.04 0.08 7.61 7.18 0.07 0.01 Po in carbonate vein

855/SOW 56.7 MOB-56.7 Talcose serpentinite 2.8 2.2 0.73 0.75 1.11 31.69 32.98 14.35 0.22 Blebs/veinlets of Po–Pn

855/SOW 103 855-MOB-

103

Talcose serpentinite 2.0 1.7 0.72 0.02 0.00 33.07 31.03 4.96 1.36 Blebs/veinlets of Po–Pn

33 S* and 34 S* are defined as x S*=1,000ln([ x S/1,000]+1), where x is 33 and 34, respectively (cf. Miller 2002). 33 S and 34 S are conventional notations with respect to VCDT defined as
x S=1,000[(x S/32 S)sample/(

x S/32 S)VCDT 1], where x is 33 and 34, respectively. 33 Sln
33 S* 0.515× 34 S*

Py pyrite, Ccp chalcopyrite, Po pyrrhotite, Pn pentlandite

M
in
er

D
ep
o
sita

A
u

th
o

r's p
erso

n
a

l co
p

y



massive and matrix ore, and the ordered sequence of massive,

matrix, and disseminated ore upward from the footwall of the

mineralized serpentinite bodies. However, the following obser-

vations argue against a simple gravity-settling model:

1. Although whole-rock Ni-content profiles in disseminated

ore are gradual (Chimimba and Ncube 1986), sudden

changes in Ni sulfide content can be present between the

different ore zones andmay testify to tectonic disturbance,

as shear zones have been observed at the contact between

the disseminated ore and the underlying more massive

ore. In fact, when disseminated ore overlies a massive

sulfide layer, a barren, 2–3-m-wide zone is usually devel-

oped (Chimimba and Ncube 1986).

2. The Ni content in most of the ore bodies increases from the

stratigraphic top to the bottom. The conspicuous exception

to this rule is the Footwall no. 2 ore body (FW2OB)

immediately north of the summit of Cardiff Hill (Fig. 3b).

This ore body, which was mined to the third level before it

became erratic, occurs in the hanging wall of an ultramafic

lens. Its position has been explained by a synclinal fold that

overturned the stratigraphy around the ore body (see

Fig. 6), but the existence of this fold structure conflicts

with an apparent lack of younging reversals to the east of

the fold (Fig. 6). Consequently, the nickel sulfide enrich-

ment of the FW2OB cannot be attributed to simple

orthomagmatic processes.

3. The distribution of disseminated ore of the MOB is

irregular and cuts through lithological contacts (Fig. 7a).

4. The deformation textures observed in schist horizons

indicate high strain. Consequently, the current arrange-

ment of lithologies bears little resemblance to the origi-

nal stratigraphy, and existing geometries cannot be un-

equivocally used to infer “depressions” responsible for

the distribution of massive ore.

5. Fleet and Pan (1994) pointed out that Ni and Cu contents

and their ratios in massive and disseminated ores at

Trojan and Shangani mines are inconsistent with segre-

gation of an immiscible sulfide liquid and may instead be

related to subsolidus sulfide–silicate alteration reactions.

6. Although sulfides are recorded in interstitial position in

matrix ore, a relation generally interpreted as primary

magmatic, these sulfides are intergrown with metamor-

phic silicates (Fig. 9a). This means that such textures are

not genuinely primary, but at least underwent modifica-

tion during metamorphism.

7. Metasedimentary schists represent volcaniclastic deposits of

intermediate to felsic composition that have been affected

by synsedimentary hydrothermal processes resulting in

base-metal enrichment as well as by metasomatic processes

including silicification and albitization. They are more sili-

cious and carbonaceous adjacent to mineralized ultramafic

units in comparison with those associated with metabasalt.

Silica is mobile during serpentinization of ultramafic rocks

(e.g., Frost and Beard 2007) and may have migrated from

the ultramafic rocks into the adjacent sedimentary horizons

Fig. 13 Plots of 33S vs. 34S

values for metasedimentary and

ore sulfides from a Trojan Mine

and b Shangani Mine. Dashed

arrows indicate possible mixing

trends

Fig. 14 Plot of 34S vs. 56Fe values for metasedimentary and ore

sulfides from Trojan Mine (TM) and Shangani Mine (SM)
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upon shearing. Massive and near-massive nickel sulfide

ore bodies only occur in direct contact with chert and

silicified, carbonaceous metasedimentary schist enriched

in sulfide. The content of sulfide and carbonaceous matter

are commonly correlated in organic matter-rich shales

(e.g., Morse and Berner 1995), which might explain why

economic mineralization in ultramafic bodies is present

only in the vicinity of highly sulfidic and carbonaceous

shales. This could indicate that ore bodies developed only

in the vicinity of black sulfidic shales due to crustal assim-

ilation. Alternatively, it is conceivable that sulfur, derived

from the breakdown reaction of pyrite into pyrrhotite in

carbonaceous shale at lower-amphibolite facies conditions

(Craig and Vokes 1993; Tomkins 2010), may have entered

the ultramafic rocks with hydrothermal fluids channeled

along shear zones bounding the ultramafic bodies. This

process would also require Ni liberation from the ultramaf-

ic rocks during serpentinization and their subsequent mi-

gration into ore horizons.

Structural vs. stratigraphic controls on ore body geometry

The complicated intercalation of basalt, ultramafic rocks, and

metasedimentary units is not an original volcano-sedimentary

stratigraphy. Many lithological contacts in the area are strong-

ly sheared. In addition, the siliceous schists are not primary

chemical sedimentary deposits but strongly silicified and

sheared metasedimentary rocks.

An important indication that structural–metamorphic pro-

cesses played a role in the mobilization of the nickel ore deposit

at Trojan Mine is the linear nature of the ore bodies and

lensoidal geometry of ultramafic host rocks parallel to the

S0/S1 intersection lineation (Fig. 5d). A similar relationship

exists at Shangani Mine (Dirks and Sithole 1996) and has also

been described from other deposits in Western Australia (e.g.,

Barrett et al. 1977; Gresham and Loftus-Hills 1981). To explain

this alignment, it has been suggested that the linear nature of ore

bodies reflects the shape of volcanic flow channels and that

massive sulfide deposits are responsible for strength heteroge-

neity in the crust localizing strain (e.g., Gresham and Loftus-

Hills 1981). Although such linear flow channels may have

existed, it appears highly unlikely that they are, almost as a

rule, parallel to the orientation of peak-metamorphic linear

deformation features of regional significance. Regarding

Trojan Mine, this means that the intersection lineation, which

is identical in a large area around the mine, cannot possibly be

dictated by relatively small linear bodies that occur within the

sequence, and it is muchmore likely that the linear nature of the

ore bodies and the host ultramafic rocks resulted from regional

tectonics. An alternative suggestion that ore bodies may have

rotated to be parallel with the regional strain (e.g., Lacroix and

Darling 1991) is also unlikely. First, to attain the near perfect

alignment, very high penetrative strain is required, yet not

recorded. Second, high strain would align the ore bodies with

the direction of maximum elongation (L1), which in the Trojan

Mine area is plunging shallowly to the SW (Fig. 5b), yet the ore

bodies dip steeply NW parallel to the S0–S1 intersection linea-

tion (Fig. 5c). For these reasons, it is compelling that the linear

nature of the ore bodies and their host rocks has a structural–

metamorphic origin.

Hydrothermal control on sulfide mineralization at Trojan

Mine

The area around Trojan Mine has been strongly deformed

during several phases of deformation. Extensive metamorphic

reworking of the ultramafic rocks has likely taken place. It is

possible that reworking was associated with remobilization of

Ni and S, resulting in a hydrothermal control over ore forma-

tion. Faults represent zones of high permeability and act as

conduits for hydrothermal fluids. There is abundant evidence

for hydrothermal activity within the metasedimentary units that

were preferentially affected by shearing. Deformation increased

permeability of massive ultramafic bodies and may have

allowed a pervasive hydrothermal fluid circulation, intense

water–rock interaction, and enhanced serpentinization. In con-

trast to Cr, Ni in ultramafic rocks can be mobile during hydro-

thermal alteration, such as silicification (Hofmann and Harris

2008), and is liberated from olivine during serpentinization

(e.g., Eckstrand 1975; Donaldson 1981). Sulfur could have

been sourced from pyrite breakdown in sulfidic shales, entered

altered volcanic rocks along shear zones, and preferentially

scavenged siderophile elements, such as Ni and Fe. Ore shoots

developed along structural features controlled by thrusting of

the greenstone sequences, coaxial to the 3 direction character-

ized by a pervasive regional mineral lineation. During subse-

quent deformation and metamorphic events related to gneiss

doming and strike-slip shearing, ore bodies were rotated and

reoriented. Locally, massive sulfide ore bodies were extensive-

ly reworked, resulting in injection veins into footwall rocks and

brecciated ores.

The problem with a hydrothermal–metamorphic origin

for nickel sulfide mineralization is the role of primary sul-

fides in ultramafic rocks. Were primary disseminated sul-

fides present in the ultramafic rocks and were subsequently

upgraded and remobilized by hydrothermal and metamor-

phic processes? Did disseminated sulfides form by second-

ary, hydrothermal, and metamorphic processes? Did a com-

bination of these processes take place? Multiple sulfur and

iron isotope data help to differentiate between igneous and

sedimentary sulfur sources as well as low- and high-

temperature processes (Bekker et al. 2009). We therefore

further explore below the question whether these proxies,

in combination with Ni isotopes, can help to differentiate

between a hydrothermal–metamorphic and orthomagmatic

control on Ni sulfide mineralization.
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Constraints from multiple S, Fe, and Ni isotope analyses

We consider that the distinct MIF signal of samples from Trojan

Mine (Fig. 13) suggests derivation of sulfur from crustal, sedi-

mentary sources. Positive 33S values suggest that sulfur was

most likely derived from disseminated pyrite in shale, which

commonly have highly positive 33S values in Neoarchean

sedimentary successions (e.g., Farquhar and Wing 2005; Ono

et al. 2009). The sulfides in shales at Trojan Mine are predom-

inantly secondary in origin and were formed by sulfur

remobilization. Interestingly, they have lower 33S values com-

pared to the ore sulfides, which may indicate that secondary

sulfide in the shale was derived from a mixture of sources,

possibly also including sulfur with negative and even zero
33S values.

MDF of S isotopes of massive ore from Shangani Mine

most likely suggests a magmatic source of the sulfur as sedi-

mentary to early diagenetic sulfides in associated metashales

show distinctly positive 33S values. Alternatively, it might

suggest crustal assimilation and subsequent sulfur isotope ho-

mogenization in a large crustally derived sulfur reservoir, re-

moving mass-independent fractionation of sulfur isotopes

unique to a particular lithology (Fiorentini et al. 2012). In

contrast, the S isotope values of sulfides in veins in talcose

serpentinite and in net-textured ore appear to lie on a mixing

line between magmatic and sedimentary end-members,

suggesting a contribution of both.

The small range of iron isotope values in ore sulfides from

Trojan Mine suggests that, in contrast to sulfur, most of iron

could have been derived from magmatic sources (cf. Hiebert

et al. 2013). As recently discussed by Craddock and Dauphas

(2011), ultramafic and mafic rocks have an iron isotopic com-

position similar to that in chondrites ( 0.01±0.01 ‰) and

different from that in more evolved and differentiated rocks.

Hence, our results suggest Fe isotope fractionation of less than

0.2 ‰ between Ni sulfides and silicates by high-temperature

magmatic processes, which is consistent with previous studies

(Schuessler et al. 2007). Fe isotope data for secondary sulfides

in the metashales and metagraywackes cluster at 1.45 ‰

(Fig. 14) suggesting that they were derived from either sedi-

mentary or hydrothermal sulfides remobilized on the scale of

their hosting units during deformation and metamorphism.

Although negative 56Fe values in sedimentary pyrite have

been previously interpreted as reflecting microbial Fe reduction

(e.g., Archer and Vance 2006; Severmann et al. 2008), it is now

widely accepted that abiotic Fe sulfide precipitation in aqueous

systems, both in sedimentary and hydrothermal settings, pro-

duces Fe isotope fractionations of up to 1.5 ‰, with light Fe

isotopes being enriched in Fe sulfide relative to Fe2+aq (Butler

et al. 2005; Polyakov et al. 2007; Rouxel et al. 2008; Bennett

et al. 2009; Guilbaud et al. 2011).

In contrast, the negative Fe isotope values as low as 1.4‰

for pyrite nodules from shales in the Shangani Mine area are

likely to reflect low-temperature fractionation processes dur-

ing sulfide formation during early diagenesis. Although hy-

drothermal fluid circulation may also produce isotopically

light pyrite (Rouxel et al. 2008), the distinctly positive 33S

values in these pyrites suggest rather a sedimentary origin.

In contrast to slightly negative 56Fe values of massive ore

from Trojan Mine, massive ore at Shangani Mine has positive
56Fe values of around 0.25 ‰. Although we currently lack

experimental constraints, such difference can be explained by

the different mineralogy of the ore deposits. The Shangani

Mine ore samples investigated in this study are essentially

composed of chalcopyrite, while only pyrrhotite–pentlandite

assemblages were analyzed from Trojan Mine. As discussed

by Rouxel et al. (2008), it is likely that the equilibrium Fe

isotope fractionation between chalcopyrite and Fe2+ in either

aqueous or melt phase is slightly positive, yielding more

positive 56Fe values for chalcopyrite. Iron isotope values of

disseminated sulfides in serpentinite show a narrow range of
56Fe values between 0.10 and 0.04‰with the exception of

two outliers with 0.75 and 0.58‰ values. The narrow range

can be explained by iron isotope fractionation between sul-

fides and silicates in amagmatic system, while the two outliers

might reflect composition of sulfide xenomelt formed by

assimilation of crustal lithologies that was not completely

homogenized with the magma. However, there is no correla-

tion between the values of MIF of S isotopes and Fe isotope

values as would be expected if both Fe and S were derived

from crustal (sedimentary) source. In modern seafloor-basalt

weathering environments, hydrothermal alteration may re-

lease iron with negative iron isotope values, leaving altered

rocks enriched in heavy isotopes (Rouxel et al. 2003). Hence,

Fe mobility during hydrothermal alteration might be respon-

sible for these two outliers having both negative and positive
56Fe values. In addition, there is also negative iron isotope

fractionation during precipitation of sulfides from cooling

hydrothermal fluids (e.g., Rouxel et al. 2005). These two

processes can explain the highly negative iron isotope value

in the talcose serpentinite. The positive iron isotope value in

the net-textured serpentinite might reflect final stages in

Rayleigh distillation by either sulfide precipitation from hy-

drothermal fluids or iron leaching from ultramafic rocks.

Resolution between these two alternatives requires further

detailed study, which is beyond the scope of this paper.

Whole-rock Ni concentrations in sedimentary rocks are

typically much lower than in mantle-derived ultramafic rocks,

which are the likely source for Ni in magmatic sulfides. Ni

isotope composition of pyrrhotite–pentlandite ore revealed sys-

tematic enrichment in light isotopes to values as low as

0.47 ‰ relative to their ultramafic magma source for which

we assumed Ni isotopic composition to be close to the Bulk

Silicate Earth value of 0.05±0.05 ‰ (Gueguen et al. 2013).
60/58Ni values for both the Trojan and Shangani mines Ni ores

form a narrow range from 0.47 to 0.28 ‰, which clearly
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indicates a unique mechanism responsible for this light isotope

enrichment. For instance, for the Trojan Mine deposit, the

average 60/58Ni value is 0.38 ‰ (n=5), which is consistent

with the negative fractionation of 0.3 ‰ between metal and

silicate phases obtained by Huh et al. (2009). These authors

suggested that Ni isotope fractionation between these two

phases was due to nucleation, growth, and annealing mecha-

nisms in the experimental setup, leading to significant fraction-

ation of Ni isotopes at high temperature. These negative values

contrast with the strictly positive Ni isotope composition mea-

sured in modern marine metalliferous sediments, such as ferro-

manganese crusts and manganese nodules, which varies from +

0.36 to +1.80‰ (Gueguen et al. 2013), arguing further against

a sedimentary source of Ni in komatiites, in contrast to S.

Although at this stage it is difficult to establish the exact cause

of Ni isotope fractionation in magmatic sulfides due to limited

experimental and theoretical studies of this new isotopic sys-

tem, the data provide interesting information on Ni isotope

behavior under high-temperature conditions. Specifically, they

suggest that there is significant fractionation of Ni isotopes,

even higher than that for Fe isotopes, and that Ni sulfide (or

sulfide melt) formation produces systematic enrichment in light

Ni isotopes with respect to the composition of silicate melt.

Can multiple S and Fe isotope data constrain the origin of Ni

sulfide mineralization at Trojan and Shangani mines?

The presence of mass-independent fractionation of multiple

sulfur isotopes in Archean komatiite-hosted Ni sulfide deposits

implies that the sulfur was previously processed through the

atmosphere and then accumulated on the ocean floor prior to

incorporation into the ultramafic magmas. Several Archean

komatiite-hosted Ni-sulfide deposits show mass-independent

sulfur isotope fractionation, suggesting incorporation of sulfur

from seafloor hydrothermal sulfide accumulations or sulfidic

shales (Bekker et al. 2009; Fiorentini et al. 2012; Hiebert et al.

2013; Konnunaho et al. 2013). Nickel sulfides of the Kambalda

deposit show only mass-dependent fractionation of sulfur iso-

topes, which has been explained by either a magmatic sulfur

source or assimilation of multiple crustal sulfur sources, mixing

with mantle-derived sulfur and sulfur homogenization remov-

ing a mass-independent signal (Bekker et al. 2009). On the

scale of a single ore body, assimilation of sedimentary or

seafloor, hydrothermal sulfides by thermal erosion in a lava

channel and mixing with magmatic sulfur in the turbulent flow,

followed by gravitational settling of sulfides upon lava ponding

should lead to a relatively homogeneous isotopic composition

of sulfides. In contrast, sulfidization with sulfur derived from

sedimentary sources via hydrothermal fluid circulation should

result in a more heterogeneous sulfur isotope composition of Ni

sulfides with sulfides in and close to shear zones (fluid con-

duits) and sedimentary units having values reflecting a post-

magmatic source of S derived from the hosting sedimentary

succession. Similarly, iron and nickel isotope values can be

used to test between the orthomagmatic and hydrothermal

models. If Ni sulfides formed in an isotopic equilibrium with

silicate melt in a high-temperature magmatic system, iron and

nickel isotope values of unaltered olivine and sulfide should

reflect limited fractionation under high-temperature conditions

and the mantle source of metals. Alternatively, if hydrothermal

processes led to formation of Ni sulfides, they will not be in

high-temperature equilibrium with adjacent silicates and will

likely show a larger range of iron and nickel isotope values

depending on pathways and kinetics of sulfide precipitation

(Rouxel et al. 2008) as well as redox transformations and low-

temperature fractionations among minerals and with fluids.

Sulfides in metasedimentary rocks at Trojan and Shangani

mines show distinctly positive 33S values. Early diagenetic

pyrite nodules in ca. 2.7 Ga organic matter-rich shales from

different greenstone belts in Zimbabwe (Bekker et al. 2008)

carry predominantly negative 33S values, likely reflecting

seawater sulfate reduction in sediments during diagenesis or in

the water column. They occur in a matrix of shale with dissem-

inated pyrite having highly positive 33S values, likely inherited

from photochemically produced, reduced S species such as

elemental S (Farquhar and Wing 2005; Ono et al. 2009).

Sulfides in metasedimentary rocks at Trojan Mine occur in

secondary veinlets, while those at Shangani Mine are strongly

recrystallized. However, their positive 33S values strongly

suggest that the precursor sulfides in the sediment were predom-

inantly derived from photochemically processed elemental sul-

fur. At both mines, all ore samples that show mass-independent

fractionation have positive 33S values, again suggesting that

the bulk of the sulfur was derived from disseminated pyrite that

did not form by reduction of seawater sulfate. This is unlike

some other Neoarchean komatiite-hosted Ni-sulfide deposits

that have negative 33S values indicating that they may have

assimilated sulfur from distal, barren volcanogenic massive

sulfides (e.g., Bekker et al. 2009). The latter sulfides formed

by seawater circulation through hydrothermal systems and sea-

water sulfate reduction and commonly carry near to zero or

small negative 33S values (Farquhar and Wing 2005; Ueno

et al. 2008; Bekker et al. 2009; Jamieson et al. 2013).

At Shangani Mine, massive ore shows mass-dependent frac-

tionation of sulfur isotopes, which is most easily attributed to a

predominantly magmatic sulfur source. Alternatively, assimila-

tion and subsequent sulfur isotope homogenization in a large

crustally derived sulfur reservoir, erasing mass-independent

fractionation of sulfur isotopes, might be responsible for this

signal. Adding support to the former interpretation, disseminat-

ed sulfides in talcose serpentinite record evidence for mass-

independent fractionation and plot along a mixing line between

sedimentary and massive sulfides (Fig. 13b). It is plausible that

the sulfur in the disseminated ore may represent a mixture of

hydrothermally remobilized magmatic and sedimentary sulfur.

Net-textured ore differs from disseminated ore only in slightly

Miner Deposita

Author's personal copy



lower 34S values, possibly due to mass-dependent equilibrium

fractionation among sulfide minerals in the ore. Iron isotope

values of Ni sulfides show a narrow range consistent with their

predominantly magmatic iron source with the exception of two

samples from talcose serpentinite that were likely strongly

affected by Fe remobilization during hydrothermal activity.

At Trojan Mine, ore sulfides show a restricted range of

positive 33S values, inconsistent with a hydrothermal con-

trol over sulfide mineralization. Sulfides in metasediments,

albeit secondary in origin, have slightly lower but still pos-

itive 33S values, which could indicate that most, if not all,

of the sulfur in the ore body was derived from a sedimentary

rather than a magmatic source. Net-textured and disseminat-

ed ores and metasedimentary rocks lie on a distinct trend on

the 33S vs. 34S diagram (see Fig. 13a), indicating that

during komatiite emplacement and assimilation of crustal

sulfur to reach sulfur saturation sulfur isotope systematics

of crustal source was inherited with little modification (cf.

Hiebert et al. 2013). However, subsequent hydrothermal

processes may have led to exchange between adjacent

metasediments and Ni sulfide in komatiite. As a result of

this exchange, S, Ni, and possibly other chalcophile elements

(e.g., Cu) were added to the metasediments, and in other

cases, sedimentary sulfur was introduced to komatiite. Iron

isotope values of Ni sulfides from Trojan Mine have a

narrow range suggesting that the iron inventory in komatiite

is predominantly of mantle derivation.

Conclusions

A combination of petrological, geochemical, and structural data

for the komatiite-hosted Trojan and Shangani Ni deposits in

Zimbabwe indicates a complex geological history of ore-

forming processes. Both deposits are associated with mineral-

ized serpentinite bodies that occur in direct contact with sulfidic

metasedimentary units. Multiple episodes of deformation and

metamorphism have obliterated primary contact relationships

and have modified ore mineralogy. Lithological contacts have

been sheared, sulfide minerals have been remobilized, and ore

bodies have been reoriented, inconsistent with the previously

proposed model of simple, orthomagmatic nickel sulfide min-

eralization. We have, however, shown that the combination of

multiple S, Fe, and Ni isotope data provides a “see-through”

proxy to test whether magmatic or metamorphic–hydrothermal

processes played a major role in ore genesis. For the

Zimbabwean Ni sulfide deposits described herein, which are

generally of low grade (0.5–0.6 % Ni), a magmatic origin with

subsequent hydrothermal reworking is indicated. While mas-

sive nickel sulfides at the Shangani Mine deposit could have

formed via high-temperature magmatic processes without the

addition of sedimentary sulfur, assimilation of crustal sulfur

was critical for the origin of net-textured and disseminated ore

mineralization at Trojan Mine. The net-textured and dissemi-

nated ore mineralization at Shangani Mine could have been

formed by post-magmatic hydrothermal processes with sulfur

derived from a mixture of magmatic and sedimentary sources.

This study indicates that the post-magmatic geological history

of komatiite-hosted nickel sulfide deposits should not be

discounted in genetic models for mineralization and that meta-

morphic and hydrothermal processes could be a controlling

factor in the formation and upgrading of low-grade nickel

sulfide deposits in terrains strongly affected by tectono-

metamorphic overprints.
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nodule de manganèse récolté dans l�Océan 

ferromanganese nodule�

�

: �

Pacific Gyre ferromanganese nodule�



�

n between.  The �matrix� is found as





03.09�S, 

53.65�W, at 5126 m water depth during the Knox02RR cruise of the RV Roger Revelle,

�



The nodule sample �matchstick� was sect

between the �Outer� region (Mn rich structures) and the �Inner� region (e



with layered growth  and a �botryoidal� morphology are surrounded by a porous "matrix", as 







material, referred to as �botryoidal�

reference spectra.   Spots 5 and 1 in the Inner map are the best examples of the �botryoidal� 



�

� �



te  feroxyhite 

feroxyhite would reflect the �diagenetic� source of metals (sediment porewaters), while 

goethite would be indicative of the �hydrogenetic� source of metals (seawater dissolved trace 

cation neighbor to Fe is not always Fe but is sometimes Mn, such as an �Fe vernadite�.  

approaches.  A strong correlation between Co, Ni, Cd, Zn, Cu and Mn in a � � phase 

correlated with an �amorphous FeOOH� phase that 





AES measurements on the nodule section. The distinction between �Inner� and �Outer� 
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doesn�t only reflect a high metal supply to sediments, but also show a high degree of metals 



nodules. The interest lying in Ni isotope systematic is that it�s an element strongly associated 



R/V L�Atalante and eventually the BIONOD 2012 cruise are the achievement of the contract.



�0� with no nodule visible on the zone; (2) facies �A� with small nodules of irregular 

facies �B� with larger nodules of more regular shape; and (4) facies �C� with large nodules 
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Photomicrograph of the lowermost part of region �I� of crust ZEP



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 


