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Résumé 

Dans ce travail nous utilisons les propriétés de traceurs géochimiques des systèmes isotopiques du 
Sm-Nd, Lu-Hf et Rb-Sr, ainsi que des éléments majeurs et des éléments en trace (Terres Rares) pour 
apporter une contribution à la connaissance de la composition et de l'évolution du manteau archéen 
terrestre (T compris entre 2500 et 3800 Ma). Nous étudions aussi le comportement de ces systèmes 
et/ou éléments lors de l'altération et du métamorphisme, étant entendu que les roches archéennes 
présentent toutes des signes d'altération et/ou de métamorphisme, deux processus qui peuvent avoir 
effacer leurs caractéristiques géochimiques originelles. Les objets d'étude sont des roches de 
composition basique à ultrabasique (komatiites, basaltes et gabbros) et proviennent d'Afrique du sud 
(ceintures de Barberton et de Schapenburg; T=3500 Ma), d'Australie (craton de Pilbara; T=3500 
Ma), de Finlande (T=2700 Ma) et du Groënland (ceinture d'Isua; T=3800 Ma). 

Les résultats géochimiques obtenus sur les komatiites d'Afrique du Sud et du craton de Pilbara, 
couplés avec ceux publiés sur des komatiites provenant d'autres régions du monde (Canada, 
Zimbabwe, Inde), montrent qu'il existe, dans ces roches, des variations systématiques des rapports 
Caû/Ahû3, Al203fTi02 et (Gd!Yb)N telles que trois groupes géochimiques de komatiites archéennes 
peuvent être reconnus et définis: un Groupe I dans lequel les trois rapports précités présentent des 
valeurs proches des celles mesurées dans les chondrites; un Groupe TI dans lequel les roches 
montrent des appauvrissements relatifs en Aluminium et en Terres Rares Lourdes; enfin, un Groupe 
Ill dans lequel les roches présentent, au contraire, des enrichissements relatifs en Aluminium et en 
Terres Rares Lourdes. En règle générale, les komatiites archéennes précoces �(�T�~�3�4�0�0� Ma) 
appartiennent aux Groupes TI et ill, celles provenant des terrains archéens tardifs (T=2700 Ma) étant 
principalement du Groupe 1. Les modélisations géochimiques montrent que les variations observées 
sont attribuables à des "pertes" (Groupe TI) ou à des "gains" (Groupe ill) de grenat. Les résultats 
isotopiques Lu-Hf obtenus sur des échantillons de komatiite du Groupe TI de la ceinture de Barberton 
(êHf(T)=O) indiquent que le fractionnement de grenat se produisait lors des épisodes de fusion 
partielle mantélique (grenat au résidu solide). Couplé avec les données de la pétrologie expérimentale 
qui montrent que, dans le manteau, la phase au liquidus est le grenat majorite lorsque la pression est 
�~� 15 GPa, ce résultat nous conduit à proposer un modèle reliant les variations géochimiques 
observées dans les komatiites archéennes à des différences dans la profondeur de fusion des diapirs 
mantéliques. En tout état de cause, ces variations ne sont pas la trace fossile d'une stratification 
chimique et minéralogique du manteau archéen, engendrée par un épisode "océan magmatique 
terrestre" qui se serait développé il y a 4400 Ma. 

D'une manière générale, et sans remettre en cause les résultats précédemment énoncés, l'étude du 
comportement des systèmes isotopiques ainsi que des éléments majeurs et des éléments en trace lors 
des processus d'altération et/ou de métamorphisme affectant les roches basiques et ultrabasiques 
archéennes nous conduit à nous interroger sur la capacité réelle de ces systèmes à fournir des traceurs 
fiables de la composition chimique et isotopique du manteau archéen. En particulier, les résultats 
obtenus sur les coulées de komatiites de Finlande Orientale (régions de Tipasjarvi et de Siivikkovaara) 
montrent que la recristallisation métamorphique peut effacer l'ensemble des mémoires magmatiques 
initialement contenues dans les roches, y compris celles affèrent à des éléments ou des systèmes 
isotopiques réputés être réfractaires, comme les Terres Rares ou le système isotopique Sm-Nd. A 
Siivikkovaara, par exemple, nous montrons que la recristallisation métamorphique s'est accompagnée 
d'une ré-équilibration complète des systématiques Sm-Nd roche-totale: alors que les coulées se sont 
mises en place il y a 2700 Ma, l'âge isochrone Sm-Nd roche-totale calculé est de 1800 Ma, ce qui 
correspond à l'épisode métamorphique enregistré dans les minéraux métamorphiques présents dans 
les échantillons. Les résultats isotopiques de l'oxygène montrent que la recristallisation 
métamorphique s'opèrait dans des conditions de température de l'ordre de 450°C et que la phase 
fluide jouait un rôle important dans la mobilité des Terres Rares. Le fait que les ré-équilibrations 
isotopiques se soient produites 1 Ga après la mise en place des coulées conduit à la production d'une 
gamme aberrante de valeurs êNd(T) (de -8 à +3), sans signification aucune quant à la nature des 
sources mantéliques impliquées. Le même type de comportement est observé dans les roches de la 
ceinture d'Isua au Groenland. Alors que certains auteurs ont voulu voir dans la gamme isotopique 
initiale définie par les roches de cette ceinture (êNd(3800) compris entre -1.0 et +3.5) la trace de 
composants crustaux d'âge >3800 Ma et/ou de domaines mantéliques très appauvris en Terres Rares 
Légères, nous montrons que les valeurs êNd(3800) calculées servant de base à ces interprétations ne 
sont pas des valeurs vraies, mais des valeurs apparentes résultant de fractionnements isotopiques 
secondaires survenant 1 Ga après la mise en place des roches. En fait, des quatres régions étudiées, 
seules les komatiites de Schapenburg paraissent avoir préservé la quasi-intégralité de leurs mémoires 
magmatiques originelles. 



Abstract 

In this study, an attempt is made to constrain further the compositional heterogeneity and evolution 
of the Archaean mantle (T ranging from 2500 to 3800 Ma) using major, trace element (Rare Barth 
Elements) and isotopie (Nd, Hf, Sr, and 0) compositions of ancient basic-ultrabasic rocks 
(komatütes, basalts and gabbros). We also investigate the behaviour of chemical elements and 
isotopie systems during alteration and metamorphism; the aim is to evaluate the effects of non­
magmatic processes on the preservation of primary chemical and isotopie memories in old terrestrial 
rocks. The �s�a�~�p�l�e�s� come from (1) West Greenland (Isua supracrustal belt; T=3750 Ma); (2) South 
Africa (Barberton and Schapenburg geenstone belts; T=3500 Ma); (3) Western Australia (Pilbara 
Craton; T=3500 Ma); and (4) Eastern Finland (Khumo and Tipasjarvi greenstone belts; T=2700 Ma). 

An intriguing aspect of many komatiites in early Archaean grrenstone belts ('P-:3400 Ma; 
e.g. komatiites from South Africa and Western Australia) is their Al- and HREE-depleted signature. 
In fact, many early Archaean komatütes have CaO/Al203 and (Gd!Yb)N higher, but Al203fTi02 
lower than in chondrites, whereas most late Archaean komatiites (T=2700 Ma; e.g. komatütes from 
Canada and Zimbabwe) have roughly chondritic ratios of these elements. A third less common type, 
also largely restricted to early Archaean komatiites, has relative enrichment of Al and HREEs. 
Geochemical modelling conducted during the course of this study show that these variations are best 
explained by the removal or addition of gamet. Lu-Hf isotopie results obtained on komatüte samples 
from the Barberton greenstone belt in South Africa (EHf(T)=O) indicates that the gamet fractionation 
processes took place during the melting events that led to the various groups of komatiites. This 
result, together with the recent finding that majorite gamet is the high-temperature mantle phase when 
�P�~�1�5�G�P�a�,� provides a vehicle for discussing the origin of the various groups of komatütes. Most 
likely, the Archaean mantle had essentially chondritic ratios of CaO/Ah03, Ah03/Ti02 and 
(Gd/Yb )N, and the various groups of komatütes arise from differences in the depth of mel ting which 
controlled whether or not gamet was residual during the melting process. At any rate, the contrasted 
geochemical signatures of komatütes are not the consequence of a long-lived mineralogical and 
chemical stratification in the early Archaean mantle, such as might have formed during the 
solidification of a 4500-4400 Ma-old terrestrial magma ocean. 

As a general rule, the study of the behaviour of chemical elements and isotopie systems during 
metamorphism of basic-ultrabasic rocks leads us to question the capacity of these rocks to preserve 
their primary (magmatic) signatures. Results from the komatiite flows from Eastern Finland 
(Tipasjarvi and Siivikkovaara areas) show that metamorphic recrystallization may erase all the 
primary chemical and isotopie memories, including the REE patterns and ENd(T) values. The open 
system type of behaviour is particularly weil documented by the komatüte flows from Süvikkovaara; 
although the age of emplacement of the lava flows is 2700 Ma, whole-rock Sm-Nd data yield an age 
of 1800 Ma, which corresponds to the age of the metamorphic episodes recorded in the secondary 
mineral phases present in the samples. The fact that the Nd-isotopie re-equilibration occurred =1Ga 
after the emplacement of the flows cause strong shifts in the calculated tNd(T) values (-8 to +3) 
relative to the true magmatic values (=+2.0?). A consideration of petrographie and Oxygen isotopie 
data indicates that temperature conditions were in the range 400-500°C and that the REE carrier was 
likely a C02-rich fluid. The same type of behaviour is observed in the rocks from the Isua 
supracrustal belt of West Greenland. Although sorne authors have interpreted the scatter in calculated 
ENd(T) values displayed by the rocks from this belt (ENd(3750) ranging from -1.0 to +3.5) as a true 
initial isotopie variation, new Sm-Nd results obtained during the course of this study provide flrm 
evidence that the Sm-Nd system did not become a closed system in lsua rocks ca. 3750 Ma ago. A 
Sm-Nd mineral isochron age of 2849±116 Ma indicates that the earliest recognizable amphibolite 
facies metamorphism of the lsua belt is ofmid-Archaean age. Very probably, ail the rocks from Isua 
underwent sorne Nd isotopie reequilibration and/or fractionation of their 147SmJ144Nd ratios during 
the 2850 Ma-old metamorphic episode. Nevertheless, Nd-rich rocks (> 20 ppm) - such as the 
Amîtsoq grey gneisses and certain metasediments of the Isua belt - are relatively resistent to 
secondary fractionation due to the presence of REE-acceptor phases. In view of this behaviour, only 
ENd(T) values calculated from rocks having Nd contents greater than 20 ppm (ENd(T) = +2.0) appear 
to be sufflciently reliable for use in characterizing the ENd value of the Earth's mantle at 3800-3700 
Ma. In fact, among the four investigated rock sequences, only the komatiites and komatiitic basalts 
from South Africa (Barberton and Schapenburg greenstone belts) appear to have preserved most of 
their primary isotopie and chemical memories. 
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INTRODUCTION 

Les études dédiées à la connaissance de la composition chimique et isotopique 
du manteau archéen (T>2500 Ma) peuvent apporter des contributions importantes 
dans plusieurs domaines clés des Sciences de la Terre, comme: 

-a) les modalités de l'accrétion terrestre et de la formation du noyau 
-b) l'histoire thermique précoce de notre Planète 
-c) la composition chimique de la Terre Globale 
-d) les éventuels effets chimiques et physiques du bombardement météoritique 
Par ailleurs, étant entendu que les roches constitutives de la croûte continentale 

dérivent du manteau par fusion partielle, on peut s'attendre à ce que l'étude du 
manteau archéen débouche sur une meilleure compréhension des modalités de 
genèse et de recyclage de la croûte continentale primitive. 

L'histoire précoce de la Terre peut avoir été compliquée par plusieurs 
processus, comme l'accrétion hétérogène, la formation du noyau, l'impact 
�~�·�a�s�t�é�r�o�ï�d�e�s� géants, ou la fusion partielle intensive de ses envelopes externes (e.g. 
Newsom and Jones, 1990). Chacun de ces processus peut avoir induit des 
hétérogénéités minéralogiques et chimiques considérables dans le manteau; 
certaines de ces hétérogénéités pouvant avoir perduré tout au long de l'histoire de 
la Terre, et donc influencer la composition du manteau actuel. A l'inverse, il est 
possible que le brassage convectif vigoureux qui devait exister dans le manteau de 
la Terre précoce empêchait la préservation des hétérogénéités ainsi créées et que, 
par conséquent, ces processus n'aient eu, en final, que peu d'influence sur la 
composition et la structure du manteau terrestre. 

Le concept d'océan magmatique terrestre: théorie et modèles 

L'un des processus les plus importants susceptibles d'avoir induit de profondes 
hétérogénéités chimiques et minéralogiques dans le manteau archéen (et peut-être 
dans le manteau actuel) est le processus d'océan magmatique. Le concept d'océan 
magmatique doit beaucoup aux études pétrologiques et géochimiques conduites sur 
les échantillons de roches lunaires (e.g. Hartmann et al., 1984 ). D'après les 
résultats de ces études, en effet, il est a peu près établi que les parties externes de 
la Lune - jusqu'à des profondeurs de l'ordre de, ou excèdant, 500 km -
subissaient un épisode précoce de fusion, épisode qui conduisait à la formation 
d'un océan de magma tout autour de la planète (e.g. Taylor, 1979). La croûte 
anorthositique serait l'un des produits de cristallisation de cet océan de magma, les 
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Figure 1: Schéma illustrant le litage minéralogique et chimique des parties 
externes de la Lune, engendré par la cristallisation d'un océan magmatique profond 
de 500 km. D'après Taylor (1979). 
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Fig. 4. The stratification or the Earth formed by differentiation during the course of accretion and subsequent solidification of the 
magma ocean. A. The primary stratification immediately after the accretion of the Earth, which is composed of an Fe-core. 
perovskite-rich lower mantlc, and the partially molten upper mantle. The lower mantle contains sorne amount of AJ 20 3 and is 
depleted in FeO. The melt tends to accumulate in two regions (SMO-shallow magma ocean, and DMO-deep magma ocean) in the 
upper mantle. B. The final stratification of the mantle resulting from solidification of the magma ocean; this stratification is 
c:omposed of a perovskite-rich lower mantle and a stratified upper mantle with a majorite-rich layer overlain by a peridotitic 
(olivine-rich) layer. The majorite-rich layer may be relatively enriched in incompatible and volatile elements together with Al 20 3, 

FeO, and CaO. 

Figure 2: Conséquences possibles d'un océan magmatique terrestre sur la 
structure et la minéralogie des parties externes de la Planète: modèle proposé par 
Othani (1988). 
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Figure 3: Conséquences possibles d'un océan magmatique terrestre sur la 
structure et la minéralogie des parties externes de la Planète: modèle proposé par 
Agee and Walker (1988). 



5 

autres étant consitués d'une série de cumulats à olivine et/ou pyroxène, cumulats 
qui allaient devenir par la suite la source des divers types de Mare Basalts (voir 
Figure 1). D'après les résultats isotopiques, la cristallisation de l'océan 
magmatique lunaire aurait été éffective vers 4400 Ma (e.g. Hartmann et al., 
1984). 

Partant de l'idée que l'énergie mise en jeu pour produire· l'océan magmatique 
lunaire devait trouver sa source soit dans l'énergie libérée lors de l'accrétion de la 
planète, soit dans celle induite par la formation d'un noyau, et étant entendu que 
les quantités d'énergie libérée par ces deux processus ont du être 
incomparablement plus élevées sur la Terre que sur la Lune, un certain nombre 
d'auteurs (e.g. Ringwood, 1975; Anderson, 1982; Nisbet and Walker, 1982; 
Othani, 1988; Agee and Walker, 1988) ont émis l'hypothèse que si un stade océan 
magmatique se produisait sur notre satellite, à fortiori, ceci devait être vrai pour 
la Terre. Par analogie avec le modèle lunaire (Fig. 1), il est possible qu'un 
épisode océan magmatique terrestre ait conduit à la formation d'une série 
d'envelopes concentriques, possèdant des compositions minéralogiques et 
chimiques différentes. Dans les Figures 2 et 3, nous présentons deux modèles 
parmi les plus récents traitant de la nature des différentes envelopes qui 
pourraient avoir été ainsi engendrées (Othani, 1988; Agee et Walker, 1988). Les 
deux modèles sont assez comparables en ce sens que, dans les deux cas, l'océan 
magmatique est supposé avoir été très profond �(�P�~�l� 000 km) et avoir abouti, par 
cristallisation fractionnée, à la formation d'une envelope interne �(�P�~�7�0�0� Km) 
constituée de cumulats à perovskite. Par contre, ils diffèrent sensiblement en ce 
sens que dans un cas (Fig. 2) les zones situées au dessus de la limite des 700 km 
comprendraient un niveau inférieur constitué de cumulats riches en grenat 
majorite �(�P�~�4�0�0� Km) et un niveau supérieur constitué de cumulats riches en 
olivine �(�P�~�4�0�0� Km), alors que dans l'autre cas (Fig. 3) il y aurait formation d'une 
envelope duni tique isolant une envelope externe ( <200 Km) à olivine + pyroxene 
+ grenat d'une envelope plus profonde (300 km <P<700 km), plus pauvre en 
olivine. 

Les effets possibles de l'extraction et du recyclage crustal 

Le deuxième grand phénomène pouvant avoir engendré des hétérogénéités 
chimiques et minéralogiques importantes dans le manteau archéen est le 
phénomène d'extraction et de recyclage crustal (le terme crustal englobant à la 
fois croûte océanique et croûte continentale). L'un des systèmes les plus efficace 
dont nous disposions pour tracer les effets éventuels de ce phénomène est le 
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Fic. 2. Evolution of e...,(T) with time in the deplet.ed m&Dtle deducec! from initial 1""Nd/1 .. Nd ratioa thloUJh timc. The 
ra.np abown at <&.55 Ga B.P. for chondrit.a is the lll&%imum uncen.aint)' uaoc:iated with the chond.ritic unüozm reservoir 
(CHUR) of Jacobien and WUMrburt (1980). Plotted t...,(T) are obt.aiDed u iDdividual wbolNock aa.mples oflmown qe 
or from iaochlon reçeuion initial rati01; uncenainties are quot.ed enon or rances of pu.bliabed values. The depleteclmantle 
evolution propoted by GoldateiD et al. ( 198.(, table 1 caption) ia allo abown. Soi.II"Ca of data: A • Ale:r.o - Ozatario, CaDada 
(Dupré et al, 198-t):M•Akilia usodation-Greenland (Gruau et al.,1985b); BaBeliDpe-Zimbabwe (Chauvel et al, 
1986);BH=Bil Hom Mu.- Wyominc, tl .S.A. (Carlaon and Diez de Medina, 1982); B/aBay oflalaDda-Newfoundland, 
C&Dada (Jacobeen and Wuaerbw-c.1979a);ehon.dritu(Jacoblen and Wuaerbur&,1980); CS a Cape Smith-Quebee, C1J1• 
ada CZiDdler, 1982 ); D • Duluth pbbro, - MiDDaota, tl .S.A. (DePaolo and Wuaubu:c, 1976 ); Diema.la-Muda - Weatem 
Australie (Fleteber et al, 198-t ); FR • Front Rance - Colorado, tl .S.A. (DePaolo, 1981 ); Gl• Georptown lnlier - nortbem 
Australia (Black and McCulloch, 198-t); J,.Isua- West Greenland (Hamüton et al, 1978, 1983); .TEaJabal Eu- Saudi 
Arabie (Claeuonet al, 19B<l ); .TF .. JOIIttiupa Fm.-Finland (Hubma, 19B<l ); .TW aJaballl Wuk- Saudi Arabie (Claeuon 
et al, 198-t ); K .. Kambalda - Weatem Australia (McCulloch and Comptton, 1981; Chauvel et al., 1985 ); KG .. Kempenai 
pbbro-tlrala, tl.S.S.R. (Edwarda and Wuaerbuzoc,1985); KI a Kiruna p-eenstoDa-Sweden (Skiold and Cli1t 198-t); 
KNaKanowm-Weatenl Australia (Fleteber et al, 198<l); KRaKinp River- Calilornia, U.S.A. (Shaw et al, 1987); 
Lal..ewiaianpeisaea-Scotland, tl.K. (Hamütonetal, 1979&, 1983);LTaLlano-Te:r.u, U.s.A. (DePaoloand Wueerburc, 
1976); Ual.izard Complu-Cornwall, tl.K. (G.R. Devies, 198-t); ML-Mulcahy Lake-Ozatario, C&Dada (Morriaon et 
al, 1985); MORB•mid-ocean ridp bualta (cf. White, 1985); NaNewtonlavu-Ozatario, C&Dada (Cattell et al, 198-t); 
NMC-.New Mexico- Colorado, tl .S.A. (Nelaon and DePaolo,198-t); OaOnvenracht Group-South Africa (Hamüton et 
al.,1979b, 1983 ); PaParamaco-French Guiana (Gruau et al, 1985&); PLa Preï.ac-Lacorne-Quebee, C&Dada (DePaolo 
and Wuaerbu:J, 1976); PRaPedlar River- VJliÏDia, U.S.A. (PettiDJill et al., 19&6): QaQianan-ChiDa {Huanz et al, 
1986), data corrected to conform to CHUR; Rc:R.juthan -lDdia (Macdoup.ll et al, 1983): RAaRoaeland anortboalte­
Viriinia. tl .S.A. (Pettincill et al, 198-t): S • Semai!-Gulf of Om&D (McCulloch et al, 1981 ); SF • aouthern Finland (Pateb­
ett and Kuovo, 1986); SGaaoutbern Greenland (Patebett and Bric!poater, 198-t); STaStülwater Complu-Montana, 
U.S.A. CDePaolo and WUMrburt, 1979); SU·Southem tlplanda-EnJland, U.K. (Hooker et al, 1981); SZ .. Swaziland 
( Carlaon et al, 1983 ); TG • Trinit)' pbbro - California, tl .S.A. (J acoblen et al, 191W ) ; TP • Trinit)' peridotite - Calüornia. 
tl .S.A. (Jacobien et al, 19B<l): TTaTalp-Talp-Weatenl Austra.lia (HamUton et al., 1981,1983); UN • tlivù-Nuniù­
Labrador, C&Dada ( Collenon and McCuDoch, 1982 ); W • Warriedar-Western Australie (Fle'-Cber et al, 198.( ); WS • Wadi 
Sbwu-Saudi Arabie (Bokhari and Kramen, 1981 ). 

Figure 4: Diagramme montrant la variation des valeurs êNct(T) dans les roches 
basiques et ultrabasiques terrestres. Nota: seules les roches susceptibles de dériver 
de régions sources mantéliques appauvries ont été reportées. D'après Galer et al. 
(1989) 
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Fig. 3. Modelled (Nd changes. in depleted mantle 4.5 to 2.5 Ga. 
Data ranges from Fig. 1 shown by open bars. Curves for 
mantle depleted by extraction of continental crust in amounts 
given by Fig. 2 are A ( dashed, corresponds to dashed line, Fig. 
2b): extraction starts at 4.5 Ga; JjJ (lower solid li.ne, corre­
sponds to solid line, Fig. 2b): extraction starts at 3.9 Ga. The 
sudden decrease in (Nd at 3.0 Ga is caused by the rapid 
increase then of stable continental mass, which requires in­
volvement of �m�o�~�e� undepleted mantle and thus dilutes the 
average isotopie composition of the depleted reservoir. The 
degree of partial melting of 0.015 chosen to represent the 
overall process (Table 1) results in a very limited volume of 
complementary depleted mantle. Depletion caused by 100% 
storage of tholeütic oceanic crust forrned by 5% or 20% partial 
melting or by komatütic crust forrned by 50% partial melting is 
shown by upper, labelled curves, ali for oceanic crustal growth 
curve as given in Fig. 2a. Table 1 lists the distribution coeffi­
cients, degree of melting, and residual compositions for the five 
models shown. 

Figure 5: Diagramme illustrant le modèle de Chase et Patchett (1988), modèle 
d'après lequel les valeurs êNd(T) très élevées (+3 à +4) trouvées dans certaines 
roches basiques archéeennes précoces (T;;::: 3.5 Ga) seraient à relier à l'extraction 
précoce et au stockage d'une croûte océanique basique/ultrabasique enrichie en Nd. 
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système isotopique Samarium-Néodyme (Sm-Nd). En effet, le Nd étant plus 
incompatible que le Sm lors de la fusion mantélique, les roches crustales 
(océaniques et continentales) ont la propriété d'acquérir un rapport Sm/Nd 
inférieur à celui de leur source, le résidu solide (manteau appauvri) subissant, lui, 
par effet de bilan, une augmentation de ce même rapport. Comme par ailleurs le 
147Sm se désintègre en 143Nd au cours du temps (Â=0.00654 Ga-l), la différence 
de rapport père/fils ainsi engendrée conduira à l'émergence de différences au 
niveau du rapport 143Ndj144Nd ou des valeurs tNd (la valeur tNd représentant la 
déviation en partie pour 104 du rapport 143Ndj144Nd du système géologique 
considéré, par rapport à la valeur de ce rapport dans les chondrites - et/ou la 
Terre Globale-au même âge), différences qui seront d'autant plus marquées que 
le système aura eu une durée de vie longue. 

Dans la Figure 4, nous présentons une compilation des valeurs tNct(T) calculées 
dans les roches basiques et ultrabasiques terrestres (Galer et al., 1989), T 
représentant l'âge de cristallisation magmatique présumé des roches. Dans ce 
diagramme, la droite joignant la composition initiale de la Terre et/ou des 
chondrites à la valeur tNd de +10 mesurée dans les MORBs actuels est censée 
représenter la croissance isotopique du manteau appauvri (rapport Sm/Nd 
supérieur aux chondrites), manteau représentant le "résidu" laissé par l'extraction 
de la croûte continentale (rapport Sm/Nd inférieur aux chondrites). On note 
immédiatement la présence, à l'archéen précoce �(�T�~�3�.�5� Ga), de valeurs tNct(T) 
très élevées (+3.0 à +4.0), situées significativement au dessus de la droite 
d'évolution du réservoir mantélique appauvri ainsi défmi. 

Dans un article publié en 1988, Chase et Patchett ont discuté la signification 
possible de ces valeurs tNct(T) très élevées (Fig. 5). Ces auteurs ont montrés que 
de telles valeurs ne pouvaient pas être contrebalancées par la quantité relativement 
réduite de croûte continentale qui se formait avant 3.5 Ga (courbes A et B dans la 
Figure). Ce faisant, ils ont proposé que le réservoir enrichi (rapport Sm/Nd 
inférieur aux chondrites), complémentaire des régions mantéliques sources de ces 
roches, était une croûte océanique enrichie formée très tôt dans l'histoire de la 
Terre, et qui aurait été stockée dans le manteau jusque vers 3.5-3.0 Ga. 

Buts et Méthodes 

Le seul moyen vraiment efficace dont nous disposions pour tenter de percer à 
jour la composition et la structure du manteau archéen (et en particulier répondre 
à la question de savoir si oui ou non le manteau terrestre subissait un stade océan 
magmatique avec les conséquences précitées) consiste à déterminer la composition 
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chimique des roches basiques et ultrabasiques archéennes. On peut en effet penser 
que si des hétérogénéités chimiques et minéralogiques existaient dans le manteau 
archéen, elles devaient engendrer des différences de compositions chimiques et 
isotopiques dans les magmas qui en dérivaient par fusion partielle. Qui plus est, en 
étudiant des roches basiques et ultrabasiques d'âge différent, c'est à dire en 
regardant l'évolution de leur composition au cours du temps, on devrait être 
capable de préciser la durée de vie des hétérogénéités ainsi crées, et en particulier 
de voir dans quelle mesure elles peuvent expliquer la structure et la composition 
du manteau actuel. 

Ceci étant, il existe un certain nombre de facteurs limitant qui peuvent 
compliquer l'interprétation des résultats. Le facteur limitant de premier ordre est 
que, plus on recule dans le temps, plus les roches que nous allons être capable 
d'étudier auront des chances d'avoir été altérées ou métamorphisées, parfois 
plusieurs fois depuis leur mise en place. Tout dépendra alors de la façon dont les 
systèmes chimiques et isotopiques auront réagi au cours des transformations. Si 
les éléments et les systèmes isotopiques se sont comportés en système clos, alors 
les informations que l'on en tirera auront effectivement valeurs d'information 
quant à la composition des matériaux sources, et seront donc utilisables pour 
élaborer des modèles de manteau. Si, à l'inverse, les systèmes étaient ouverts lors 
des évènements d'altération ou de métamorphisme (par exemple des échanges 
chimiques et isotopiques se produisaient avec les fluides qui percolaient durant le 
métamorphisme), alors les mémoires initiales pourront avoir été effacées, et si le 
phénomène n'est pas reconnu, des interprétations erronées pourront s'ensuivre. 

Dans ce travail, nous nous sommes principalement intéressés à la chimie des 
komatiites archéennes. Le choix des komatiites a été dicté par deux considérations. 
L'une est que ces roches se rencontrent en relativement grande abondance dans les 
terrains archéens, avec des âges compris entre 3.5 Ga et 2.7 Ga. Donc, en étudiant 
ces roches ont peut intégrer le facteur temps, facteur fondamental compte tenu des 
problèmes posés. La deuxième considération vient de ce que ces roches ayant des 
compositions ultrabasiques (MgO jusqu'à 30%), il n'y a pas d'ambigüité quant au 
fait qu'elles proviennent du manteau par fusion partielle. 

Pour ce qui est du traçage des sources et du problème de l'océan magmatique, 
la démarche utilisée a été essentiellement une démarche géochimique et 
isotopique. Les objets d'études ont été principalement les komatiites d'âge ==3500 
Ma de Barberton, en Afrique du Sud, et du crâton de Pilbara, dans l'Ouest de 
L'Australie. Les systèmes principalement étudiés ont été les éléments majeurs, les 
REEs, les isotopes du Nd et dans le cas des komatiites de Barberton les isotopes du 
Hf. Nous avons également fait appel à des données de la littérature. 
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Pour ce qui des aspects liés à la mobilité des systèmes isotopiques et des 
éléments majeurs/traces lors de l'altération et/ou du métamorphisme, la démarche 
a été de coupler les études isotopiques et géochimiques (Sm-Nd, Rb-Sr, REE, 
éléments majeurs) sur échantillons roche-totales et sur minéraux séparés. En 
particulier, nous nous sommes éfforcé, chaque fois que cela nous a été possible, de 
déterminer l'âge des évènements métamorphiques affectant les roches cibles 
étudiées (Sm-Nd sur minéraux; Ar-Ar), étant entendu que, comme nous le 
montrons, l'âge de la dernière recristallisation métamorphique est un paramètre 
fondamental qu'il faut connaître si l'on veut être capable d'interprêter 
correctement les données isotopiques roche-totale. De même, des études utilisant 
les isotopes stables ont été entreprises, dans le but de déterminer les températures 
de recristallisation ainsi que d'estimer les rapports eau/roche et/ou la nature et 
l'origine des fluides. Pour ce qui concerne ce deuxième axe de notre recherche, 
les objets d'eétude sont des coulées de komatiite provenant des ceintures de roches 
vertes de Finlande Orientale (T=2700 Ma) et de Schapenburg (T=3450 Ma), en 
Afrique du Sud. Nous avons également effectué une étude sur des amphibolites de 
la ceinture supracrustale d'Isua (T=3800 Ma). 

Organisation du. mémoire 

Dans un soucis de gain de temps et d'éfficacité, j'ai choisi d'organiser ce 
mémoire autour d'une série d'articles publiés, ou en voie de l'être. Ce procédé a 
le défaut de produire un mémoire manquant parfois d'homogénéité, et présentant 
un certain nombre de répétitions. De plus, il n'est pas toujours facile de regrouper 
des articles traitant d'aspects aussi divers que la mobilité des éléments lors des 
processus métamorphiques, le problème de l'océan magmatique terrestre et de ces 
effets éventuels sur la composition du manteau archéen, où encore de la 
signification des isochrones Sm-Nd roche-totale. Ceci étant, il m'est apparu que je 
pouvais présenter logiquement mes travaux en insistant tout d'abord sur la 
contribution "positive" qu'ils apportent à la connaissance de la composition et de 
l'évolution du manteau archéen terrestre ("les apports"), puis, dans un deuxième 
temps, sur les limites qu'ils révèlent quant à l'utilisation des traceurs géochimiques 
et isotopiques dans les roches anciennes à des fms pétrogénétiques. 

Dans une première partie, j'ai donc rassemblé quatre articles tournant, à des 
degrés divers, autour de la question de la signification de la variation des rapports 
CaO/Al203, Ah03/Ti02, (Gd/Yb)N dans les komatiites archéennes. Le lecteur 
decouvrira dans ces articles (1) la banque de données établissant la variation de ces 
rapports; (2) les questions que cela pose en ce qui concerne la genèse des 
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komatiites et la composition du manteau archéen, et, la présentation détaillée des 
deux grandes théories qui ont vu le jour pour expliquer pourquoi ces trois 
rapports varient ("théorie du manteau lité et/ou de l'océan magmatique terrestre" 
contre "théorie de la différence de profondeur de fusion partielle"); (3) les 
résultats d'un test que nous avons effectué en utilisant le système isotopique Lu-Hf, 
test qui, nous le croyons, met un terme au dépat. 

Dans la deuxième partie, le lecteur trouvera quatre autres articles, traitant cette 
fois-ci de l'aspect "limite", c'est à dire de la capacité qu'a la recristallisation 
métamorphique à effacer les mémoires magmatiques primaires des roches, et 
donc de "brouiller" l'image que l'on peut en déduire de l'hétérogénéité 
compositionnelle du manteau archéen. 
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Abstract. Komatiites of the Tjakastad Subgroup of the On­
verwacht Group (S. Africa) were dated by the Sm/Nd meth­
od. A wh ole-rock isochron yields an age of 3.56 ± 0.24 (2a) 
AE, with initial 143Nd/144Nd ratio of 0.50818±23 (2a), 
corresponding to eNd(7)= +1.9±4.5. This age is inter­
preted as the time of initial Onverwacht volcanism. This 
result aerees with earlier Sm/Nd data of Hamilton et al. 
(1979) �~�d� is consistent with the Rb-Sr result of Jahn 
and Shih (1974). 

Komatiites may be divided into 3 groups based on the 
typology of heavy REE distributions (Jahn and Gruau 
1981 ). According t-o this scbeme, the Onverwacbt komatütes 
of the present study belong to two groups: the predominant 
Group II rocks sbowing (Gd/Yb)N::1.4, Ca0/Al20 3 = 
1.33, Al 20 3/Ti02 ::10.6; and the subordinate Group III 
rocks with (Gd/Yb)N<1.0; Ca0/Al20 3 ::0.6 and Al 20 3/ 

Ti02 .:::: 40. This contrasting feature is best explained by gar­
net fractionation within the mantle sources. 

Y ounger komatütes (- 2. 7 AE) from Finland, Canada, 
Rhodesia, and Australia have (Gd/Yb )N::::: 1.0, CaO/ 
Al 20 3 < 1.1 and Al 20 3/Ti02 ::::: 21 based on 58 analyses. 
Tbese ratios are nearly chondritic or of the bulk earth value 
(Anders 1977). It appears that sorne late Archean koma­
tiites are different in chemistry from many early Archean 
komatiites. This may imply that the upper mantle chemistry 
bas evolved through Archean times. However, the age con­
notation of the chemical parameters, sucb as Ca0/Al20 3, 

(Gd/Yb)N or A120 3/Ti02 ratio bas not been firmly estab­
lished. The characteristic "high" Ca0/Al20 3 or (Gd/Yb)N 
ratios in many Onverwacbt Group rocks can also be ex­
plained as a result of local short-term mantle beterogeneity. 

Introduction 

Komatiites, particularly the peridotitic variety (MgO > 
18% ), are general! y believed to be produced by large de­
grees of partial melting of upper mantle materials (e.g. Vil­
joen and Viljoen 1969a, b; Green 1975; Green et al. 1975; 
Sun and Nesbitt 1978; Nesbitt et al. 1979; Jahn et al. 
1980a; among others). Komatiites occur mainly in the Ar­
chean and very rarely in post-Archean times. This remark­
able skewed time distribution could be related to the differ­
ent thermal regimes in the Archean and post-Archean times 
(see Nes bi tt et al. 1982, for a brief review). 

Reprint requests to: G. Gruau 

Since komatiitic rocks, like other volcanic components 
of greenstone belts, are invariably metamorphosed, their 
recognition is usually based upon both spinifex textures 
and chemical composition. In their original definition of 
komatiites from the Onverwacbt Group, Viljoen and Vil­
joen (1969a) emphasized the high Ca0/Al20 3 (> 1.5) ratio, 
but subsequent studies of komatiites from Canada, Austra­
lia, Rhodesia and Finland have indicated tbat this is not 
universally the case and Ca0/Al20 3 ratios are more com­
monly about 1.0 (Arndt et al. 1977; Nisbett et al. 1977; 
Sun and Nesbitt 1978; Nesbitt et al. 1979, 1982; Blais et al. 
1978; Jabn et al. 1980a, b). Assuming a "normal" phase 
assemblage in the Archean mantle, the likely residual phases 
would be olivine (±orthopyroxene) after large degrees of 
metting. Because these two phases contain insignificant 
amounts of Ca and Al, the Ca0/Al20 3 ratio of the derived 
liquids (komatütes) should reflect that of their mantle 
sources, provided post-magmatic alteration, if any, bas not 
mod.ified this ratio. 

Wby are then the Ca0/Al20 3 ratios of the Onverwacht 
komatiites significantly greater than 1.0, the value com­
monly thought to represent chondritic or pyrolit!c mantle 
sources? Are they indeed abnormal in comparison with 
other komatiites? Could this difference be related to the 
effect of alteration-metamorphism, fractional crystalliza­
tion of komatiitic magmas, or a fundamental difference in 
mantle chemistry, i.e. chemical evolution or heterogeneity 
of Archean mantle sources. These questions are addressed 
in this paper. 

Based on a few analyses of Onverwacht Group koma­
tiites, Sun and Nesbitt (1978) and Nesbitt et al. (1979) have 
suggested a plausible age connotation with the chemical 
differences between early and late Archean komatiites, and 
emphasized the role of gamet in the fractionation of CaO/ 
Al 20 3 and Gd/Yb ratios. However, the small body of REE 
data available on Archean komatiites may lead to acciden­
tai conclusions. In view of the important consequences re­
garding the chemical evolution of the upper mantle, we 
have performed geochemical and isotopie analyses on 1 5 
samples from the lower three formations of the Onverwacht 
Group (Tjakastad Subgroup) of the Barberton Mountain 
Land and 3 samples from the Sagur Supergroup of India. 
The principal aims are: 

1) to determine the age of the Onverwacht rocks by 
the Sm/Nd method, 

2) to employ the high quality REE data and major and 
other trace element data to discuss the problem of the CaO/ 
Al 20 3 variation as outlined above, 

0010-7999/82/0080/0025/$03.20 
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3) to present possible petrogenetic models for the Over­
wacht komatiites 

4) to discuss the possible age connotation of the koma­
tiite chemistry and implications for the mantle evolution 
or heterogeneity. 

Samples and Analytical Procedures 

A total of 27 samples collected by A.Y. Glikson from the 
Jower three Formations of the Onverwacht Group (Sand­
spruit. Theespruit and Komati formations) and additional 
three samples from the Holenarsipur and the Sagur green­
stone belts of In dia were chosen for major and trace element 
analyses. Among them, 18 were determined for their REE 
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concentrations by the isotopie dilution method. These sam­
pies include komatiites1 and tholeiitic basalts. 

Accounts of the general geology of the Barberton 
Mountain Land were given by Viljoen and Viljoen (1969c, 

At a Penrose Conference in 1979 (see Arndt and Brooks. 1980) 
it was suggested that Komatiite should be defined as the volcanic 
equivalent of a periodotite (of non-cumula te origin), and should 
have MgO> 18% (anhydrous). Arndt (1981) has further sug­
gested that if mafic rocks can be demontratably linked with 
the komatiiles. they should be termed the komatiitic association. 
ln fact, this usage has been proposed and used by our group 
(Blais et al. 1978: .Tahn et al. 1980a). but the term '"komatiitic 
series·· was used instead. Here, peridotitic komatiite is used for 
rocks with MgO > 18%, and basaltic komatiites, MgO::: 10% 
to 18% 

Table 1. Major element data for Onverwacht Group volcanic rocks (analyses-BMR Laboratories) 

Formation Sandspruit Theespruit 

Sample No. 5038 5042 5046 5048 5049 5050 5052 5053 5001 5003 5010 5012 5016 5019 

Rock type T BK BK PK BK BK BK T BK BK T BK T PK 

�S�i�O�~� (%) 51.08 50.12 48.48 45.72 47.20 46.48 46.32 50.63 54.31 54.29 52.60 54.32 53.29 42.60 
Ti02 1.66 1.21 1.30 0.91 1.19 1.15 1.43 1.19 0.71 0.78 0.61 0.76 0.79 0.27 
Al 20 3 12.96 9.91 10.03 7.74 9.72 8.66 10.94 11.62 8.88 7.96 13.81 9.08 14.03 2.87 
Fe20 3 (!:Fe) 15.03 13.46 14.52 15.44 15.28 15.39 14.62 13.33 11.43 12.59 12.15 12.50 13.65 15.12 
MnO 0.26 0.18 0.23 0.23 0.29 0.30 0.34 0.26 0.18 0.201 0.17 0.19 0.23 0.36 
MgO 4.22 10.95 10.79 19.43 11.70 12.88 10.94 7.52 9.01 10.60 6.32 8.74 5.76 34.18 
CaO 9.36 11.80 12.08 8.04 12.59 11.95 12.96 12.38 11.27 9.72 9.17 12.81 8.04 2.29 
Na20 4.21 1.24 1.54 0.61 1.07 1.08 0.97 2.20 1.82 2.35 2.72 0.39 3.10 0.02 
K 20 0.15 0.26 0.22 - 0.24 0.20 0.32 0.10 0.19 0.08 0.17 0.11 0.20 0.02 
P205 0.20 0.16 0.14 0.12 0.13 0.15 0.13 0.15 0.08 0.10 0.07 0.13 0.15 0.05 
H20 ... 0.29 0.80 0.59 3.46 0.54 1.00 0.82 0.47 1.88 1.34 2.51 1.35 1.22 1.78 

Total 99.42 100.09 99.92 100.61 99.95 99.24 99.79 99.85 99.77 100.01 100.30 100.38 100.42 99.43 

Ca0,'Al20 3 0.72 1.19 1.20 1.04 1.30 1.38 1.19 1.07 1.27 1.22 0.66 1.41 0.57 0.80 
Al 20 3;'Ti02 7.80 8.19 7.71 8.50 8.17 7.53 7.65 9.76 12.50 10.21 22.64 11.95 17.76 10.63 

Formation Theespruit Komati 

Sample No. 5025 5026 5031 5067 SA39 5077 5080 5084 5085 5088 5092 5095 AB9 AB9 

Rock type T BK PK BK PK BK BK BK BK T BK T BK BK 

Si02 (%) 48.69 52.75 44.28 55.57 38.26 52.72 54.80 52.59 55.03 52.86 50.86 50.92 53.05 52.42 
Ti02 1.51 0.37 0.31 0.32 0.24 0.64 0.82 0.65 0.49 0.40 0.30 0.69 0.66 0.72 
Al 20 3 11.02 13.19 3.31 12.15 2.72 7.37 9.94 6.96 7.14 16.04 2.83 14.38 8.49 8.64 
Fe20 3 (!:Fe) 18.90 9.68 15.03 7.95 12.40 12.15 10.05 11.10 9.98 8.19 9.35 11.07 12.62 12.00 
MnO 0.36 0.16 0.18 0.13 0.21 0.17 0.17 0.17 0.14 0.11 0.16 0.17 0.21 0.23 
M!!O 5.59 10.62 31.34 9.79 32.86 11.34 9.39 13.12 13.65 6.48 11.19 7.31 11.52 11.42 
Ca-O 10.54 9.54 3.30 7.27 1.74 10.56 9.40 10.83 8.24 9.02 8.38 11.29 10.49 10.63 
Na,O 1.75 1.59 0.09 1.97 0.00 2.97 3.08 1.61 1.55 2.29 1.76 1.67 2.87 2.88 
�K�~�O� 0.44 0.49 0.05 1.62 0.00 0.05 0.17 0.11 0.22 1.67 1.71 0.20 0.05 0.06 
P20 5 0.14 0.11 0.07 0.08 0.05 0.08 0.11 0.08 0.06 0.11 0.04 - 0.06 0.07 
H20" 0.92 3.07 2.38 2.16 10.26 1.21 1.66 2.05 2.75 2.64 2.97 2.74 1.09 1.69 

Total 99.86 101.57 100.34 99.01 98.74 99.26 99.62 99.27 99.25 99.81 99.55 100.44 101.11 100.76 

�C�a�0�A�l�~�0 �3� 0.96 0.81 1.00 0.60 0.64 1.43 0.95 1.56 1.15 0.56 0.65 0.79 1.24 1.23 
Al 20 3 Ti02 7.30 35.64 11.03 37.97 11.33 11.52 12.12 10.71 14.57 40.10 42.77 20.84 12.86" 12.00b 

• Sun and Nesbitt (1978) 
b Viljoen and Viljoen (1969c) 
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2% other REE. The concentrations of Sm and Nd on sam­
pies subject toNd isotopie analysis were better determined 
at 1% uncertainty. 

The procedures of Nd isotopie analysis were essentially 
similar to those reported in Jahn et al. (1980c), with a slight 
modification in chemical separation. Ail isotopie ratios 
were normalized using 146Nd/144Nd =O. 7219. The Nd 
isotopie compositions e43Nd/144Nd) of Johnson-Matthey 
standard salt (Nd20 3) give 0.511136± 16 (2 am) on 18 sepa­
ra te runs and of BCR-1, 0.512650±40 (2 am) on 6 runs. 
The decay constant for 1. 14 7 Sm used is 6.54 x 10-12 year-1• 

The Sm-Nd isochron age was calculated using the method 
of York (1966). 

Results 

Results of major and trace element analyses are given in 
Tables 1 and 2. Sm-Nd and Rb-Sr isotopie data for se­
lected samples are presented in Tables 3 and 4. The geo­
chronological results are discussed first, followed by a dis­
cussion of the REE distribution patterns. 

Sm-Nd Geochronology 

Previous studies of stratigraphie relationship between the 
Barberton greenstone sequence and the associated granitic 
gneisses using the Rb-Sr metbod bave only acbieved par­
tial success, mainly due to the problems of alteration and 
metamorphic effects on the Rb/Sr isotopie systems (AIIsopp 
et al. 1968; Hurley et al. 1972; Jabn and Shib 1974). An 
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Table 3. Sm-Nd isotopie data for Onverwacbt Group volcanie rocks 

SampleNo. Rock type Formation Sm 

age of about 3.5 AE was determined by the Rb-Sr mineral 
(density fractions) isochron method on a basaltic komatiite 
(AB9) from the komati Formation (Jabn and Shib 1974). 
The age of 3.43 ± 0.20 AE (recalculated using ). 87Rb = 
l.42x 10-11 yr- 1) was interpreted as the time of the low 
grade metamorphism. However, since in many Arcbean 
greenstone-granite terrains, volcanism, sedimentary deposi­
tion, subsequent metamorphism and granitic intrusions are 
commonly found to have taken place over relatively short 
time intervals (Jahn and Murthy 1975; Moorbath 1977; 
Hart et al. 1969; Vidal et al. 1980), this age was also consid­
ered close to the time of the Onverwacht volcanism (Jahn 
and Shih 1974). This interpretation is supported by the new 
data reported here and the recent! y published Sm-Nd re­
sults (Hamilton et al. 1979). However, it must be borne 
in mind that individual greenstone sequences may be sepa­
rated by long intervals, as, for example, are the �S�e�b�a�k�\�\�~�a�n� 

(ca. 3.6 AE) and Bulawayan (ca. 2. 7 AE) greenstones in 
Rhodesia (Wilson et al. 1978). 

The results of Sm-Nd isotopie analyses are displayed 
in Fig. l. The isochron �)�~�e�l�d�s� an age T= 3.56 ± 0.23 (2o) 
AE and /Nd= 0.50818 ± 23 (2o), which corresponds to eNd 
(1)= +1.9±4.5. Hamilton et al. (1979) have reported a 
Sm-Nd isochron age of T=3.54±0.03 AE witb corre­
sponding /Nd= 0.50809 ±4 for the Oriverwacht lavas, 
mainly from the Komati Formation. Excluding the acid 
tuff and sodic porphyry data, they obtained T= 3.51 ± 0.06 
AE and /Nd=0.50813±7. Our results are in agreement witb 
theirs, tbougb the uncertainties in both T and 1 values are 
grea ter. 

Nd 14ïSm/l'"Nd" 143Ndjl'"Nd ± 2 am 
(ppm.) (ppm.) 

5038 Tholeütic basait Sandspruit 5.645 24.69 0.1392 0.511437 ±50 
5049 Basaltie komatüte Sandspruit 2.994 9.42 0.1935 0.512805±53 
5067 Basaltie komatüte Theespruit 2.317 12.31 0.1146 0.510891 ±45 
5092 Basaltie komatüte Komati 1.242 5.79 0.1307 0.511260±35 
AB9 Basaltie komatüte Komati 1.862 6.36 O.l 783 0.512315±36 

• Error in this ratio is ±V2% 
b Isoebron slope= 0.0253 ± 0.00156 (2u); intercept= 0.50818 ±0.00023 (2u); age= 3,557 ± 235 (2u) m. y; e(T) = + 1.87 ±4.50 

Table 4. Rb-Sr isotopie data for Onverwaeht Group volcanie rocks 

SampleNo. Rock type Formation Rb Sr e;Rb/e6Sr 67Sr/86Sr ±2urn 
(ppm) (ppm) 

5067 BK Theespruit 50.07 122.5 1.186 0.74467 12 
5085 BK Komati 1.43 24.28 0.172 0.70844 15 
5088 T Komati 51.2 240.3 0.619 0.73636 6 
5092 BK Komati 70.53 202.8 1.006 0.73461 10 
5095 T Komati 5.74 206.1 0.080 0.70577 7 
A-27" PK Komati 0.577 49.12 0.034 0.70623 5 
BK-2" BK Komati 0.450 38.37 0.034 0.70214 3 
BK-3" BK Komati 5.41 67.55 0.232 0.70628 4 
BK-4" BK Komati 0.929 32.25 0.083 0.70544 5 
DN-3" Gabbro Komati 0.685 25.16 0.079 0.70663 7 

• Major and trace element (including REE) data for five samples (A-27 througb DN-3) bave been publisbed by 
Herrmann et al. (1976). Isotopie analyses for these samples were made at the NASA-Johnson Space Center 
in 1975. Analytical procedures have been described in Jahn and Shib (1974) 
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1970), Anhaeusser (1973, 1978), Anhaeusser et al. (1969) 
and Hunter (1974). A brief summary of age relationship 
between the layered successions and surrounding granitic 
batholiths was given by Jahn and Shih (1974). Sampling 
Jocalities, assessment of alteration effects on primary 
chemistn'. as well as metamorphic mineralogy are ali pre­
sented in" Appendix 1. 

Major and trace elements, except for REE, were deter­
mined in the Metalliferous Laboratories of the Australian 

Bureau of Mineral Resources (BMR) using a Philips PW-
1210 automated XRF spectrometer and atomic absorption 
spectrometer. Procedures, precision and accuracy controls 
were given by Glikson and Hickman (1981). Rare earth 
elements (REE) were determined by the isotopie dilution 
method at Université de Rennes. A brief account was given 
by Jahn et al. (1980a). The overall uncertainty, including 
errors derived from sample preparation, chemical proce­
dure. mass analysis, etc., is 3% for La, Gd and Lu and 

Table 2. Trace element data for Onverwacht Group volcanic rocks 

Formation Sandspruit Theespruit 

Sample No. 5038 5042 5046 5048 5049 5050 5052 5053 5001 5003 5010 5012 5016 5019 

Rock type T BK BK PK BK BK BK T BK BK T BK T PK 

La (ppm.) 18.25 - 6.74 - 4.636 - 3.541 9.323 - - - - - 1.938 
Ce 43.409 - 16.904 - 12.632 - 11.07 20.38 - - - - - -
Nd 24.75 - 11.312 - 9.416 - 8.966 12.524 - - - - - 2.498 
Sm 5.645 - 3.98 - 2.987 - 2.978 3.442 - - - - - 0.658 
Eu 1.526 - 1.189 - 1.251 - 1.02 1.119 - - - - - 0.245 
Gd 5.661 - 4.168 - 3.810 - 3.90 3.892 - - - - - 0.832 
Dy 5.79 - 4.485 - 4.157 - 5.216 4 . .020 - - - - - 0.888 
Er 3.32 - 2.499 - 2.11 - 2.40 2.284 - - - - - 0.548 
Yb 3.29 - 2.229 - 2.065 - 2.11 2.065 - - - - - 0.465 
Lu 0.509 - 0.338 - - - 0.325 0.305 - - - - - 0.080 
(GdjYb)N 1.38 - 1.50 - 1.48 - 1.48 1.51 - - - - - 1.43 

Rb 3 9 - 2 3 3 3 3 3 3 3 - 4 -
Sr 254 166 158 30 78 52 164 138 144 100 100 166 197 -
Zr 144 76 77 57 78 67 80 90 38 36 36 47 45 15 
Nb 19 7 4 4 5 4 4 6 2 2 2 3 3 -
y 29 20 19 16 25 15 17 20 12 14 14 14 12 -
v 134 213 273 241 337 278 266 301 221 224 228 237 203 91 
Cr 303 1,005 1,400 2,251 2,477 1,750 1,900 619 639 744 29 595 8 5,200 
Co 71 104 113 90 87 136 110 57 88 103 86 89 94 224 
Ni 65 439 479 822 784 751 508 156 132 197 93 149 52 1,640 

Formation Thec:spruit Komati 

Sample No. 5025 5026 5031 5067 SA39 5077 5080 5084 5085 5088 5092 5095 AB9 

Rock type T BK PK PK BK PK BK BK BK T BK T BK 

La (ppm.) - - 3.38 16.06 0.731 3.78 5.503 2.872 - 16.497 6.095 - 3.272 
Ce - - - 31.18 - 10.470 14.09 7.784 - 35.87 13.78 - 8.893 
Nd - - 3.569 12.329 1.733 7.465 7.866 5.972 - 13.38 5.791 - 6.399 
Sm - - 0.949 2.317 0.497 2.122 2.255 1.857 - 2.555 1.241 - 1.862 
Eu - - 0.358 0.573 0.162 0.712 0.712 0.644 - 0.716 0.413 - 0.647 
Gd - - 1.21 2.18 0.626 2.732 2.825 2.351 - 2.435 1.461 - 2.274 
Dy - - 1.078 2.494 0.695 2.843 3.083 2.709 - 2.901 1.987 - 2.654 
Er - - 0.599 1.678 0.407 1.710 1.767 1.557 - 1.759 1.559 - 1.650 
Yb - - 0.568 1.742 0.368 1.652 1.614 1.450 - 1.799 1.700 - 1.528 
Lu - - 0.084 0.287 0.263 0.251 0.207 - 0.296 0.284 - 0.237 
(Gd/Yb)N - - 1.70 1.00 1.36 1.32 1.40 1.30 - 1.08 0.69 - 1.19 

Rb 6 17 - 50.o7 0.26 - - - 1.43 51.12 70.53 5.74 -
Sr 119 131 9 122.5 1.17 26 22 14 24.3 240.31 202.8 206.14 -
Zr 58 29 17 42 10.9 41 56 37 23 49 53 32 -
Nb 8 3 - 6 0.1 5 2 3 2 5 34 - -
y 12 11 4 12 3.3 12 13 11 8 13 12 13 -
v 288 116 102 110 81 179 188 182 212 97 130 227 -
Cr 689 1,o70 5,020 1,140 2,647 982 576 1,340 1,220 441 1,350 188 -
Co llO 92 216 80 123 99 84 101 99 70 90 86 -
N' • 1 274 339 1,450 326 2,285 156 128 273 273 246 411 156 -
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two series (Arndt et al. 1977; Blais et al. 1978; Jahn et al. 
1980a). 

The present results of Onverv.•acht rocks are plotted in 
Fig. 3. Most rocks are found well within the defined fields 
except for sample 5088, whicb is a tholeiite possessing spe­
cial geochemical characieristics. It will be further discussed 
in conjunction witb trace element data. 

REE Distribution Patterns 

ln a REE typological study of komatiites, Jahn and Gruau 
(1981) recently proposed tbat ali komatiites could be subdi­
vided into 3 major groups based on their HREE distribu­
tions as follows: 

Group!: HREE flat, (Gdtyb)"'::::: 1.0 
Class 1 : LREE flat, 

(La/Sm )N::::: 1.0 
Class 2: LREE depleted, 

(LajSm)N < 1.0 
Class 3: LREE enriched, 

(La/Sm)N> 1.0 

Group!!: HREE depleted, (Gb/Yb)N> 1.0 
Class 4: LREE depleted, 

(La/Sm)N < 1.0 
Class 5: LREE enriched, 

(La;'Sm)N> 1.0 

Group Ill: HREE enriched, (Gd/Yb)N < 1.0 

The REE distributions in the Onverwacht komatiitic 
rocks encompass all groups, with Group II dominating. 

Group l Komatiites are common in Archean greenstone belts 
in Canada, Finland, Western Australia and Zimbabwe-

Fig. 4a-d. REE distribution patterns for 
Onverwacbt komatiites. The grouping is 
made according to tbeir HREE 
characteristics, i.e., Gd/Yb ratios. 
a Group II a komatütes: (Gd/Yb)N > 1.0; 
(La/Sm)N > 1.0. 
b Group lib komatütes: (GdfYb)N> 1.0; 
(La/Sm)N<l.O. 
c Group III komatütes: (Gd/Yb)N<l.O. 
d Tboleütic rocks 

Rhodesia (Arth et al. 1977; Whitford and Arndt 1978; Jahn 
et al. 1980a; Sun and Nesbitt 1978; Hawkesworth and 
O'Nions 1977; Jahn and Sun 1979), but are of less impor­
tance in the Onverwacht Group, being represented by sam­
pie 49 J (Sun and Nesbitt 1978). In this study, Group II 
rocks seem to dominate, possibly due in part to a sampling 
bias. Rare Group III rocks are also found. More detailed 
descriptions are given below: 

Group II Komatiites (Fig. 4 a and 4 b ). Included in this group 
are three peridotitic komatiites (SA39, 5019 and 5031) and 
7 basaltic komatiites from different formations. All rocks 
show relatively coherent HREE fractionation patterns with 
(GdjYb)N ratios invariably greater than 1.0 (Mean: 
1.41 ±0.13 for 10 rocks). The high (GdjYb)N ratios of the 
Onverwacht Group II rocks are also accompanied by high 
Ca0jA1 20 3 ratios (Fig. 5) and low Al 20 3/Ti02 ratios 
(Fig. 6). This relationship, together with other trace element 
data, is considered very significant in later discussion on 
petrogenesis and mantle evolution. No similar regularity 
is found with respect to LREE (light rare earth elements) 
distributions and Eu anomalies. According to the LREE 
characteristics, Group II rocks can be further subdivided 
into two subgroups: (a) those with enriched LREE, and 
(b) those with depleted or nearly flat LREE (i.e. class 4 
and 5). This division may be partly attributed to original 
source heterogeneity in LREE, mantle metasomatism, or 
post-magmatic alteration. 

It should be noted that the peridotitic komatiites so­
called here may not necessarily represent true liquid compo­
sitions. Petrographie examination reveals that samples 5019 
and 5031 have cumulate textures (Table 6), which are con­
firmed by their high Cr contents (greater than 5,000 ppm 
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Fig. 1. Sm-Nd isochron diagram for the Onverwacht komatiites. 
Isochron was calculated using the method of York (1966). 
}. 147Sm=6.54 x 10-12 yr- 1• 

(T) /NlS)-/Nd (chondrite, T) 10 .. 
tNd /Nd (chondrite, T) x ' 

where, /NiS)=initial 143Nd/144Nd ratio of the samples. /Nd (chon­
drite, 1)=0.50808 in this case (7=3.56 AE) 

It should be noted that included in our isochron calcula­
tion are rocks from three different formations (Sandspruit, 
Theespruit and Komati). Whereas this treatment may not 
be strictly valid, the choice of samples was made assuming 
that the lower three formations migbt have been deposited 
within a relatively short time interval and their initial 
isotopie compositions were similar. Moreover, rocks with 
a maximum Sm/Nd ratio spread were selected to ensure 
a better isochron statistics. Silicic rocks, pyroclastics or 
rocks of problematic origin were not included to a void pos­
sible complications in interpretation. The fact that the five 
data points form a reasonably good linear array favors 
the hypothesis that the lower Onverwacht lavas were ex­
truded during a time span not resolvable by the present 
technique, and that the isotopie characteristics of their re­
spective source regions were similar. This is supported by 
the work of Hamilton et al. (1979) who also included in 
their isochron calculation a data point of acid tuff from 
the Theespruit formation. Furthermore, two of their analy­
ses of rocks from the Hooggenoeg Formation (Upper On­
verwacht Group) lie on the same isochron. We therefore 
interpret the age of 3.56 AE as the time of lower Onver­
wacht Group volcanism. 

The stratigraphie relationship between the Onverwacht 
Group and the Ancient Gneiss Complex (AGC) have been 
debated for years (Hunter 1974; Viljoen and Viljoen 1969; 
Anhaeusser 1973; Glikson 1979a) owing to the lack of con­
tact relationships and definitive primary emplacement ages. 
Recently, leucocratic orthogneisses of the Bimodal Suite 
of the AGC have been dated (Rb-Sr) by Barton et al. 
(1980) at T= 3.56 ± 0.11 (2a) AE, with /5, = 0.6999 ± 16 (2a). 
This age is indistinguishable from that determined by the 
Sm-Nd method for the Onverwacht rocks. Th us, the rela­
tive antiquity of the Onverwacht Group and the Ancient 
Gneiss Complex is yet to be resolved. 
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Fig. 2. Rb- Sr isocbron diagram for rocks from the Komati For­
mation (two Theespruit sam pies are also displayed). ),Rb= 1.42 x 
10-11 year·1 • Five data (AB9, V36A, VU5, VU32A and AU20-37) 
are taken from Jahn and Shib (1974) 

Fe ... Ti 

Al Mg 
Fig.3. (Fe+Ti)-AI-Mg cation plot (Jensen 1976) for samples 
from the Onverwacht Group and the Holenarsipur and the Sargur 
belts of lndia 

Rb-Sr Isotopie Data 

Additional whole-rock Rb-Sr isotopie data on Onver­
wacht Group rocks have been acquired since the earlier 
publication of Jahn and Shih (1974). The new data are 
presented in Table 4 and displayed in Fig. 2. The data 
points are highly scattered and no isochron relationship 
could be established. This reiterates the contrasting geo­
chemical behaviors of Sm/Nd and Rb/Sr isotopie systems 
during alteration and metamorphism. 

Classification by Major Element Data 

Jensen (1976) bas proposed a new classification scheme us­
ing the cation proportion of (Fe+ Ti)- Al- Mg for vol­
canic or metavolcanic rocks containing Mg-rich varieties. 
This cation plot is useful in distinguishing komatiitic from 
tholeiitic series and it is a complementary to the Ti02/ 

Al 20 3 or Ti02/Mg0 plots commonly used to separa te these 
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Fig. 5. (Gd/Yb)N vs Ca0/AI20 3 diagram. Solid 
symbols are for earl y Archean rocks ( T> 3.5 AE: the 
age of lndian rocks are not determined) and open 
symbols are for late Archean rocks (:::::2.7 AE). 
Chondritic Ca0/AI20 3 ratios are taken from Mason 
( 1979) and pyrolitic mantle values from Ringwood 
(1979). The early Archean rocks are separated by a 
dashed boundary from the late Archean rocks by 
having higher (Gd/Yb)N and Ca0/AI20 3 ratios. Data 
sources: for Onverwacht: present study, H errmann 

6' �~� �~�c�"�'� cl 
0 0 �~� �~�l� Pyrolitic �~�o�n�t� te 

�~� "'--+- t;OmpGSitiOft 

• Onverwocht (- 3.6 AE) et al. 1976, Hawkesworth and O'Nions 1977; Sun and 
Nesbitt 1978; for Amitsoq enclaves: McGregor and 
Mason 1977; for India: present study; for Y il garn 
Block: Sun and Nesbitt 1978; for Rhodesia: 

• Amitsôq Enclaves (-3.BAE) 
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Fig. 6. (Gd/Yb)N vs Al 20 3/Ti02 diagram. The 
ratios for the bulk earth and the bulk moon are 
from Anders (1977), and for average chondrites 
from Mason (1979). The early Archcan rocks (solià 
symbols) are distinguised from the late Archean 
rocks (open symbols) by having higher (Gd/Yb)N 
but lower Al 20 3 ratios. Data sources: see Fig. 5 
caption 

AI20'3/ Ti02 

in both cases, Table 2). However, their genetic linkage with 
true peridotitic komatiites is beyond doubt. 

Group III Komaziites (Fig. 4c). This group comprises two 
basaltic komatiites, one from the Theespruit Formation and 
one from the Komati Formation. Their LREE are relatively 
enriched [(La/Sm)N > 3.0) and their HREE are character­
ized by (GdjYb)N < 1.0, in strong contrast to the Group 
II rocks. Accompanied with the low (Gd/Yb)N ratios are 
the low Ca0/Al20 3 ratios ( < 1.0). Although sample 5067 
bas a (GdfYb)N ratio of about 1.0, indistinguishable from 
that of Group 1 rocks, the concave shape of its HREE 
pattern and similar Ti0 2 and K 20 contents and A1 20 3/ 

Ti02 ratio ( -40) as compared to sample 5092, suggest that 
5067 better belongs to Group lii komatiites. It is interesting 
to note that the type of REE pattern as represented by 
5092 bas not been reported before for komatiites of the 
Onverwacht Group or elsewhere. However, that of 5067 
is quite similar to spinifex-textured basaltic komatiites 
(Mg0=12-17%) of the Negri volcanics from the Pilbara 
Block, Western Australia (Sun and Nesbitt 1978). 

Tho/eiites (Fig. 4d): Three tholeiitic rocks were analyzed 
for a comparative study. They show LREE enrichment rela-

tive to HREE and they have overall REE abundances 
greater than komatiitic rocks mentioned heretofore. 

Samples 5053 and 5038 (Fig. 4d) have REE patterns 
very similar to sorne of Group II basaltic komatiites. A 
comparison of major and trace element data between these 
rocks suggest that they could be related by fractional crys­
tallisation. Similarly, tholeüte 5088 (Fig. 4c) bas a REE 
pattern almost identical to that of Group Ill basal tic koma­
tiite 5067. We realize tha the present classification of the 
�t�h�r�~�e� rocks - 5092, 5067, 5088 (Fig. 4c) - is not entirely 
�s�a�u�s�f�~�c�t�o�r�y�,� because they have certain peculiar chemistry 
that IS not weil understood: very high K 20 (1.6-1.7%), 
very Jow Ti02 (0.3-0.4%) and bence very high Al 20 3/Ti02 

rauos (38-43, see Table l).ln addition, the high Si02 (55%) 
in 5067 is puzzling. Nevertheless, their close major element 
and REE characteristics strongly suggest their derivation 
(s) from similar sources which have been depleted in Ti 
�~�u�t� enriched in K 20. Genetic relationship through frac­
tJOnal crystallisation is considered Jess likely because many 
modes (Si02, Al 20 3, CaO) and HREE patterns cannot be 
adequately modelled. It is concluded that the source rocks 
for the Group III komatiites and tholeiite 5088 have been 
enriched in alkalis and depleted in Ti02 before the melting 
event. However, post-magmatic modification of these two 
oxides cannot be totally discounted either. 
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Fig. 7. a Zr vs Ti, and (b) Y vs Zr variation diagrams. Nearly 
chondritic Zr/Ti ratios are preserved for Onverwacht komatiites 
(so/id symbols for Group II and open symbolds for Group III rocks). 
However, in b, Y is shown to be depleted relative to Zr, thus 
the data points deviate from the chondritic ratio line. Chondritic 
values are from the compilation of Sun and Nesbitt (1977) 

Transition Metals: Zr, Ti, Y, Cr, Ni, Co, V 

Recognition ofkomatiites formed by crystallization ofhigh­
Mg liqu.ids may be assisted by transition metal data. From 
studies of "immobile" transition elements in spinifex-tex­
tured rocks, Nesbitt and Sun (1976) and Sun and Nesbitt 
(1978) established a set of chemical criteria for recognition 
of komatiites. These include near chondritic ratios of Ti/ 
Zr::::: 110, Y /Zr:::::: 0.39 and Ti/Y::::: 290. Figure 7 a shows a 
good correlation between Ti and Zr for all Group II koma­
tiites whose data points fall close to the chondritic line. 
By contrast, Fig. 7b indicates a significant depletion in Y 
relative to Zr. lt is known that Y behaves like HREE (par­
ticularly Dy and Er) therefore it is not unexpected to have 
Y depletion in rocks which are also depleted in HREE. 

It is interesting to note that many komatiites from the 
Sandspruit Formation have high Ti02 (> 1 %) contents, 
but those from the Komati Formation do not (Table l). 
High Ti02 contents in two basaltic komatiites (VU33, 
1.35%; Sandspru.it; AB21, 1.43%, Theespru.it) have also 
been reported by Viljoen and Viljoen (1969 a). Furthermore, 
Zr is also correspondingly enriched in these high Ti rocks, 
thus a near chondritic Ti/Zr ratio is maintained. 

Discussion 

CaOjA/20 3 vs (Gd/Yb)N: Garner Fractionation 

The characteristic high Ca0/AI20 3 ratios (Mean of 
1.33 ± 0.33, on 29 analyses) for Group II komatiites of the 
Onverwacht Group can be interpreted in terms of two mod­
els: (1) the high ratios reflect primary mantle chemical char­
acteristics and (2) the high ratios are a result of secondary 
alteration or metamorphism. The present results reinforce 
the first interpretation as proposed by Sun and Nesbitt 
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(1978) and rend er the proposition of alteration effect un ten­
able (Ludden and Gelinas 1980) for the following reasons. 

Figure 5 shows a diagram of (Gd/Yb)N vs Ca0/Al20 3 
for the known komatiitic rocks from various Archean ter­
rains. It is clear that komatiites of 2. 7 AE terrains (shown 
by open symbols) are characterized by having (Gd/Yb)N 
1.0±0.1 and Ca0/AI20 3 ratios generally Jess than 1.0. The 
variation in Ca0/Al20 3 ratios of 2.7 AE rocks might be 
due to pyroxene fractionation, which, however, would in­
troduce only slight HREE fractionation in the komatiites. 
Th us, most rocks show little deviation from (Gd/Yb )N = l. 
As a whole the data points are rather restricted, and the 
Jess differentiated (or more magnesian) rocks lie close to 
the chondritic or pyrolitic mantle values. By contrast, the 
Onverwacht data show a greater scatter. Almost ail Onver­
wacht rocks have (Gd/Yb)" and Ca0jAI20 3 ratios greater 
than 1.0, whereas their Al 20 3/Ti02 ratios ( �~� 1 0) are signifi­
cantly Jower than the chondritic value of about 20. This 
distinction suggests a fundamental difference in source 
characteristics and renders accidentai alteration phenomena 
unlikely. It should be understood that Al and Ti are general­
Jy considered immobile but Ca occasionally shows its mobi­
lity during alteration (Chikhaoui 1981). It is thus possible 
that the Jesser variation in Al 20 3/Ti02 ratios (Fig. 6) than 
in Ca0/Al20 3 ratios (Fig. 5) might have been a result of 
sorne alteration processes. However, Chikhaoui (1981) bas 
also shown that Ca content in volcanic rocks is generally 
reduced by alteration, bence the Ca0/AI20 3 ratios are ex­
pected to be lowered. This is in contrast to the observed 
high Ca0/Al20 3 ratios in the Onverwacht komatiites. Fur­
thennore, the coherent low Al 20 3/Ti02 ratios in these ko­
matiites as compared to th ose of 2. 7 AE terrains could 
hardly be attributed to alteration processes. Nevertheless, 
if alteration indeed bad any effect on Ca0/Al20 3 ratios, 
the consistent HREE patterns (Fig. 4) could not be so pro­
duded. Further, many komatiites of 2. 7 AE terrains have 
also undergone a sim.ilar degree of alteration but do not 
show a consistent HREE depletion and increased CaO/ 
Al 20 3 ratios. 

Condie et al. (1977) reported that sorne types of meta­
morphism (particularly epidotization) release Al, bence in­
creasing the Ca/Al ratio. However, since epidotization is 
also a common phenomenon in bath early and late Archean 
terrains elsewhere where the majority of rocks show "nor­
mal" values for Ca0/Al20 3 (0.9-l.O) and Al 20 3/Ti02 
(20-22), it becomes difficult to ascribe a metamorphic cause 
for the high Ca0/A120 3 ratios in the Barberton rocks. It 
appears, therefore, that the distinct difference in Al 20 3/ 

Ti02, Ca0/Al20 3 and (Gd1Yb)N ratios between the Onver­
wacht and younger komatiites are likely related to different 
mantle chemistry and fractionation processes in early and 
late Archean times. Arguments on the Ca0-AI20 3-Ti02 

interrelationships by Nesbitt et al. (1979) also dismiss a 
metamorphic or an alteration hypothesis and favor a mag­
matie origin of these elemental relationships. 

During magmatic processes, the only major phase capa­
ble of fractionating bath Gd/Yb and Ca/Al ratios is gamet. 
Al-orthopyroxene is not suitable, because it bas very Jow 
Kd(HREE) values and is thus not effective enough in 
HREE fractionation. The fractionation of gamet from ei­
ther mantle sources or derived liqu.ids at high pressure 
would be expected to result in depletion of Al relative to 
Ca, of Yb relative to Gd, and of Y relative to more incom­
patible elements, such as Zr and Ti. This is clearly demon-
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strated in Figs. 5, 6 and 7. The high Ca0/Al20 3 is more 
likely caused by Al depletion rather than Ca enrichment. 

Petrogenetic M odels 

If gamet was the only major phase involved in Gd/Yb and 
Ca/Al fractionation, Group II rocks of Onverwacht Group 
may find their complementary pans in Group III rocks, 
which have low (Gd/Yb)N=0.69-1.0, low Ca0/Al20 3 = 
�0�.�6�~�.�6�0� and high A1 20 3/Ti02 :::40. For the genetic rela­
tionship between these two groups there may be other inter­
pretations. Possible genetic models are discussed below and 
portrayed in Fig. 8. 

Mode/ 1. Initial mantle source: 2 x chondritic, flat REE 
pattern Olivine: Gamet: Clinopyroxene: Orthopyroxene = 
50: 25: 15: 1 o. 

A high-proportion of gamet in the Archean mantle may 
not be entirely unreasonable, as this mineral could have 
been common in view of a lesser separation of basaltic 
component from the mantle at that time. With this assump­
tion, two varieties of Modell are examined as follows: 

a) ln this model, partial melting of the mantle source 
will be governed by the melting relation proposed by Mysen 
(1977): 0.63 Ga+0.41 Cpx+0.09 Opx=0.13 01 (olivine)+ 
Liq. With a 35% of partial melting, the residue will consist 
of 4.5% Ga+1% Cpx+10.5% Opx+84% 01. The liquid 
produced would have relatively flat LREE (LaN::: 6 x) and 
fractionated HREE with (Gd/Yb),..= 1.3. Funher fractional 
crystallisation involving mainly olivine and later joined by 
Cpx could in principle produce REE patterns similar to 
those known in Fig. 4a and b. 

b) ln this model, varying degrees ofmelting ofGa-bear­
ing source leaves varying gamet percentages in the residues. 
This mode) will produce (systematic) crossing HREE pat­
terns, and thus is not compatible with the observed data. 

Mode/2. Initial mantle source: 2 x chondritic, flat REE 
pattern. Gamet separation is assumed during the uprising 
of mantle diapir as envisaged by Green (3975). In this mod-

Fig. 8. A summary diagram of petrogenetic 
models for Onverwacht komatütes 

el, one part of the mantle source (Segment 1) is depleted 
in gamet and thus in Yb relative Gd and in Al relative 
to Ca; the other part (Segment 2) is enricbed in gamet 
and thus in Yb and Al.(Fig. 6). About 7 to 10% of gamet 
separation is required to result in a (Gd/Yb)N ratio between 
1.3-l.5 for segment 1. Unfractionated mantle is denoted 
as Segment O. 

a) Partial melting of Segment 1 producing a parental 
liquid (no Ga left in the residue) followed by fractional 
crystalliza.tion. · 

b) Various degrees of melting of Segment 1 without 
leaving Ga in the residue. 

Both models (2a and b) could result in REE patterns 
mimicking those in Fig. 4a and b. 

The complementary mantle (Segment 2) would be en­
riched in Yb relative to Gd. However, to account for the 
significant LREE enrichment, Segment 2 might have been 
metasomatized by invading liquid or fluid enriched in 
LREE. Partial melting of the metasomatized Segment 2 
is considered a possible mechanism to produce the Group 
III rocks (Fig. 4c). 

The above models are based solely on the REE data. 
Model 1 a seems reasonable but bas other inherited prob­
lems such as: (1) the assumed high proportion of gamet 
would lower the initial Ca0/Al20 3 ratio to about O. 7-0.8 
and raise the A120 3/Ti02 to about 30. Liquids produced 
by mel ting of such composition are not likely to have high 
Ca0/Al20 3 ratios ( -1.3) and low Al 20 3/Ti02 ( -10) as 
observed in Onverwacht komatiites; (2) Melting of an as­
semblage with high proportion of gamet and clinopyroxene 
relative to olivine and orthopyroxene will tend to produce 
liquids not much enriched in MgO ( < 20% even at 35-40% 
melting). This is not consistent with the MgO contents 
shown by sorne peridotitic komatiites in Fig. 4. However, 
samples 5019 and 5031 have sorne cumulative nature; (3) 
so far aU the experimental studies on mel ting of peridotite 
show that the above-liquidus field of gamet is very re­
stricted and gamet melts bef ore clinopyroxene in most cases 
and is exhausted before the melting degree is reached to 
form peridotitic komatiitic liquids (Green 1973; Mysen and 
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Kushiro 1977: Jaques and Green 1980; Harrison 1981). 
With regard to point (3), the problem may be circumvented 
by the fact that none of the experimental studies bave been 
performed on gamet-rich ( > 20%) peridotite. Nevertheless, 
the above problems and the failure of Mode! 1 to account 
for the Group Ill rocks may favor the interpretation of 
Model2. 

Other models of komatiite genesis have been proposed, 
such as: (1) sequential mel ting (Arndt 1977), (2) polybaric 
assimilation: internai variety (Cox 1978), (3) Polybaric as­
similation: foreign variety (Bickle et al. 1977), (4) combina­
tien of sequential melting and foreign polybaric assimila­
tion (Smith and Erlank 1981). Each of these models bas 
its own problems, and it is not our intention to discuss 
them here. lnterested readers may find sorne useful com­
ments on the first three models by Nesbitt et al. (1979). 

A peridotitic komatiite, 49J, from the Onverwacht bas 
been subject to an experimental study (Green et al. 1975) 
which demonstrated that the melting temperature of the 
peridotitic komatiite exceeds 1600° C and the rock repre­
sents a product of high degree ( :::=o 60%) of melting of mantle 
material. This specifie rock bas a high CaOjAl20 3 of 1.44 
and a flat HREE distribution with (Gd;'Ybh,=1.06 (Sun 
and Nesbitt 1978). Possibly, in this case a strong Al-Opx 
fractionation was involved. However, in view of the "nor­
mal" Al 20 3;'Ti02 ratio as shawn in Fig. 6, it appears that 
CaO might be in excess. As far as the REE pattern is con­
cerned, the source region probably corresponds to unfrac­
tionated mant1e Segment O. 

Possible Age Connotation ofCaOjA/20 3 

and (Gd/Yb)N ratios? 

Figures 5 and 6 show that the Gd/Yb, Ca/Al and Al/Ti 
ratios of Onverwacht komatiites are different from those 
of la te Archean komatiites ( :::=o 2. 7 AE). Does this signify 
an evolutionary feature of the upper mantle chemistry 
through time? Or does this merely representa mantle heter­
ogeneity whereby the Onverwacht volcanisms have selec­
tively tapped fractionated yet complementary mantle seg­
ments (Segments 1 and 2) in a lopsided proportion (Group 
II rocks predominate)'? The alternative interpretations are 
given as follows: 

Secular Evolution. In this hypothesis it is assumed that the 
high Ca0/Al20 3 and Gd/Yb ratios were characteristic of 
the earl y Archean mantle ( > 3.5 AE). However, the data 
base for such assumption is limited: Rocks of komatiitic 
affinity occurring as enclaves in the Amitsoq gneisses, West 
Greenland, have Gd/Yb, Ca0/A120 3 and A1 20 3/Ti02 ra­
tios similar to those of the Onverwacht rocks (McGregor 
and Mason, 1977; see Figs. 4 and 5). Komatiitic rocks from 
India (Holenarsipur and Sargur) also bave similar REE 
distributions (Table 5 and Fig. 9) and Ca0/AI20 3 ratio. Al­
though the age of these Indian rocks is not determined, 
in so far as the ratios bave any age connotation, these Indi­
an komatiites might be as old as 3.4 to 3.5 AE. The asso­
ciated Peninsular Gneisses near the Holenarsipur green­
stone belt have been dated by the Rb-Sr method at 
3.36±0.04 AE (Beckinsale et al. 1980; Beckinsale, pers. 
communications). Furthermore, three komatiites from the 
Pilbara Block (3.56 AE of age, Hamilton et al. 1980; Jahn 
et al. 1981) have been shawn by Nes bi tt et al. (1979) to 
possess high Ca0/AI20 3 (1.4-2.3) and low Al 20 3/Ti02 
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Table 5. Major elements and REE data for sorne Indian volcanic 
rocks 

Holenarsipur Holenarsipur Sargur 

Rock type BK BK BK 

5ample No. 536 S1011 553 

5i02 (%) 46.68 47.51 50.69 
Ti02 0.54 0.85 0.78 
Al 20 3 5.42 9.26 7.22 
Fe20 3 5.74 2.18 4.30 
FeO 8.29 13.29 9.52 
MnO O.l7 0.27 0.22 
MgO 19.51 9.47 13.l4 
CaO 9.13 14.l4 9.97 
Na20 0.32 0.71 3.31 
K 20 0.00 0.48 0.25 
P:05 0,06 O.JO 0.10 
H20 .. 3.94 1.57 0.01 
Total 99.75 99.85 99.51 
Al 20 3/Ti02 10.03 10.89 9.26 
Ca0/Al20 3 1.68 1.53 1.38 

La (p.p.m.) 1.696 2.441 6.256 
Ce 4.875 7.210 15.131 
Nd 3.791 5.657 10.046 
Sm 1.231 1.976 2.842 
Eu 0.371 0.945 0.894 
Gd 1.585 2.688 3.216 
Dy 1.753 3.135 3.222 
Er ];020 1.805 1.801 
Yb 0.935 1.611 1.650 
Lu 0.153 0.247 0.254 
(Gd/Yb)N 1.36 1.37 1.53 

Indic: 
Komotiitic Rocks 
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Fig. 9. REE distribution patterns for komatiites from the Dharwar 
Craton of India. Samples are from the Holenarsipur and Sargur 
greenstone belts. Their ages are inferred to be $; 3.2 AE (Naqvi 
et al. 1978) 

(::::: 1 0). However, unpublished data show a wide range of 
both ratios, many baving higher and many lower than 1.0 
for Ca0/Al20 3 and 20 for Al 20 3/Ti02 (Glikson 1979). We 
are currently conducting a systematic REE study of ca 3.6 
AE Pilbara komatiites and of Greenland mafic-ultramafic 
enclaves in order to further examine the possible chemistry­
age relationship. 

Mantle Heterogeneity. In this hypothesis, it is assumed that 
the bulk upper mantle ( <400 km) chemistry did not change 



significantly through Archean times. The mantle sources 
for the Onverwacht rocks were somehow fractionated by 
the Joss (for Segment 1, see Petrogenetic Mode] 2) and gain 
(for Segment 2) of gamet, producing two complementary 
pans. Only two Group III samples (Fig. 3 C) lie on the 
opposite si de of the restricted field defined by the 2. 7 AE 
komatiites (Figs. 5 and 6). This could suggest that the high 
Ca0JA120 3 or Gd/Yb ratios in the Onverwacht rocks (and 
Amitsoq enclaves, and Indian rocks as well) do not have 
any age connotation; rather, they only reflect local mantle 
heterogeneity. In this case, the Nd isotopie data, e,..d(T)::::: O. 
suggest that this heterogeneity was created shortly before 
the Onverwacht volcanisms. Sample 49J was probably pro­
duced by partial mel ting of unfractionated mantle Segment 
O. Chemical and isotopie evidence for Archean mantle het­
erogeneity bas earlier been addressed by severa] authors 
( e.g. Sun and Nes bi tt 1978; J ahn et al. 1980). 

Light Rare Earth Elements ( LREE) 

It bas been shown that komatiites from 2.7 AE terrains 
are mostly characterized by flat or depleted LREE, sorne 
depleted as muchas, or even more so than, modern MORB 
(Sun and Nesbitt 1978; Arth et al. 1977; Whitford and 
Arndt 1978; Jahn et aL 1980a). Figure 4 shows that the 
LREE distributions in Group II rocks are not uniform, 
with (La/Sm)N ranging from O. 73 (5052) to 2.17 (5031 ); 
none of them show as highly depleted LREE as found in 
komatiites from Finland and Canada (Jahn et al. 1980; 
Arth et al. 1977; Whiûord and Arndt 1978; Sun and Nes­
bitt 1978). Heterogeneous distribution of LREE is also ob­
served in the Indian komatiites whose HREE, however, 
show remarkably consistent slope as shown in the Onver­
wacht rocks (see Fig. 9). 

The possible mobility of REE during alteration and 
metamorphism bas been widely debated and is beyond the 
scope of this paper. However, all workers seem to agree 
that HREE remain unfractionated, while many suggest 
LREE mobility. Our preceeding arguments on the HREE, 
i.e., Gd/Yb ratio, are therefore little affected by this prob­
Jem. Since alteration might happen at any time, and maybe 
repeatedly following initial magmatism, the success of dat­
ing by the Sm/Nd method and the preservation of primary 
Sm-Nd isotopie systematics seems to argue against signifi­
cant change in REE patterns. Jt follows that the non-uni­
form LREE distributions may reflect mantle source hetero­
geneity. lt is likely that patterns with (LajSm)N > 1.5, such 
as 5019, 5031, 5080 (Fig. 4A), as well as Group III rocks 
may suggest that their source have been metasomatised by 
LREE-rich fluids or magmatic liquids shortly before the 
melting events. 

Conclusions 

(1) Komatiites of the Tjakastad Subgroup of the Onver­
wacht Group were dated by the Sm-Nd method yi el ding 
a whole-rock isochron age of T= 3.56 ± 0.24 (2u) AE, and 
lr-.;d = 0.50818 ± 23 (2u), corresponding to eNi7) = + 1.9 ± 
4.5. This age is interpreted as the time of initial Onverwacht 
Group volcanism. The near zero eNi7) value suggests that 
the source rocks bad a time-integrated near chondritic Sm/ 
Nd ratio. The present result agrees with earlier data of 
Hamilton et al. (1979) and is consistent with the Rb-Sr 
results by Jahn and Shih (1974). 
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(2) Komatiites may be divided into 3 groups based on 
the typology of REE distributions (particularly HREE; 
Jahn and Gruau 1981). According to this scheme, the On­
verwacht komatiites of the present study belong to two 
groups: the predominant Group II rocks show (Gd/Yb)N= 
1.41±0.13 (u), �C�a�0�/�A�1�~�0 �3 �=�1�.�3�3�±�0�.�3�3� (u), and Al 20 3/ 

Ti02 = 10.6± 2.0 (u); the subordinate Group III rocks have 
Gd/Yb)N<1.0, �C�a�0�/�A�l �2 �0 �3 �~�0�.�6�0�,� and �A�l �2 �0 �3 �j�T�i�0 �2 �~�4�0�.� 
This contrasting feature is best explained by gamet fraction- . 
ation within the mantle sources. Mantle Segment 1 was 
depleted in gamet component and served as the source 
for the Group II rocks; whereas Segment 2 was enriched 
in gamet and served as the source for Group III rocks. 
The exact process of gamet fractionation is not known. 
However, if a terrestrial magma ocean did exist, as env­
isaged by Anderson (1980), gamet crystallization and set­
tling due to its greater density than other phases would 
becorne possible and maybe important. Consequently, a 
heterogeneous or even stratified mantle could be so ensued. 

Segment 1 may find its modern equivalent in Southern 
Africa. Morgan et al. (1980) reported that a sheared perido­
tite nodule PHN 1611 from Lesotho bas Al 20 3jTi0 2 -10 
and a fractionated REE pattern (LaN= 3 x and YbN = 1.5 x 
chondrites). This composition somewhat resembles that 
predicted for the source of the Onverwacht Group II rocks. 
It should be emphasiz.ed that the variation in Ca0jA120 3 
is not likely to have resulted from alteration processes. 

(3) Y ounger komatiites (2. 7 AE) from Finland, Canada, 
Rhodesia and Australia have �(�G�d�/�Y�b�)�N�~�1�.�0�±�0�.�1�;� CaO/ 
Al 20 3 < 1.1 and Al 20 3/Ti02 = 20.5 ± 3.1 (u) (58 analyses). 
Tbese ratios are nearly chondritic or of the bulk earth value 
(Anders 1977). It appears that sorne late Archean koma­
tiites are different in chemistry from many early Archean 
komatiites. The implication may be that the upper mantle 
chemistry bas evolved through Archean times. However, 
the age connotation of Ca0/Al20 3, (Gd/Yb}N or Al 20 3/ 

Ti02 ratio has not been firmly established and further anal­
yses of early Archean komatiites are needed. The aspect 
of age connotation bas been further discussed in a recent 
paper by Nesbitt et al. (1982). The characteristic Ca/Al or 
Gd/Yb ratios in Onverwacht Group rocks can be also ex­
plained as a result of local short-term mantle heterogeneity. 

(4) The non-uniform distribution of LREE in Group 
II rocks and the highly enriched LREE in Group III rocks 
may suggest that sorne part of mantle sources have been 
metasomatised to various extents by invading LREE-rich 
fluids or magma tic liquids. The Sm-Nd isotopie data sug­
gest that the heterogeneity developed shortly bef ore the par­
tial melting events. 
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Appendix 1 

Perrographic Descriprion 

Ali samples were collected from the type arca of the Onverwacht 
Group (Viljoen and Viljoen 1969c). Localities of all samples ana-
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lyzed are shown in Fig. 10. Petrographie description with diagnos­
tic chemical parameters is presented in Table 6. More detailed de­
scription can be found in Viljoen and Viljoen (1969b). In general, 
thcse rocks have undergone Jow-grade metamorphism (grecnschist 
facies), which is also true for the entire greenstone belts of the 
Barberton Mountain Land (Viljoen and Viljoen 1969c). Spinifex 
textures are not observed in the thin sections examined. Relict 
primary minerais are occasionally preserved (e.g., 5084, 5085, and 
AB9). Serpentinization is very restricted except in two cumulate 
sâmples (5019 and 5031). 

A.ssessment of Alteration Effects 

The single most difficult question inherent in geochemical studies 
of metavolcanic rocks is the discrimination between primary ig­
neous compositions and superposed secondary element redistribu­
tion patterns. Because of the differentiai nature of open chemical 
mi!!ration of the various elements, references to rock bodies as 
.. f;esh" or •• altered" must be qualified with respect to the element 
in question. Th us, it is generally agreed th at al kali and alkaline 
earth elements are prone to redistribution, whereas the high-field 
strength (HFS) elements (REE, Y, Zr, Nb, Hf, P, Ti) and sorne 
ferromagnesian elements (Ni, Co, Cr, Sc) are relatively Jess mobile 
(Smith and Smith 1976; Condie et al. 1977; Sun and Nesbitt 1978). 
The petrogenetic models and interpretations in this article are 
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Fig. 10. Sampling localities 

Table 6. Petrographie description of analyzed samples from the Onverwacht Group, South Africa (CfA represents Ca0/Al20 3 ratio; 
R represents chondrite-normalized (Gd/Yb )N ratio; Th= tholeiite; BK= basaltic komatüte; PK= peridotitic komatiite) 

Sample Texture Metamorphic Special features Chemical characteristics Classi-
No. mineral ogy fication 

Major element REE 

5038 Microcrystalline, Hb, plag, No secondary Si02 =51%, Mg0=4.2% La=58x, Yb=16x Th 
foliated cpx, Q, sph alteration Ti02 =1.7% R=1.38 
homogeneous C/A=0.7 

5042 Medium grained Trem, alb, veinlets of alb + Si02 =50%, Mg0=11% BK 
porphyroblastic ilm, sph clinozo; trace Ti02 = 1.21% 

calcite grains C/A=1.2 

5046 Microcrystalline, Act, olig, No secondary Si02 =48.5%, Mg0=10.8% La=21 x, Yb= 11 x BK 
homogeneous ilm, sph alteration Ti02 =1.3% R=1.5 

C/A=1.2 

5048 Microcrystalline, Trem, chi, trem partly Si02 :45.7%, Mg0=19.5% PK 
homogeneous ilm chloritized Ti02 :0.9% 

C/A=1.04 

5049 Microcrystalline, Act, alb, No secondary Si02 =47.2%, Mg0=11.7% La=15x, Yb=10x BK 
foliated epid, sph alteration Ti02 =1.2% R=1.48 
homogeneous CjA:1.3 

5050 Microcrystalline, Act, olig, No secondary Si02 = 46.5%, MgO = 12.9% BK 
foliated ilm, sph alteration Ti02 :1.15% 
bomogeneous CfA"' 1.4 

5052 Microcrystalline Act, alb, No secondary Si02 :46.3%, Mg0=10.9% La "' 11 x , Yb= l 0 x BK 
homogeneous sph alteration Ti02 :1.43% R: 1.48 

C/A:1.2 

5053 Fine grained, Act, alb, No secondary Si02 :50.6%, Mg0=7.5% La:30x, Yb=10x Th 
homogeneous clinozo, sph alteration Ti02 :l.2% R= 1.51 

C/A=l.l 

5001 Microcrystalline. Act, sauss, Si02 =54.3%, Mg0=9% BK 
granule blastic alb, cal Ti02 :0.71% 

CfA: 1.27 

5003 Medium grained Act, alb, Si02 :54.3%, Mg0=10.6% BK 
Q, ilm, sph Ti02 =0.78% 

C/A=1.22 

5010 Medium grained Hb,olig, Si02 =52.6%, Mg0=6.3% Th 
alb,Q, Ti02 =0.61% 
ilm, sph C/A=0.66 
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Table 6 (continued) 

Sample Texture Metamorphic Special features Chemical characteristies Classi-
No. mineral ogy fi cation 

Major element REE 

5012 M icrocrystalline, Act, alb, Si02 =54.3%, Mg0=8.7% BK 
granuloblastie sauss, Q Ti02 =0.76% 

C/A=l.41 

5016 Medium grained Hb, olig, Si02 = 53.3%, MgO = 5.8% Th 
alb, sauss, Ti02 =0.79% 
ilm C/A=0.57 

5019 Fine grained Serp, trem, serpenumzation SiO: = 42.6%, MgO = 34.2% La=6 x, Yb=2 x PK 
homogeneous mag completely achieved Ti02 = 0.27% R = 1.43 
cumulate text. no prim. relie min. C/A=0.80 

5025 Fine to medium Hb, alb, No secondary Si02 = 48. 7%, MgO = 5.6% Th 
grained, banded sph, ilm alteration Ti02 = 1.51% 
homogeneous C/A=0.96 

5026 Fine grained Cpx, and, Si02 = 52.8%, MgO = 10.6% BK 
subophitie sauss Ti02 =0.37% 

C/A=0.80 

5031 Coarse grainee! Serp, trem, serpenumzation Si02 =44.3%, Mg0=31.3% La=11 x, Yb=3x PK 
homogeneous mag completely achieved Ti02 =0.31% R=1.7 
cumulate text. no prim. relie min. 

5067 Coarse grainee! Cpx, and, plag phenocr. 
subophitie serp, sauss, saussuritized, 
homogeneous Opx trace ol totaly 

serpentinized 

5077 Fine grained Cpx, bb, cpx partly trans-
subophitic alb, sauss formed to ampb., 
homogeneous plag totaly 

saussuritized 

5080 Occelus textured Cpx, epid, trace amount of 
microcrystalline chl, plag, calcite veinlets 

sauss 

5084 Medium grainee! Cpx, trem, relie cpx, chi 
homogeneous chl, plag 

5085 Medium grainee! Trem relie cpx almost 
porphiritie, entirely trans-
skeletal formed to trem 

5088 Coarse grainee! Cpx, plag, trace ol destabi-
subophitic sauss, lized in serp + 
homogeneous ilm, serp chl+cal 

5092 Medium grainee! Cpx, plag, relie cpx trans-
subophitie sauss, formed to trem, 

cbl, trem trace cal crystals 

5095 Mierocrystalline Trem, trace carbonate 
sauss, sph, crystals 
clinozo 

AB9 Fine grained Trem, act, relie cpx 
olig, chi, 
sph, opaq 

based primarily on the distribution of the latter group Jess mobile 
elements. Although the mineralogy (Table 6) does not in itself al­
low a precise indication of the degree of alteration, in general de­
partures from primary composition are positively related to the 
abundance of highly hydrous phases such as chlorite and serpen­
tine. By contrast, the metamorphism of primary pyroxene-plagio­
elase assemblages to amphibolite can be shown in places to involve 
limited introduction of water accompanied by little open chemical 
redistribution (i.e., Hallberg 1972). 

C/A=l.OO 

Si02 = 55.6% MgO = 9.8% La=51 x, Yb=8x BK 
Ti02 =0.32% R=l.O 
C/A=0.6 

Si02 .,.52.7%, Mg0=11.3% La=12x, Yb=8x BK 
Ti02 =0.64% R=1.32 
C/A=l.43 

Si02 = 54.8%, MgO = 9.4% La=l8x, Yb=8x BX 
Ti02 =0.82% R=l.40 
C!A=0.95 

Si02 = 52.6%, MgO= 13.1% La=9x, Yb=7x BK 
Ti02 =0.65% R= 1.30 
C/A=1.56 

Si02 = 55.0%, MgO = 13.7% BK 
Ti02 =0.49% 
CfA= 1.15 

Si02 = 52.9%, MgO = 6.5% La=52 x, Yb=9 x Th 
Ti02 =0.4% R=l.08 
C/A=0.56 

Si02 = 50.9%, MgO = 11.2% La=19x, Yb=8x BK 
Ti02 =0.3% R=0.69 
C/A=0.65 

Si02 =50.9%, Mg0=7.3% Th 
Ti02 =0.69% 
C/A=0.79 

Si02 = 52.4%, MgO = 11.4% La=10x, Yb=7x BK 
Ti02 =0.7% R=1.19 
C/A=1.23 

While it is not feasible to precisely determine the departure 
from original igneous composition of any individual sample, over· 
ali estimate of the degree of alteration can be obtained from (1) 
retention or otherwise of magmatic inter-elemental relations and 
trends; (2) correlation coefficients between magmatically related 
elements; (3) degree of compositional scatter for individual rock 
types; and (4) extent of bydration and carbonatization. A measure 
of depart ure from igneous compositions is provided by log molecu· 
Jar proportion plots (LMPR) or Beswick and Soucie (1978), wher-



38 

/. , . .- . 
?' 

f 

�0 �c�~� --'-, �-�~�2�,�.�.�-�-�-�-�:�-�3� -
Log [FM 1 K20) 

J 
�~� 1 . 

1l/ 
0o 1 2 3 

Log �[�F�M�/�K �2 �~� 

Fig. 11. LMPR (log molecular proportions) plots of the Onver­
wacht Group volcanic rocks. The delineated central field is ofleast­
altered modern volcanic rocks (after Beswick and Soucie 1978) 
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eby the log of severa} major element;'alkali ratios are plotted against 
each other and compared to the field of least altered modern vol­
canics (Fig. 11). The deviation of any point from the least altered 
field provides a semi-quatitative parameter of alteration (Giikson 
1 979). 

The samples studied here display high correlation coefficients 
between the HFS elements, between the ferromagnesian elements, 
and also between sorne ofthe..alkalies (Table 7). For example, Ti­
Zr (r=0.83), Ti-P (r=0.82). Ti- Y (r=0.78), Y -Zr (r=0.95), 
Cr-Co (r=0.95), Ni-Cr (r=0.98), Co-Ni (r=0.96), K-Rb 
(r = 0.99). LMPR plots of the data suggest approximations to the 
fields of modern volcanics for Ca/Si. Si/FM (FM= FeO, + MgO), 
and Ca1FM, and sorne departures in the fields of Si/Al and CajAl. 
The departures may be related to Al depletion in the source regions 
as developed in the text. The coherent relations suggest that little 
overall fractionation bas taken place with regard to the more stable 
elements. including the rare eartb elements, which may be indicated 
by erratic REE patterns, including Eu anomalies. However, the 
regularity of REE patterns and the Sm/Nd isotope systematics 
reported in this paper !end supporting evidence to their interpreta­
tion in terms of near-original compositions. Likewise the relative! y 
limited deviation on the log (Ca0/K20)-log (Al 20 3/K 20) plot 
suggests that, on the whole, the Ca0/Al20 3 ratios are not far 
removed from their primary values. In addition, the process of 
rodingitization is not identified in the analyzed samples. Notwitb­
standing tbese considerations, the possibility of departures of our 
data from original magmatic chemistry must be constantly borne 
in mind. 

Table 7. Correlation coefficients for komatiitic and tholeiitic rocks of the Onverwacbt Group (only values above 0.5 or Jess than -0.5 
�~�~�~� -

Si02 

Ti02 

Al 20 3 

Fe20 3 

FeO 
Tot.Fe 
MnO 
MgO 
CaO 
Na20 
K 20 
P20 5 

Ba 
Rb 
Sr 
Pb 
Th 
u 
Zr 
Nb 
y 
La 
Ce 
Li 
v 
Cr 
Co 
Ni 
Cu 
Zn 
Ga 

Tjakastaad subgroup (major elements) 

-1.00 
-0.68 
-0.62 
-0.62 

0.57 

-1.00 

0.99 

1.00 

-0.75 
-0.81 
-0.82 

1.00 

1.00 
0.67 
0.80 

0.64 

0.82 
1.00 

-0.66 

-0.56 
-0.89 

0.83 

0.78 
-1.00 

0.71 

0.52 
0.89 

-1.00 

-1.00 1.00 
0.53 

-0.80 

0.54 
0.51 

-1.00 1.00 

0.72 
-0.74 
-0.88 

1.00 -1.00 

0.56 

-0.75 
-0.77 
-0.66 

1.00 -1.00 

FeO Tot.Fe MnO 

1.00 
1.00 0.84 
1.00 

-1.00 
-1.00 

1.00 -0.57 
0.51 

1.00 1.00 1.00 
-0.73 -0.58 

1.00 
-0.74 -0.65 
-0.88 -0.80 

-1.00 0.56 
-1.00 

1.00 
-1.00 -1.00 -1.00 

1.00 
1.00 0.64 
1.00 

1.00 
-1.00 
-1.00 0.72 0.77 
-1.00 -1.00 -1.00 

MgO 

-0.70 
-0.66 

-0.50 
1.00 

-0.55 

0.99 

-1.00 

0.97 
0.94 
0.93 

-1.00 

CaO 

0.53 
-1.00 
-0.61 

-0.93 

0.54 

0.59 
1.00 

0.76 
-0.63 
-0.64 
-0.61 

1.00 

-1.00 

-0.92 

1.00 

-0.69 
-0.67 
-0.70 

0.59 

1.00 

1.00 
0.99 

0.70 
0.85 

0.51 

-1.00 

0.51 

-1.00 

-0.54 

-0.96 

0.75 

0.72 

0.78 



27 

39 

Table 7 (continued) 

Tjakastaad subgroup {trace elements) 

Ba Rb Sr Pb Th u Zr Nb y La Ce Li v Cr Co Ni Cu Zn 

Ba 
Rb 
Sr 1.00 
Pb 0.85 
Th 0.90 -1.00 0.71 
u 
Zr -1.00 0.55 -0.90 
Nb -1.00 -0.83 
y 1.00 0.62 -0.89 0.95 
La -1.00 -1.00 1.00 1.00 -1.00 
Ce 
Li 1.00 0.87 -1.00 
v 1.00 -0.72 -0.64 -1.00 
Cr 1.00 0.93 -1.00 
Co -0.51 0.82 0.95 
Ni 1.00 0.98 -1.00 0.98 0.96 
Cu -1.00 -0.87 1.00 
Zn -1.00 -0.53 -0.56 -0.91 0.67 0.56 1.00 0.56 0.66 
Ga -1.00 -1.00 1.00 - 1.00 -1.00 1.00 -1.00 -1.00 -1.00. -1.00 1.00 1.00 
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Archean komatütes, high-Mg basalts and tholeütes from the North Star Basait and the Mount Ada Basait formations 
of the Talga-Talga Subgroup, Warrawoona Group, Pilbara Block, Western Australia, define a linear correlation on the 
normal 143Ndj144Nd vs. 147Smj144Nd isochron plot. The data give an age of 3712 ± 98 Ma and initial (Nd(T) of 
+ 1.64 ± 0.40. The 3712 ± 98 Ma date is consistent with the regional stratigraphie sequence and available age data and 
the Sm-Nd linear array may be interpreted as an isochron giving the eruption age of the Talga-Talga Subgroup. An 
alternative interpretation is that the isochron represents a mixing line giving a pre-volcanism age for the �S�u�~�g�r�o�u�p�.� 

Consideration of geochemical and isotopie data indicates that the true eruptive age of the Talga-Talga Subgroup is 
possibly closer to about 3500 Ma. Regardless of the age interpretation, the new Nd isotopie data support an existence 
oC ancient LREE-depleted reservoirs in �~�e� early Archean mantle, and further suggest that source regions for the 
Pi! bara volcanic rocks were isotopically heterogeneous. with (Nd ( T) values ranging from at !east 0 to + 4.0. 

1. Introduction 

The systematic study of isotopie composition 
and REE geochemistry of Archean basic-ultra­
basic (komatütic) series allows new insight into 
the interpretation of Sm-Nd whole rock "iso­
chron" relationships. A methodological dilemma 
inherent in geochronological studies is that-in 
arder to obtain a better statistical precision of an 
isochron age-samples possessing as wide a range 
in Sm/Nd (or Rb/Sr) ratios as possible are pref­
erentially analysed. However, in view of this varia­
tion, especially in the Sm-Nd system, it is possible 
that the investigated samples are not cogenetic 
and that different subsets of samples have differ­
ent initial isotopie ratios. An "isochron" thus ob­
tained may not have an unambiguous chronologi­
cal meaning. 

In this paper we present new Sm-Nd data for 
fourteen basic-ultrabasic rocks from the North 
Star Basalt and Mount Ada Basait formations of 
the Pilbara Block, Western Australia. On the basis 
of a Sm-Nd isochron for six samples, ranging in 
composition from felsic volcanics to ultrabasic 

0012-821X/87j$03.50 .e 1987 Elsevier Science Publishers B.V. 

komatüte, Hamilton et al. [1,2] have earlier dated 
the North Star Basait at 3540 ± 30 Ma. Additional 
Sm-Nd isotopie data obtained later by Jahn et al. 
[3] on four samples of felsic volcanics from the 
same locality yielded a similar but imprecise age 
of 3560 ± 540 Ma, whose large uncertainty arises 
from the restricted range of Sm/Nd ratios of the 
samples. The apparent concordance of these two 
data sets may suggest that the age of the North 
Star Basalt is well established at ca. 3550 Ma. 
However, in the light of the problems discussed in 
this paper and because of the large error of the 
second isochron date, this age remains uncertain. 

In the present study the approach was to re­
strict the analyses solely to samples of basic-ultra­
basic composition. The main aims of this work 
are: (a) to independently verify the oldest Sm-Nd 
isochron age found in the Pi! bara Block. and (b) 
to establish (Nd(T) values for the mande in this 
region, about 3500 Ma ago. 

2. Geological setting 

The Pilbara Black of north western Western 
Australia, like many other Archean granite-green-
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Fig. 1. A geological sketch map of the Marble Bar arca, Pilbara 
Block, Western Australia. Two sample transverses are indi­
cated: (1) Talga-Coongan; (1) Talga-River. From {5). 

stone cratons, consists of low-grade meta­
morphosed volcanic and sed.imentary successions 
intruded by, or faulted against, granitic batholiths. 
In the -eastern part of the Pilbara Block, near 
Marble Bar, the stratigraphically lower volcano­
sedimentary succession includes the North Star 
Basalt (NSB), McPhee Formation and Mount Ada 
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Basait (MAB), which together constitute the 
Talga-Talga Subgroup [4) (Fig. 1). The Talga-Talga 
Subgroup consists of pillowed and massive tholei­
itic basalts, high-Mg basalts and minor peridotitic 
komatiites. Subordinate dacitic to andesitic 
volcanics, minor volcaniclastic sediments and ebert 
occur in the McPhee Formation (Fig. 2). The 
metamorphic grade ranges from greenschist to 
lower amphibolite facies [4,5). The NSB has been 
dated by the Sm-Nd method as ca. 3550 Ma old 
[1-3). Further, Jahn et al. [3] reported a whole 
rock Rb-Sr isochron yielding a poorly constrained 
age of 3570 ± 180 Ma. No radiometrie age data 
are available for the Mc Phee Formation nor for 
theMAB. 

Overlying the Talga-Talga Subgroup is the 
Duffer Formation, composed mainly of dacitic to 
rhyolitic tuffs and agglomerates, including rare 
flows. Pidgeon {6) has dated this unit at 3452 ± 16 
Ma using the U-Pb method on zircon fractions 
from dacite flows located 20 km southwest of 
Marble Bar. This represents the oldest U-Pb zircon 
age recorded from the layered succession of the 
Pilbara Block, and is believed to accurately reflect 
the primary igneous age of the Duffer Formation, 
providing a minimum age of ca. 3450 Ma for the 
Talga-Talga Subgroup. 

0 
Talga- Coongan 
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Fig. 2. Stratigraphie section of the Talga-Coongan and Talga-River traverses showing the different lithologies of the Talga-Talga 
Subgroup and Duffer Formation as weil as sampling localities. NSB • North Star Basait Formation; MF • McPhee Formation; 
MAB- Mount Ada Basalt Formation; DF- Duffer Formation. The stai symbols give Hamilton et al.'s (1) and Jahn et al.'s [3] 
sample localities. From [1,3,5]. 



3. Sample selection and analytical techniques 

In order to determine the ages of the NSB and 
the MAB the following samples were chosen for 
Sm-Nd isotopie investigation: (a) five tholeiitic 
basalts (MgO < 10%) and two high-Mg basalts 
(10% > MgO < 20%) from the NSB; (b) three 
tholeiitic basalts, two high-Mg basalts and two 
peridotitic komatiites (MgO > 20%) from the 
MAB. Sample localities are indicated in Figs. 1 
and 2 and are identical or close to those for rocks 
analysed by Hamilton et al. [1] and Jahn et al. [3). 
Petrographie descriptions can be found in [5). 

All Nd isotopie compositions as well as Sm and 
Nd abundances were determined at the Université 
de Rennes except for samples 17 A, 55C and 92 for 
which analyses were carried out at the Max­
Planck-Institut für Chernie, Mainz. For the latter 
sarnples detailed description of chemical proce­
dures and techniques in rnass spectrometry 
analyses was given by Chauvel et al. [7]. 

Analytical techniques used at the Université de 
Rennes are as follows: (a) Approxirnately 500 mg 
of powder was weighed into closed teflon beakers 
and treated with HF-HN03-HC104 mixture for 
severa} da ys. (b) After dissolution the sample was 
dried out and then redissolved on a hot plate in 
6N HCI. An aliquot of about 1/2 of the sample 
was used for Nd isotopie composition (IC) and 
1/4 was used for Sm-Nd concentration de­
termined by the isotopie dilution (ID) method. 
The remaining 1/4 was taken for further de­
termination of REE abundances. (c) A mixed 
149Smj145Nd spike was added to the Sm-Nd 
aliquot. 

The techniques used for Nd IC and Sm-Nd ID 
separation are essentially similar to those de­
scribed in Jahn et al. [8}. Nd IC were run using 
triple Re filaments. 143Ndj144Nd rneasured ratios 
were normalized to 146Ndj144Nd = 0.7219. 
--A check of our Sm-Nd mixed spike against 

BCR 1 and the Caltech Standard Solution as well 
as the mean value of 22 separate runs of La Jolla 
Nd standard are presented in Table 1. The 147Sm/ 
144Nd ratio measl!red in Rennes for Caltech 
Standard Solution is in excellent agreement with 
both the result of W asserburg et al. [9] and the 
value given by the Max Planck laboratory [7}. The 
reproducibility for the 147Sm/144Nd ratio is better 
than 0.2%. 
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TABLE 1 

Sm-Nd results for standards 

Sam pies 

BCR-1 

2 
3 
average 

Mainz" 

Nd 
(ppm) 

28.75 
28.84 
28.89 
28.82 

±0.2% 
28.84 

Sm 
(ppm) 

6.574 
6.603 
6.601 
6.592 

±0.2% 
6.590 

Caltech Sm-Nd standard solution 
1 
2 
3 
4 

average 

Caltech b 

Mainz" 

0.1384 
0.1384 
0.1381 
0.1383 

±0.1% 
0.1382 

0.1963 
0.1965 
0.1969 
0.1965 
0.1966 

±2 (a) 
0.19655 
0.19650 

±4 (a) 

La JoUa Nd standard solution (22 runs) 

107 

0.511875 
±9 

• Results published by the Max Planck Laboratory. Mainz. (7). 
b Result given by Wasserburg et al. (9) recalculated against 
�1 �~�N�d�/ �1 �"�'�N�d� • 0.7219. 

Regression analyses were carried out using a 
modified version of the rnethod of York [10). The 
error inputs were 0.2% for 147Srnj144Nd and 2o 
obtained for individual runs for 143Ndj144Nd. Ali 
errors on ages and isotopie ratios are quoted at 2o 
or 95% confidence level. lnitial 143Nd/144Nd (JNd) 

ratios are also quoted throughout the text in the 
(Nd notation of DePaolo and Wasserburg [11) as 
deviations in part per 104 from the chondritic 
uniform reservoir (CHUR), as determined by 
Jacobsen and Wasserburg [12}. The errors of the 
isochron initial (Nd(T) values were calculated 
using the method of Fletcher and Rosman [13). 
The decay constant of 147Sm used is 0.00654 Ga - 1• 

4. Results 

The Sm-Nd isotopie results obtained for the 
NSB and MAB basic-ultrabasic suites are pre­
sented in Table 2 and displayed on a conventional 
isochron diagram in Fig. 3. The fourteen data 
points define an isochron (or errorchron) with an 
age of 3712 ± 98 Ma (MSWD = 12.8) and /Nd= 
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TABLE 2 

Sm-Nd isotopie data for Talga-Talga Subgroup basic-ultrabasic volcanic rocks 

Sample Rock type • Sm(ppm) Nd (ppm) 1• 7sm;''"Nd 1• 3Nd/1'"Nd (Nd (3500) 

Norzh Star Basait 
3C HMg-B 1.345 Ù33 0.2516 0.514099±20 +3.6±0.4 

16Q TB 2.025 6.754 0.1812 0.512378 ± 32 +1.8±0.6 
24A TB 2.195 7.757 0.1711 0.512126 ± 15 + 1.4±0.3 
26A TB 3.398 9.862 0.2083 0.513005 ± 25 + 1.8±0.5 
26B TB 2.104 5.513 0.1693 0.512064 ± 17 + 1.1 ±0.3 
250 HMg-B 1.830 6.418 0.1723 0.512112±29 +0.6±0.3 
17A TB 3.120 10.73 0.1758 0.512180 ± 16 +0.6±0.3 

Mount Ado Basait 
30 HMg-B 1.775 4.464 0.1964 0.512742 ± 21 +2.1 ±0.4 
34C PK 1.199 2.749 0.2638 0.514357 ± 17 +3.2±0.3 
34F PK 1.234 2.698 0.2768 0.514718 ± 29 +4.3±0.6 
470 TB 2.417 8.090 0.1806 0.512360±21 +1.7±0.4 
56 A TB 4.766 15.79 0.1824 0.512391 ± 18 +1.5±0.4 
92 HMg-B 1.825 5.680 0.1943 0.512574 ± 16 -0.3±0.3 
55C. TB 4.884 16.93 0.1744 0.512166 ± 19 +0.7±0.4 

"HMg-B: high-magnesium basait; PK: peridotitic komatiite; TB: tholeiitic basalt. 

[
]Nd �(�3�5�0�0�)�s�u�n�p�~�e� ] 

(Nd(3500Ma)• -1 x1o• 
J Nd {3500)cHUR 

For 3500 Ma: ]Nd CHUR- 0.50809. 

0.507889 ± 21. The corresponding calculated 
E. Nd ( T) value is + 1.6 ± 0.4. If the two sets of data 
are treated separately the foUowing results are 
obtained: T-= 3737 ± 117 Ma with !Nd(T) ... 
+ 1.8 ± 0.4 for the NSB; and T-= 3715 ± 170 Ma 
with (Nd(T)""' + 1.4 ± 0.8 for the MAB. The two 
data sets are indistinguishable within analytical 
error, and their combined treatment in the iso­
chron calculation is regarded as valid. 

'"3Nd /'"4Nd 

0.5145 TALGA-TALGA 

0.5140 • Mount Aoa Basal! 

05135 

0.5130 

0.5125 

0.5120 

T•3712 t 98 Mo 
1 • 0.507889! 21 
( .. 1.6!0.4 

0.15 0.17 0.19 0 21 0.23 0.25 0.27 0.29 

Fig. 3. Sm-Nd isochron diagram for the Talga·Talga Subgroup 
basi.::-ultrabasic volcaniè: rocks. 

In Fig. 4, the new Sm-Nd data are plotted 
along with those published earlier [1-3]. The three 
samples of basic-ultrabasic composition investi­
gated by Hamilton et al. [1] plot within analytical 
error on the 3712 Ma array defined by our �f�o�u�r�~�·� 

teen rocks. When regressed the seventeen data 

0.515,.-------------., 

TALGA-TALGA 
0.514 ali data 

0.513 

0.512 

0.510 

0.08 0.12 0.16 020 024 028 

Fig. 4. Sm-Nd isochron diagram showing a comparison of the 
data from this study with those published earlier [1-3). 
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TABLE 3 

Major and trace element data for Talga-Talga Subgroup basic-ultrabasic volcanic rocks 

North Star Basait Mount Ada Basait 

Sample: 16Q 17A 24A 25D 26A 26B 03C 55C 56A 34F 
PK 

34C 
PK 

92 30 47D 
Rock type": TB TB TB HMg-B TB TB 

Si02 

Ti02 

A1 20 3 

Fe20 3 

(Fe) 
Mnü 
Mgü 
CaO 
Na 20 
K 20 

P205 
H 2o. 
co2 

Total 

Ca0jAI20 3 

Al 20 3 jTi02 
Ca0jTi02 
TiO.JP20 5 

Ba (ppm) 
Rb 
Sr 
Zr 
Nb 
y 

v 
Cr 
Co 
Ni 
La 
Ce 
Nd 
Sm 
Eu 
Gd 
Dy 
Er 
Yb 
Lu 

(LajSm)N 
(GdjYb)N 
(LajYb)N 
Eu/Eu'" 
Ti/Y 
Ti/Zr 
Zr/Y 

53.86 52.23 51.30 51.79 50.57 51.32 
0.74 1.10 0.58 0.52 1.38 0.58 

14.79 13.46 14.82 13.60 13.52 14.85 

9.46 12.73 10.47 10.04 15.78 10.81 
0.24 0.19 0.25 0.20 0.25 0.32 
6.09 7.10 8.61 10.82 6.15 7.69 

12.02 8.65 10.15 8.77 9.58 11.83 
2.41 1.95 1.64 0.82 1.47 0.85 
0.44 0.34 0.30 0.89 0.35 0.27 
0.05 0.10 0.04 0.03 0.13 0.03 
0.29 1.16 1.33 2.24 1.00 0.17 
0.06 0.02 0.04 0.11 0.12 0.10 

100.41 99.03 99.53 99.83 100.30 99.82 

0.81 0.64 0.68 0.64 
19.08 12.24 25.60 26.20 
16.24 7.50 17.50 16.90 
14.80 11.00 14.50 17.30 

168 49 79 214 
15 16 10 40 

144 104 71 111 
63 94 77 67 
2 s 4 3 

21 27 20 17 
272 364 240 225 
985 77 361 752 
44 41 46 44 

206 50 115 146 
4.25 6.72 5.520 4.53 

10.21 16.45 12.29 10.24 
6.754 10.73 7.757 6.418 
2.025 3.110 2.195 1.830 
0.688 0.929 0.661 0.560 
2.642 3.884 2.760 2.249 
3.197 4.598 3.395 2.830 
2.088 2.891 2.250 1.868 
2.008 2.729 2.260 1.950 
0.315 0.416 0.349 0.310 

1.27 
1.05 
1.35 
0.91 

286 
95 
3.0 

1.32 1.55 
1.14 0.98 
1.62 1.55 
0.84 0.82 

244 243 
70 63 
3.49 3.85 

1.50 
0.93 
1.43 
0.89 

183 
47 
3.90 

0.71 0.80 
9.80 25.60 
6.94 20.40 

10.60 19.30 

89 18 
5 3 

130 95 
105 77 

4 2 
29 19 

420 278 
74 331 
54 51 
56 108 
5.443 5.460 

13.17 12.40 
9.862 7.513 
3.398 2.104 
1.191 0.596 
4.607 2.610 
5.260 3.300 
3.050 2.163 
2.728 2.164 
0.400 0.334 

0.99 
1.36 
1.42 
0.96 

285 
79 
3.6 

1.57 
0.96 
1.55 
0.78 

183 
45.1 
4.06 

HMg-B TB TB 

49.68 49.91 48.85 
0.68 1.95 1.89 
5.84 13.70 13.80 

12.44 14.57 15.56 
0.24 0.19 0.23 

13.91 6.16 5.71 
14.94 8.06 8.95 
0.42 2.75 2.42 
0.22 0.26 0.25 
0.40 0.17 0.15 
0.38 1.92 1.96 
0.24 0.46 0.25 

99.39 100.12 100.02 

2.55 0.59 0.65 
8.60 7.03 7.30 

21.98 4.13 4.74 
1. 70 11.50 12.60 

36 117 130 
2 3 4 

26 98 163 
29 141 135 

6 7 

44.95 
0.75 
5.27 

14.25 
0.24 

22.61 
8.19 
0.06 
0.02 
0.07 
3.49 
0.03 

99.93 

1.55 
7.03 

10.90 
10.70 

17 

12 
41 

42.07 
0.79 
5.58 

15.85 
0.25 

23.45 
6.80 
0.07 
0.03 
0.07 
4.41 
0.03 

99.40 

1.22 
7.06 
8.60 

11.30 

9 

17 
42 

14 39 35 11 11 
324 425 424 208 203 

1400 220 160 4100 4780 
66 44 43 90 107 

399 61 74 1450 1480 
1.183 10.33 7.798 1.027 1.121 
3.506 25.02 20.95 2.385 2.682 
3.233 16.93 15.504 2.698 2.749 
1.345 4.959 4.754 1.234 1.199 
0.539 1.408 1.509 0.324 0.259 
2.289 6.138 5.798 1.904 1.878 
2.589 7.077 6.431 2.083 2.072 
0.479 4.459 3.940 1.135 1.156 
1.267 4.256 3.734 0.957 0.991 
0.187 0.647 0.568 0.143 0.149 

0.53 1.28 
1.44 1.19 
0.68 1.60 
0.94 0.81 

291 300 
141 83 

2.06 3.6 

1.01 
1.28 
2.09 
0.88 

324 
84 
3.9 

0.51 
1.64 
0.72 
0.61 

409 
110 

3.7 

0.57 
1.56 
0.75 
0.46 

431 
113 

3.8 

• TB: tholeiitic basait; HMg-B: higb magnesium basait; PK • peridotitic komatüte. 

HMg-B "HMg-B TB 

50.91 52.05 51.34 
0.70 0.69 0.83 
7.49 6.58 12.12 

10.83 10.95 11.85 
0.22 0.22 0.20 

12.19 13.53 7.95 
14.79 14.59 10.70 
1.45 1.00 1.91 
0.08 0.31 0.24 
0.04 0.04 0.08 
0.45 0.41 1.06 
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points yield an age of 3687 ± 83 Ma with (Nd(T) 
= 1.6 ± 0.4. By contrast, the felsic volcanics lie 
weil above the 3712 Ma isochron. If ali the Talga­
Talga Subgroup data are combined. a younger age 
of 3615 ±58 Ma with (Nd(T) = + 1.7 ± 0.4 is ob­
tained. If the four komatüte samples with high 
147Smj144Nd ratios are excluded. an even younger 
age of 3517 ± 80 Ma results with corresponding 
(Nd( T) = + 1.2 ± 0.4. Fin ally if only the six felsic 
volcanics data are treated an age as young as 
3419 ± 242 Ma is obtained, with �f�~�·�d�(�T�)� = +0.1 
± 2.7. 

5. Principal geochemical features of Talga-Talga 
Subgroup basic-ultrabasic volcanics 

Table 3 presents major and trace element data 
including REE concentrations of the fourteen 
rocks selected for Nd isotope study. The REE 
data are further displayed in chondrite-normalized 
diagrams in Fig. 5. While ali samples are of basic­
ultrabasic composition the elemental abundance 
data show a large variation, especially when the 
REE distribution patterns are considered. On the 
basis of their REE patterns the rocks fall into 
three categories. 

5.1 Markedly depleted HREE parterns 
Included in this category are the two MAB 

peridotitic komatiites, one NSB tholeütic basait 
and one NSB high-Mg basait (Fig. Sc). Ali sam­
pies show high (Gd/Yb)N ratios (1.28-1.64) as 
well as Jow Al 20 3/Ti02 ratios and high CaO/ 
Al 20 3 ratios, except for the NSB tholeiitic basait 
sample which has a CaO 1 Al 20 3 ratio Jess than 
1.0. These features resemble those of the Al-de­
pleted Group JI komatiites of Jahn et al. [14] 
common in early Archean terranes [14-18]. lt is 
generally held that such compositions were de­
rived by partial melting of garnet-depleted mantle 
sources [19]. 

In contrast, no regular variation is observed for 
the LREE patterns. The MAB komatüte samples 
(34F and 34C) and the NSB high-Mg basait (3C) 
show strongly depleted LREE patterns, whereas 
the NSB tholeiitic basait sample (26A) presents a 
near-flat LREE pattern. Moreover, the MAB 
komatiite samples show a strong negative Eu 
anomaly (Eu/Eu • < 0.6) and a positive La 
anomaly. The strong depletion in LREE shown by 
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samples 34C and 34F is unusual for early Archean 
komatütes which comrnonly have flat or slightly 
depletedjenriched LREE patterns [14,15,19). 
However, because LREE are little fractionated 
during komatiite genesis the depletion of samples 
34F and 34C must be considered very significant 
for it suggests that depletion events took place in 
the early Archean mantle. The Eu and La anoma­
lies are both interpreted as resulting from post­
magmatic alteration processes. A similar enrich­
ment of La is often observed in altered rocks of 
ophiolite sequence [20). 

Petrogenetic interpretation for tholeüte sample 
26A is more difficult. As mentioned above, this 
rock has a HREE pattern mimicking those of the 
MAB komatiites and NSB high-Mg basait, but 
instead of having a depleted LREE pattern it 
shows an almost chondritic distribution of LREE 
(Fig. 5c). This could be due to derivation by a 
small degree of partial melting of a LREE­
HREE-depleted mantle source similar to that of 
samples 34C, 34F and 3C with sorne gamet Jeft as 
residual phase. However, because gamet strongly 
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fractionates the HREE, sample 26A should dis­
play an even higher {Gd/Yb)N ratio. For this 
reason we suggest that either sample 26A was 
derived from a mantle source less depleted in 
LREE than that of the two MAB komatütes or 
resulted from mixing between a MAB-komatüte­
like component and a component enriched in 
LREE. In any case a genetic linkage between 26A 
and the other three HREE-depleted samples is not 
evident. 

5.2. Flat HREE, enriched LREE patterns 
Included in this group are one NSB high-Mg 

basait, three NSB tholeütic basalts and one MAB 
tholeiitic basait (Fig. Sa). Ali rocks show con­
sistently fractionated REE patterns with 
(Gd/Yb)N ratios close to 1.0, (La/Sm)N ratios 
ranging from 1.3 to l.S and a negative Eu anomaly. 
Table 3 shows that the LREE enrichment of these 
five samples is accompanied by high Zr /Y ratios 
(up to 4.0), reflecting a coherent enrichment in Zr 
relative to Y. By contrast, especially in samples 
2SD and 26B, a relative depletion in Ti results in 
low Ti/Zr and Ti/Y ratios (4S and 180 respec­
tively) and in high Al 20 3/Ti02 ratios (26) relative 
to chondrites (20). However, the flat HREE pat­
tems and the near-chondritic Cao; Al 20 3 ratios 
of these rocks rule out significant gamet fractiona­
tion. Thus, these rocks must have originated from 
mantle sources with chemical characteristics of 
Al-undepleted Group· 1 komatiites [14,1S]. 

Many Archean basalts are found to have al­
most flat LREE patterns [1S,18.21]. The NSB and 
MAB tholeütes resemble the Hangingwall Basalts 
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Fig. 7. Al 20 3jTi02 vs. (LajSm)s plot. As in Fig. 6. the 
mixing curve is obtained using samples 34F and 26B as end· 
members. 

of the 2700 Ma old Kambalda greenstone belt of 
the Yilgarn Block, Western Australia, with respect 
to their LREE enrichment [7,22]. The Hanging­
wall Basalts are believed to have formed by con­
tamination of LREE-depleted komatütic melt by 
older continental crust and their enrichment in 
LREE is considered irrelevant to the mantle source 
characteristics [22]. In view of their identical REE 
distribution patterns, the NSB and MAB LREE­
enriched basalts might be thought to have a simi­
lar origin. However, they are found in close associ­
ation with komatütic rocks (MgO contents up to 
30%) which also have LREE-enriched patterns 
identical to those of Fig. Sa (23]. Furthermore, the 
LREE-depleted komatiites of the Talga-Talga 
Subgroup are also depleted in HREE (Fig. Sc). 
Crustal rocks (granitoids and sediments) are 
known to have strongly fractionated HREE pat­
terns and their average �(�G�d�/�Y�b�)�~� ratio has been 
estimated to be about 1.6 (24]. Thus, contamina­
tion of LREE-HREE-depleted komatütes should 
result in basalts with high (Gd/Yb)N ratios. Since 
this is not the case with the NSB and MAB basalts 
it is more likely that their LREE enrichment re­
flects mantle source characteristics. 

5.3. Depleted to flat HREE patterns; dep/eted to 
enriched LREE patterns 

Ail the remaining samples are included in this 
category: two MAB high-Mg basalts; two MAB 
tholeütic basalts and one 'NSB tholeiitic basait 
(Fig. Sb). These rocks have chemical characteris­
tics intermediate between the two groups dis­
cussed above (cf. Fig. Sa. c; Table 3). 
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The origin of this intermediate group of rocks 
may be revealed by the relationships between their 
MgO and trace element contents. For example, for 
samples 92, 30 and 47D the decrease in MgO 
content is accompanied by a flattening of HREE 
patterns. This cannot be explained by fractional 
crystallization or by partial melting processes. 
Since for basic-ultrabasic suites the partition coef­
ficients increase gradually from Gd to Lu, a de­
crease in MgO should result in an increase in the 
slope of the HREE. For this reason the main 
cause of chernical variations may have been rnix­
ing of two geochernically distinct components. One 
component (A) may have been depleted in both 
LREE and HREE, sirnilar to the MAB komatütes 
of Fig. Sc, whilst the other (B) may have been 
enriched in LREE with flat HREE patterns, sirni­
lar to the MAB and NSB LREE-enriched tholei­
ites of Fig. Sa. This interpretation is supported by 
Fig. 6 which presents a plot of (Gd/Yb)N against 
(LajSm)N for ail NSB and MAB basic-ultrabasic 
vo1canics. Also plotted is a rnixing curve calcu­
lated from end-members (A) LREE-HREE­
depleted komatüte 34F and (B) LREE-enriched 
tholeiite 26B. A reasonably good fit is obtained 
between the analytical data and the calculated 
rnixing curve. 

However, while a rnixing model explains the 
REE distribution patterns of this group of rocks it 
does not account for ali the other chernical varia­
tions, This point is illustrated in Fig. 7 in which 
Al 20 3jTi02 ratios have been plotted against 
(LajSm)N ratios. In this plot the fit between 
analytical data and calculated rnixing curve is far 
from good. Three samples (SSC. 17A and S6A) 
plot weil below the rnixing curve. Two of these 
samples (56A and 17A) belong to the REE-inter­
mediate group of lavas, whereas SSC cornes from 
the LREE-enriched group. The three samples have 
very high Ti02 contents (up to 2%; Table 3) 
resulting in anomalously low Al 20 3jTi02 ratios. 
The high Ti02 contents may indicate accumula­
tion of Ti-rich phases through fractional crystalli­
zation. 

5.4. Summary of geochemical data and petro­
genetic considerations 

From the preceding description of REE pat­
terns in the NSB and MAB it appears that: 

(1) At least two chernically distinct sources 
were involved in the production of the basic-ultra­
basic volcanics of the Talga-Talga Subgroup. 

(2) A rnixing process is required to explain the 
chernical variations observed among these volcan­
ics. 

One source was clearly LREE and HREE-de­
pleted mantle. The other was either LREE-en­
richedjHREE-flat mande (preferred) or HREE­
flat mantle mixed with older continental crust. 
Depending on the nature of the LREE-enriched 
source, rnixing may have operated either (a) di­
rectly between mantle sources, (b) between mantle 
partial melting products within magma chambers 
or (c) during magma ascent and eruption. 

6. Discussion of Sm-Nd isotopie data 

6./. Interpretation of age data 
The new and stratigraphically consistent age 

data of 3712 ± 98 Ma for the Talga-Talga Sub­
group is about 150 Ma older than that reported 
previously by Hamilton et al. [1,2]. Fig. 4 indicates 
that the date discrepancy probably arises from the 
combination by Hamilton et al. [1] of felsic sam­
pies with rocks of basic and ultrabasic composi­
tion. From trace element data, Jahn et al. {3} have 
argued that the dacitic-andesitic (felsic) volcanics 
of the Talga-Talga Subgroup could not have been 
derived by fractional crystallization of LREE-de­
pleted komatütic or basaltic parental magmas or 
by partial melting of LREE-depleted basic-ultra­
basic sources. The low 147Sm/44Nd ratios of the 
felsic volcanics {Fig. 4) imply highly fractionated 
LREE patterns. REE modelling shows that these 
volcanics, whose compositions are sirnilar to the 
common Archaean TTG (tonalite-trondjhernite­
granodiorite) suite, were likely to have been formed 
by partial melting of LREE-enriched basic sources 
[3,25-27). Consequently, their genetic linkage with 
the LREE-depleted ultrabasic rocks of the NSB 
and MAB is problematical. The mafic and felsic 
rock-types could have had significantly different 
initial 143Ndj144Nd ratios and their combined 
treatment in isochron calculation rnight lead to an 
incorrect age. Following this reasoning, the 3712 
± 98 Ma isochron date rnight represent a more 
correct age for the eruption of the Talga-Talga 
Subgroup. We take another view and suggest that 
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the true (eruptive) age of the Talga-Talga Sub­
group is around 3500 Ma, and not as implied 
above at 3700 Ma. Here are the reasons: 

(1) As argued earlier on the basis of major and 
trace element data the NSB and MAB basic-ultra­
basic volcanics were likely derived from chem­
ically distinct mantle sources. Geochemical mod­
elling has suggested that mixing of these heteroge­
neous sources or their partial melts may explain 
the chemical compositions of the REE-inter­
mediate lavas. Thus the apparent isochron rela­
tionship shown in Fig. 3 may be interpreted in 
term of a mixing line whose geochronological sig­
nificance cannot be uniquely determined and de­
pends on the timing of source differentiation. If 
the differentiation took place shortly before mix­
ing and magmatic eruption (less than 100 Ma), 
then, despite the non-cogenetic relationship, the 
rocks could have had identical initial 143Ndj 144Nd 
ratios. In this case the linear correlation of Fig. 3 
would be an isochron dating the eruption of the 
Talga-Talga Subgroup. In contrast, if chemical 
fractionation of sources occurred long ( > 100 Ma) 
before mixing, then the LREE-depleted source 
should have a higher 143Nd144Nd ratio that the 
LREE-enriched source. In this case the mixing of 
these two isotopically distinct reservoirs would 
have created an initial positive slope in the iso­
chron diagram and the linear array as shown in 
Fig. 3 would yield an age too old for the Talga­
Talga Subgroup volcanism. 

(2) Two instances have been recently docu­
mented in which whole-rock Sm-Nd isochron ages 
have been shown to exceed the age of the dated 
rock suites. The first case relates to komatiites and 
tholeütes from Newton Township, Canada, where 
the Sm-Nd isochron method gave a date of 2826 
± 64 Ma, whereas the zircon U-Pb data for a 
dacite sample coming from an underlying stratum 
yielded an age of 2697 ± 1.1 Ma [28]. The second 
instance involves a komatiitic-tholeiitic suite from 
Kambalda, Western Australia, which gave a Sm­
Nd whole-rock isochron date of 3230 ± 120 Ma, 
whereas the U-Pb method on zircon indicated an 
age not exceeding 2743 Ma [7.29]. In both in­
stances the age discrepancies have been used to 
suggest that the apparent Sm-Nd isochrons may 
have resulted from mixing between two compo­
nents having different initial 143Ndj 144Nd ratios 
[7,22.28]. 
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Fig. 8. 'Nd(T) vs. time plot showing isotopie evolution in the 
three dominant rock types of the Talga-Talga Subgroup: 
LREE-depleted komatütes ( KOM ); LREE-enriched tholeiites 
(THOL); and LREE-enriched felsic volcanics (TTG). Data 
source: this study and [1-3]. 

(3) A serious difficulty arises if the 3712 ± 98 
Ma date is interpreted as the eruption age of the 
Talga-Talga Subgroup, for the felsic volcanics 
would have derived from sources having (Nd(T) 
values higher that those of the basic-ultrabasic 
suites which include strongly LREE-depleted 
komatütes. This is illustrated by Fig. 8 in which 
the isotopie evolution !ines of the three dominant 
rock types of the Talga-Talga Subgroup have been 
plotted, i.e.: (a) the strongly LREE-depleted 
komatütes; (b) the LREE-enriched tholeiitic 
basalts; and (c) the strongly LREE-enriched felsic 
volcanics. Also shown in Fig. 8 are: (a) the 3450 ± 
16 Ma minimum age of Pidgeon [6]; (b) the 3540 
± 30 Ma date of Hamilton et al. (1.2]: and (c) the 
3712 ± 98 Ma date obtained by us. The felsic and 
basic-ultrabasic suites constitute intimately inter­
calated volcanic rocks (Fig. 2) which are believed 
to have erupted nearly contemporanously (5]. If 
the date of 3712 Ma is taken as the primary age 
for the Talga-Talga Subgroup, the (Nd(T) values 
for the felsic volcanics would range from + 3.4 to 
+ 4.2, whereas those for the basic-ultra basic suite 
would show a lower range from + 1.4 to + 2.0. 
Such a situation conflicts with the geochemical 
arguments that the felsic volcanics were derived 
by partial melting of LREE-enriched basic pre­
cursors [3]. Furthermore, it is observed that in 
contemporaneous volcanic association. the varia­
tion of (Nd(T) values seems to correlate with the 
Sm/Nd ratios of the rocks. This applies to the 
Archean [7.28] as weil as the Proterozoic rocks 
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[30-33]. The present Pilbara case gives an oppo­
site scenario if 3712 Ma is taken as the eruption 
age. 

(4) The paradoxical situation depicted in Fig. 8 
may be resolved if the LREE-enriched basic pre­
cursors of the felsic volcanics were originally de­
rived from LREE-depleted mantle and were re­
melted within a reasonably short time span to 
produce the felsic volcanics about 3700 Ma ago. 
But this would encounter a serious geochemical 
modelling problem. A more satisfactory explana­
tion could be reached if a younger age in the range 
3550-3450 Ma was assumed for the eruption of 
the Talga-Talga Subgroup. In this case the ob­
stacle imposed by the (Nd(T) argument would be 
easily removed. 

(5) The MAB and NSB LREE-enriched tholei· 
ites may have been the basic precursors -of the 
felsic volcanics. If so the date of 3517 ± 80 Ma 
obtained from ali the available data (including 
felsic rocks) except the four LREE-depleted 
basic-ultrabasic rocks could be a meaningful age 
for the eruption of the Talga-Talga Subgroup. Y et, 
this age is younger than ·the 3712 ± 98 Ma· date 
defined by the basic-ultrabasic suite. 

in conclusion, we prefer to regard the age of 
eruption of the Talga-Talga Subgroup as around 
3500 Ma ago. At the time of eruption the basic-ul­
trabasic lavas had a range in (Nd(T) and the 
Sm-Nd linear array they define is a mixing line 
giving an age too old for the emplacement of the 
Subgroup. 

6.2. Isotopie heterogeneity in the early Archean 
mantle 

Accepting a 3500 Ma eruption age we can 
calculate the (Nd(T) value of each Talga-Talga 
Subgroup volcanic rock. They range from + 3.2 to 
+ 4.3 for the LREE-depleted komatiites; from 
+ 0.6 to + 1.8 for the LREE-enriched tholeiites; 
and from 0 to + 1.5 for the strongly LREE-en­
riched felsic volcanics (Fig. 8, Table 2). Such a 
variation (0 to + 4.3) clearly suggests the existence 
of at !east two isotopically distinct sources for the 
en tire Talga-Talga Subgroup volcanic rocks. This 
conclusion is independent of the age considera­
tion. Should the date of 3712 ± 98 Ma be proved 
correct for the eruption age of the Subgroup, a 
similar range ( + 1.4 to + 4.2) would be obtained, 
the important difference being that, in this case. 

the highest (Nd(T) values would not be found in 
the LREE-depleted komatiites, but in the felsic 
volcanics (Fig. 8). 

The highly positive (Nd(T) values ( + 3.2 to 
+ 4.3) obtained for the Talga-Talga Subgroup 
komatütes are comparable with the +2.7 to +3.3 
values found in the 3500 Ma old Coazhung 
amphibolites of China (34,35]. They provide ad­
ditional evidence for the existence of ancient de­
pleted reservoirs in the mande ca. 3500 Ma ago. In 
contrast, they differ from the near zero values 
found in the coeval komatiites and basalts from 
the Onverwacht Group of the Barberton green­
stone belt of South Africa {2}. Many of the 
Onverwacht Group komatütes are known to have 
very low Al203 content {14,16,17] and cannot be 
interpreted as contamitiated lavas from a depleted 
source with high (Nd(T) value. Compared with the 
Onverwacht Group data, the new Talga-Talga 
Subgroup results also provide evidence for iso· 
topic heterogeneity in the early Archean mande. 

The lower (Nd(T) values found in the LREE­
enriched tholeütes and in the felsic volcanics (0 to 
+ 1.8) reflect the Jess depleted nature of their 
source region., From consideration of major and 
trace .element data, the LREE enrichment of the 
NSB and MAB tholeütic basalts is not believed to 
result from crustal assimilation. Thus, the data 
may indicate that the mande source of the Talga­
Talga Subgroup volcanism was itself isotopically 
heterogeneous. 
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Abstract. New Sm-Nd isotopie data for eight sam pl es of 
basait and komatiite from the Tjakastad Subgroup (lower 
Onverwacht Group) of the Barbenon Greenstone Belt 
(BGB) of the Kaapvaal craton in southern Africa are re­
ported. They give new constraints on the interpretation of 
Sm-Nd ages for the Subgroup and highlight the petrogen­
esis of Tjakastad volcanics. Although Sm-Nd isotopie 
data earlier reported for volcanic rocks from the Tjakastad 
Subgroup yielded an "isochron" age of 3526±48 Ma, the 
new results give a rouch younger "isochron" date of 
3269±84 Ma. The 3526±48 Ma "isochron" age bas been 
obtained in combining samples ranging in composition 
from felsic volcanics to ultrabasic komatiites and is thus 
considered suspect with r-egard to the pre-requisite of geo­
chronology that all the studied rocks must have bad identi­
cal initial isotopie compositions. The new "isochron" date 
of 3269 ± 84 Ma bas been obtained in combining samples 
solely of basicjultrabasic composition. 11 might th us repre­
sent a more correct age for the eruption of the Tjakastad 
Subgroup volcanism. In fact, owing to the potential prob­
lem of source heterogeneity and also in the light of geoch­
ronological and geochemical arguments we show that this 
date also bas little chance to have any strict chronological 
meaning. Most likely, the Tjakastad volcanics were formed 
3450 Ma ago. Also most likely, their source rocks were 
isotopically heterogeneous and the 3530 Ma and 3270 Ma 
linear arrays are not true but apparent "isochrons". Based 
on the calculated eNd (3450) values and other geochemical 
arguments, we show that three possible sources might have 
been involved: depleted mantle, primitive mantle and older 
continental crust. 

Introduction 

One of the most controversial issues in dealing with Ar­
chean geochronolgy bas always been the interpretation of 
Sm-Nd "isochron" ages and corresponding eNd (T) values 
obtained for greenstone successions. The controversy arises 
owing to the fact that, in order to get statistically more 
precise ages (and initial 143Nd/144Nd), samples of maxi­
mum compositional variation and bence possibly of diverse 
origin have been often preferentially included in isochron 
construction (e.g. Hamilton et al. 1977, 1979, 1981; McCul-
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loch and Compston 1981 ). This approach neglects the pre­
requisite of the isochron technique, namely: all analysed 
samples must have been formed simultaneously from 
sources with identical initial isotopie compositions. Samples 
with a wide range of Sm/Nd ratios could have been derived 
from multiple sources and thus might not satisfy this pre­
requisite leading in turn to the possibility of incorrect ages 
and initial eNd values. A few such examples have been re­
ported for the Kambalda greenstones of Western Australia 
(Chauvel et al. 1985; Compston et al. 1986), the komatiite­
tholeüte suite of Newton Township, Canada (Cattell et al. 
1984), and for the Usushwana gabbroic suite of Swaziland 
(Regner et al. 1984). In these cases, the apparent Sm-Nd 
"isochrons" were thought to result from the mixing of two 
components with different initial 143Ndjl 44Nd ratios and 
have no chronological meaning. 

The Tjakastad Subgroup of the Onverwacht Group is 
the lowermost stratigraphie subdivision of the Barberton 
Greenstone Belt (BGB) of the Kaapvaal craton from south­
ern Africa and consists dominantly of interlayered koma­
tiite and tholeiitic lavas together with subordinate felsic vol­
carnes and intrusives (Viljoen and Viljoen 1969; Viljoen 
et al. 1983). The Tjakastad Subgroup bas already been sub­
ject to two wh ole-rock Sm-Nd isotopie studies. Hamilton 
et al. (1979, 1983) obtained a whole-rock Sm-Nd "iso­
chron" from the analysis of 10 samples ranging in composi­
tion from felsic intrusivesjvolcanics to ultra basic komatiites e47Sm/144Nd ratios from 0.1036 to 0.2051). This "iso­
chron" gave a precise date of 3526 ± 48 (2u) Ma with corre­
sponding eNd(T) of +0.7±0.3 (2u). Jahn et al. (1982) later 
reported Sm-Nd isotopie data for 5 samples of basait and 
komatiite and obtained a similar but less precise age of 
3560±230 (2u) Ma (eNd(T)= +3.3±4.5 (2u)). These Sm­
Nd dates of 3560-3530 Ma have long been considered as 
the best estimate for the eruption time of the Tjakastad 
Subgroup volcanism. However, Krôner and Todt (1988) 
recently reported 207Pb/206Pb isotopie data on zircons 
based on single grain evaporation and coming from a) a 
metaquartzite band underlying serpentinized metavolcanics 
of the Onverwacht Group in north-west Swaziland, and 
b) a felsic lava flow from the overlying Hooggenoeg Forma­
tion (Geluk Subgroup). The data yielded ages of 3451 ± 15 
(2um) Ma and 3438±6 (2um) Ma, respectively. On this ba­
sis, Krôner and Todt (1988) have argued that the Tjakastad 
Subgroup did not erupt 3460-3530 Ma ago as indicated 
by the Sm-Nd data but in a short period between 3450 
and 3440 Ma ago. 



Here we report new Sm-Nd isotopie results for samples 
of the Tjakastad Subgroup. In order to minimise potential 
problems that may result from distinct sources we have 
restricted our analyses to samples of basic-ultra basic com­
position. The main aims of this study are: (a) to check 
the validity of the published Sm-Nd ages; (b) to gain new 
insight in the interpretation of whole-rock Sm-Nd "iso­
chrons" on Archean greenstones; and (c) to establish eNd(T) 
values for the early Archean mantle beneath the Barberton 
region. 

Tjakastad Subgroup 

Regional geological seuing and stratigraphie sub-divisions 

The Barberton Greenstone Belt (BGB) is part of the Arcbean 
Kaapvaal craton in southern Africa (Fig. 1 ). lt consists of a com­
plex assonment of Jow-grade metamorphic rocks (greenschist to 
Jower-amphibolite facies) including basicfultrabasic Java flows 
(with spinifex textured komaùites), ditTerentiated ultra basic bodies, 
metagabbros, basic dykes, intermediate Javas, felsic volcanics/in­
trusives and various types of sediments (Viljoen and Viljoen 1969; 
Anhaeusser 1973, 1983). The supracrustal succession is known as 
the Swaziland Supergroup or Barberton Sequence and bas been 
divided into severa! groups and subgroups. In ascending strati­
graphie order, these are (1) the Tjakastad and Geluk Subgroups 
- also collectively knov.'D as the Onverwacht Group or as the lower 
ultramafic unit (LUU), and the mafic to felsic unit (MFU), respec­
tively, and (2) the Fig Tree and (3) Moodies Groups (Fig. 1). Both 
the Tjakastad and Geluk Subgroups are further subdivided into 
three formations. From base to top and for the Tjakastad Sub­
group these are the Sandspruit, Tbeespruit and Komati Forma· 
ùons. For the Gelule Subgroup these are the Hooggenoeg, Krom­
berg and Swartkopie Formations. 

Type localiry and main lithologies 

The type section of the Tjakastad Subgroup lies in the southern 
part of the BGB about 20-30 km east of Baadplaas (Area A in 
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Fig. 1). Vinually ali published geochemical and geochronological 
works (including this study) on the Subgroup are based on samples 
collected from this area. Because most primary mineral assem­
blages have been obliterated as a result of alteration and metamor­
phism. recognition of the Tjakastad Subgroup constituents is 
mainly based on texturai and chemical criteria. At the type Jocality, 
the main rock-types are: (a) fine-grained massive and coarse­
grained spinifex-textured komatiite flows (MgO > 18% on anhy­
drous base) and (b) pillowed, fine-grained massive and coarse­
grained spinifex textured komatiitic basait flows (MgO = 18-8%). 
SÜbordinate lithologies include pillowed and massive tholeiitic ba­
salts, felsic tutTs, few Na-rich intrusive porphyries and minor sedi­
mentary layers. Komatiites and komatiitic basalts dominate in the 
Sandspruit and Komati Formations, whereas the Theespruit For­
mation consists mainly of interlayered komatiite flows and felsic 
tutTs together with rare thin bands of chen, metapelite and sand­
stone (Viljoen and Viljoen 1969: Viljoen et al. 1983; De Wit et al. 
1983). Note that tectonic slivers of multiply-deformed orthogneiss 
possibly related to the Ancient Gneiss Complex of Swaziland have 
been reported in the type section of the Tbeespruit Formation 
(De Wit et al. 1983). 

Agedazo 

Because the greenstone-granite terrain of the Barbenon Mountain 
Land bas been commonly taken as a classic example of Arcbean 
crustal development, considerable effort bas been unfolded to es­
tablisb a cbronological order of geological events in the region. 
Available radiometrie age data for the Tjakastad Subgroup are 
summarised in Table 1. lt is clear that the oldest dates have been 
obtained by the who le-rock Sm-Nd method. 

Relationships with adjoining granite-gneiss terrains 
and tectonic implications 

Like clsewhere in the Swaziland Supergroup, the Tjakastad Sub­
group was deformed into tigbt, uprigbt synforms during the intru­
sion of severa! generations of tonalite-trondhjemite-granodiorite 
(TTG) domed batholitbs (Tegtmeyer and Krôner 1987; Fig. 1). 
Intrusion ages of these plutons are in the range 3225-3180 Ma 
(Banon et al. 1983; Bart.on 1983; Tegtmeyer and Krôncr 1987). 

[[[[0 Hoodies Group 

�~�~�~�j�~�:�1� Fig Trec Group 

c===J Gcluk Subgroup 

�~� Tjukastad Subgroup 

r:z:a Covcr Formations 

�~� Younger Granitoid 
�~�P�l�u�t�o�n�s� 

r;--J Early Potassic 
�~� Granitoid Complexes 
�~� Trondhjcmitc-Tonalite 
�~�P�l�u�t�o�n�s� 

Ancicnt Gneiss 
Complcx (AGC) 

Fig. 1. A geological sketch map of the southem part of the Barbenon Greenstone Belt (BGB), Kaapvaal craton, southem Africa. 
Ail samples studied in this paper have been collected from Area A (see Fig. 2). Map modified after Anhaeusser (1983) 
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Table 1. Summary of available age data for the lowermost units of the Barberton Greenstone Belt (BGB), Southern Africa 

Mcthod Age (Ma) tNd m. Isr Author's interpretation References 

Hooggenoeg Formation 

Flesic lai'U flows 
W'Pb, �~ �0 �~�P�b� age; single zircon 3438±6 Age of eruption; minimum age for Krôner and Todt (1988) 
evaporation the Tjakastad Subgroup 

Tjaka.uad Subgroup 
Wh ole-rock Sm-Nd isochron 3526±48 +0.7±0.3 Age of eruption of the Tjakastad Hamilton et al. (1979, 

Subgroup 1983) 
\\'hole-rock Sm-Nd isochron 3560±230 +3.3±4.5 Age of eruption of the Tjakastad Jahn et al. (1982) 

Subgroup 
�4�0 �A�r�;�~ �9 �A�r� age 3450±30b Age of regional Jowgrade- Lopez-Martinez et al. 

metamorphism (1984) 
Pb.:Pb whole-rock isochron 3460±70 Age of eruption/age of Jow-grade Brévan et al. (1986) 

regional metamorphism (?) 
Rb/Sr internai isochron 3430±2oo• o.7oo58± 5• Age of Jow-grade regional meta- Jahn and Shih (1974) 

morphism 

Underzving metaquarzzite band 
20"Pb,206Pb age single zircon- 3451±15 Maximum age for the eruption of Krôner and Todt (1988) 
evaporation the Tjakastad Subgroup volcanism 

• Recalculated using i.Rb=0.0142 Ga-l, b Average of 4 determinations 

Geocbemical and petrological modelling studies have concluded 
that tbese intrusive batholiths were derived by melting of shon­
lived LREE-enriched basic precursors (Banon 1983; Glikson and 
Jabn 1985). 

Other rocks of ITG compositions oc:cur in the high-grade and 
multiple-deformed terrain of the Ancient Gneiss Complex (AGC) 
of Swaziland (Hunter 1974; Hunter et al. 1984; Fig. 1). Ion-probe 
U- Pb data for single zircons from the AGC have indicated ages 

as old as 3644±4 (2u) Ma (Compston and Krôner 1988). Pan 
of the AGC thus predates (by at Jeast 100 Ma, Table 1) the Tjakas­
tad Subgroup volcanism. This, together with the fact that tectonic 
slivers of AGC occur in the Theespruit Formation (De Wit et al. 
1983), bas been used to suggest that the AGC could have been 
a sialic nucleus on which, or close to which, the BGB volcanics 
were deposited (Compston and Krôner 1988; Krôner et al. 1988; 
Krôner and Todt 1988). According to Krôner and Todt (1988), 

Fig. 2. Simplified geological map showing the 
sampling localities ( = Area A of Fig. 1 ). 



30 

the BGB would have evolved either in a marginal basin, intra­
conlinental rift or continental margin setting. 

Selection of samples and �a�n�a�l�~�"�t�i�c�a�l� techniques 

The following samples were selected for the renewed Sm-Nd 
isotopie investigation: (a) one komatiite (MgO > 18%: sample * 5048) and two basalts (Mg0<8%; samples * 5038 and 5053) 
from the Sandspruit Formation; (b) one high-Mg basait 
(18% > MgO > 8%; sample * 5067) from the Theespruit Forma­
tion; and (c) three high-Mg basalts (samples * 5077, 5080, and 
509:!) and·one basait (sample * 5088) from the Komati Formation. 
Among these samples, three (5038, 5067. and 5092) are part of 
the earlier Sm-Nd isotopie investigation by Jahn et al. (1982). 
The sampling localities are given in Figs. 1 and 2. Petrographie 
description and major and trace element data can be found in 
.lahn et al. (1982). REE distribution patterns for the eight analysed 
samples are given in Fig. 3. 

Nd and Sm isotopie analyses were carried out at the Max 
Planck Institut für Chemie, Mainz, following the method described 
by Chauvel et al. (1985). Ali samples (::: 100 mg) were dissolved 
in Teflon bombs with HF-HN03-HCIO., solution and subse­
quently redissolved after evaporation in 6N HCI. After aliquoting 
the solutions, a mixed 1" 9Sm - 145Nd spike was added to the 
isotopie dilution (ID) fractions. Nd isotopie compositions (IC) were 
determined from the unspiked aliquots and the chemical separation 
of Nd was idenùcal to the method described by White and Patchett 
(1984). Blanks for Nd and Sm were lower than 100 and 30 pg, 
respectively. 

Isotopie raùos were measured on a Finnigan MAT 261 mass 
spectrometer. 1" 3Ndjl 44Nd measured ratios were normalized to 
146Nd/1"Nd=0.7219. Isotopie analyses of BCR-1 and La Jolla 
Nd standard by Chauvel i:t al. (1985) have indicated 143Nd/ 
144Nd=0.512661 ±24 (2a.J and 143Ndjl"Nd=0.511847±21 
(2um), respectivcly. EfTccts of fractionation during Sm and Nd ID 
runs were climinated by normalizing to 14,Sm/152Sm and 146Nd/ 
l4"Nd. 

Regression analyses wcre carried out using the method of York 
(1969). The crror inputs wcre 0.2% for 147Sm/144Nd and 2um 
obtained for individual runs for 143Nd/1"Nd. Ali crrors on ages 
and initial isotopie ratios are quotcd at 2u or 95% confidence 
level. Initial 143Nd/144Nd (INd) raùos are also quoted throughout 
the text in the tNd notaùon of DePaolo and Wasscrburg (1976). 
The 1",Sm/1"Nd and 143Nd/144Nd raùos for the chondriùc uni­
form reservoir (CHUR) are those dctermined by Jacobsen and 
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Fig. �3�~�H�:�.� Chondrite-normalized REE patterns for the Tjakastad 
Subgroup basic-ultrabasic volcanic suite. The samples have bcen 
groupcd according to thcir geocbemical affinities: a LREE en­
ricbed/HREE dcpleted basalts; b LREE cnriched/HREE cnricbed 
to flat basalts and higb-Mg basalts; c: LREE flat to slightly cn­
ricbedjHREE dcpleted komatiitc and higb-Mg basalts. MgO con­
tents (m wt%} arc givcn on anbydrous basis. Origin of samplcs 
- 5038, 5053 and 5048: Sandspruit Formation; 5067: Thcespruit 
Formation; 5077, 5080, 5088 and 5092: Komati Formation (sce 
Fig. 2). Data source: Jabn ct al. (1982) 

Wasscrburg (1980). The crrors of the isochron iniùal I:Nd values 
were calculated using the mcthod of Fletcher and Rosman (1982). 
The decay constant of 14,Sm is 0.00654 oa-1. 

Table 2. Sm-Nd isotopie data for Tjakastad Subgroup basic/ultra basic volcanic rocks 

Sample N° Rock type Mg0%1 Sm()Jg/g) Nd(JJg/g) 14,Smjl44Nd 143Nd/1"Nd 2 tNd 3.45 Ga2 

Komazi Formazion 
5088 bslt 6.7 2.45 12.67 0.1171 0.510889±14 +1.3±0.4 
5092 HMg-b 11.6 1.18 5.40 0.1320 0.511180±13 +0.4±0.4 
5080 HMg·b 9.6 2.23 7.71 0.1749 0.512143 ± 15 0.0±0.4 
5077 HMg-b 11.6 2.10 7.17 0.1775 0.512199±18 0.0±0.5 

Theespruir Formazion 
5067" HMg-b 10.1 2.28 12.06 0.1142 0.510838 ± 14 +1.6±0.4 
5067b 2.36 12.48 0.1143 0.5W848±14 +1.8±0.4 

Sandspruir Formation 
5038" bslt 4.3 4.96 21.81 0.1375 0.511137±13 -3.0±0.4 
5038b 5.41 23.64 0.1383 0.511118±16 -3.7±0.4 
5053 bslt 7.6 3.41 12.75 0.1619 0.511827 ± 23 -0.3±0.6 
5048 kom 20.0 2.28 7.55 0.1823 0.512296± 18 -0.3±0.5 

Kom: komatiite; HMg-b: bigh magnesian basait; bs/1: basait 
a and b: duplicate analyses on different dissolutions of the same rock powdcr 

1] x 104 1 Recalculatcd on an anbydrous basis; 2 crrors quotcd at 2u leve!; tNd 3.45 Ga-[ /Ndl•l [ 3i:S)S) 
/Nd CHUR(3.45)=0.5J2638-0.1967 (e"T -1)=0.508150 /ND CHUR ·4 
i. = 0.00654 Ga-1 
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Results 
The new Sm-Nd isotopie results are presented in Table 
2 and further displayed on two conventional isochron dia­
erams in Figs. 4 (present data set alone) and 5 (combined 
data set including the results of Hamilton et al. (1979, 
1 983)). Several important points are underlined as follows: 

(1) Although ali samples are ofbasicjultrabasic compo­
sition a large variation in 147Sm/144Nd ratios is observed. 
This is also manifested by the distinctly different LREE 
enrichment patterns shown in Fig. 3. 

0.5130r-------------------, 
143Nd/144Nd 

0.5105 

Tjakastad Subgroue 
This study 48 

80 n_.....e .... 
A·.A. Komati Fm 53_.....-/ 
• �T�h�e�e�s�p�r�u�i�~�F�m� ® 
® e Sandspruit Fm 

82 ----· �_�/�"�"�J�i�.�~� Age•3269±84Ma 
88_./"" •o\.7 38 ENJT>--0.7±0.6 

MSWD-5.9 

0.51 OOL..--.L--.......__........__......_ _ _._---:-'-:---'---:--' 
0.11 0.12 

Fig. 4. Sm-Nd isochron diagram for the Tjakastad basic-ultra­
basic volcanic suite. Closed symbols: higb-Mg basalts and koma­
tiites; ozher symbols: basalts. Samples N° 50XX have bccn simpli­
fied into XX.- 4.7 would be the initial ENd value of a lincar array 
with a 3269 Ma slope and including sample 5038 

�0�.�5�1�3�Q�r�-�-�-�-�-�-�-�-�-�-�-�-�-�~�/�.�~� 

143Ndf4"'Nd 

Tjakastad Subgroue 
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0.10 0.12 0.14 0.16 0.18 0.20 0.22 
Fig. S. Sm-Nd isochron diagram showing a comparison of the 
data from this study with those published in Hamilton et al. (1979). 
The date of 3526±48 Ma bas bccn rccalculated in multiplying the 
147Sm/144Nd ratios of Hamilton ct al. (1979) by 1.0055 as rccom­
mendcd by Hamilton ct al. (1983). Likewisc, the corrcsponding 
eNd (3526) value of +O. 7 ± 0.3 bas bccn rccalculated following the 
method of Fletcher and Rosman (1982). Symbols: for this study, 
sec Fig. 4; for Hamilton ct al. (1979, 1983) data points: !:. fclsic 
volcanics and intrusives; o basic to ultra basic volcanics 
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(2) Duplicate analyses on different dissolutions for two 
samples (5067 and 5038; Table 2) have indicated that the 
results obtained during the course and this work were co­
herent and satisfactory. 

(3) The new aliquots of previously analysed samples 
used in this study (5038. 5067, 5092) yielded the following 
results. For sample 5067 and 5092, 147Smf144Nd and 
143Ndj144Nd ratios in �a�g�r�~�e�m�e�n�t� with those reported ear­
lier (Jahn et al. 1982) have been obtained. For sample 5038, 
the same statistical agreement bas been found on the 147Sm/ 
144Nd ratio. ln contrast, sorne shift bas been observed on 
the 143Nd/144Nd ratio. For an unknown reason, while Jahn 
etal. (1982) reported 143Nd/144Nd=0.511437±50, we re­
peetedly obtained 0.511137±13 and 0.511118±16 (Table 
2). 

(4) Regression of the present analytical data except sam­
pie 5038 which lies completely off the linear correlation 
(Fig. 4) yielded a date of 3269 ± 84 Ma (2o) with a corre­
sponding eNd (3269) value of -0.7±0.6 (2a). 

(5) Wben the data of Hamilton et al. (1979, 1983) are 
compared (Fig. 5), two separa te lines may be recognized: 
the 3526±48 Ma line as obtained by Hamilton et al. (1979, 
1983) and the 3269 ± 84 Ma line as defined by the present 
data set. It is clear that the age discrepancy between the 
two data sets mainly arises from the control of the samples 
with low 147Smjl44Nd ratios ( <0.14). The samples with 
147Smf144Nd<0.14 in Hamilton et al. (1979, 1983) study 
are felsic in composition. If they were excluded, the remain­
ing data points including our data set (except 5038) would 
give an age of 3346 ± 70 Ma. Such an age is statistically 
indistinguishable from our date of 3269 ± 84 Ma. 

Discussion 

Significance of Tjakastad Subgroup whole-rock Sm-Nd 
data 

The two dates shown in Fig. 5 are statistically different 
from the zircon 207Pb(l06Pb age of 3451 ± 15 (2am) Ma 
given by Krôner and Todt (1988) for the pre-Onverwacht 
metaquartzite band. The 3526±48 (2a) Ma date reported 
by Hamilton et al. {1979, 1983) is clearly too old since the 
Tjakastad Subgroup lavas necesseraly erupted at T :s; 3460-
3440 Ma (Table 1 ). The above section bas shown that Ha­
milton et al. (1979, 1983) date is strongly influenced by the 
two felsic samples with very Jow 147Smjl44Nd (:::::0.105, 
Fig. 5). One of the two samples is a sodic porphyry intrusive 
into the Komati Formation. Geochemically, sodic porphyry 
generally resembles Archean TTG granitic gneisses. Ar­
chean TTG gneisses are commonly thought to have been 
produced by remelting of LREE-enriched basaltic or am­
phibolitic precursors (e.g. Jahn et al. 1981; Martin 1987). 
The silicic magmas might thus have been formed later than 
the basic-ultra basic suite and produced different Oower) ini­
tial Nd isotopie ratios. That the date by Hamilton et al. 
(1978, 1983) does not correspond to the true eruptive age 
of the Tjakastad Subgroup is therefore not surprising. Our 
new Sm-Nd date of 3269 ± 84 Ma bas been obtained in 
combining solely samples of basic/ultrabasic composition 
and is younger than the zircon 207Pb/206Pb age. It might 
th us represent a correct age for the eruption of the Tjakas­
tad Subgroup volcanism. In fact, owing to the potentia1 
problem of source heterogeneity, even this date is also likely 
to have no real age connotation. The reasons are as fo1lows: 
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(1) On the basis of REE distribution patterns and other 
diagnostic chemical criteria. Jahn et al. (1982) have divided 
the Tjakastad Subgroup basic-ultrabasic volcanic rocks into 
three groups: (a) LREE-enriched/HREE-depleted basalts 
(5038-5053; Fig. 3a); (b) strongly LREE-enriched/HREE 
flat to enriched basalts and high-Mg basalts 
(5088-5067-5092: Fig. 3 b); and (c) flat to slightly LREE­
enriched;'HREE-depleted komatiites and high-Mg basalts 
(5048-5077-5080; Fig. 3c). REE distribution patterns such 
as th ose of Fig. 3 c are typical of the Al-depleted Group 
II komatiites commonly found in early Archean terrains 
(Jahn etal. 1982; Gruau etal. 1987). In addition to high 
(Gd/Yb),.. ratios. Grpup II komatiites are known to possess 
Jow �A�l�~�0 �3 �/�T�i�0 �2� ( �~� 1 0) and high Ca0jAI20 3 ( > 0.8) ratios 
suggesting an important role of gamet fractionation in their 
petrogenesis. Current ideas suggest that gamet (marjorite) 
fractionation could have taken place at depth ;;:: 180 Km 
in ascending mantle diapirs of deep origin (Arndt 1986; 
Othani 1989). Clearly, Group II rocks (komatiite 5048 and 
high-Mg basalts 5077 and 5080) may not have been derived 
from the same mantle domain as tboleiitic basalts 5053 
and 5038. In addition, the extreme LREE enrichment of 
samples 5088, 5067, and 5092 (Fig. 3b) is in marked con­
trast to the nearly flat LREE patterns of Group II rocks 
(Fig. 3c). Tbese samples were thought to bave been derived 
from metasomatized gamet-rich mantle sources (Jahn et al. _ 
1982). Tbese gamet-rich sources could have been the solid 
residue left after extraction of Group II komatiite magmas, 
while the LREE-enricbed metasomatic fluid (melt) could 
have ultimately originated from the deep upper mantle. If 
so, provided tbat the LREE enrichment was short-lived, 
the mantle precursors of the LREE-enricbed basalts and 
Group II rocks could have maintained nearly identical 
143Ndj144Nd ratios. If not- i.e. perbaps in the more general 
case wbere the metasomatic fluid (melt) would not bave 
originated in a mantle domain cbemica11y equivalent to the 
source of Group II komatütes-differences in initial 143Nd/ 
144Nd ratios would have to be postulated. At any rate, 
the isotopically analysed basic to ultrabasic samples are 
unlikely to have bad the same initial Nd isotopie ratios. 

(2) Serious geochronological difficulties would arise if 
the date of 3269 ± 84 Ma was interpreted as the eruption 
age of the Tjakastad Subgroup. First, it would be in conflict 
with the time of the low-grade metamorphism as established 
at around 3450-3430 Ma by the 40Ar/39Ar and Rb-Sr in­
ternai isochron age data (Jahn and Shib 1974; Lopez-Mar­
tinez et al. 1984; Table 1). This time represents a minimum 
age for the eruption of the volcanics and is about 180 Ma 
older than the new Sm-Nd date. Second, the magma tic 
zircons of the overlying Hooggenoeg Formation yielded a 
207Pbj206Pb age of 3438 ± 6 (2 u...) Ma (Kroner and Todt 
1988; Table 2). This date must be regarded as a minimum 
age for the underlying volcanics. A gain the new Sm-Nd 
date is much too young. 

The arguments stated above strongly suggest tbat the 
Sm-Nd date of 3269 ± 84 Ma is meaningless with regard 
to the eruptive age of the Tjakastad Subgroup. This date 
cannot be interpreted as a "metamorpbic age" either, for 
the Ar-Ar and Rb-Sr systems, botb a priori more sensi­
tive to metamorphic perturbation th an the Sm-Nd system, 
yielded ages of about 3440-3450 Ma (Table 1). We suggest 
that the most likely interpretation is that the Tjakastad 
Subgroup basic-ultrabasic lavas bad a range in initial 
143Ndj144Nd ratios or eNd(T) values when they erupted 

3450 Ma ag o. The Sm-Nd wh ole-rock "isochron" gives 
an anomalous age because of this initial range. 

Meaningless Sm-Nd ages have already been reported 
for the basait and komatiite Javas of Newton Township, 
Canada, the Usushwana gabbroic suite of Swaziland and 
the Kambalda greenstones of the Yilgarn Block (Cattell 
et al. 1984; Hegner et al. 1984; Chauvel et al. 1985). The 
Tjakastad basic-ultra basic suite th us adds a new case. How­
ever a marked difference is found. At Kambalda, Newton 
Township and for the Usushwana gabbroic suite, the Sm­
Nd ages have been proved to be too old compared to the 
true ages of the dated sample suites. For the Tjakastad 
basic-ultra basic suite the Sm-Nd age is not too old but 
much too young. 

At any rate and to conclude. it is clear tbat the published 
Sm-Nd isotopie data fail to provide any constraint regard­
ing the age of the Tjakastad Subgroup. When all combined 
and plotted in the isochron dia gram, the Sm-Nd data are 
scattered (Fig. 5). 

Implications for the origin of early Onverwacht 
Group volcanism and Archean mantle evolution 

Accepting an eruption age of :::: 3450 Ma the calculated ini­
tial eNd values show a 5.5 �e�~�'�d� units range, from - 3.4 to 
+ 1.8 (Table 2). The earlier results of Hamilton et al. (1979, 
1983) bave also been recalculated. The corresponding data 
points have been plotted along witb ours in Fig. 6 with 
tbree important reference reservoirs shown for comparison: 
(a) Primitive Mantle (CHUR); (b) Depleted Mantle (DM); 
and (c) the TTG suite of the Ancient Gneiss Complex 
(AGC) of Swaziland at T = 3450 Ma. Since the AGC could 
have been a basement for the deposition of BGB supracrus­
tals, it might bave played a role as contaminant in the basic­
ultrabasic magmas. Figure 6 shows tbat except for the 
somewhat "aberrant" sample 5038, most rocks have eNd (T) 

�+�3�~�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�-�-�-�-�~� 
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Fig. 6. tNd vs 147Sm/144Nd diagram at time of eruption for the 
Tjakastad rocks including the data published in Hamilton et al. 
(1979; 1983). Also shown are three reference fields: (a) the Ancient 
Gneiss Complex (AGC) of Swaziland, the field of whicb at T = 
3450 Ma was calculated using the Nd isotopie data reported in 
Krôner et al. (1988) and assuming 147Sm/144Nd ratios in the range 
0.10--0.12; (b) depleted mantle reservoir (DM) at T=3450 Ma as­
suming the present tNd= +10 and 147Sm/144Nd=0.2139; and (c) 
chondritic mantle reservoir (CHUR). The two dashed lines repre­
sent the 3526 ± 48 Ma and 3269 ± 84 Ma linear arrays at T = 
3450 Ma. Keys to Symbols: o Felsic vocanics/intrusives; o Basalts; 
• High-Mg Basalts and Komatiites 
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values clustering around zero (± 1), irrespective of tbeir 
Sm/Nd ratios. However two samples (5067 and 5088) dis­
tinct tbemselves from the rest by tbeir positive eNd (T) values 
of about + 1.5 ± 0.5 (Table 2). If the assumed age of 
3450 Ma is correct, tben these two samples offer the first 
evidence tbat a depleted-mantle component bas been in­
volved in the Tjakastad Subgroup volcanism. 

In summary, the Tjakastad volcanics appear to faU into 
tbree isotopically distinct groups, namely: (a) komatiites, 
bigh-Mg basalts, basalts and felsic volcanicsjintrusives with 
eNd (3450) �~� 0 ( ± 1); (b) higb-Mg basalts and basalts with 
�e�s�d�(�3�4�5�0�)�~� + 1.5; and (c) basait (5038) with eNd(3450)=-
3.4. The next question is to understand the petrogenetic 
implications from such isotopie beterogeneity and their con­
sequences regarding the nature of the Arcbean mantle be­
neath the Barberton region. 

Interpretation of the near zero eNd (T) for the komatiites 
and basalts is not unique. These values may suggest deriva­
tion from primitive chondritic mantle source(s) or from de­
pleted mantle domains followed by contamination by older 
crustal material such as the AGC. The AGC certainly is 
a possible contaminant in the generation of the BGB volca­
nics but tbere are several tines of evidence not favourable 
for such an interpretation: 

(1) The Tjaka5tad Subgroup komatiites and high-Mg 
basalts with eNd (3450) �~� 0 belong to the Al-depleted Group 
II rocks wbich typically exhibit low Al 20 5/Ti02 ratios of 
about 10 (Jahn et al. 1982). Arcbean TTG suites are charac­
terized by a much higher mean value of 40. If Tjakastad 
Subgroup komatiites have been contaminated by AGC ma­
terial the uncontaminated komatiites should have bad an 
even lower Al 20s./Ti02 ratio. In the early Archean 
(3500-3400 Ma) Pilbara Block of Western Australia, 
strongly LREE-depleted ((La/Sm)N = 0.5-0.6) komatiites 
with initial tN4 values of about +4 have been documented 
(Gruau et al. 1987). As judged from tbese characteristics, 
they are unlikely to contain any crustal component. Yet, 
they belong to the Group II and their Al 20 5/Ti02 ratio 
is about 10. 

(2) If crustal contamination bas occurred, a positive cor­
relation between eNd(T) and 147Sm/144Nd ratios should be 
expected in normal circumstances, because ancient crustal 

· rocks would have been characterised by a more negative 
eNd value and lower Sm/Nd ratio (Fig. 6). Such a positive 
correlation bas been found in the crustally-contaminated 
Kambalda valcanics (Chauvel et al. 1985; Arndt and Jenner 
1986; Compston et al. 1986). In the Tjakastad volcanics 
either an opposite trend (Table 2) or no trend was found 
(Fig. 6). Moreover, the near-zero intial eNd values shown 
in Fig. 6 were obtained for samples ranging in composition 
from komatiite to tholeiitic basait. 

(3) The Nb/Th ratio is a useful geocbemical parameter 
in assessment of crustal contamination. J ocbum et al. (1987) 
measured Nb/Th ratios in various basic-ultra basic volcanics 
including samples from the Tjakastad Subgroup, the Kam­
balda greenstone belt of Western Australia, and the young 
komatiite-basalt suite of Gorgona Island. The Kambalda 
basalts exhibit an extreme}y low value of Nb/Th (0.9), 
which is consistent witb the interpretation tbat tbeir paren­
tal magmas were afTected by crustal contamination. In con­
trast, basalts from the Tjakastad Subgroup show higber 
ratios (7-16) tbat are similar to tbose of Gorgona samples. 
Gorgona komatiites and basalts bave initial eN4 values of 
�~� + 10 (Aitken and Ecbeverria 1984). 
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Altbough the above lines of the evidence argue against 
an important role of crustal contamination in the making 
of the near-zero eNd (T) values, sorne involvement of ancient 
crust in the Tjakastad basait genesis cannot be entirely dis­
missed. The best example is basait sample 5038, wbich bas 
an eNd(T) value of -3.4 (Table 2). This sample migbt con­
tain an AGC component as visible from Fig. 6. 

To sum up, we conclude that the near-zero eNd(3450) 
values for most Tjakastad volcanics suggest tbeir derivation 
from cbondritic mantle sources. This result is in marked 
contrast with wbat we bave learned from the publisbed 
results tbat most Arcbean komatiites and basalts are cbar­
acterised by positive eNd (T) values, suggesting tbeir ultimate 
derivation from depleted mantle sources (see compilation 
of Jabn et al. 1987; Cattell et al. 1984; Chauvel et al. 1985; 
Gruau et al. 1987). In the present study, only basaltic sam­
pies 5067 and 5088 are shown to possess positive eNd (T) 
values (Table 2). The isotopically chondritic nature ofTjak­
astad komatiites and the LREE enrichment of sam pl es 5067 
and 5088 (Table 2, Fig. 3) are the two reasons wby the 
Tjakasted basic-ultrabasic suite gave a scenario so different 
from the Kambalda and Newton suites, namely: a Sm-Nd 
age not too old but much too young. 

Summary and conclusion 

Three important conclusions stem out from this study. The 
first is tbat the Tjakastad Subgroup of the Barberton 
Greenstone Belt (BGB). exemplifies a new case of Archean 
greenstones succession where the Sm-Nd whole-rock 
method cannot be used without ambiguity for dating pur­
poses. So far and on the basis of a Sm-Nd ••ïsochron" 
earlier reported by Hamilton et al. (1979; 1983), the Tjaka­
stad Subgroup was assumed to have been emplaced ca. 
3530 Ma ago. Using additional Nd data a-s well as geo­
chronologica} and geochemical arguments we believe to 
have clearly establisbed that this Sm-Nd date has no geo­
logical reality. Wben plot on the conventional Sm-Nd iso­
chron plot, the Tjakastad Sm-Nd data are scattered and 
no isochron can be confidently drawn. 

The second and third conclusions relate to the petrogen­
esis of the Tjakastad Subgroup volcanics and the nature 
of tbeir source rocks in the mantle. Two important points 
are underlined as follows: 

(1) the early Arcbean mantle beneath the Barberton re­
gion was isotopically heterogeneous, with primitive mantle 
domains coexisting with depleted regions. 

(2) crustal contamination seems to bave played a limited 
role in the control of the chemistry of the Tjakastad basic­
ultrabasic volcanic rocks. 
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ALUMINUM DEPLETION IN KOMATIITES AND GARNET 
FRACTIONATION IN THE EARLY ARCHEAN MANTLE: HAFNIUM 

ISOTOPIC CONSTRAINTS 

G. Gruau, N.T. Arndt, C. Chauvel and J. Cornichet 

Article paru dans Geochimica et Cosmochimica Acta, Vol. 54, pp. 
3095-3101, 1990. 

Abstract-Hafnium isotopie composition were measured in Al-depleted and Al-enriched komatiites 

from the 3450 Ma old Barberton greenstone belt, South Africa. All samples have initial EHf values 

close to zero. Such values are at variance with the strongly negative or positive values that should be 

observed if these rocks came from old garnet-depleted or garnet-enriched layers, such as may have 

formed during the solidification of an ancient terrestrial magma ocean. The gamet fractionation 

observed in komatiites probably took place during the melting event 

INTRODUCTION 

Komatiites are volcanic rocks with extremely high eruption temperature 
( = 1600°C) and chemical compositions approaching tho se of mantle peridotites 
(Arndt and Nisbet, 1982). Even though several occurrences have been documented 
in Proterozoic and Phanerozoic terrains, komatiites are dominantly an Archean 
phenomenon and have been reported in Archean greenstone belts with ages ranging 
from =3800 Ma to =2700 Ma (e.g. Nesbitt et al., 1982; Jahn et al., 1982). 
Considerations of chemical composition, geographical distribution and age 
spectrum indicate that komatiites are an extremely powerful tool for constraining 
the nature and evolution of the Archean mantle. Most current models dealing with 
the composition of the primitive mantle, the early evolution of the evolving crust­
mantle system, and the chemical and isotopie heterogeneities of the Archean mantle 
are based on geochemical and isotopie data from komatiites ( e.g. Sun and Nes bi tt, 
1978; Jahn and Sun, 1979; Jahn et al., 1980, 1982; Sun, 1984; Arndt, 1986; 
Brévart et al., 1986; Albarède and Brouxel, 1987; Chase and Patchett, 1988; Smith 
and Ludden, 1989). 
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Figure 1: Diagrams illustrating the correlated vanat1ons of (Gd/Yb)N, 
Ah03ffi02 and Ca0/Ah03 in Archean komatiites and komatiitic basalts. The inset 
figures show that the correlations fit trends of gamet removal (-) and gamet 
addition ( +) from initially chondritic composition. Solid symbols are for earl y 
Archean rocks �(�T�~�3�.�4� Ga) while open symbols are for late Archean samples 
(T=2.7Ga). Chondritic ratios are adopted from Anders (1977). See text for further 
explanations. Data sources: see caption of Fig. 5 in Jahn et al. (1982); see also 
Gruau (1983), Cattell et al. (1984), Arndt and Nesbitt (1984), Arndt and Jenner 
(1986) and Gruau et al. (1987). 
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An intriguing aspect of many komatiites in early Archean greenstone belts (T �~� 

3400 Ma) is the ir Al- and HREE-depleted signature. As can be seen in Fig. 1, 
many early Archean komatiites have Ca0/Ah03 and (Gd/Yb)N higher, but 
Ah03/Ti02 lower, than in chondrites, whereas most late Archean komatiites 
(T:=2700 Ma), have roughly chondritic ratios of these elements. A third less 
common type, also largely restricted to earl y Archean komatiites, has ·relative 
enrichment of Al and HREEs. Numerous discussions have centered around the 
cause of such chemical variations. Green (1975) and Sun and Nesbitt (1978) 
advocated the fractionation of gamet, and proposed that this mineral was a residual 
phase during the mantle melting that produced Al- and HREE-depleted komatiites. 
These ideas have recieved support from recent high-P experimental studies (e.g. 
Takahashi, 1986; Othani et al., 1986; Ito and Takahashi, 1987; Kato et al., 1988) 
which showed that majorite gamet (the high-pressure garnet-pyroxene solid 
solution) is a liquidus phase during mantle melting at depths greater than about 450 
km. On this basis, Othani (1984) and Arndt (1986) proposed that fractionation of 
majorite gamet during melting controlled the compositions of Al-depleted and Al­
enriched komatiites. An alternative viewpoint was promoted by Jahn et al. (1982) 
and Gruau and Jahn (1983), who disputed the "gamet fractionation" hypotheses 
and argued, as had Cawthorn and Strong (1974), Anderson (1982), and most 
recently Othani et al. (1989), that the depletion or enrichment in gamet was 
charcteristic of the komatiites source regions. Gruau and Jahn (1983) and Othani et 
al. (1989) envisaged majorite gamet fractionating during the solidification of a 
deep terres trial magma ocean, sorne 4500-4400 Ma a go. In this study, we report 
Lu-Hf isotopie analyses of komatiites from the early Archean Barberton 
greenstone belt in southem Africa which provides a test of the two competing 
theories. 

GARNET FRACTIONATION PROCESSES WITHIN THE EARLY 
ARCHEAN MANTLE: DATA, CONSTRAINTS AND MODELS* 

*Ce chapitre ne figure pas dans l'article paru dans Geochimica et Cosmochimica 
Acta. Il a été ajouté dans la but de faciliter la compréhension du problème traité par 
les lecteurs non familiers des résultats de la pétrologie expérimentale haute 
pression ainsi que de la théorie de l'océan magmatique terrestre. 
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Komatiite data bank 

Figure 1 comprises a plot of (Gd/Yb)N vs. Ah03/Ti02 and (Gd/Yb)N vs. 
CaO/ Al203 for 178 analyses of Archean komatiites and komatiitic basalts. The 
komatiitic affinities of the. samples have been determined using texturai (spinifex 
texture) and/or chemical criteria. As recommended in Arndt and Nisbet (1982), 
the term komatiite refers to a volcanic rock with MgO content �~�1�8�%�;� komatiitic 
basait is used for a volcanic rock of picritic to basaltic composition (Mg0<18%) 
that shares texturai or/and chemical characteristics with komatiites and is believed 
to be genetically related to the ultramafic rocks. Included in Fig. 1 are samples 
from most of the known occurrences of Archean komatiites, i.e. South Africa 
(Barberton), Australia (Pilbara and Yilgarn Blocks), Greenland (Akilia and Isua 
associations), Finland, India (Sargur Supergroup), Zimbabwe (Sebakwaian Group), 
and Canada. 

Figure 1 shows that the ratios of CaO/Ah03, Ah03/Ti02 and (Gd/Yb)N are not 
constant in komatiites but exhibit correlated variations. Three geochemical types or 
groups can be recognized (Sun and Nesbitt, 1978; Jahn et al., 1982): 

(a) an Al-undepleted or Group 1 type which has chondritic values of Al203/Ti02 
(=20); Ca0/Al203 (=0.8) and (Gd!Yb)N (=1.0). This type is mainly (but not 
exclusively) represented by late Archean (= 2700 Ma) samples (open symbols in 
Fig. 1) 

(b) an Al-depleted or Group II type which has Al203/Ti02 lower, and 
Ca0/Ah03 and (Gd!Yb)N higher than chondrites, repectively. Average values for 
Al-depleted or Group II komatiites and komatiitic basalts are: Ah03/Ti02 = 
10.4±1.9, Ca0/Al203 = 1.60±0.50, and (Gd!Yb)N = 1.40±0.20. In the diagram it 
is clearly seen that this type is dominantly observed in early Archean greenstone 
belts (early Archean samples are represented by closed symbols in Fig. 1). 

(c) an Al-enriched or Group III type with Al203/Ti02 > 20, CaO/Al203 < 0.8 
and (Gd/Yb)N < 1.0. This type is by far the least common. Like Group Il, Group 
III samples are confined largely to the early Archean terrains. Group III may be 
regarded as the chemical counterpart of the Al-depleted or Group II komatiites 
(Fig.l). 

The correlations illustrated in Fig. 1 fit a gamet fractionation trend (Sun and 
Nesbitt, 1978; Jahn et al., 1982; Gruau 1983; Arndt, 1986). The chemical 
charcteristics of the Al-depleted or Group II komatiites can be accounted for by 
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removal of gamet from a chondritic composition, while addition of gamet explains 
the relative enrichment in Al and HREE of the Group ill rocks. Since gamet is 
unstable in basaltic melts at low pressure, the gamet fractionation must have taken 
place in the mantle. 

Physical and experimental constraints 

Accepting that the mechanism responsible for the Al and HREEs depletion of 
Group II komatiites was the removal of gamet, we now ask how and when the 
gamet fractionated. It is in this context that the virtual confinement of Al-depleted 
or Al-enriched komatiites to earl y Archean terrains is important; apparent! y, 
conditions in the early mantle facilitated gamet fractionation. Other constraints 
come from: (a) the phase relations in mantle systems at very high pressure; (b) the 
calculated temperatures of komatiite magmas and inferred depth of melting; and 
(c), the termal history of the young Barth and the concept of a terrestrial magma 
ocean. 

(a) Phase relations at very-high pressure. The phase relations of mantle 
peridotite at high temperatures and pressures, derived from the experiments of 
Takahashi and Scarfe (1985), Takahasi (1986), Othani et al. (1986), Ito and 
Takahashi (1987) and Kato et al. (1988), are summarized in Fig. 2. In the figure, it 
can be seen that melting at high pressures differs significantly from melting at low 
pressures. Whereas gamet has a very restricted above-solidus field at pressure 
lower than 15 GPa (=450 km), majorite, the high-pressure equivalent of gamet, is 
the liquidus phase in mantle systems between 15 and 24 GPa (i.e. from =450 to 
= 700 km). This observation provides the basis for Othani et al's (1989) conclusion 
that majorite frationation should control the composition of high pressure mantle 
melts. 

(b) The temperature of komatiite magmas and the depth of melting. 
Experimental studies have shown that, at atmospheric pressure, the liquidus 
temperature of the most magnesian komatiites (MgO = 30%) is close to 1600°C 
(Green et al., 1975. Arndt, 1976; Bickle et al., 1977). Since komatiites seem to 
have been largely volatile-free, this is probably the eruption temperature of their 
parental magmas, implying still higher temperatures (maybe around 1900°C) for 
the primary mantle melts (Arndt, 1986; Campbell et al., 1989). Two hypotheses 
have been proposed to account for the formation of magmas with temperatures so 
much higher than those of normal, basaltic, partial melts. McKenzie (1984) 
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Figure 2: Schematic diagram illustrating the phase relations of mantle 
peridotites between 10 and 25 GPa. 01: olivine; Mj: majorite gamet; Cpx*: Ca­
poor clinopyroxene; Ms: modified spinel; Sp: spinel; Ca-Pv, Ca-perovskite; Pv: 
Mg-perovskite; Mw: Mg-wustite; HPP: unknown high pressure phase; L: liquid. 
Adapted from Othani et al. (1986). 
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proposed that komatiites form in "hot jets" of mantle material ascending in regions 
of lithospheric extension while Jarvis and Campbell (1983) and Campbell et al. 
(1990) developed a model for the formation of komatiites within plumes ascending 
from a thermal boundary layer deeper in the mantle. In both cases the depth at 
which melting occurs greatly exceeds 200 km. Under these circumstances, 
majorite, and not olivine as had earlier been assumed, would have been the high 
temperature residual phase. 

(c) The young Barth and the magma ocean concept. It is generally accepted, on 
the basis of planetary accretion models and inferred higher abundances of short­
lived isotopes, that the outer layers of the Earth were much hotter in pre-Archean 
times than today (Basaltic volcanism, 1981). In particular, models in which the 
heat of impact during planetary accretion is evaluated show that much of the upper 
mantle could have melted leading to the formation of a terrestrial magma ocean 
(Kaula, 1979; Ransford, 1979). Extensive melting and subsequent crystallization of 
the young Earth's mantle would have profoundly influenced the structure and the 
composition of the Achean mantle. Particularly, large effects would be expected if, 
as suggested by Ransford (1979) and Kaula (1979), the magma ocean was 1000 km 
deep. In this case, majorite fractionation could have been the dominant process 
(Othani, 1988) leading to large fractionation of many elemental ratios including 
CaO/ Ah03, Ah03!fi02 and the HREEs. 

Models 

Two main categories of model have been proposed to account for the gamet 
fractionation processes inferred from komatiite compositions. 

(a) Fractionation of garnet during partial melting (Fig.3). In this model, it is 
assumed that the Archean mantle had essentially chondritic ratios of CaO/Ah03, 
Ah03!fi02 and HREEs ((Gd!Yb)N=l.O) and the various groups of komatiites are 
supposed to reflect different melting conditions. The "partial melting effect" 
hypothesis was first proposed by Green (1975) who suggested that gamet would 
segregate from other residual mantle phases during partial melting in a rising 
mantle diapir. At the time, available experimental data indicated that olivine and 
orthopyroxene were the likely liquidus phases during high-degree melting, and that 
gamet was stable only close to the solidus. To account for the gamet fractionation, 
Green (1975) called on the significant density difference between gamet and the 
other mantle phases and he suggested that "suitable values for viscosity and shape 
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Figure 3: Pressure-Temperature diagram showing Othani's (1984) and Amdt's 
(1986) scheme whereby the contrasted (Gd/Yb)N , Ca0/Ah03 and Ah03!fi02 
ratios of komatiites would be related to differences in the depth of melting. The 
starting material is a mande with chondritic distribution of Ca, Al, Ti and HREE. 
Path A is the path that Al-depleted (Group Il) komatiites would have followed, 
whereas Group 1 rocks would be to connect with mande diapirs having ascented 
along path B. The predominance of Group II komatiites in the early Archean could 
be explained because of the higher average temperatures. The phase relations are 
from Fig. 2. 



57 

factors could create conditions for the ascending diapir where olivine and enstatite 
were entrained but gamet settled through the rising diapir and by its segregation, 
changed the bulk composition of the diapir". The new high-pressure experimental 
data provide a more straightforward mechanism for gamet segregation. Othani 
(1984) and Arndt (1986) proposed that Al-depleted (Group ll) komatiite magmas 
formed by partial melting of the deep upper mantle, between 450 and 650 km, in a 
domain where majorite is the high-temperature residual phase, whereas Al­
undepleted komatiite magmas (Group 1) represent mantle melts formed at 
shallower level, where olivine is the high-temperature residual phase (Fig. 3). In 
this scheme, Al-enriched (Group ill) komatiites are considered to be the remelting 
products of residual mantle left after separation of the Al-depleted magmas. The 
temporal distribution of the various groups of komatiites is attributed to secular 
cooling of the mantle. In the early Archean, average temperature were high and 
melting at very high pressure was the dominant process. Thus, a majority of early 
Archean komatiites formed under conditions in which majorite was the residual 
phase and became depleted in Al and HREE. In the late Archean, average 
temperatures were lower, melting was shallower, and more komatiites of the Al­
undepleted type were generated. 

(b) Fractionation of garnet during the cooling of a terrestrial magma ocean (Fig. 
4 ). This alternative model was proposed by Gruau and Jahn (1983) and Othani et 
al. (1989) who adapted earlier ideas by Cawthom and Strong (1974) and Anderson 
(1982). The goveming concept of the model is that the young Earth's mantle 
underwent a magma ocean stage and that the terrestrial magma ocean was deep 
enough ( =670 km ?) to allow gamet to fractionate during its cooling and 
subsequent crystallization. The magma ocean is assumed to have solidified soon 
( =4400 Ma a go) after it formed, and the mantle to have differentiated into three 
layers with different mineralogical and chemical composition (Fig. 4b; see also 
Othani, 1988): an upper layer depleted in gamet and thus with CaO/Al203, 
Ti02/Ah03 and Gd/Yb ratios higher than chondrites; an intermediate layer 
enriched in gamet and thus with CaO/Ah03, Ti02/Ah03 and Gd/Yb lower than 
chondrites; and a deep layer (the lower mantle) unaffected by the magma ocean 
stage and with chondritic ratios of CaO/Ah03, Al203/Ti02 and Gd/Yb. In this 
scheme, the different types of komatiites observed in early Archean terrains are 
interpreted as the remelting products of these various layers: Al-depleted (Group 
Il) komatiites from the gamet-depleted upper layer; Al-enriched (Group III) 
komatiites from the gamet-enriched intermediate layer; Al-undepleted (Group 1) 
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Figure 4: Schematic diagrams illustrating the model of Jahn and Gruau (1983) 
and Othani et al. (1989) whereby the various types of komatiites would be the 
remelting products of a three-layers stratified mantle. Fig. 4a gives a sketch of the 
physical scenario. It is assumed that a 700 km deep magma ocean of ultrabasic 
composition developed on earth ca 4400-4500 Ma ago. Initially and for most of the 
history of the ocean, convection will be turbulent, which implies that through the 
body of magma the temperature follows the adiabat ( dashed line in Fig. 4a = 
thermal profile in the magma ocean). Fractional crystallization takes place where 
the adiabat intersects the liquidus at the bottom of the magma ocean in regions 
where majorite gamet is the high temperature mantle phase. Assuming that 
majorite gamet was allowed to sink and accumulate, the resulting crystallized 
mantle might have been stratified like shown in Fig. 4b. The phase relations are 
from Fig. 2. 
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komatiites from the undifferentiated lower mantle. By the late Archean, mantle 
convection would have largely homogenized the fossil magma ocean leaving a 
mantle with essentially chondritic ratios of Al, Ca, Ti and HREEs. Komatiites 
formed from the homogenized mantle would have roughly chondritic CaO/Ah03, 
Ah03!fi02 and Gd/Yb, as do most of those found in 2700 Ma terrains. 

MAJORITE FRACTIONATION AND Lu-Hf ISOTOPIC 
SYSTEMA TICS 

Fig. 5 is a summary of measured partition coefficients for REEs and Hf between 
majorite gamet and liquid, and between pyrope-rich gamet and liquid. Measured 
majorite-liquid partition coefficient for Hf (KDHfmj-liq) lie between 0.8 and 0.4 
(Kato et al., 1988; Othani et al., 1989; Yurimoto and Othani, 1990). No 
measurements have been made for Lu, but extrapolation of Yb, Gd and Sm 
partitioning data yields estimates in the range 1.0-2.0 (Fig.5). 

Because Lu and Hf are both refractory elements, the most convenient reference 
for comparison of initial 176Hffl77Hf in terrestria1 rocks is an isotopie growth 
curve based on the evolution of chondritic meteorites (e.g. Patchett et al., 1981). 
As in the case of Nd isotopes (DePaolo and Wasserburg, 1976), such a comparison 
is achieved using an e notation in which: 

êHf(T) = ((176Hff177Hf (sample, T)l l76Hffl77Hf (chondrites, T))- 1) x 104 

where T is the age of interest 

During the fractionation of majorite or pyrope-rich gamet, Lu partitions more 
strongly into the solid phase than Hf, leaving the residue with low Lu/Hf. 176Lu 
decays to 176Hf with a half live of 35.7 Ga and 177Hf is non-radiogenic. Majorite­
depleted material therefore evolves to increasingly lower 176Hffl77Hf, or lower 
êru values with time (Fig. 6) This behaviour provides the basis for distinguishing 
between the two models outline above. Mantle layers that were enriched or 
depleted in majorite gamet during crystallization of a magma ocean :::: 4400 Ma 
ago should have acquired distinctly non-chondritic 176Hf!177Hf ratios by the time 
this material remelted to form 3450 Ma old komatiites; Al-depleted komatiites 
(Group II) should exhibit negative êHf(T) values, and Al-enriched rocks (Group 
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liquid. The partition cefficient data of Fujimaki et al. (1984) between pyropic gamet 
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Figure 6: 176Hfjl77Hf vs. time diagram illustrating the contrasted Hf isotopie 
trajectories followed by majorite-depleted, majorite-enriched and undifferentiated 
layers in the stratified mantle model of Jahn and Gruau (1983) and Othani et al. 
(1989). The trajectories of the majorite-depleted and majorite-enriched layers have 
been drawn using the partition coefficient data given in Fig. 5, assuming a 
chondritic or bulk earth Lu/Hf ratio for the =700 km deep magma ocean. 3450 Ma 
corresponds to the time of eruption of Barberton komatiites. SN: Solar Nebular. 
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III) positive EHf(T) values. As shown in Fig. 6, the degree of departure from 
chondritic values will depend on the initial composition of the magma ocean, the 
Lu/Hf ratios of the majorite-depleted and majorite-enriched reservoirs, and the 
time of later remelting. We show later that =3450 Ma old Al-depleted komatiites, 
if formed from an old majorite-depleted reservoir, should have initial EHf(T) in 
the range -6 to -5. If majorite fractionates only during the melting event, the Hf 
isotopie compositions of komatiites will be unaffected (i.e. EHf(T)=O). 

SAMPLES 

The measurement of Hf isotopie compositions of komatiites and komatiitic 
basalts tumed out to be very difficult, for the reas ons outlined below, and this 
limited the number of samples that could be successfully analysed. Three Al­
depleted (Group Il) samples (one komatiite and two basaltic komatiites) and a 
single Al-enriched (Group III) basaltic komatiite were fmally selected. Ali are 
from the classic occurrence of early Archean komatiites in the 3450 Ma old 
Onverwacht Group of the Barberton greenstone belt, southem Africa. Field 
locations, age data, petrography, chemical and Nd isotopie analyses have already 
been presented by Jahn et al. (1982), Gruau (1983), and Gruau et al. (1990). The 
main geochemical features are summarized in Table 1. 

The choice of Al-depleted and Al-enriched samples was dictated by the main 
goals of this study. Samples from the Onverwacht Group were preferentially 
selected because of the following: 

a) The age of eruption is reasonably well-constrained at 3450 Ma (Kroner and 
Todt, 1988; Gruau et al., 1990). 

b) The grade of metamorphism is greenschist to lower amphibolite facies 
(Viljoen and Viljoen, 1969). Under these moderate conditions, spinifex and other 
volcanic textures are preserved, and these, not chemical criteria, provide the basis 
for recognition of komatiitic rocks. Essentially magmatic trends are retained and 
refractory elements seem litltle mobilized (Jahn et al., 1982; Vijoen et al., 1983, 
see also the chapter on Schapenburg komatiites, this the sis). 

c) The rocks appear, on the basis of trace element and isotopie compositions, to 
have escaped contamination with older continental ernst (Jochum et al., 1987; 
Gruau et al., 1990). In this respect, they are unlike komatiites from areas such as 
Kambalda, Australia, which apparently eroded thermally and assimilated crustal 
rocks (Huppert et al., 1984; Chauvel et al., 1985; Compston et al., 1986; Arndt and 



Table 1: Origin and main geochemical features of selected samples 

Sample N° Classification MgO %1,2 

KOMATI Formqtion 

5077 Gr. II BK 11.6 
5080 Gr. II BK 9.6 
5088 Gr. III BK 6.7 

THEESPRUIT Formation 

5031 Gr.llK 32.0 

BK: Basaltic komatiites; K: Komatiites 
1 recalculated on a 100% anhydrous basis 
2 data source: Jahn et al., 1982 

Ca0/Ah032 Ah03/TiOz2 

1.43 11.5 
0.95 12.1 
0.56 40.1 

1.00 11.3 

3 êNd at time of eruption (3450 Ma); errors arc± 2cr; data source: Gruau ct al., 1990 

(Gd/Yb)N2 (La/Sm)N2 êNd(3450)3 

1.32 1.09 0.0±0.5 
1.40 1.49 0.0±0.4 
1.08 3.90 +1.3±0.4 

en w 

1.66 2.15 
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Jenner, 1986). Assimilation by komatiites of continental ernst would have two 
di sas trous consequences in this study. First, because old continental ernst has êHf 

significantly different from mantle rocks, contamination would effectively destroy 
any record in the komatiite of earlier mande differentiation. Second, contaminated 
rocks could contain zircons inherited from the assimilated material. As discussed 
below, su ch zircons might escape dissolution during chemical preparation, and 
because of the high Hf content of zircon (==1 %, cf. <3 ppm in komatiite and 
komatiitic basait), their presence would induce large errors in measured Lu/Hf and 
Hf isotopie ratios. This problem was responsible for strongly negative initial êHf 

values in crustally contaminated komatiitic basalts from the Pilbara Block of 
Western Australia (Gruau et al., 1986; Gruau, persona! observation). 

EXPERIMENTAL PROCEDURE 

Ail measurements were performed at the Max Planck Institute für Chemie, 
Mainz, as were most chemical separations. Aliquots for sorne Lu/Hf duplicates 
were separated at the Université de Rennes. Of the four selected samples, only 
three (5077, 5080, and 5088) were fully analyzed; for the remaining (5031), only 
the Lu and Hf contents were successfully determined. Lutetium and Hafnium 
concentrations were determined using isotopie dilution mass spectrometry except 
for samples 5031 which was analyzed by spark source mass spectrometry (SSMS). 

For samples 5077, 5080 and 5088, the chemical procedure was essentially that 
described in Patchett and Tatsumoto (1980) and Gruau et al. (1988). Because of the 
problems associated with aliquoting sample solutions (Unruh et al., 1984 ), Lu and 
Hf concentrations (ID) and Hf isotopie conmpositions (IC) were determined on 
separate powders. The low Hf contents of komatiitic rocks meant that large 
amounts (several grams) of sample had to be dissolved. For Hf-IC, 4 g (sample 
5088) to 8 g (samples 5077 and 5080) of powder were used. For Lu- and Hf-ID, a 
176Lu-179Hf mixed spike was added and approximately 750 mg were treated. Ail 
samples were dissolved in a HF-HN03-HCI04 mixture. Because of the large 
sample size, teflon bomb could not be employed, and the IC fractions were 
dissolved in open beaker, as was a first set of ID fractions. Problems arising from 
the potential presence of crustal zircons were assessed by repeating the ID 
measurements in teflon-bombs. Duplicate measurements of Lu/Hf and of the Hf 
isotopie composition of sample 5077 were also used to assess sample homogeneity. 
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The Hf sample/blank ratio was 1000 for samples 5080 and 5077, and 1500 for 
sample 5088. Lutetium blanks were undetectable (<0.025 ng). 

Hf isotopie compositions were measured with Faraday cups of a double-collector 
Finnigan Mat 261 mass-spectrometer, using analytical techniques similar to those 
reported in Patchett and Tatsumoto (1980) and Patchett et al. (1981). Total H:t+ ion 
currents were of 1.2-2.2 10-11 A. Data collection and fractionation correction 
procedures are described in White and Patchett ( 1984 ). All 17 6Hfjl77Hf measured 
ratios were normalized to 179Hfj177Hf = 0.7325. 

Measured and calculated initial176Hfjl77Hf ratios are quoted throughout the text 
and in Table 2 in the Eru notation of Patchett et al. (1981) as deviation in part per 
104 from the chondritic growth curve. The present-day 176Hffl77Hf and 
176Luj177Hf for the chondritic reference reservoir are those determined by the 
Denver Laboratory (Patchett et al., 1981). The decay constant of 176Lu is 0.0194 
Ga-l. 

Fiftheen analyses of the Denver JMC 475 Hf standard were made during the 
course of this study. Previous analyses of this standard in our laboratory were 
0.000039 lower than the 0.282200 Denver value (White and Patchett, 1984). In 
this work, the deviation was slightly reduced: the 15 runs have yielded a mean 
176Hffl77Hf of0.282171 ± 15 (2crm). Nevertheless, the discrepancy between Mainz 
and Denver is stili quite large, corresponding to about 1 €Hf unit, and because the 
chondritic parameters used in tHf are from the Denver laboratory, we increased 
ali the measured 176Hffl77Hf ratios by 0.000030 when tru values were calculated. 

RESULTS AND DISCUSSION 

The Lu-Hf results are listed in Table 2 and illustrated in Figs. 7 and 8. Three 
important aspects are as foliows: 

(a) Duplicate analyses (measurements of Lu/Hf using "open beaker" and "teflon 
bomb" dissolution techniques, respectively, and repeated determination of 
176Hffl77Hf for sample 5077) gave extremely consistent results (Table 2). The 
good agreement demonstrates that the samples are homogeneous and free of 
zircons, which in turn indicates that problems inherent to the preparation of such 
large samples have been circumvented. 

(b) Ali the samples exhibit Lu/Hf (or 176Luj177Hf) ratios lower than chondrites. 
For the three Al-depleted (Group II) rocks, the deviations are -23.3, -26.9 and 
-35.8%, respectively. we stress here that the Lu/Hf ratios of these three rocks 



Table 2: Lu-Hf isotopie data for Barberton komatiitic rocks 

Dissolution Lu (ppm) Hf (ppm) Lu/Hf t76LuJ177Hf t t''HfJI"Hf z fLuiH/ 3 EHr(O) 4 EHf(3450) 4 

5077 - Al-depleted basaltjc komatiite 

Open beaker 0.2404 1.337 0.1798 0.02549 0.282294±54 -0.237 -18.9±1.9 +0.4±2.2 
Open beaker - - - - 0.282309±17 - -14.4±0.6 

Teflon bomb 4 0.2434 1.340 0.1816 0.02575 - -0.229 

A vera ge 5077 0.2419 1.339 0.1807 0.02562 0.282302±30 -0.233 -18.7±1.1 +0.4±1.4 

5080 - Al-depleted basaltjc komatiite 

Openbeaker 0.2510 1.451 0.1730 0.02450 0.282248±27 -0.266 -20.6±1.0 + 1.2±1.3 
Teflon bomb 4 0.2655 1.549 0.1714 0.02430 - -0.272 

A vera ge 5080 0.2583 1.500 0.1722 0.02440 0.282248±27 -0.269 -20.6±1.0 + 1.5±1.3 

5031 - Al-depleted komatjjte 

(SSMS) s 0.0820 0.542 0.1512 - - -0.358 - - en 
Open beaker 6 0.0840 

U1 

5088 - Al-enriched basaltic komatiite 

Openbeaker 0.2775 2.118 0.1310 0.01856 0.281852±31 -0.444 -34.6±1.1 +1.7±1.3 
Teflon bomb 4 0.2955 2.255 0.1310 0.01856 - -0.444 

A vera ge 5088 0.2865 2.187 0.1310 0.01857 0.281852±31 -0.444 -34.6±1.1 +1.7±1.3 

1: error is 0.5% 

2: measured values; errors are given at ±20'm 

3: fLwHf = (176Luf171Hf/0.0334) - 1 ; 0.0334 = 176LuJ177Hf of chondrites 

4: EHt(T) = ((176Hffl71Hf sample, T J176HfJI77Hf chondrites, T ) - 1) * 104 

T = 0: 176Hffl71Hf chondriles = 0.282860 

T = 3450 Ma: 176Hffl77Hf chondriles = 0.280548 

nota: ali measured 176Hffl77Hf ratios were increased by 0.000030 in the calculation of EHr(T) values (see text for explanation) 

5: concentrations obtained by Spark Source Mass Spectrometry (SSMS) 

6: Isotope dilution data from Jahn et al., 1982. 
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correspond almost exactly to values anticipated from consideration of their Gd/Yb 
ratios and also appear consistent with the interpretation that Al-depleted komatiites 
crystallized from magmas depleted in majorite gamet (Fig. 7). For the Al-enriched 
(Group III) sample 5088, the deviation is -44.4% (Table 2). Such a deviation is 
contrary to what would be produced by majorite accumulation, a point discussed 

. below. 
(c) The three samples fully analyzed for 176Luj177Hf and 176Hfjl77Hf have 

calculated initial Eru values that are slightly positive but close to zero (Fig.8). The 
Al-depleted samples 5077 and 5080 yield tHf(3450) values of +0.4+1.4 and 
+1.5+1.3, repectively, and the Al-enriched sample 5088 an EHf(3450) of +1.7±1.3 
(Table 2). These samples also have near zero tNd (Fig. 8; Table 1). 

A discussion of the significance of these results inevitably involves comparison 
of the calculated ( observed) initial tHf values with tho se predicted by the two 
alternative gamet fractionation models. It is immediatly clear, on a qualitative 
basis, that the near zero initial Eru displayed by the Barberton rocks do not fit the 
"magma ocean" scenario of Gruau and Jahn (1983) and Othani et al. (1989). 
Particularly damning are the initial tHf values for the Al-depleted (Group II) 
samples 5077 and 5080, which are slighlty positive rather than being negative, as 
would be predicted for samples formed from an old majorite-depleted layer (Fig. 
6). Nonetheless, it remains to be shown that the differences between observed and 
predicted values are quantitative/y meaningful, particularly in light of the 
relatively large uncertainties (±1.5 units) on the initial tHf values. This can be 
done most convincingly by considering the compositions of the Al-depleted (Group 
TI) samples. 

The problem is as follows: if Al-depleted (Group II) komatiites formed by 
remelting of a 4400 Ma old majorite-depleted mantle layer, what initial tHf should 
be found in the 3450 Ma old Barberton samples 5077 and 5080? To calculate these 
values we assume that the Lu/Hf of the komatiites was the same as that of the 
source; i.e. that the minerais residual during the melting processes did not 
fractionate these two elements. This assumption is reasonable because olivine and 
orthopyroxene (the likely residual phases during remelting of the majorite gamet 
depleted mande layer) both accomodate insignificant quantities Lu and Hf 
(Fujimaki et al., 1984 ). It can be seen from Fig. 9 that majorite-depleted material 
with Lu/Hf ratios between 0.172 and 0.181 (those of samples 5080 and 5077) 
diverge from the Bulk Barth or chondritic Hf growth curve at a rate of -6.4 to -
5.5 tHf units per Ga. Had this material formed 4400 Ma ago, it would have bad 
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Figure 7: Plots of (Lu/Hf)N vs. (Gd!Yb)N showing a comparison between the ratios 
measured for Al-depleted (Group Il) Barberton samples (closed symbols: komatiitic 
basalts; open symbol: komatiite) and tho se expected for majorite-depleted magmas 
(superimposed trends). ln each diagram, the lower trend is that of majorite fractional 
crystallization (the "magma ocean" scenario), and the upper trend is that of partial 
melting with majorite gamet left as residual phase. The numbers next to the tick 
marks indicate either the mass fraction of gamet crystallized, or the amount of gamet 
left as solid residue. Ali curves have been modelled starting from a chondritic 
composition. The references refer to the source of the partition coefficients used in the 
calculations. For KDLu, the extrapolated values of Fig. 5 were taken. 
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Figure 8: êHf vs. ENd diagram for Barberton samples at time of their eruption 
(3450 Ma). 
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êHf = -5.2 to -6.1 at 3450 Ma, values which fall well below those calculated for the 
Barberton Al-depleted komatiite samples, which have êHf values of +0.4+1.4 and 
+ 1.5+1.3 (Fig. 9). 

But what of the single Al-enriched (Group Til) sample? Like all such rocks, 
5088 is enriched in Lu relative to Er; i.e. it possesses a Lu/Er ratio higher than 
chondritic (Jahn et al., 1982). Majorite accomodates Hf in roughly the same 
proportion as Er (Kato et al., 1988; Othani et al., 1989; Yurimoto and Othani, 
1990; Fig. 5). If the composition of 5088 was controlled solely by majorite 
accumulation, its Lu/Hf ratio should also be higher than chondritic. Y et, as noted 
above, this sample has a very low Lu/Hf ratio (fLu/Hf = -0.44; Table 2). 

Consideration of the total trace element budget of 5088 leads us to conclude that 
the low Lu/Hf ratio of this sample is due to an overabundance of Hf. Like allAl­
enriched komatiites from Barberton, 5088 is strongly enriched in LREEs (Table 1; 
Jahn et al., 1982.), whereas a sample enriched in majorite should show a relative 
depletion in these elements. The LREE enrichment of Barberton Group III 
komatiites indicates that a process other than majorite accumulation affected these 
rocks. Jahn et al. (1982) recognized the problem and suggested that the source was 
metasomatized by a LREE-enriched fluid prior to partial melting. If the 
metasomatizing fluid was silicate melt, it is not unreasonable to assume that it too 
was enriched in Hf. Enrichment of the source with such a fluid may then have been 
responsible for the abnormally low Lu/Hf ratio of sample 5088. The nearly­
chondritic initial 176Hffl77Hf ratio (Table 2,; Fig. 8) therefore provides little 
constraint on the nature of its source: although it could indicate an essentially 
unfractionated chondritic source, the calculated initial isotopie composition could 
equally well have been imposed by the metasomatic fluid. 

IMPLICATIONS FOR THE ORIGIN OF KOMATIITES AND EARLY 
MANTLE EVOLUTION 

It remains to be shown that the model of majorite fractionation during melting, 
as advocated by Othani (1984), Othani et al. (1988) and Arndt (1986), represents 
the only alternative to the model of an early magma ocean. One alternative 
involves a magma ocean that did not crystallized immediatly after it formed but 
survived until 100-200 Ma before the eruption of Barberton komatiites. Layers 
enriched or depleted in majorite gamet could have formed during its final cooling. 
Although this model resembles the LLAMA (large laterally link Archean magma 
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Figure 9: EHf vs. time diagram showing a comparison between the observed 
initial EHf of Al-depleted Barberton samples and that of the hypothetical melting 
products of a 4400 Ma old majorite-depleted mantle layer. 
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anomalies) concept of Nisbet and Walker (1982), it differs in that we envisage the 
magma ocean crystallizing and differentiating before the time of komatiite 
formation. With this model we could explain the near-zero initial tHf of Barberton 
Al-depleted (Group II) komatiitic rocks: a layer depleted in majorite gamet only 
200 Ma before the eruption of Barberton komatiites would have had an tHf of 
about -1 by 3450 Ma, i.e., a value not significantly different from the calculated 
initial tHf of samples 5077 and 5080 (Table 2). However, we see a major objection 
in the range of initial tNd values in 3450 Ma old komatiites: coeval Barberton and 
Pilbara ultramafic lavas exhibit a range in initial tNd values from 0 to +4 (Gruau 
et al., 1987, 1990). A large magma ocean would have convected vigorously and 
should have been well mixed, and it is difficult to imagine how reservoirs with 
different Sm/Nd could have remained isolated from one another for the time 
required (>500 Ma) to produce the observed range in tNd· Likewise, we note the 
positive tNd values of Pilbara komatiites ( +4) and the indication they give of an 
origin from a depleted source with Sm/Nd higher than chondrites. A magma ocean 
produced by partial melting of the mantle shou1d have a Sm/Nd ratio equal to or 
lower than chondritic ratio (Kato et al., 1988). 

Our conclusion that the gamet fractionated during the partial melting that 
produced komatiites has several implications. The first concems the development 
and subsequent evolution of the original terrestrial magma ocean. Many authors 
(Anderson, 1982; Hofmeister, 1983; Othani, 1988; Agee and Walker, 1988) regard 
thge formation of a magma ocean as an inevitable stage in the early history of the 
Barth. Our data indicate that had a magma ocean formed 4400 Ma ago, it either 
did not differentiate into majorite-enriched and majorite-depleted layers, or, if 
such layers had formed, they were destroyed soon after by mantle convection or 
are not samples by magmas reaching the surface of the Earth. 

The second implication is that the compositions of komatiites need not 
correspond to those of their mantle sources. This conflicts with a commonly held 
concept that komatiites form by high degree mantle melting during which olivine 
was the sole residual phase. If we accept that majorite was residual during the 
partial melting that formed Al-depleted komatiites, we must also accept that many 
elemental ratios of geological interest (e.g. La/Sm, Gd/Yb, Al/Ti, Sm/Nd, Ti/Y) 
were strongly affected by the melting process. 
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SUMMARY AND CONCLUSIONS 

The results discussed in this paper shows that the chemical variability of 
Archean komatiites is not inherited from the compositions of gamet -enriched and 
gamet-depleted layers produced by the crystallisation of an ancient magma ocean. 
The Archean mantle probably bad essentially chondritic ratios of CaO/Ah03, 
Al203/Ti02 and Gd/Yb, and the varions groups of komatiites arise from 
differences in the conditions of melting which controlled whether or not gamet 
was residual during the melting process. 
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1-Introduction 

Dans le chapitre précédent nous avons présenté les résultats isotopiques du Hf 
obtenus sur trois échantillons de Barberton et montré l'impact que ces résultats ont 
sur la pétrogénèse des komatiites et la composition du manteau archéen précoce. 
Dans les faits, nous avons analysé un nombre beaucoup plus important échantillons. 
En particulier, des résultats complets (rapport Lu/Hf; composition isotopique du 
Hf) ont été obtenus sur une dizaine d'échantillons de métabasalte provenant du 
craton de Pilbara dans l'ouest de l'Australie. Les données de Pilbara n'ont toutefois 
pas pu être exploitées car ne présentant pas le degré de fiabilité requis. De fait, et à 
l'inverse des roches de Barberton, il ne nous a jamais été possible de reproduire les 
mêmes résultats d'une analyse à l'autre. Dans un certain nombre de cas nous avons 
pu mettre à jour les raisons pour lesquelles nous n'arrivions pas à "doubler" les 
résultats de Pilbara. Deux de ces raisons (présence de quelques grains de zircon 
dans les échantillons et problème des "aliquots") constituent des sortes de "pièges 
méthologiques" pour les néophites de la méthode. Compte tenu de la difficulté 
analytique majeure que représente l'acquisition de données isotopiques Lu-Hf sur 
échantillon roche-totale (sans parler du coût), il nous est apparu intéressant 
d'exposer ici ces deux "pièges �m�é�t�h�o�~�o�l�o�g�i�q�u�e�s�"�,� et d'essayer de dégager quelques 
règles simples devant permettre de les contourner. Par ailleurs, le lecteur trouvera 
en fin de chapitre un article présentant une méthode chimique de séparation 
quantitative du Lu et de l'Yb, méthode susceptible d'améliorer sensiblement la 
précision obtenue au niveau de la mesure du rapport Lu/Hf. 

2-Les deux "pièges" de la méthode Lu-Hf 

Le premier "piège" est à mettre en relation directe avec le haut potentiel 
d'ionisation de l'élément Hf, haut potentiel responsable de rendements très faibles 
dans les spectromètres de masse (plus de 100 fois moins que le Nd par exemple). 
Concrètement, une mesure fiable et précise de la constitution isotopique du Hf par 
spectrométrie de masse demande la présence de 10 Jlg de Hf sur le filament. Nous 
avons personnellement expérimenté trois spectromètres de masse différents 
(Finnigan MAT 261 avec deux collecteurs, Finnigan MAT 262 avec sept collecteurs 
et VG Sec tor) et dans les trois cas ce chiffre limite de 10 Jlg a été observé. Ceci à 
deux conséquences pratiques importantes. La première est que les roches de 
composition ultrabasiques (peridotites et komatiites), du fait de leurs teneurs en Hf 
très faibles �(�~�1� p.p.m.; Gruau et al., 1992; cette thèse), sont, pour l'instant, 
inaccessible à l'analyse. De fait, pour obtenir des résultats exploitables, des 
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quantités d'échantillon de l'ordre de 10 à 20 g devraient être traitées, ce qui, de 
notre propre expérience, n'est pas possible en l'état actuel des procédures de 
dissolution et de purification chimique. La deuxième conséquence est que, même en 
restreignant les analyses à des roches de composition basique (à priori plus 
favorables parce que plus riches), les quantités d'échantillon à dissoudre resteront 
importantes, de l'ordre de 2 à 5g. En effet, mis à part les basaltes alcalins, les 
teneurs en Hf n'excèderont pas 2 à 5 p.p.m. (e.g. Patchett and Tatsumoto, 1980; 
White and Patchett, 1984; Gruau et al., 1992; cette thèse). C'est à ce niveau que le 
premier "piège" survient. De fait, 5 g restant des quantités d'échantillon difficiles à 
traiter par "voie humide", l'opérateur aura tendance à: (1) sélectionner les 
échantillons présentant les teneurs en Hf l.es plus fortes; et (2) effectuer les 
dissolutions en becher ouvert (et non pas en "bombe" téflon), les quantités de 
poudre à attaquer demeurant quoi qu'il arrive très supérieures à la centaine de mg 
(2g au minimum). Là est le problème: qui dit fortes teneurs en Hf (e.g. 5 p.p.m.) 
dit, en effet, fortes teneurs en Zr (le rapport Zr/Hf est relativement constant dans 
les roches et les minéraux terrestres, de l'ordre de 40; e.g., Smith et al., 1987), et 
donc présence possible de zircons dans les échantillons (en particulier lorsque l'on 
s'adressera à des métabasaltes). Or il faut savoir: (1) que la teneur en Hf d'un 
zircon oscille entre 4000 et 13000 ppm, avec une valeur moyenne de l'ordre de 
10000 ppm (voir Tableau 1); et (2) que la procédure de dissolution en becher 
ouvert imposée par la grande quantité d'échantillon à traiter aura toute les chances 
de laisser le zircon non-attaqué - on notera qu'un seul grain de zircon de 100 Jlm 
de diamètre contient environ 0.02 Jlg de Hf. D'où la possibilité d'obtenir des 
rapports 176Hffl77Hf et 176Lufl77Hf qui ne seront pas représentatifs des valeurs de 
l'échantillon roche-totale, et donc de produire des valeurs EHr(T) calculées 
différentes des vraies valeurs initiales (voir paragraphe suivant). 

Le deuxième "piège" a trait à la procédure utilisée pour le dosage du Lu et du 
Hf. Deux méthodes sont à priori possibles: soit une seule dissolution est effectuée 
avec ajout du traceur isotopique (un mélange de 179Hf et de 176Lu dans les études 
que nous avons conduites) dans une fraction de la solution, l'autre fraction servant 
à mesure du rapport 176Hffl77Hf (technique dite des "aliquots" sur solution); soit, 
deux dissolutions séparées sont éffectuées avec introduction du traceur sur poudre 
solide dans celle des deux servant à la mesure des concentrations. Lorsque nous 
avons démaré notre programme de mesure avec les échantillons de Pilbara, notre 
idée était d'utiliser la méthode des "aliquots" sur solution, cette méthode 
permettant, normalement, de contrer les effets induits par les éventuelles 
hétérogénéïtés de poudre. Or il s'avère que la technique des "aliquots" est, 
appliquée au système Lu-Hf, une technique à "haut risque", dans la mesure où il est 
très difficile, voir impossible, d'assurer la mise en solution complète et simultanée 
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Tableau 1: Tableau illustrant les problèmes de mesure du rapport Lu/Hf engendrés par la 
présence de zircon et/ou l'utilisation de la technique dite des "aliquots" (ajout de traceur Lu-Hf 
sur solution). Les deux échantillons de référence sont des métabasaltes d'âge 3450 Ma provenant 
du craton de Pilbara, ouest de l'Australie. 

Type d'attaque "Aliquot" 1 Lu (p.p.m.) Hf (p.p.m.) Lu/Hf 176Luf177Hf 

55C PILBARA (0.282404±38; -2.9±1.5; 141) 

Becher ouvert non 0.606 3.092 0.196 0.0278 
Becher ouvert non 0.598 3.033 0.197 0.0279 

Bombe non 0.657 3.803 0.173 0.0245 
Bombe non 0.651 3.816 0.170 0.0242 

Becher ouvert oui 0.595 3.551 0.168 0.0238 
Becher ouvert oui 0.608 3.222 0.189 0.0268 

56A PILBARA (0.282256±55; -11.9±2.0; 135) 

Becher ouvert non 0.660 3.180 0.208 0.0294 
Becher ouvert oui 0.560 3.037 0.184 0.0261 

Bombe non 0.635 3.569 0.178 0.0252 

Zircon 2 0.5-90 13000-4000 0.000-0.023 0.0000-0.0032 

1 Cette rubrique indique le moment où le traceur 176Lu-I79Hf a été ajouté dans la procédure de 
dissolution. Non veut dire que le traceur 176Lu-179Hf a été ajouté sur la poudre solide avant 
dissolution de celle-ci; oui signifie que le traceur a été ajouté une fois la dissolution éffectuée, sur une 
fraction de la solution totale obtenue. 
2 Concentrations en Lu et en Hf, et rapport Lu/Hf (valeurs minimales et maximales) généralement 
mesurés dans un zircon (e.g., Patchett et al., 1981; Smith et al., 1987; Corfu and Noble, 1992). 
Nota: la première valeur entre parenthèses donne le rapport 176Hffl77Hf qui a été obtenu suite à la 
dissolution de l'échantillon en becher ouvert; le deuxième chiffre correspond à la valeur EHf(3450 Ma) 
calculée en combinant ce rapport 176Hf!177Hf et le rapport 176Luf177Hf déterminé suivant la même 
technique de dissolution (becher ouvert) avec ajout de traceur 176Lu-179Hf directement sur la poudre 
solide (pas "d'aliquot"); le troisième chiffre donne la teneur en zirconium de l'échantillon analysé. On 
remarquera le caractère fortement négatif des valeurs EHrt3450 Ma) ainsi obtenues (voir Fig. 2) .. 
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Figure 1: Diagrammes illustrant les différences de concentration en Lu et en Hf, et 
en rapport Lu/Hf observées lors des analyses répétées de l'échantillon 55C. Au cours 
des procédures de dissolution conduites en becher ouvert (becher dans le diagramme) 
et en "bombe", le traceur Lu-Hf était présent dès le début de l'attaque chimique. Le 
terme "aliquot" réfère à des résultats qui ont été obtenus pour des dissolutions 
conduites en becher ouvert avec ajout du traceur Lu-Hf une fois la mise en solution 
éffectuée. Les différences de concentrations et de rapport Lu/Hf entre les dissolutions 
menées en becher ouvert et celles conduites en "bombe" sont compatibles avec la 
présence de zircon dans l'échantillon (voir données sur zircon, Tableau 1), présence 
par ailleurs détectée lors d'opérations de filtration des solutions obtenues par attaque 
en becher ouvert (5 grains trouvés dans environ 750 mg de poudre traités). 
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du Lu et du Hf. En effet, si la solution contient un excès d'acide fluorhydrique, il y 
aura formation de fluorures insolubles qui pourront piéger une partie du Lu 
naturel contenu dans la solution de départ; à l'inverse, s'il n'y a pas assez de cet 
acide, il y aura précipitation de phases titanées, phases qui pourront incorporer une 
partie du Hf naturel (voir aussi Unruh et al., 1984 ). D'où la possibilité d'un 
déséquilibre entre le traceur introduit et le Lu et le Hf naturel présent dans la 
solution, avec comme conséquence des erreurs dans la détermination du rapport 
176Luf177Hf de l'échantillon roche-totale analysé. 

3-IIlustration: le cas des métabasaltes de Pilbara 

Dans le Tableau 1 et la Figure 1, nous présentons une série de résultats qui 
illustrent quantitativement les deux problèmes précédemment énoncés. On notera 
les différences très importantes de rapport Lu/Hf obtenues lors des dissolutions en 
"bombe" (0.17) et en becher ouvert (0.20) conduites sur l'échantillon 55C, 
différences traduisant la présence de quelques grains de zircon dans la roche (5 
grains ont été trouvés après filtration d'une solution obtenue après dissolution de 
750 mg d'échantillon en becher ouvert). On notera aussi la dispersion très 
importante des valeurs engendrées par la technique des "aliquots". Par ailleurs, le 
lecteur trouvera dans la Figure 2 deux diagrammes illustrant les effets induits par 
la non-dissolution des zircons sur les valeurs EH:f(T) calculées, dans l'hypothèse ou 
les zircons rencontrés seront des zircons d'origine métamorphique (ce qui est 
probablement le cas des zircons de Pilbara). Pour mémoire, on notera qu'une 
différence de rapport 176Luf177Hf comme celle observée pour l'échantillon 55C 
entre les dissolutions en "bombe" et en becher ouvert correspond à une différence 
d'environ 12 unités d'Eru lorsqu'on la propage sur 3450 Ma. 

4-Conclusion: quelques conseils pratiques 

En conclusion, s'il nous fallait tirer des enseignements des problèmes que nous 
avons rencontré, nous conseillerions aux nouveaux utilisateurs de la méthode: 

-a) s'ils ont dans les roches qu'ils prévoient d'étudier des métabasites avec des 
teneurs en Zr supérieur à 100 p.p.m., de conduire, en parallèle, des déterminations 
du rapport Lu/Hf en becher ouvert et en "bombe", afin de s'assurer de l'absence 
(ou de la présence) de zircon (ne pas se fier aux etudes en lame mince, dans la 

· mesure où quelques grains peuvent suffire à produire des résultats entièrement 
faux). 

-b) d'éffectuer des dissolutions séparées pour le dosage du Lu et du Hf, et la 
mesure du rapport 176Hffl77Hf, quite à répéter les mesures afin de s'assurer de 
l'homogénéïté des poudres analysées 
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Figure 2: Diagrammes illustrant l'effet engendré par la non-dissolution du zircon sur 
les valeurs E Hf (T) calculées de deux roches basiques fictives contenant ce minéral. 
Dans les deux cas, les zircons sont supposés avoir une origine métamorphique (âge 
Tm des zircons inférieur à l'âge Tc de cristallisation de la roche hôte). Les trajectoires 
isotopiques vraies des échantillons sont décrites par les droites porteuses des flêches 
noires (RT). La non dissolution des zircons conduira à la mesure de rapports 
isotopiques du Hf (CI m ) et de rapports Lu/Hf (R m ) supérieurs aux valeurs de 
l'échantillon roche-totale (CIRT ;R RT ), l'extrapolation dans le temps (trajectoires 
marquées par des flêches ouvertes) conduisant, dans les deux cas, à des 
valeurs EHf(Tc) calculées qui seront inférieures aux vraies valeurs EHf (Tc) des 
échantillons roche-totale. 
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Abstract 

Gruau, G., Cornichet, J. and Le Coz-Bouhnik, M., 1988. lmproved determination of Lu/Hf ratio by chemical sepa­
ration of Lu from Yb. Chem. Geol. (lsot. Geosci. Sect.), 72:353-356. 

A chemical method for the separation of Lu from silicate rocks and minerals is described. The method permits the 
separation of Lu from Yb and may be useful for precise determination of Lu/Hf ratios in geological systems. 

1. Introduction 

Initial 176Hf/177Hf ratios, if determinèd reli­
ably in particular components of the Earth, 
Moon and meteorites, may provide important 
elues for the fractionation history of the Lu/Hf 
ratio during planetary accretion processes, core 
formation and crust-mantle differentiation. 
Therefore, the Lu-Hf method may contribute 
to a better understanding of planetary evolu­
tion (Patchett and Tatsumoto, 1980; Patchett 
et al., 1981; Patchett, 1983; Fujimaki and Tat­
sumoto, 1984). However, as in the Sm-Nd 
method, the approach suffers from the fact that 
the initial 176Hfjl 77Hf ratios are not measured 
but calculated values. Initial 176Hf/ 177Hf ratios 
are obtained by subtracting the contribution of 
radiogenic 176Hf, related to the in situ decay of 
176Lu, from the present-day (measured) 
176Hf/ 177Hf ratios. Thus, any further develop­
ment of the 176Lu-176Hf decay scheme as a tracer 
of planetary evolution relies on precise deter-

mination of the 176Lu/177Hfratio. A �d�i�f�f�e�r�e�~�c�e� 
of 1% in the 176Lujl 77Hf ratio will result in a 
difference of 1.04 EHf units in the 176Hfjl 77Hf 
ratio over the age of the Earth ( 1 EHr unit= 1 
part in 104 ). 

Apart from the problems of spike calibration 
inherent to any determination ofinter-elemen­
tal ratios by the isotope dilution method, pre­
cise determination of 176Lujl 77Hf ratios is 
complicated by two factors: (a) mass interfer­
ence of 176Yb to 176Lu; and (b) incapacity of 
classical ion-exchange chromatography to iso­
late quantitatively Lu from Yb (both elements 
have very similar ionie radii: 0.85 and 0.86 Â, 
respectively). In 1980, Patchett and Tatsumoto 
put forward "a routine high-precision method 
for Lu-Hf isotope geochemistry and chronol­
ogy". To avoid the problem of 176Yb interfer­
ence on 176Lu in mass spectrometry analysis· 
Patchett and Tatsumoto ( 1980) suggested: (a) 
to deliberately maintain the chemical recovery 
of Lu at arounà 50%, in oràer to reàuce as far 

0168-9622/88/$03.50 �~� 1988 Elsevier Science Publishers B. V. 
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as possible the level of Yb in the Lu fraction; 
and ( b ) to use differences in thermal ionization 
temperature between Yb (more volatile) and 
Lu, to burn off Yb in the mass spectrometer be­
fore Lu analysis. Notwithstanding, according to 
Patchett and Tatsumoto ( 1980) and to our own 
experience (Gruau et al., 1986), a correction for 
176Yb interference is sometimes required. 
Moreover, when the level of Yb is too high, a 
significant loss of Lu may be observed during 
the time necessary to burn off all the Yb. 

In this paper, we describe a chemical method 
of purification of Lu aliquots in rocks and min­
erais. This method permits a quantitative sep­
aration of Lu from Yb and may be useful in 
increasing the accuracy of the 176Lujl 77Hf ra­
tio. With respect to the high precision required 
on the 176Lujl 77Hf ratio, neither a Lu recovery 
of -50%, nor a correction for mass interfer­
ence are sufficient. 

2. Chemical purification of Lu 

The method we describe is a two-column ion­
exchange chromatographie procedure. Fig. 1 
gives the physical properties and the elution 
profiles of the two columns. After dissolution of 
a sample with a HF -HN03-HC104 mixture and 
redissolution in 6 M HCl, an aliquot is spiked 
with a mi:xed Lu-Hf isotope tracer and loaded 
onto column 1 in 1 M HC1+0.05 M HF. Be­
cause the procedure was set up to be included 
in the general scheme of Lu-Hf chemical sep­
aration, column 1 is basically identical to col­
umn A of Patchett and Tatsumoto ( 1980). On 
column 1 (Fig. la), Hf, Zr, Ti, Cr, P, Al, and 
sorne other transition group of trace elements 
are first eluted with a 1 M HCl + 0.05 M HF 
mixture and the collected fraction is kept for 
further isolation of Hf. After this, the remain­
ing components are eluted with 2.5 M HCl and 
2.5 M HN03; the Lu, togetherwith a significant 
amount of Yb, is collected with 50 ml of 4 M 
HN03• The fraction containing Lu is then 
evaporated on a hot plate and the residue is 
treated with a few drops of 7 M HN03 and 12 
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Column 1 : 1.1 (0) x 20cm Bio- Rod AG 50W· X12 (H) 
200·400 mesh 

( Sample in 1 M HCL l 
Co) 

Hf, Zr. Ti, P_ Bulk Somple Sr Ba Lu Yb 

0 10 20 120 160 

ÎtfcL IM•HF 05rJ. HCL 2.5M 1 

0 

' 

Column 2: 0.2 (.0) x 30cm 

( Sample in 0.5M HCL l 

Lu 

5 10 15 

' 200 240 280 320 ml. 

HN 03 2.5M _1N 03 �4�~� 

Bio-Rod AG50W·X8(H) 
200-400 mesh 

( b) 

Yb 

20 25 30 ml. 

L HIBA ( 2 · methylloctic ocid): 0.1M, pH • 3.80 J 
Fig. 1. Physical properties, resin type and elution profùe of 
ion-exchange columns 1 (a) and 2 (b). See t.ext for further 
explanation. 

MHC104• After heatinguntil dry, 0.05 ml of0.5 
M HCl is added and the sample is loaded onto 
column 2 (Fig. lb). 

The eluant used on column 2 is HIBA (2-
methyllactic acid). The technique (size of col­
umn, type of resin) is basically similar to that 
earlier used by our group for Sm-Nd separation 
(Jahn et al., 1980), e:xcept that the molarity was 
adjusted to 0.1 M and the pH to 3.80. Under 
these conditions, Lu is eluted between 13 and 
19 ml whereas Yb is collected between 22 and 
28 ml (Fig. lb). The 3-ml gap between Lu and 
Yb insures an optimal separation of the two ele­
ments (see ne:xt section). Note that the molar­
ity and pH of HIBA must be precisely adjusted. 
A survey bas shown that a slight increase in the 
molarity and/or the pH strongly affects the ca­
pacity of HIBA to isolate Lu from Yb. For ex­
ample, an increase of 0.20 in the pH elimina tes 
the 3-ml gap between Lu and Yb. 
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Fig. 2. X-ray fluorescence scan for Lu and Yb between 40• and so• (211, LiF 200) as obtained on a Philips® PW 1014 
automatic XRF spectrometer at Rennes University (Institut de Géologie). Estima tes of Lu and Yb recovery were calculated 
from Loc, peak heights measured from ion-exchange paper. The background was taken at 46.6 •. Counting time was 40 s. 

3. Recovery 

In columns 1 and 2, Lu and Yb contents were 
monitored and the recovery calculated using an 
X-ray fluorescence (XRF) spectrometry tech­
nique. The method used is similar to that de­
scribed in Robinson et al. (1986) and is as 
follows: 70 p.g Lu and 215 p.g Yb spike were added 
to the sample aliquot before loading onto col­
umn 1 and further separation on column 2. After 
evaporation, the eluted fractions containing Lu 
and/ or Yb were taken up with 0.05 ml of 0.5 M 
HCl and loaded on Amberlite® ion-exchange 
papers (SA-2 Reeve Angel®; diam.=4.25 cm). 
The papers were then analyzed using an auto­
matie Philips® PW 1404 XRF spectrometer at 
Rennes University. During reconnaissance 
scans it was found that Lu and Yb were ideally 
separated (Fig. 2) and that the re was no need 
for matrix effect corrections. With this tech­
nique, 65% of the Lu loaded onto column 1 was 
found in the 13-19-ml fraction collected with 
HIBA on column 2. In this fraction, Yb was 
found to be below the detection limit of our XRF 
spectrometer ( < 0.2 J.lg on each paper sample). 
This optimal separation of Lu from Yb was la ter 
confirmed by mass spectrometry analysis. In-

deed, no Yb was found (even at low tempera­
ture) in the Lu fraction of a basaltic sample 
aliquot purified following the above described 
procedure. 
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ABSTRACT 

Tourpin, S., Gruau, G., Blais, S. and Fourcade, S., 1991. Resetting ofREE, and Nd and Sr isotopes during carbonitization 
of a komatiite flow from Finland. Chem. Geol., 90: 15-29. 

New isotopie (Nd, Sr, C and 0) and trace-element data are reponed for a 1 0-m-thick komatiite flow unit from the 2660-
Ma Tipasjii.rvi greenstone belt of eastern Finland. This unit was selected because of its anomalously variable REE distri­
bution panems. More specifically, while the lower cumulate zone of the flow exhibits nearly-flat LREE panems [(La/ 
Sm )N=0.93-1.10], the spinifex-textured upper zone shows strongly depleted LREE patterns [(La/Sm )N==:0.40). Sucb a 
fractionation in REE cannot result from low-pressure differentiation because the flow bas MgO contents ranging from 25% 
to 30%, and only olivine, a phase wbicb does not fractionate the REE, should have crystallized. ln previous studies the 
REE patterns bave been interpreted by the assumption that the flow bad a composite origin: a LREE-depleted parental 
magma was inferred for the upper pan; the lower pan was thought to be derived from a parental magma with a chondritic 
distribution ofLREE.ln fact, in the present study, a reassessment of field and petrographie data indicates that the lower 
pan oftbe flow is rich in secondary carbonate ( 10-20 wt.% ). Determination of the chemiCal and isotopie composition of 
the carbonate, and funher evaluation of the cbemical and isotopie panerns of the flow in the light of the new data clearly 
show that the addition of carbonate is responsible for the variation in REE patterns. 

The Tipasjlirvi flow is not a magmaùcally composite flow, but a single and uniformly depleted flow, wbose lower ponion 
bas experienced severe alteration of primary cbemical and isotopie signatures by invasion of secondary carbonate. 

15 

1. Introduction barède and Brouxel, 1987; Chase and Patchett, 
1988; Smith and Ludden, 1989 ). 

Komatiites are widespread in the Archean. 
Examples have been reported in most Arcbean 
greenstone belts, ranging from 3.5 to 2.5 Ga in 
age (Nesbitt et al., 1982). Komatiites are vol­
canic rocks with compositions approacbing 
th ose of mantle peridotite (Arndt and Nisbet, 
1982). In theory, komatiites representa win­
dow to the nature and evolution of the Ar­
chean mantle. Most current models dealing 
with the composition of the primitive mantle, 
the early evolution of the crust-mantle system 
and the cbemical and isotopie heterogeneities 
of the Archean mantle are based on geochemi­
cal and isotopie data from komatiites ( e.g., Al-

However, the use ofkomatiites as probes for 
the Archean mantle composition is not so 
straigbtforward. One inherent defect is the in­
variably altered or recrystallized nature of ko­
matiites, wbich casts sorne doubt about the 
preservation of primary chemical and isotopie 
compositions ( e.g., Arndt et al., 1989 ). One of 
the more common alteration features of ko­
matiites is carbonate metasomatism (Viljoen 
and Viljoen, 1969; Bavinton, 1981; Dupré et 
al., 1984; Arndt and Jenner, 1986; Blais et al., 
1987; Arndt et al., 1989 ). One example of car­
bonitized komatiite occurs in the 2660-Ma-old 
Tipasjarvi greenstone belt of eastern Finland. 
wbere carbonates bave been found in the basal 

0009-2541/91/$03.50 �~� 1991 -Elsevier Science Publishers B. V. 
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part of a single spinifex-textured flow (Blais et 
al., 1987). Blais et al. (1987) have reported 
major-and trace-element data ( including rare­
earth elements, REE) for samples ofthis flow. 
Their results set a major problem: while the 
upper part of the flow exhibits strongly de­
pleted light REE (LREE) patterns, the basal 
part has nearly-flat LREE patterns. Since the 
flow is ultrabasic in composition with MgO 
contents ranging from 25% to 30%, the law­
pressure differentiation must have been con­
trolled by olivine fractionation (Arndt, 1986 ). 
Olivine does not significantly fractionate the 
LREE. Consequently, under normal circum­
stances, the basal and upper parts should have 
parallel LREE patterns. Blais et al. ( 1987) rec­
ognized this problem and suggested that the 
basal and upper parts were genetically unre­
lated. According to Blais et al. ( 1987 ), the two 
parts crystallized from two different parental 
magmas: one depleted in LREE; the other with 
a flat LREE pattern. 

In this study, we present isotopie data (Nd, 
Sr) for whole-rock sam pl es from botb the up­
per and basal parts of this flow, as weil as c 
and 0 isotopie results for interstitial carbon­
ates. We also report isotopie analyses of Nd, 
Sr, C and 0 and REE concentrations data for 
a nearly-pure carbonate vein cross-cutting the 
flow. The aim of this study was to constrain 
the effects of carbonitization on the initial iso­
topie and chemical composition of the flow, 
and to infer the primary cbaracteristies of the 
unaltered komatiite. 

2. Geological setting 

Eastern Finland, like many other Arcbean 
granite-greenstone terrains, consists of low­
grade metamorphosed volcanie and sedimen­
tary sequences in fau1ted contact with a gneis­
sic basement oftrondjbemitic to granodioritic 
composition, the wbole being intruded by late 
plutons of essentially granitic CO!ll_position 
(Blais et al., 1978; Gaal et al., 1978; Jahn et al., 
1980a; Vidal et al., 1980; Martin et al., 1983; 
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Martin, 1985; Taipale, 1983; Martin and 
Querré, 1984 ). Tipasjarvi is the southernmost 
of tbree greenstone belts (Suomussalmi, 
Kuhmo, Tipasjarvi), which form an elongate 
N-S-trending band tbat extends over 200 km 
along the Finland-U.S.S.R. border (Fig. 1 ). 

Taipale (1983) and Blais et al. (1987) bave 
deseribed the Tipasjarvi lithologies in detail. 
Tipasjarvi is a fairly typical Arcbean green­
stone belt consisting of a complex assortment 
ofkomatiite lava flows, massive komatiite and 
basaltic units, felsic volcanics, metasediments 
and gabbroic intrusives. As is usual in sucb ter­
rains, these units bave been altered and meta­
morpbosed. At Tipasjarvi, the metamorphic 
grade reached the upper greenschist to lower 
amphibolite facies. Metamorphic recrystalli­
zation and associated deformation bas re­
sulted in complete obliteration of the primary 
mineral assemblages, althougb sorne primary 

Fig. 1. Sketch map showing location of the Tipasjarvi 
greenstone belt. 
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textures ( e.g., spinifex in komatiites) have 
been locally preserved. 

Published radiometrie data for the various 
lithologies of �e�a�s�~�e�m� Finland yielded the fol­
lowing results: 2860 :t 90 to 2620 :t 70 Ma (Rb­
Sr and Pb-Pb) for the gneissic basement (Vi­
dal et al., 1980; Martin et al., 1983; Martin, 
1985); 2660:t40 Ma (Pb-Pb) for the green­
stone successions; 2500 :t 70 to 2400 :t 40 Ma 
for the late granitic intrusions (Martin and 
Querré, 1984). Vidal et al. (1980) also re­
ported Rb-Sr ages on micas from both the 

s- __ .,,. -�=�-�~�·�,�·�.� 
0 • 0 .,,. 

c . ·. 

] 
Il 8 10 12 

gneissic basement and the late granitic plu­
tons. For the gneissic basement, the mica age 
is 2140 Ma, for the late intrusive plutons, it 
ranges from 1800 to 1 700 Ma. Vidal et al. 
( 1980) attributed these reset ages to the Sve­
cokarelian orogeny ofnorthem Scandinavia. 

3. Petrography, texture and main geochemical 
features 

The field characteristics and petrology of the 
Tipasjarvi komatiite flow have been described 
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Fig. 2. Textures, chemical Pf'Ofiles and REE patterns for the carbonate-bearing Tipasjarvi komatiite flow (after Blais et 
al., 198 7): (A) upper breccia; ( B) intennediate .spinifex-textured zone; and ( C) 1ower cumu1ate zone. CARB = localization · 
of carbonate vein sample. 
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in detail by Blais et al. (1987 ). The flow is - 10 
rn thick and consists ofthree main zones (Fig. 
2 ): an upper breccia (2.3 rn thick); an inter­
mediate fine-grained spinifex-textured zone 
(3.0 rn thick); a lower coarse-grained cumu­
·late zone ( 4. 7 rn thick). A noticeable feature 
of this flow is the occurrence of subhorizontal 
spinifex-textured veinlets in the intermediate 
zone. ln this respect the flow resembles certain 
komatiite flows from the Abitibi greenstone 
belt, Canada (Arndt, 1977). 

Mineralogicaliy, aU parts of the flow exhibit 
secondary assemblages including tremolite, 
Mg-chlorite, anthophyllite and opaques. The 
presence of carbonate in the coarse-grained 
zone was noted by Blais et al. (1987 ), but its 
amount was underestimated. lnstead of "rare 
aggregates of carbonate", careful re-examina­
tien of thin sections indicates up to 15-20 
vol.% of carbonate. Likewise, Blais et al. 
( 1987) did not mention the presence of car­
bonate in the breccia zone. In fact, this zone 
also contains carbonates, even though the 
amount does not exceed a few percent in vol­
ume. Only the intermediate spinifex-textured 
zone appears virtualiy free of any carbonate. 
Moreover, recent field work by two of us (S.T. 
and S.B. ), bas revealed that, in addition to in­
terstitial carbonate, the basal part is cross-eut 
by nearly pure carbonate veins. 

Microprobe analyses ofboth interstitial car­
bonate and carbonate veins yielded identical 
molar composition: Ank18.5Doln.7Calc3.s. 

Seven samples from the Tipasjarvi flow were 
earlier analyzed by Blais et al. ( 1987) for their 
major- and trace-element (in elu ding REE) 
concentrations. The location of samples in the 
flow as weil as sorne of the main chemical fea­
tures are gi ven in Fig. 2. 

4. Samples and analytical techniques 

Nd and Sr isotopie compositions as weil as 
Sm/Nd and Rb/Sr ratios were determined for 
the seven samples previously studied by Blais 
et al. ( 1987 ), and for a carbonate vein sample 
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(Fig. 2 ), for which we also measured the REE 
concentrations. C and 0 isotopie composi­
tions were measured in the interstitial and vein 
carbonates. All analyses were performed at the 
Université de Rennes. 

Nd and Sm/Nd ratios were determined on 
different aliquots of the same sample dissolu­
tion. For Sm and Nd concentrations, a mixed 
149Sm-145Nd spike was added. The techniques 
used for chemical separation were essentiaily 
similar to those described in Richard et al. 
(1976 ), and the spike calibration results are 
given in Gruau et al. ( 1987 ). Nd blanks were 
of the order of 0.5 ng. Samples were run on a 
TSN 206 ® single-collector CAMECA ® mass 
spectrometer. Measured 143Nd/144Nd ratios 
were normalized to 146Nd/144Nd=0.7219. Re­
sults from the La Jolla Nd standard for 39 sep­
arate runs yielded 143Nd/144Nd=0.511878± 
0.000012 (2um). 

REE concentrations in the carbonate vein 
sample were determined by the isotopie dilu­
tion method using the procedure described in 
Jahn et al. {1980a). · 

The Sr isotopie compositions and Rb /Sr ra­
tios were determined foilowing the method of 
J ahn et al. ( 19 80b). Sr blanks were of the or­
der of 1 ng. 87Sr j 86Sr ratios were ali normal­
ized to 86Sr/88Sr=0.1194. Results from the 
NBS 987 Sr standard on 23 separate runs 
yielded 87Sr/86Sr=0.71037±0.00005 (2am), 
so ali 87Sr j 86Sr ratios presented in this paper 
were corrected by - 0.00012 to be consistent 
with the NBS reference value of0.71025. 

The C and 0 from interstitial carbonates and 
the carbonate vein sample were analyzed as 
C02 gas on a triple-collectorVG Sira JO® mass 
spectrometer. Carbon dioxide was extracted 
from very finely-ground powders by reacting 
for 4-7 days with anhydrous orthophosphoric 
acid at 25 cC, foilowing the procedure of 
McCrea ( 1950). Fractionation during the lib­
eration of co2 from carbonates was approxi­
mated to that of dolomite measured by Sharma 
and Clayton (1965) with aco2-DoJ = 1.01090. 
The C and 0 isotopie compositions for inter-
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stitial carbonates and the carbonate vein are 
given in the conventional o notation, relative 
to the PDB and SMOW values, respectively. 
Duplicate runs of two samples yielded an ana­
lyticai precision better than ± 0.05o units. 

5. Results 

5.1. Nd andREE data 

The Sm-Nd results for the seven flow sam­
pies and the carbonate vein are given in Table 
I and reported in the conventional 143Nd/ 

ÏIPasiërvi komatiite flow 

0.5135 
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Fig. 3. Sm-Nd isochron diagram for the Tipasjlirvi ko­
matiite flow samples and cross-cutting carbonate vein. 
2300± 180 Ma refers to the flow samples only and 
2390± 150 Mato the whole sample set (see text ). Errors 
on dates are 20'. 
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Fig. 4. REE pattern for the carbonate vein sample. Nor­
malized values are th ose used in Jahn et al. (1980a). REE 
concentrations are as follows (in ppm): La (5.04); Ce 
(12.92); Nd (8.98); Sm (2.46); Eu (1.04); Gd (3.17); 
Dy (3.37 ); Er (2.15 ); Yb ( 1.95 ); Lu (0.31 ). Uncenain­
ties are estimated better than ± 3%. 

144Nd vs. 147Sm/144Nd isochron diagram in Fig. 
3. The REE results for the carbonate vein sam­
pie are illustrated in Fig. 4. 

The 147Sm/144Nd ratios for the seven flow 
samples are in agreement with the REE data of 
Blais et al. (1987 ), ranging from 0.2331 to 
0.24 78 for the breccia and the intermediate 
spinifex-textured zone, and from 0.1872 to 
0.1969 for the basal zone. For the carbonate 
vein, the measured 147Sm/144Nd ratio is lower 
( 0.1658). Su ch a ratio indicates a relative en­
richment in Nd compared to Sm. Consistently, 
the carbonate vein sample yielded a LREE-en­
riched pattern [ �(�L�a�/�S�m�h�>�~�=� 1.26; Fig. 4 ], with 
an overall REE concentration higher by a fac­
tor of 3-4 than the komatiite flow samples 
(Figs. 2 and 4 ). 

As sbown in Fig. 3, there is a positive corre­
lation between the 143Nd/144Nd and 147Sm/ 
144Nd ratios of the seven flow samples. The 
corresponding calculated age is 2300 ± 180 Ma. 
If the carbonate vein sample data are included, 
this age becomes 2390 ± 150 Ma, wbicb is sta­
tistically indistinguishable (Fig. 3). 

5.2. Sr data 

The Rb-Sr results are presented in Table Il, 
and inustrated in a s'Sr / 86Sr vs. Sr diagram in 
Fig. 5 and a s'sr f 86Sr vs. time diagram in Fig. 
6. 

Ali samples exhibit a very low 87Rb/86Sr ra­
tio ( 0.0005-0.0222), su ch that no Rb-Sr age 
can be calculated. Ali the Rb concentrations are 
very low ( 0.05-0..22), wbile Sr is more vari­
able: the lowest Sr concentrations are found in 
the spinifex-textured zone samples ( 15.2-20.5 
ppm) and in the breccia (23.5 ppm); the 
carbonate vein sample bas the highest Sr con­
centration ( -700 ppm); contents in the car­
bonate-bearing lower-zone samples are inter­
mediate, between 88 and 126 ppm Sr (Table 
II). 

87Sr / 86Sr ratios a:re also variable. Samples 
with the highest Sr contents also possess the 
highest 87Sr/86Sr ratios (Fig. 5 ). 87Sr/86Sr ra-
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TABLE! 

Sm-Nd isotopie results for Tipasjarvi komatiite flow 

Breccia lntermediate zone 

SampleNo. 111 113 115 

Analysis No. 3 5 

% Carbonate"1 1-2 0.5 0.0 
Sm (ppm) 0.641 0.627 0.857 
Nd (ppm) 1.631 1.530 2.221 
1"Sm/1""'Nd<•l> 0.2378 0.2478 0.2331 
143Nd/ I""'Nd (o3) 0.513524 ± 0.000014 0.513648 ± 0.000015 0.513362 ± 0.000015 
ENd(O) (•4) +17.3±0.3 + 19.7±0.3 +14.1±0.3 

ENd(2660Ma) (•4) +3.3±0.4 +2.2±0.5 + 1.5±0.5 

•l Amount estimated according to petrographie observations and C01 extraction experiments.'­
•2Error on this ratio is ± 0.2%. 
•3Error on this ratio is 2am. 

TABLE II 

Rb-Sr isotopie results for Tipasjiirvi komatiite flow 

Breccia Intermediate zone 

SampleNo. 111 113 115 

Analysis No. 3 5 

% Carbonate•1 1-2 0.5 0.0 
Rb (ppm) 0.119 0.092 0.1 17 
Sr (ppm) 23.5 19.5 15.2 
"Rb/•6sr<•l> 0.0146 0.01333 0.0222 
1'Sr / 86Sr<•3 > o. 70506 ± 0.00004 O. 70354 ± 0.00004 o. 70415 ± 0.00002 
( 8'Sr /8f>Sr) <l660Ma> <,.. > o. 70450 ± 0.00005 o. 70303 ± 0.00005 o. 70329 ± 0.00004 
Esr<2660Ma) <•'> +37.0±0.7 + 16.0±0.7 + 19.8±0.4 

•l Amount estimated according tc petrographie observations and C01 extraction experiments. 
• 1Error on this ratio is ± 2%. 
•3Error on this ratio is 2am. 

·•<•'sr / 86Sr) <2660M•> = 87Sr / 86Sr-8'Rb/86Sr [exp (JJ) -1) 

with 1=2.66 Ga and i.= 1.42· JQ-11 a-1 . 

• 5 [< 8'Sr/86Sr)(2660Ma> J ,. 
Esr<2660Ma> = (•'s ;•6s )cHuR 1 X lv r r (2660Mat 

with (8'Sr �/ �8�6 �S�r�)�8�:�,�~�M "�>� =0.70190 (CHUR stands for chondritic uniform reservoir). 
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116 

6 

0.0 
0.609 
1.561 
0.2360 
0.513456 ± 0.000017 

+ 15.9±0.3 
+2.3±0.5 

))6 

6 

0.0 
0.055 

20.5 
0.0078 
o. 70295 ± 0.00002 
o. 70265 ± 0.00003 

+ 10.7 ±0.4 
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Cumulate zone 

117 

7 

10-20 
0.550 
1.727 
0.1939 
0.512870 ± 0.000023 

+4.5±0.5 
+5.5±0.6 

Cumulate zone 
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7 

10-20 
0.126 

113.8 
0.0032 
o. 70604 ± 0.00003 
0.70591 ±0.00003 

+57.1 ±0.6 
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10-20 
0.714 
2.192 
0.1969 
0.512871 ±0.000019 

+4.5±0.4 
+4.5±0.5 
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10-20 
0.166 

88.1 
0.0055 
o. 70597 ± 0.00004 
o. 70576 ± 0.00004 

+55.0±0.7 

119 

9 

10-20 
0.495 
1.599 
0.1872 
0.512710 ± 0.000020 

+ 1.4±0.4 
+4.7±0.5 

119 

9 

10-20 
0.226 

125.6 
0.0052 
o. 70651 ± 0.00003 
o. 70631 ± 0.00003 

+62.8±0.4 

21 

Carbonate 

CARB 

CARB 

100 
2.464 
8.984 
0.1658 
0.512324 ± 0.000013 

-6.0±0.3 

Carbonate 

CARB 

CARB 

100 
0.132 

693.5 
0.0005 
o. 70599 ± 0.00003 
o. 70597 ± 0.00003 

+58.0±0.6 
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Fig. 5. 87Sr / 86Srvs. Sr (pp rn) plot for the set ofTipasjarvi 
flow samples. 

ti os range from O. 70651 to O. 70597 in the car­
bonate vein and the lower part of the flow; from 
O. 70415 to O. 70295 in the intermediate-zone 
samples; for the breccia sample, the value lies 
between these two groups at O. 70507. Assum­
ing a maximum age limit of2660 Mato correct 
for present-day 87Sr / 86Sr from the decay of 
87Rb, a similar range is maintained: O. 70631-
0.70576 for the carbonate vein and the lower 
zone of the flow; O. 70329-0.70265 for the in­
termediate-zone samples, and O. 70450 for the 
breccia (Fig. 6}. 
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5.3. 0 and C data 

The C and 0 results are presented in Table 
III. The carbonate dissolution experiments 
confirmed the thin-section observations for 
samples 115 and 116, since no co2 could be 
extracted. By contrast, although optical stud­
ies failed to reveal any carbonate in sample 113, 
sorne C02 was released. However, the amount 
was very small corresponding to <0.5 wt.% of 
carbonate. Nevertheless, this demonstrates that 
even the intermediate zone underwent sorne 
local carbonate metasomatism. For the other 
samples the carbonate contents were as fol­
lows: between 1 and 2 wt.% for the breccia 
sample 111; between 10 and 20 wt.% for the 
three cumulate zone samples ( 117, 118 and 
119). 

The most striking feature of the C and 0 iso­
topie compositions is the limited range of the 
isotopie ratios measured in the sample suite: 
-3.4 to -2.4%o for â13C; +9.3 to + 12.3%o 
for â180 (Table III). Su ch a result is consistent 
with the assumption that interstitial and vein 
carbonates have a common origin. 

SRECCIA 

3.0 2.5 2.0 1.5 1.0 0.5 0 

AGE (Ga) 

Fig. 6. Dia gram illustra ting the time evolution of the different 87Sr jB6Sr ratios for the carbonate and lower-zone samples 
�a�~�d� �t�~�-�~� �~�m�p�l�e�s� �~�i�t�h� �~� 1-2% of interstitial and vein carbonate. 2660 Ma represents the assumed age of eruption of 
T1pasJarv1 komatute. See text for further explanation. 
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TABLE Ill 

C and 0 isotopie resuhs for Tipasjiirvi komatiite flow 

Breccia lntermediate zone Cumu1ate zone Carbonate 

SampleNo. JJJ JJ3 JJ5 116 117 JJ8 119 CARB 
Ana1ysis No. 1 3 5 6 7 8 9 CARB 

% Carbonate• 1-2 0.5 0.0 0.0 10-20 10-20 10-20 100 
0 llCPDB ( %o) -3.43 -2.60 -2.40 -2.32 -2.39 -3.11 
016ÛsMOW (%o} + 12.27 + 11.81 +9.83 + 10.12 +9.89 +9.27 

• Amount estimated according to petrographie observations and C02 extraction experiments. 

6. Discussion 

6.1. Sr and LREE influx during addition of 
carbonate 

The contrasting REE patterns and Sr con­
centrations (Figs. 2 and 5; Table II) for the 
basal and upper zones of the Tipasjarvi flow 
are features that are clearly at variance with 
what we expect in a komatüte flow in which 
law-pressure differentiation was controlled by 
olivine fractionation ( e.g., Arndt, 1986). The 
Sr and REE partition coefficients between oli-' 
vine and magmatic liquids are always very low 
( e.g., Irving, 1978; Fujimaki et al., 1984). 
Thus, olivine fractionation cannet have pro­
duced large variations in (La/Sm)N or Sr con­
tents such as those observed from the bottom 
to the top of the Tipasjarvi flow. 

The 2300 ::t 180-Ma Sm-Nd date calculated 
here for the seven Tipasjarvi flow samples is 
also aberrant. The date is much too young to 
represent the age of eruption of the flow: the 
Tipasjarvi belt- like the Kuhmo and Suomus­
salmi belts-is cross-eut by 2500-Ma-old gran­
itic bodies (Taipale, 1983; Martin and Querré, 
1984). Moreover, a 2300 ::t 180-Ma date for the 
Tipasjarvi komatiite flow conflicts with the 
Pb-Pb isochron age at 2660 ::t 40 Ma earlier re­
ported by Vidal et al. ( 1980). 

The contrasting REE patterns of the basal 
and upper parts of the Tipasjarvi flow could 
possibly represent primary magmatic features. 
If so, the most likely interpretation would be 

that of Blais et al. (1987) who proposed that 
two different parental magmas were erupted, 
each with distinct initial LREE distribution 
patterns. These two inferred parental magmas 
with different LREE patterns could have bad 
distinct 143Nd/144Nd ratios, and this differ­
ence could explain wby the Sm-Nd date is too 
young. The Tipasjarvi Sm-Nd array could then 
be interpreted as a magmatic mixing Iine. Ex­
amples of such magmatic mixing tines have 
been documented in the Kambalda green­
stones of Western Australia (Chauvel et al., 
1985; Compston et al., 1986 ), and in the ko­
matiite-tholeiite suite of Newton Township, 
Canada ( Cattell et al., 1984 ). At Tipasjarvi, 
however, there are at least two arguments 
against this interpretation: ( 1 ) in the two cited 
examples, the apparent ages are not too young, 
but rather older than the true ages ( e.g., Chau­
vel et al., 1985 ); and (2) the lower-zone sam­
pies of the Tipasjarvi flow have nearly chon­
dritic Sm/Nd ratio but ENd<266oMa>·values up to 
+5.5 Table 1). This conflicts with the +2 to 
+ 3 ENd<:2660Ma>·values calculated for the upper 
zone samples with very high Sm/Nd ratios 
(Table 1). Normal isotopie evolution would 
lead to lower ENd-values in samples with lower 
Sm/Nd ratios. 

A more likely interpretation is that the aber­
rant chemical and isotopie features of the Ti­
pasjarvi flow are not primary magmatic char­
acteristics. We will argue that the composition 
of the Tipasjarvi flow can be explained by the 
addition of metasomatic carbonates enriched 
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in LREE into uniformly depleted solidified 
komatiite. 

Support for such an explanation is given in 
Figs. 7 and 3. Fig. 7 illustrates a close correla­
tion between the (La/Sm )N ratios of Tipas­
jarvi samples and the amount of interstitial 
carbonate. The carbonate-bearing rock sam­
pies clearly have LREE patterns that are inter­
mediate between the carbonate-free samples 
and the carbonate vein. For the Sm-Nd iso­
topie system, evidence is provided through the 
observation that the carbonate vein analysis 
lies on the extension of the Tipasjarvi flow Sm­
Nd array (Fig. 3). 

The role of carbonate is also illustrated by 
the variations of Ca contents with depth: in Fig. 
2, concentration in CaO increases from top to 
bottom in the flow. Fig. 2 and Table III indi­
cate that this increase correlates with higher 
proportions of carbonate. Clearly, crystalliza­
tion of carbonatewas accompanied by a strong 
elemental influx. 

Nevertheless, it could be argued that the 
LREE-enriched cbaracter of the Tipasjarvi 
carbonates does not necessarily imply that 
LREE were introduced into the solid rock, but 
results from later redistribution within the 
flow. If so, the Tipasjarvi Sm-Nd array could 
be interpreted as a secondary isochron. In fact, 
1.3 ,_ ______ _;_ ___ __, 

Carbonate < 
sample 

1.1 

0.9 

0.7 

Breccia 
0.5 

lntermediate 
�·�·�·�·�=�=�=�:�~� 

0_3 ··zone 

0.1 

Lower D 
zone 

CARB % 

10 100 

Fig. 7. Diagram illustrating correlation between (La/Sm )N 
and amount (in wt.%) of interstitial and vein carbonate 
for the Tipasjarvi sample suite. Data sources: Blais et al. 
( 1987) and this study. 
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we do not deny the possibility that Nd and the 
other LREE were redistributed or re-equili­
brated to sorne extent. Such a process is sug­
gested by the fact that the carbonate-free sam­
pies do not have the highest 143Nd/144Nd and 
147Sm/144Nd ratios (Table 1; Fig. 3 ). How­
ever, the supposed redistribution must have 
been limited. lt is clear that carbonate meta­
somatism supplied a significant amount of Sr 
to the carbonate-bearing samples (Fig. 5 ). Y et, 
the 87Sr f 86Sr ratios of the carbonate-free sam­
pies (or of the samples with insignificant 
amounts of carbonate) are always much lower 
than th ose of the carbonate-rich sam pl es (Fig. 
6; Section 5.2). Consequently, Sr bas not been 
re-equilibrated in the Tipasjarvi flow. Any re­
equilibration bypothesis would thus result in 
the unexplained paradox that samples tbat 
bave re-equilibrated for Nd and LREE do not 
show any 87Sr / 86Sr effect. 

In summary, the anomalously young Sm-Nd 
date of the Tipasjirvi flow, as well as the flat 
LREE patterns, high Sr concentrations and 
high 87Sr f 86Sr ratios of the cumulate zone 
samples are ali secondary features. Sr and 
LREE were introduced during the carbonate 
metasomatism that affected the Tipasjarvi 
flow. The Tipasjirvi Sm-Nd array gives an 
anomalously yoùng date because it is not an 
isocbron, but a mixing line between LREE-en­
riched carbonates and the initially depleted so­
lidified komatiite. 

6.2. When did zhe invasion of carbonate occur? 
Whaz was zhe composition and origin of the 
COrrichjluid? 

Wben was the carbonate introduced to the 
Tipasjarvi komatiite flow? A temporal upper 
limit is provided by the Sm-Nd results. We can 
reasonably speculate that the Nd in the fluid 
responsible for carbonitization of the flow 
contained a significant component derived 
from the older gneisses of eastern Finland. The 
argument for such a Nd input arises from con­
sideration that in Archean granite-greenstone 
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terrains, rocks of granitic compositions have by 
far the highest LREE concentrations. Fluids 
circulating through such terrains will thus tend 
to inherit the isotopie composition of the gran­
itic end-memb.er. 

AU the gneissic basement components in the 
area have ENd-values that are much lower than 
those ofTipasjlirvi komatiite samples with high 
1 47Sm/ 1 44N d ( samples 113, 115 and 116; Ta­
ble I; Fig. 8). Th us, a plausible interpretation 
is that a positive slope already existed in the 
conventional Sm-Nd diagram by the time the 
carbonate was added to the solid depleted ko­
matiite. If so, we may infer that 2400 Ma rep­
resents an upper limit for the carbonitization 
event. As already pointed out, biotites from the 
late Archean granitic plutons of eastern Fin­
land yielded Svecokarelian Rb-Sr ages in the 
range 1800-1700 Ma (Vidal et al., 1980). The 
Svecokarelian events are actually the only 
known thermal events of eastern Finland in the 
period after 2400 Ma (Vidal et al., 1980). In 
this respect, 1800-1700 Ma may represent a 
reasonable age estimate for the introduction of 
carbonate to the Tipasjlirvi flow. It is worth 
noting here that studies in progress in Rennes 
on the Kuhmo greenstone belt ( 20 km north 
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of Tipasjarvi; Fig. 1 ) reveals that the Sveco­
karelian thermal events of eastern Finland have 
had much more influence than previously es­
timated. This event was able to rehomogenize 
the whole-rock Sm-Nd systems ofKuhmo ko­
matiites andïntroduced chemical and isotopie 
disturbances far greater than those described 
in the present paper (Tourpin et al., unpub­
lished ). 

The nature, composition and origin of the 
fluid which was responsible for the carboniti­
zation remains to be discussed. If we assume 
that the carbonitization event took place at 
1800-1700 Ma, theo the fluid was probably 
metamorphic or hydrothermal. We can esti­
mate the approximate crystallization temper­
ature of the carbonates using the fact that the 
1800-1700-Ma event has reset the Rb-Sr ages 
of the late-Archean granite biotites. A consid­
eration of the blocking temperatures for bio­
tite suggests that the minimum temperature 
was -350cc (Jager et al., 1967). Approxi­
mating the Tipasjlirvi carbonate-H20 frac­
tionation coefficient by that of the dolomite­
H20 system (O'Neil et al., 1969; Sheppard and 
Schwarcz, 1970; Matthews and Kate, 1977 ), 
and assuming a temperature of - 350cc, the 

-20 

-10 

0 ENd 

-10 

-20 

-30 
3.0 2.5 2.0 1.8 1.7 , .5 1.0 

AGE {Ga) 

Fig. 8. ENdrtJ vs. time plot showing isotopie evolution in the various members ofthe Tipasjarvi flow and in the carbonate 
vein. The trajectories contrast markedly with the surrounding gneisses which show strongly negative ENd at the present 
day. Data sources: Manin ( 1985) and this study. 
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calculated <5 180 for the fluid in equilibrium 
with the Tipasjarvi carbonates falls in the range 
+ 5 to + 8%o. Such values lie in the field of 
metamorphic or hydrothermal fluids (rock­
dominated fluid systems). 

The isotopie compositions of C in carbon­
ates are difficult to interpret sin ce they may re­
suit from the control of a number of parame­
ters (see Ohmoto and Rye, 1979 ), parameters 
that are not constrained in the present case. 
However, it is worth noting that the range of · 
o13C- and o180-values in the Tipasjarvi car­
bonate is quite common in ferroan dolomitic 
hydrothermal carbonate from Archean green­
stone belts, such as the Abitibi province (see a 
review in Kerrich, 1987). 

6.3. The Tipasjlirvijlow: a komatiitejlow 
initial/y homogeneously depleted 

Finally, what was the chemical and isotopie 
composition of the Tipasjarvi komatiite flow 
before the addition of carbonate? 

New results from the Tipasjarvi flow pro­
vide definitive arguments against the previous 
interpretation of Blais et al. ( 1987 ). Two dif­
ferent parental magmas, one depleted in LREE, 
and the other with flat LREE distribution pat­
tern were apparently not emplaced at Tipas­
jarvi. The less-depleted characters of the cu­
mulate and breccia zones are clearly not 
primary magmatic features, but features that 
arise from the input of LREE during introduc­
tion of carbonate. 

Subtraction of the chemical and isotopie in­
puts due to carbonitization yields a model flow 
composition with similar depleted LREE pat­
terns. Ali the REE patterns probably were 
identical to the carbonate-free sam pl es 115 and 
116 [ (La/Sm)N=0.39-0.40; (Gd/Yb)N= 
1.0-1.1 ] , or to that of sample 113 which bas 
< 0.5% of interstitial and vein carbonate [(La/ 
Sm)N=0.37; (Gd/Yb )N=0.93 ]. In this re­
spect, the Tipasjarvi flow may initially have 
resembled sorne of the komatiite flows from the 
Abitibi greenstone belt, Canada (Pyke et al., 
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1973; Arndt and Nesbitt, 1984; Arndt, 1986 ). 
The flow might be also characterized by uni­

formly positive ENd<266oMa)-values as in the 
carbonate-free samples 115 and 116 which 
have ENd<266oMa)-values of + 1.5::!: 0.5 and 
+ 2.3::!: 0.5, respectively (Table I; Fig. 8 ). Sub­
traction of the < 0.5% carbonate of sample 113 
gives a similarly positive ENd<266oMa>-value of 
+ 2.1::!: 0.5. For the cumulate zone samples 
with an apparent ENd<266oMa> of +4.5 to +5.5, 
the amount of carbonate is so high ( 10-20%) 
that the contamination cannot be accurately 
subtracted. 

An ENd(2660Ma> of - + 2.0 indicates deriva­
tion of the Tipasjarvi parental magma from 
depleted mantle sources, a result consistent 
with the initially strongly depleted LREE pat­
terns. In fact, the true, magmatic ENd(2660Ma> 
value of the Tipasjarvi flow may have been 
slightly different from + 2.0 if the carbonate 
and the host depleted komatiite experienced 
sorne re-equilibration of Nd (Section 6.1 ). 
Nevertheless, + 2.0 is not an unexpected value 
for a-2700-Ma-old komatiite: a similar value 
of + 2.4::!: 0.5 bas been obtained for coeval ko­
matiites from Alexo, Canada ( e.g., Dupré et al., 
1984; Machado et al., 1986; Shirey and Han­
son, 1986). 

Evaluation of the Sr data is much less 
straightforward. Although the REE and Nd of 
sam pl es 115 and 116, and of the carbonate vein 
may respectively represent uncontaminated­
komatiite and carbonate end-members, this is 
not necessarily true for their present-day or 
initial 87Sr / 86Sr ratios ( Figs. 5 and 6). The 
problem of the initial Sr isotopie composition 
of the uncontaminated komatiite is weil illus­
trated by sample 115: the calculated initial 
87Sr j 86Sr ratio of this sample is O. 70329 
( Esr(2660Mal = + 19.8::!: 0.4 ), which is far above 
the value expected for a depleted komatiite. For 
sample 116, a similar situation occurs: this 
sample also shows a high calculated initial 87Sr 1 
86Sr ratio corresponding to an Esr(2660Ma> of 
+ 10.7::!:0.4. 

Another problem concerns the carbonate 
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end-member since the carbonate vein sample 
does not exhibit the highest 87Sr / 86Sr ratio, as 
would be expected. In fact, the highest value is 
recorded by sample 119 (Fig. 5; Table II), on 
which a duplicate run was performed. The sec­
ond analysis was statistically indistinguisha­
ble: O. 70643 ::t 0.00005 instead of O. 70651 ::t 
0.00003. 

Thus, Sr isotope data could be explained in 
two ways: ( 1 ) the invading fluid was isotopi­
cally heterogeneous with respect to Sr and the 
vein sample is not accurately representative of 
ali the carbonate contaminant; (2) although 
the komatiite and the carbonate are not glob­
ally in isotopie equilibrium, there bas been 
sorne �l�~�m�i�t�e�d� equilibration effects between the 
silicate rock and the percolating fluid phase. So, 
in addition to the introduction of carbonate, 
the fluid phase could have also altered the ini­
tial Sr isotopie composition of "uncontami­
nated" komatiite by isotope exchange. 

7. Summary and conclusions 

We off er two main conclusions to this study. 
The first, and disquieting inference is the 
statement that the common process of carbon­
itization observed in many komatiites may re­
suit in a profound modification of the initial 
(magma tic) isotopie and chemical patterns. In 
such a situation, the ability of metakomatiites 
to provide straightforward information about 
the Arcbean mantle appears questionable. In 
the Tipasjarvi flow, not only the Sr but also the 
reputedly Jess mobile REE were clearly 
affected. 

The second and more positive conclusion is 
that careful studies can help to eliminate the 
effects of carbonitization and thus provide, at 
least partially, a reconstruction of the initial 
isotopie and chemical composition of the un­
contaminated komatiite. At Tipasjarvi, such a 
reconstruction is possible because the carbon­
itization is restricted to the basal part of the 
flow. 
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Abstract. Komatiites are often considereèi to depict the 
chemical and isotopie composition of their source rocks 
in the Archean mande. However, a weakness of these 
rocks in tracking the initial compositional heterogeneity 
of the Earth's mande is the ubiquitous presence of meta­
morphic recrystallization, which casts sorne doubt about 
the preservation of primary chemical and isotopk: char­
acteristics. Two spinifex-textured komatiite flows from 
the 2.75 Ga old Kuhmo greenstone belt (Silvikkovaara 
area) of eastern Finland document this weakness. Both 
flows have experienced 1ow to medium grade metamor­
phism (T = 450 ±50 °C), and now consist entirely of sec­
ondary metamorphic assemblages of amphibole± chio­
rite± plagioclase, with min or proportions of magnetite 
and ilmenite. MgO contents range from 25 to 8%, which 
suggests that low pressure differentiation was likely con­
trolled by olivine and clinopyroxene fractional crystalli­
zation. However, neither major nor trace elements fall 
on olivine and/or clinopyroxene control lines. This is 
particularly well illustrated by the REE as there is an 
overall 60% \'ariation of (CejSm)N ratios (0.38 to 0.91), 
which far exceeds that expected from olivine and clino­
pyroxene fractionation alone. In fact, careful evaluation 
of petrographie (including mineral composition data} 
and chemical characteristics shows that most elements 
of geological interest (including the reputedly immobile 
REE) were mobile on a whole-rock scale during meta­
morphic recrystallization of these two flows. This view 
is fully supported by Sm-Nd isotopie data since both 
whole-rock and mineral (amphibole and plagioclase) 
samples lie on a single isochron relationship at T:::::: 
1800 Ma, an age· whicb corresponds to the time of re­
gional metamorphism. Tbus, the meta-komatiite flows 
from Siivikkovaara document a case of komatiite flow 
units in which metamorphism bas induced whole-rock 
scale resetting of primary REE patterns and Sm-Nd 
isotope systematics. As regards the nature of the mecha­
nism responsible for this resetting, it is suggested here 
that the secondary mineralogy played an important role, 

Correspondence to: G. Gruau 

as there are correlations between wh ole-rock 14 7Sm/ 
144Nd ratios, major and trace element chemistry, oxygen 
isotopie ratios and modal proportions of secondary min­
erais. Consideration of oxygen isotopie data, as well as 
previous results from a komatiite flow from the nearby 
Tipasjârvi belt, further enable us to propose that the 
REE carrier was likely a C02-ricb fluid. The process 
of secondary REE redistribution prevents estimation of 
the true initial Nd isotopie compositions of the two 
flows. Taken as a whole, the results presented in this 
paper show that great care should be be exercised in 
the use of meta-komatiites as probes of Archean mande 
composition. 

Introduction 

Initial 143Nd/144Nd ratios (or initial tNd values) of Ar­
chean komatiites are commonly used as key constraints 
in modelling the earliest stages of the Earth 's mantle 
evolution (e.g. Zindler 1982; Albarède and Brouxel 
1987; Chase and Patchett 1988; Smith and Ludden 
1989). Though extremely valuable in theory (being ultra­
basic volcanic rocks, there is no doubt that komatiites 
formed by partial melting of the Archean mantle) never­
theless such a use suffers from one severe limitation in 
practice, nam ely: the invariably altered and/or metamor­
phosed nature ofkomatiites (e.g. Arndt and Nisbet 1982) 
which may cast sorne doubt on the capacity of these 
rocks to preserve primary Nd isotopie compositions. 

Recent studies have concluded that significant and 
at times considerable REE mobility could occur during 
alteration and metamorphism of komatiites (e.g. Arndt 
et al. 1989; Tourpin et al. 1991 ). Assuming that su ch 
a secondary mobility of REE is a common process in 
komatiites, then the possibility emerges that many of 
the initial tNd values calculated for these rocks cannot 
be true, but apparent values. The difference between 
true and apparent values will depend on a number of 
parameters including: (a) the absolute change in Sm/Nd 
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ratio between the fresh and altered komatiite; (b) the 
<:Nd value of the reservoir with which the komatiite re­
equilibrated; and (c) the time span between the eruption 
of the komatiite and the event which reset its REE pat­
tern and/or Sm-Nd isotopie systematics (Rosing 1990). 

Komatiites with possibly reset Sm-Nd isotope sys­
tematics and REE patterns occur in the ca. 2. 7 Ga-old 
Kuhmo, Suomussalmi and Tipasjarvi greenstone behs 
of eastern Finland. lndeed, an anomalously young Sm­
Nd date of 2390 ± 150 Ma, as weil as abnormally vari­
able LREE patterns ((LajSm)N from 0.40 to 1.1 0) have 
been found in a carbonatized komatiite flow from Ti­
pasjarvi, the southermost and the smallest of the three 
belts (Blais et al. 1987; Tourpin et al. 1991 ). The possible 
origin and significance of these anomalies were recently 
reviewed by Tourpin et al. (1991), who provided un­
equivocal evidence that they arise from introduction of 
LREE during invasion of secondary carbonate into the 
komatiite. As shown by Tourpin et al. (1991), the Sm-Nd 
date of the Tipasjarvi flow is too young because the 
Sm-Nd array is not an isochron, but a mixing line be­
tween LREE-enriched secondary carbonates �(�e�N�d�~�+� 1) 
and an initially homogeneously LREE-depleted koma­
tiite (eNd :2:: + 5). 

However, the process of carbonate metasomatism 
does not affect ali komatiite flows from eastern Finland. 
Most are amphibolites without any trace of carbonate. 
In this account, we report the results of a detailed geo­
chemical (major and trace elements, REE) and isotopie 
(Nd, 0) study conducted on whole-rock samples and 
mineral separates from two meta-komatiite flows which 
apparently escaped carbonate metasomatism. The two 
flows come from the Kuhmo greenstone belt, 30 km 
north of Tipasjarvi. The primary aims of this study_ are: 
(a) to determine the age of the upper greenschist or lower 
amphibolite facies metamorphism affecting Finnish 
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greenstone belts, and (b) to further investi gate the effects 
of alteration and metamorphism on the REE patterns 
and Nd isotopie compositions of komatiites. 

Geological background 

Eastern Finland is a typical Archean granite-greenstone terrain 
consisting of three elongated N-S trending greenstone belts (Suo­
mussalmi, Kuhmo and Tipasjii.rvi) and of a sialic basement of 
trondjhemitic to granodioritic gneisses (Gaàl et al. 1978; Blais et al. 
1978; Jahn et al. 1980a; Vidal et al. 1980; Taipale 1983; Martin 
1985, 1989). Kuhmo, the central and largest belt (1 00 by 15 km), 
bas been studied in detail by Hanski (1980), Taipale et al. (1980), 
and Piirainen (1988). The results show this belt to be a most corn­
mon Archean greenstone succession, consisting of the classical in­
tercalation of spinifex-textured komatiite flows, pillowed and mas­
sive basalts, felsic volcanics and sediments. 

Late plutons of calc-alkaline granite and swarms of dolerite 
dykes are intruded into the greenstone-gneissic basement terranes 
of eastern Finland. Field relationships show that calc-alkaline plu­
tons were intruded in two phases (Martin and Quérré 1984; Quérré 
1985): (1) intrusion of augen gneisses of granodioritic composition, 
and (2) intrusion of pink leucogranites. Augen gneisses, whicb oc­
cur as large plutons ( �~� 10 km in diameter), are concentrated in 
the belt-basement contact; these gneisses crosscut both the base­
ment gneisses and the greeristones. Pink leucogranites crop out 
as very small plutons �{�~�1� km in diameter) which are intruded­
into the bàsement gneisses, the greenstone belts and the augen 
gneisses: Dolerite dykês crosscut ali units and mark the end of 
magmatié activity in the area. .. 

U-Pb data on zirccins iDdicate emplacëment ages in the rangè 
3000-2800 Ma for the basement gneisses (!Gvijarvi gneissês) of 
èàstein Fmland (H)'ppônen 1983; Lukkonen 1985; Martin 1989). 
For the intrusive augèn gneisses, the zircon ages are consistently 
younger, in the range· 2770-2703 Ma (Kouvo and Tilton 1966; _ 
Kouvo 1978; Hyppônen 1983; Tourpin 1991; Fig. 1). No zircon 
age data is presently available for the Suomtissalmi, Kuhmo or 
Tipasjarvi greenstone belts. Nevertheless, it is clear from field rela­
tionships and available zircon age data on the gneisses that tl:ieir 

Fig. 1. Geological sketch map of 
the Siivikkovaara region (after 
Hanski 1980). The ages quoted 
on the map (2770 ± 30 Ma and 
2750±20 Ma) are 207Pbj2°6Pb 
zircon ages. Data source: Tourpin 
(1991) 
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accumulation is constrained at around 2800-2750 Ma (Vaasjoki 
1988). 

Radiometrie da ting of the pink leucogranites and dolerite dyke 
swarms yields the following results: 2410 Ma (Rb-Sr whole-rock 
isochron), and 2735 Ma (U-Pb age on zircons) for the pink leuco­
granites; 2172 to 1990 Ma (U-Pb ages on zircons) for the dolerite 
dykes (Hyppônen 1983; Martin and Quérré 1984; Tourpin 1991). 

According to previous works, the Suomussalmi, Kuhmo and 
Tipasjàrvi belts have experienced at !east two distinct tectono-meta­
morphic episodes. The more recent took place at around 1. 7-
1.8 Ga, which is defined by the reset Pb-Pb and Rp-Sr ages of 
K-feldspars and biotites (Vidal et al. 1980), and bas been attributed 
to the Svecokarelian orogeny of northern Scandinavia (Kouvo and 
Tilton 1966; Vidal et al. 1980; Martin 1989). In the greenstone 
belts. regional metamorphism corresponds to the upper greenschist 
or Jower amphibolite facies (P=2-3 Kb; T=430-480 °C; Hanski 
1980; Piquet 1982). 

Field occurrence, texture and metamorphic petrography 

The two studied flows come from the region of Siivikkovaara, 
in the sou them part of the Kuhmo greenstone belt (Fig. 1 ; Hanski 
1980). The field characteristics and petrography have already been 
described by Hanski (1980), who also presented detailed descrip­
tions of the geology of the Siivikkovaara region. 

As can be seen in Fig. 2, morphology, internai layering and 
texturai variations of Siivikkovaara komatiite -flows are typical of 
ultramafic lava flows from ether Arcbean greenstone belts (e.g. 
Pyke et al. 1973; Arndt 1977; Viljoen et al. 1983). Each flow com­
prises a well-developed upper spinifex layer (about S m thick) and 
a lower cumula-te zone wità no spinifex. In- addition, there is a 
well-preserved breccia zone (about �0�~�5� m thick) at the top of the 
lower flow. . . 

Textures in the spinifex zones or ill the breccia zone at the 
top of the lower flow are essentially igneous, and in this respect, 
the meta-komatiites from Siivikkovaara are also most typical of 
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Table l. Major and trace clements in Siivikkovaara wholc-rock samplcs 

Upper now Lowcr now 
--

Sample Ul U2 U3 U4 LI L2 
Vertical location UPSZ UPSZ LCZ LCZ Breccia UPSZ 

Si02 (o/o)" 51.42 52.41 45.37 49.80 49.29 51.22 
Alz03 12.42 12.17 10.59 7.05 8.45 12.39 
Fe20 3" 11.94 11.50 13.79 10.64 11.27 10.81 
MnO 0.20 0.19 0.21 0.20 0.21 0.18 
MgO 11.53 10.74 20.21 21.56 19.82 12.41 
CaO 8.00 8.30 8.11 9.50 9.34 9.02 
Na20 3.50 3.67 0.36 0.11 0.63 . 2.94 
K 20 0.03 0.10 0.03 0.01 0.03 0.06· 
Ti02 0.67 0.67 0.69 0.50 0.53 0.69 
PzOs 0.05 0.06 0.05 0.05 0.03 0.05 

LOI 1.73 1.36 4.76 4.15 3.66 1.71 
TOT" 100.04 99.97 100.1 99.89 100.03 99.98 1 

Ca0/AI20 3 0.64 0.68 0.77 1.35 1.11 0.73 
AI 20 3/Ti0z 18.5 18.18 15.29 14.08 15.96 17.91 
Ca0/Ti02 11.91 12.41 11.70 18.98 17.65 13.04 

Rb (ppm) 2 2 2 2 1 1 
Sr 67 84 6 6 21 128 
Zr 47 48 44 39 41 50 
y 16 14 14 9 Il 15 
Ni 171 157 476 827 650 243 
Cr 673 474 2418 1401 1713 1109 

• Major element analyses are presented on a 100% anhydrous basis 
" Fc20 3 =total iron as Fez03 
• TOT= sum or oxide and volatile concentrations as obtained du ring instrumental analysis 
UPSZ: upper spinirex zone; LCZ: lower spinirex zone 

L3 L4 L5 L6 
UPSZ UPSZ UPSZ UPSZ 

50.84 50.38 49.93 50.84 
10.51 11.10 11.71 10.97 
12.03 11.82 11.96 11.91 
0.21 0.22 0.21 0.22 

13.93 14.69 13.92 13.66 
9.11 8.43 . 8.51 8.66 
2.311 2.32 t 2.50 2.55 
0.06 '" , .. 0.06 0.07 O.o7 

. 0.62 0.64 0.61 0.69 
0.04 ' 0.06 0.06 0.05 

2.01 1 2.63 2.28 2.00 
99.92 ' : '· 100.04 99.77 99.88 

0.87 0.76 0.73 0.79 
16.89 17.44 19.07 15.81 
14.64 13.24 13.87 12.49 

<1 2 1 <1 
57 57 73 56 
46 46 42 48 
14 17 17 17 

250 293 287 238 
713 758 795 657 

L7 LR 
UPSZ LCZ 

50.74 37.71 
12.37 16.01 
11.77 18.17 
0.22 0.22 

12.14 19.17 
8.22 5.14 
3.21 0.58 
0.08 0.05 
0.86 0.82 
0.08 0.05 

1.80 6.25 
99.91 99.15 

0.66 0.32 
14.46 19.48 
9.61 6.26 

<1 1 
90 4 
63 43 
21 13 

176 1067 
469 3985 

L9 
LCZ 

52.19 
13.85 
11.55 
0.21 
8.32 
7.92 
4.67 
0.13 
0.80 
0.06 

0.75 
99.79 

0.57 
17.41 
9.95 

2 
116 
56 
18 

105 
263 

LlO 
LCZ 

40.54 
13.77 
14.15 
0.19 

24.51 
4.94 
0.05 
0.01 
0.82 
0.06 

7.60 
100.23 

0.36 
16.75 
6.01 

1 
6 

44 
18 

128 
281 

0\ 
\0 

1-" 
0 
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metamorphosed ultrabasic lava flows elsewhere (e.g. Arndt et al. 
1989). ln the lower cumulate zones, by contrast, no clear igneous 
texture could be identified: in these zones, most textures are meta­
morphic (medium-grained to coarse-grained equigranular), even 
though sorne rare relie forms of cumulate olivine have been de­
scribed by Hanski (1980). 

Mineralogically, the two flows now consist entirely of second­
ary assemblages with no relict igneous phases preserved. ln the 
spinifex zones, amphibole domina tes. ( �~� 65 weight%); other phases 
include plagioclase, which is unusually abundant (up to 30% ), chio­
rite (:::;15%), ilmenite (:::;2%) and magnetite (:::;4%). In the lower 
cumulate zones and in the breccia, amphibole and chlorite are 
by far the most abundant phases (40-80% and 60-10%, respective­
ly); minor phases include ilmenite (:::;2%), magnetite (:::;5%), and 
biotite (few grains); except in the narrow coarse-grained horizon 
located in the middle of the cumulate zone of the lower flow 
(Fig. 2), plagioclase is generally absent. -' 

Samples and analytical techniques 

Although rocks at Siivikkovaara are generally much better exposed 
than in the remaining parts of eastern Finland, outcrops are small 
and discontinuous, in fact neither of the two flows shows a com­
plete section (Fig. 2), and this bas limited the number of samples 
that could be collected and analyzed. Fourteen whole-rock samples 
weighing 3-5 kg each, 4 from the upper flow (samples No. Ul 
to U4); ten from the lower flow (samples No. L1 to LlO) were 
finally selected. Separa tes of amphibole, plagioclase, magnetite and 
ilmenite obtained from five of these samples (Ul, L3, L4, L9, 
L1 0) were also analyzed. Sample locations are given in Fig. 2. Mod­
al proportions estimated from whole-rock chemistry and mineral 
compositions are presented in Table 1. 

Mineral purifications were carried out using a Franz magnetic 
separator combined with heavy liquids, and in sorne cases, 
handpicking. Ali measurements were performed at the Université 
de Rennes, apart from microprobe analyses which were carried 
out at the IFREMER Jaboratory at Brest. Concentrations of major 

elements, Rb, Sr, Zr, Y, Ni and Cr were determined by the XRF 
method. while the REE were analyzed by the isotope dilution meth­
od (Jahn et al. 1980b). The uncertainties are estimated at 1-5% 
for major elements, except for MnO whose concentration is precise 
to only 10%. For Rb, Sr, Zr, Y, Ni and Cr, uncertainties are 
of the order of 10% for concentrations Jower than 30 ppm. For 
concentrations higher than 30 ppm, uncertainties are reduced to 
3%. Analytical errors for the REE, including chemical prepara­
tions, blank effects, uncertainties in spike calibration and mass 
spectrometry runs, are estimated at about 5% for La and Lu, 
3% for Gd and 2% for other REE. Blanks were lower than 
1"'10-9 !!.. 

143Nd/144Nd ratios and 14?Sm/144Nd ratios were determined 
following the procedure described in Gruau et al. (1987). 143Nd/ 
144Nd ratios were measured using a five-collector Finnigan MAT 
262 mass spectrometer. Ali ratios were normalized against 146Nd/ 
144Nd=0.7219 for isotopie fractionation effect. Results from the 
La Jolla Nd standard during the course of this study (1 0 separa te 
runs) were 143Nd/144Nd=0.511844±4 (2um), so ali the 143Nd/ 
144Nd ratios presented in this paper are corrected by +0.000016 
to be consistent with the La Jolla reference value of 0.511860. 
Blanks for Nd and Sm were lower than 0.2"'10-9 and 0.05"'10-9 g, 
respective! y. 

Sm-Nd regression analyses were carried out using the method 
of York (1969). The errors inputs were 0.2% for 147Sm/144Nd 
and 0.004% for 143Nd/144Nd. Ali errors on ages and initial isotop­
ie ratios are reported at a 2u confidence leve!. Measured and calcu­
lated initial 143Ndj1"Nd ratios are quoted througbout the text 
and in Tables 6 and 7 in the tNd notation of DePaolo and Wasser­
burg (1976) as deviations as part per 104 from the_ cbondritic 
growth curve. The presentday 143Nd/144Nd and 147Smjl"Nd ra­
tio for the chondritic �~�f�e�r�e�n�c�e� reservoir (CHU:RJ are those deter­
mined by Jacobsen and Wasserburg (1980).-The errors of the iso­
chrons initial tNd values were caJculated using the method of 
Fletcher and Rosman (1982). The decay -constant of 147Sm is 
0.00654 Ga - 1• 

Oxygen was extracted using BrF5 (Clayton and Mayeda 1963), 
and analyzed as C02 gas on a triple-collector VG SIRA 10 mass 
spectrometer. Isotopie composition are quoted in f!te standard li 
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Fig. 3a-f. Variation diagrams. The shaded 
field represents data from the well-preserved 
Fred's Flow of Canada (Arndt 1977). Note 
that the significance and origin of the pecu­
liar composition of sample L9 (low MgO, 
Ni and Cr concentrations) are not fully un­
derstood. Should this sample be, in fact, a 
komatiite cumulate as suggested by its posi­
tion in the Jower flow (Fig. 2), its present­
day "basaltic" composition would imply 
that both the major and trace elements 
were extraordinarily mobile iri tlie corre­
sponding rock-zone (in any case, much 
more mobile tban in samples L8 and LlO, 
the two adjoining sam pies with MgO �~� 

20%). However, its coarse-grained texture 
(Fig. 2) suggests that this sample might rep­
resent a late gabbroic intrusion, which 
could also account for the unexpectedly low 
MgO, Ni and Cr abundances :.. 
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notation relative to VSMOW. Duplicate runs yielded an analytical 
precision better than ± 0.1 li units. Results from the NBS 28 stan­
dard during the course of this study were 1! 180= +9.47±0.06 
(2am). Analytical results are ali normalized to NBS 28= +9.6, ap­
plying a systematic correction of +0.131! units. 

Chemical characteristics and REE profiles of who)e-rock 
sam pl es 

Although the komatiite flows from Siivikkovaara have 
morphological and texturai features typical of well-pre­
served ultrabasic Java flows in other Archean greenstone 
belts, significant differences appear when one considers 
their major and trace element compositions. In fact, it 
is immediately clear that many elements (including the 
reputedly immobile REE) were mobile during alteration 
and metamorphism of these flows. Three important 
points should be underlined: 

1. As can be seen from Table 2 and Fig. 3, MgO con­
tents range from -8 to 25%, which suggests that olivine 
and clinopyroxene must have been the dominant phases 
to crystallize in these flows ( e.g .. Arndt 1977; Kinzler 
and Grove 1985). However, only a limited number of 
elements in a limited number of samples exhibit varia­
tions consistent with olivine and clinopyroxene fraction­
a tien trends (e.g. A120 3 , Ni, and Cr iri the' spinifex­
textured samples and in the breccia; Fig. 3a, e, and f). 
Particularly striking are the compositions of the samples 
from the cumulate zone of the lower flow (e.g. L8 and 
L10; Fig. 2). Consider, for example, sample LlO with 
MgO content �~�2�5�%�.� If chemically unaltered, a koma­
tiite with such a concentration in MgO should normally 
con tain between 2500 and 3500 ppm Cr, 1000 and 
1500 ppm Ni, and 6--8% Al 20 3 (Fig. 3a, e, f). Yet, LlO 
has only 128 ppm Ni and 281 ppm Cr, and a concentra­
tion in A120 3 as hlgh as 13.8% (Table 2). 

2. From Table 2 and Fig. 3, it is evident that there 
was secondary introduction of considerable amounts of 
Na into these komatiites. Indeed, the majority of samples 
have Na20 concentrations greater than 2% (4.7% in 
sample L9), a feature that cannet be explained by mag­
matie processes (see discussion in Hanski 1980). Note 
for comparison that Na20 cOntents in well-preserved 
komatiites such as Fred's Flow in Canada (MgO be­
tween 34.5 and 7.5%), or the komatiites from Gorgona 
Island (MgO between 20.5 and 14.2%), Colombia, do 
not exceed 1.5% (Arndt 1977; Dietrich et al. 1981 ; Eche­
verria 1982). Interestingly, it appears that, for sorne rea­
son, the composition of the komatiite controlled the ab­
solute amount of secondary Na that could be introduced 
into the rocks, which is revealed by the marked negative 
correlation observed in the Na20 vs MgO diagram 
(Fig. 3c). Note that the ether alkalis are not affected: 
concentrations in K 20 and Rb always remain very low, 
between 0.01 and 0.10%, and between 1 (or Jess) and 
2 ppm, respectively (Table 2). 

3. Finally, and most importantly: it is easy to demon­
strate that the distribution of REE patterns in these ko­
matiites is not a magmatically inherited distribution. 
Consider, for example, the variation of (Ce/Sm)N ratios 
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(i.e. the variation in the slope of LREE patterns) in the 
spinifex-textured samples of the tower flow (L2 to L7). 
Since a spinifex-textured zone is more or Jess representa­
tive of a liquid composition, it is to be expected that 
the (Ce/Sm)N ratios vary over a limited range in these 
samples. In support of this prediction, note that within 
the well-preserved Fred's Flow in Canada, the total vari­
ation of (CejSm)N in the spinifex-textured zone is only 
5%, from 0.83 to 0.79 (Whitford and Arndt 1978). Yet, 
(Ce/Sm)N ratios cover an extraordinarily wide range in 
the spinifex-textured samples from the lower flow, from 
0.87 to 0.38, which represents an overall variation of 
about 60% (Table 3, Fig. 4c-e). As can be seen in Fig. 2 
and Table 3, there is no correlation between the (Ce/ 
Sm)N ratio and the vertical position of the samples. In­
stead, the variation is random, with the most extreme 
values (samples L2 and L3; Table 3) being separated 
by Jess than 1 rn (Fig. 2). No combination of plausible 
magmatic processes can introduce such a small scale and 
erratic variability of LREE patterns into a komatiite 
lava flow. 

Composition of metamorphic minerais 

Metamorphic minerais present in the two flows (Table 4) 
generally yield relatively uniforrn major element compo­
sitions, except for amphiboles which give a continuous 
compositional spectrum tying Mg-hornblende (Mg/ 
Mg+Fe2 + :::::0.65; Si/Al1v :::::4.S) and actinolite (Mg/ 
Mg+Fe2+ :::::0.85; Si/Al1v :::::80) as end-members (Leake 
1978). The heterogeneity of amphibole composition is 
observed at ali scales (including in a given thin section), 

even though the amphiboles from the lower cumulate 
zones and the breccia tend as a general rule to have 
compositions enriched in actinolite, while those from 
the upper spinifex-textured zones generally show compo­
sitions cl oser to that of a Mg-hornblende (Table l ). 

Compositions of plagioclase are in the field albite­
oligoclase (An7 to An21), which is consistent with the 
marked positive correlation there is between the propor­
tion of this phase and the Na20 contents of correspond­
ing whole-rocks (see Tables 1 and 2). 

The composition of the cblorite is nearly constant, 
except for Cr which varies significantly from one crystal 
grain to another (Table 4). Fe/Fe+ Mg ratios are low 
(0.25 and 0.30); Si/AliV ratios are also low, ranging from 
2.1 to 2.4. Wben plotted in the Si versus Fe2+ + Fe3 + 

diagram of Hey (l9S4), the chlorite from Siivikkovaara 
lies in the ripidolite compositional field, very close to 
the junction between this field and th ose of sheridanite, 
clinochlore, and pychnochlorite. 

Five amphibole (Ul, L3, L4, L9, and LlO) and four 
plagioclase (Ul, L4, L3, and L9) separates were analyzed 
for REE concentrations. The results are presented in 
TableS and illustrated in Fig. Sa-b. Two important 
points should be mentioned: 

1. Ali amphiboles yield similar REE patterns, with 
marked depletion of LREE relative to the HREE ((Ce/ 
Sm)N=0.30 to 0.56; Fig. Sa). The plagioclase patterns 
also closely resemble each other, ali showing a continu­
ous relative enrichment of the REE from Lu to La ((Ce/ 
Yb)N=3.56 to 13.91; Fig. Sb). . 

2. There is no correlation between the distribution 
of REE patterns in amphiboles and the variation in ma-



Table 4. Composition of mctamorphic minerais • 

Amphibole Plagioclase Chloritc Il men ile 
-

Samplc L9 L4 L3 LI LlO L3 L5 L9 L5 L3 LlO L5 

Si03 44.37 48.64 53.83 52.77 56.80 Si02 62.70 63.03 66.73 Si02 26.99 27.55 28.31 Si02 0.02 
Ti03 0.51 0.21 0.11 0.19 <0.01 Ti03 0.05 0.05 0.02 Ti0 2 0.10 0.12 0.07 Ti0 2 50.89 
AI 20J 11.61 8.56 3.07 4.17 0.27 Al 20 3 23.36 23.29 20.36 Al 20 3 21.63 21.13 20.60 Al 20 3 0.07 
Cr20 3 <0.01 <0.01. 0.19 0.25 0.08 Cr20 3 0.03 0.02 0.11 Cr20 3 0.26 <0.01 0.48 Cr20 3 0.11 
FcO 16.11 12.52 10.25 9.11 6.75 FeO 0.08 0.04 0.13 FeO 17.20 16.75 14.19 FeO 45.96 
MnO 0.27 0.31 0.29 0.32 0.14 MnO 0.10 0.15 0.03 MnO 0.29 0.07 0.07 MnO 2.28 
MgO 11.38 13.64 16.97 17.77 20.26 MgO <0.01 <0.01 <0.01 MgO 21.22 21.84 23.28 MgO 0.24 
CaO 11.13 11.38 11.86 11.78 12.89 CaO 4.43 4.33 1.57 CaO 0.05 0.10 0.05 CaO 0.04 
Na20 2.00 1.29 0.41 0.67 0.08 Na20 ' 9.14 8.92 11.09 Na20 0.02 0.02 <0.01 Na20 0.02 
KzO 0.17 0.09 0.08 0.06 0.03 KzO 0.04 <0.01 0.02 K 20 0.04 0.01 0.02 K 20 <0.01 

Total 97.55 96.64 97.06 97.09 97.30 Total 99.93 99.83 100.06 Total 87.80 87.59 87.07 Total 99.63 

Si 6.53 7.07 7.69 7.49 7.96 Si 2.78 2.79 2.93 Si 5.44 5.54 5.65 Si 
Al 1v 1.47 0.93 0.31 0.51 0.04 Ti - - - Ti 0.02 0.02 0.01 Ti 0.97 
L 8.00 8.00 8.00 8.00 8.00 Al 1.22 1.22 1.05 Al 1v 2.56 2.48 2.35 Al 
A lVI 0.55 0.54 0.20 0.19 - Cr - - - L 8.00 8.00 8.00 Cr 
Ti 0.06 0.02 0.01 0.02 - Fe - 1 - 0.01 A lVI 2.57 2.54 2.49 FeJ+ 0.06 
Cr - - 0.02 0.03 0.01 Mn - �~�.�0�1� ' .... Cr 0.04 - 0.08 Fc2 + 0.91 
Fe3 + 0.47 0.27 0.10 0.26 0.03 Mg - - .... Fe 2.90 2.81 2.37 Mn 0.05 
Fe2 + 1.40 1.18 1.02 0.71 0.71 Ca 0.21 0.21 0.07 Mn 0.05 0.01 0.01 Mg 0.01 
Mn 0.03 0.04 0.04 0.04 0.02 Na 0.79 0.77 0.94 Mg 6.37 6.54 6.92 Ca 
Mg 2.50 2.96 3.61 3.76 4.23 K - - - Ca 0.01 0.02 0.01 Na 
L 5.00 5.00 5.00 5.00 5.00 L 5.01 4.99 5.01 Na 0.01 0.06 - K 
FeM4 0.11 0.08 0.11 0.11 0.05 o/oAn 21.1 21.1 7.3 K 0.01 - - L 2.00 
Ca 1.76 1.77 1.81 1.79 1.94 L 11.97 12.02 11.89 
NaM4 0.13 0.15 0.08 0.10 0.01 XFeb 0.31 0.30 0.25 
L 2.00 2.00 2.00 2.00 2.00 
Na A 0.44 0.21 0.30 0.09 0.01 
K 0.03 0.02 0.14 0.01 0.01 

E 0.47 0.23 0.04 0.10 0.02 
X Mg• 0.64 0.72 0.78 0.84 0.86 

., 
• XMg=Mg/Mg+FeH ;b XFe=Fe2 + +Fel+ /FeH +Fel+ +Mg 
• The compositions presented in this table are compositions of individual microprobe spots, not average values. Complete data basis (about 150 analyses) can be obtained from 
the authors on request 
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Table 5. REE in Siivikkovaara mineral separates 

Mineral Amphibole 

Sample U1 L3 L4 L9 

La (ppm) 0.74 0.55 0.63 0.68 
Ce 2.10 2.01 2.45 2.72 
Nd 2.22 2.88 3.32 4.07 
Sm ·0.88 1.49 1.69 2.01 
Eu 0.34 0.58 0.60 0.99 
Gd 1.33 2.43 2.71 3.26 
Dy 1.69 3.15 3.48 4.08 
Er 1.07 2.04 2.22 2.54 
Yb 0.98 1.85 2.12 2.31 
Lu 0.15 0.27 0.29 0.35 

(Ce/Srn)N" 0.56 0.32 0.34 0.32 
(Gd/Yb)N" 1.09 1.05 1.03 l.l3 
(Ce/Yb)N• 0.55 0.28 0.30 0.30 
Eu/Eu*b 0.97 0.94 0.87 l.l9 

• Normalizing values are from Jahn et al. (1980a) 
b Eu jEu*= EuN/(SmN*GdN)0 •5 
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Fig. Sa, b. REE profùes for amphibole and plagioclase separates. 
Normalizing values are from Jahn et al. (1980a) 

jor element compositions of this mineral. Instead, am­
phiboles with major element compositions as different 
as L9 (Mg-hornblende=86%; actinolite=14%), L4 
(Mg-hornblende=55%; actinolite=45%) and LlO (Mg­
hornblende=2%; actinolite=98%) share nearly identi­
cal values of (Ce/Sm)N �(�0�.�3�~�.�3�4�)� and (Ce/Yb)N (0.26-
0.30), as weil as similar overall REE t9ncentrations (Ta­
ble 5; Fig. Sa). 

Owing to the intimate small-scale association of am­
phibole and chlorite, no pure chlorite_ separate could 
be obtained, bence preventing direct determination of 
the REE pattern of this mineral phase. However, a rough 
evaluation of the REE pattern can be obtained by mass 
balance calculation using samples L4 and L1 0, the two 
samples that con tain significimt imount of chlorite ( :2:: 
15%; Table 1) and. for which we analyzed plagioclase 

Plagioclase 

LlO U1 L3 L4 L9 

0.74 1.14 0.64 0.88 3.58 
2.86 4.18 1.67 3.30 9.24 
3.94 2.20 1.18 1.43 3.88 
2.26 0.50 0.27 0.29 0.80 
0.57 0.18 0.20 0.14 0.31 
4.27 0.43 0.26 0.33 0.58 
5.76 0.37 0.22 0.33 0.32 
3.31 0.22 0.13 0.22 0.16 
2.78 0.21 0.12 0.23 0.17 
0.39 0.03 0.02 0.04 0.03 

0.30 1.97 1.46 2.69 2.73 
1.23 1.64 1.74 1.15 2.74 
0.26 5.09 3.56 3.67 13.91 
0.57 1.20 2.33 1.40 1.41 

- 100 
CHLORITE· -· 

�~� 30 (calculated patterns) 
�-�~� 
1 10 
�~� .. 5 u; 
:::::z 
f! 1 �~� .s .......... LlO 0.5 .· 

!:E -
�~�L�A� 

0.1 
LaCe Nd SmEuGd Dy Er Yb Lu 

Fig. 6. REE proflles for cbloritc as obtained from mass balance 
calculation. Normalizing values are from Jahn et al. (1980a) 

and amphibole. The results are shown in Fig. 6. With 
respect to plagioclase, chlorite shows approximately the 
same LREE content, but appears to be somewhat richer 
in HREE. By contrast with amphibole, both plagioclase 
and chlorite are seen to be similar phases which preferen­
tially incorporate LREE. 

Isotopes 

Neodymium and oxygen isotopie data are presented in 
Tables 6 (whole-rock samples) and 7 (mineral separates); 
the Nd data are further displayed on two conventional 
isochron diagrams in Fig. 7 a, b. 

Neodymium data 

Whole-rock Sm-Nd isotopie analyses were carried out 
on ali samples except U4. Five samples were further 
selected for mineral Sm-Nd isotopie study. These include 
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Table 6. Isotopie data for Siivikkovaara whole-rock samples 

Sample V eni cal Sm Nd l",Sm/l""Nd" I43Nd/I""Ndb tNd (2.75 Ga)• eNd (1.81 Ga)• &Nd (0 Ga)• ()Ql8d 
location (ppm) (ppm) 

Upper flow 
U1 UPSZ 1.64 4.77 0.2075 0.512846±9 
U2 UPSZ 1.53 4.03 0.2303 0.513193±4 
U3 LCZ !.34 3.23 0.2498 0.513452±5 

Lower flow 
Ll Breccia l.lO 2.97 0.2237 0.513098±7 
L2 UPSZ 1.67 5.02 0.2018 0.512761 ± 5 
L3 UPSZ 1.32 2.83 0.2826 0.513764±7 
L4 UPSZ 1.48 3.31 0.2696 0.513598±7 
L5 UPSZ 1.34 3.39 0.2395 0.513237±8 
L6 UPSZ 1.59 3.94 0.2442 0.513313±3 
L7 UPSZ 1.76 4.14 0.2565 0.513384±6 
L8 LCZ 1.59 4.47 0.2150 0.512968±8 
L9 LCZ 1.93 5.77 0.2020 0.512773±5 
LlO LCZ 1.51 4.79 0.1912 0.512715±5 

• The error on this ratio is 0.2% 
b The error presented on this ratio is the statistical error obtained 
during the mass spectrometry run. The true error, including other 
error sources such as instrumental reproducibility is estimated to 
be close to ±20 - .. 
• Errors calculated using an error inpufof ±20 on 143Nd/144Nd, 
and ±0.2% on 147Smf144Nd ratios 

Table 7. Isotopie data for Siivikkovaara mineral separates 

+0.2±0.5 +1.6±0.5 + 4.1 ±0.4 +5.12±0.02 
-l.l ±0.6 +3.1 ±0.5 +10.8±0.4 +5.17±0.01 
-2.9±0.6 +3.6±0.5 + 15.9±0.4 +4.74±0.02 

-0.6±0.6 +2.7±0.5 + 9.0±0.4 +4.70±0.01 
+0.6±0.5 + 1.2±0.5 + 2.4±0.4 +5.12±0.07 
-8.5±0.6 +2.1 ±0.5 +22.0±0.4 +4.95±0.06 
-7.1±0.6 +1.9±0.5 + 18.7±0.4 +4.98±0.09 
-3.5±0.6 +1.8±0.5 +11.7±0.4 +4.98±0.08 
-3.7±0.6 +2.2±0.5 +13.2±0.4 +4.91 ±0.03 
-6.7±0.6 +0.7±0.5 +14.6±0.4 +5.10±0.09 
+0.0±0.5 +2.2±0.5 + 6.4±0.4 +4.51 ±0.07 
+0.8±0.5 +1.4±0.5 + 2.6±0.4 +5.53±0.02 
+3.5±0.5 +2.8±0.5 + 1.5±0.4 +4.43±0.09 

d The error presented on this ratio corresponds to the reproducibil­
ity oftwo separate extractions and mass analyses (duplicate). Total 
uncenainty with respect to the VSMOW scale is estimated to be 
lower than 0.1 to O.l5%o. 
UPSZ: upper spinifex zone; LCZ: Jower cumulate zone 

;.. 

Sample Sm (ppm) Nd (ppm) �1�4�7 �S�m�f�l�"�"�N�d�"�~� .. 143NdR.""Nd" ... iNd(1.86 Ga)0 

Amphibole 
U1 
L3 1.49 2.88 0.3118 
L4 1.71 3.34 0.3088 
L9 2.01 4.07 0.2991 

....... 

LlO 2.26 3.94 0.3464 

Plagioclase 
U1 0.38 1.84 0.1235 
L3 0.27 1.18 0.1386 
L4 0.29 1.43 0.1235 
L9 0.92 5.38 0.1039 

Chlorite 
LlO 1.37 3.21 ' 0.2568 

Ilmenite 
L4 
L9 

• The error on this ratio is 0.2% 
b The error presented on this ratio is the statistical error obtained 
during the mass spectrometry run. The truc error, including other 
error sources sucb as instrumental reproducibility is estimated to 
be close to ± 20 

samples L3, L4, and L9, for which we measured the 
143Ndf144Nd and 147Sm/144Nd ratios of coexisting pla­
gioclase and amphibole. For sample LlO, 143Ndf144Nd 
and 147Smj144Nd ratios were determined for a nearly 
pure amphibole fraction and a mixed fraction of amphi­
bole+chlorite. For the remaining sample (Ul), only pla-

�~�-
"..'\-: ... __ . 

0.514194±6 - +2.9±0.5 
0.514106±7 +1.9±0.5 
0.513965±4 +1.4±0.5 
0.514634±5 +3.2±0.5 

0.511918±5 +3.4±0.5 
0.512084±6 . +3.1 ±0.5 
0.511833±5 +1.8±0.5 
0.511616 ± 0.5 +2.2±5 

0.513544±6 +3.3±0.5 

+30.4±0.4 
+28.6±0.4 . 

.. �+�2�5�.�9�±�0�.�4�~�·�­

-+:38.9±0.4" 

-14.0±0.4 
-10.8±0.4 
-15.7±0.4 
-19.9±0.4 

+17.7±0.4. 

+4.73±0.12 

+4.73±0.08 
+4.21±0.01 

+7.09±0.13 

+6.93±0.03 

+0.03±0.10 
+0.09±0.02 

• Errors calculated using an error input of ±20 on 1"3Nd/1""Nd, 
and ±0.2% on 147Smfl""Nd ratios · 
d The error presented on this ratio corresponds to the reproducibil­
ity oftwo separate extractions and mass analyses (duplicate). Total 
uncertainty with respect to the VSMOW scale is estimated to be 
lower than 0.1 to 0.15%o. -·. 

gioclase was analyzed. Three important points should 
be noted: 

1. 147Smj144Nd ratios of �w�h�o�l�e�~�r�o�~�k� samples tum 
out to be extremely variable, which is not surprising 
considering the 60% variation of (Ce}Sm)N ratios. For 
the upper flow, the observed variation is of 20% 
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JF'ig. 7a. b. Sm-Nd isochron diagrams for a. Süvikkovaara wbole­
rock samples and b, :iiürieral separates. Errors are 2a. wr: wbole­
rock samples; amp: ampbi_!:loles; plg: plagioclases; chi: cblorite 

�(�0�.�2�0�7�~�.�2�4�9�8�)�;� for ihe lower flow, the variation is even 
larger (48%; 0.19i2-0.2826; Table 7). Once again, such 
variations far exceed the variation nopnally expected 
in a komatiite flow (e.g. Whitford and Arndt 1978)-

2. As can be seen in Fig. 7 a, b, both whole-rocks 
and mineral separa tes define isochrons (or . "erro­
chrons ") wh en reported on the conventional 143Nd/ 
144Nd versus 147Sm/144Nd diagram. The 13 whole-rock 
sam pl es (Fig. 6 a) yield an isochron age of 181 0 ± 132 Ma 
(2a), and an initial tNd value of +2.0±0.7 (2a). The 
9 mineral samples (Fig. 7b) give slightly greater, but not 
statistically different, ages and initial tNd values of 
1858±44 Ma (2o"), and +2.5±0.6 (2u), respectively. 
Thus, it is inferred that the minerais and the whole-rocks 
shared comparable Nd isotopie composition at around 
1800-1850 Ma ago. 

3. From geological relationships and previous radio­
metrie data, it is clear that the komatiite flows from 
Siivikkovaara were erupted around 280(}...2750 Ma ago. 
Tbus, the whole-rock Sm-Nd isochron at 1810±132 Ma 
is a secondary isochron, indicating sorne stage of later 
isotopie re-equilibration and fractionation of the 147Sm/ 
144Nd ratios at a whole-rock scale. The open-system 
behaviour of wh ole-rock Sm-Nd systematics is reflected 
in the wide range of calculated initial tNd values. In Ta­
ble 6, we took 2750 Ma as the age ofmagmatic crystalli­
zation and calculated what would be the initial tNd value 
of each individual whole-rock sample assuming closed-

system evolution since 2750 Ma ago. Upper flow sam­
pies give values ranging from -2.9 to +0.2; for the 
lower flow, the range is 12 t units (- 8.5 to + 3.5). If 
interpreted as magmatic values, such values would en­
compass the field of depleted mantle and early Archean 
crust compositions at 2750 Ma, which is clearly an aber­
rant situation in the present case. 

Oxygen data 

Siivikkovaara whole-rock samples show a limited range 
of <P 80 values, from + 4.43 to + 5.53%o (Table 6). The 
most striking feature of these values is that, taken as 
a whole, they are 1ower than the present-day mantle 
reference and/or the value found in fresh modern sea 
floor basalts (Kyser 1986, and references therein). b180 
values for the Arehean mantle and related magmas are 
not as constrained as their present-day equivalents. 
However, isotopie studies of fresh Archean komatiites 
and/or of magmatic minerais from spa ti ally related maf­
ic intrusions showed that these materials generally 
yielded a b180 value of about +5.5 to +6%o (e.g. Beaty 
and Taylor 1982; Smith et al. 1984), which is similar 
to the average b180 of + 5. 7 ± 0.3%o observed in modern 
sea floor basalts (e.g. Muehlenbachs and Clayton 1972; 
Pineau et al. 1976; lto et al. 1987). Thus, it is inferred 
that the oxygen isotopie compositions listed in Table 6 
are not primary compositions. They are altered values 
likely resulting from sorne stage of later isotopie ex­
change between the komatiite flows ana a secondary 
fluid phase. Judging from the Sm-Nd data, it is postu­
lated that this episode of isotopie exchange took place 
around 1800 Ma ago. 

Separated mineral phases across the two. flows show 
rather constant oxygen isotopie composition. Measured 
b180 values range from +4.21 to +4.73%o for amphi­
bole, from +6.93 to + 7.09%o for plagioclase, and from 
+0.03 to 0.09o/oo for ilmenite (Table 7). It is worth noting 
that whole-rock sam pies U3, L1, L8 and L1 0, which 
are composed of essentially amphibole and chlorite, dis­
play a range of isotopie compositions which overlaps 
tbat of amphibole taken on its own (Tables 6 and 7). 
This means that amphibole and chlorite share identical 
b180 values in these rocks, a fact which was already 
observed by Smith et al. (1984) for meta-komatiites from 
the Barberton greenstone belt of southern Africa. 

Discussion 

Age and temperature of metamorphism 

Although the influence of the 1.8-1. 7 Ga Svecokarelian 
orogeny of northern Scandinavia bas long been recog­
nized in the greenstone belts of eastern Finland (e.g. 
Kouvo and Tilton 1966; Bertrand et al.1978; Vidal et al. 
1980; Martin 1989), this oro geny was so far regarded 
as having played a minor role in their post-depositional 
tectono-metamorphic history. In partieular, the upper 
greenschist or lower amphibolite facies metamorphism 
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that affects these belts was daimed to be a much earlier 
event that took place before or during intrusion of the 
2750-2700 Ma-old granodiorite plutons (e.g. Hanski 
1980; Blais et al. 1978). We take another view, and sug­
gest, for the following two reasons, that the middle Pro­
terozoic event bad a major impact in the region and 
that the age of metamorphism is not late Archean, but 
around 1800 Ma: 

1. The Sm-Nd mineral age of 1858 ± 44 Ma obtained 
from the Siivikkovaara komatiite flows (Fig. 7b) is com­
parable to the reset K-feldspar Pb-Pb and biotite Rb-Sr 
ages reported earlier by Vidal et al. (1980), and fits the 
expected age of the Svecokarelian orogeny of northern 
Scandinavia. In addition, it is evident from Figs. 4 and 
7 a that the REE patterns and Sm-Nd isotope systemat­
ics of the whole-rock samples were reset around 1800-
1850 Ma ago. 

2. Jegouzo and Blais (1991) recently established that 
the 2.1-2.0 Ga old dolerite dykes experienced post-injec­
tion deformation and metamorpbism, and proposed that 
this deformation and metamorphism developed during 
the Svecokarelian orogeny. This view is confirmed in 
a very recent work by Tourpin (1991 ), who obtained 
a four-point internai Sm-Nd isochron (whole-rock+pla­
gioclase+amphibole+biotite) at 1719±143 Ma for a 
deformed and metamorphosed dyke of the Tipasj3.rvi 
greenstone belt. Moreover, petrographie studies bave re­
vealed that the grade of metamorphism of th,e dykes 
also corresponds to �t�h�~� upper greenschist or lower am­
phibolite facies (Ballèvre persona! communication).> 

It should be understood here that we do not dispute 
the fact that there was late Archean tectono-metamor­
phic activity in these belts. ln fact, it is not conceivable 
that granodiorite plutons could have been intruded with­
out producing sorne metamorphic recrystallization in the 
adjacent greenstones. We simply stress that the effects 
of this first event were likely completely erased by the 
rrùddle Proterozoic metamorphism. 

The apparent Sm-Nd age of 2390 ± 150 Ma obtained 
by Tourpin et al. (1991) for the Tipasjarvi carbonatized 
komatiite flow provides another, though Jess direct, ar­
gument for the major influence of the Svecokarelian oro­
geny. As already mentioned, the Sm-Nd age of the Ti­
pasjarvi flow is anomalously young (like the Kuhmo 
belt, Tipasjarvi is crosscut by granodiorite plutons which 
were emplaced 2750-2700 Ma ago, and therefore the 
flow cannot be younger than 2750 Ma) because the Sm­
Nd linear array is not an isochron, but a mixing line 
tying a LREE-depleted komatiite and a LREE-rich car­
bonate as end-members (see Figs. 3 and 7 in Tourpin 
et al. 's paper). The occurrence of carbonate in small 
scale association with the metamorphic minerais indi­
cates that the carbonatization event was synmetamorph­
ic. Yet, as shown by Tourpin et al. (1991), there are geo­
chemical and isotopie arguments to suggest that a posi­
tive slope already existed in the Sm-Nd diagram by the 
time the carbonate was added to the depleted komatiite. 
The net result of such a positive slope is that the age 
of the carbonatization process is :s;; 2400 Ma. If this is 
the case, th en metamorphism and carbonatization of the 
Tipasjarvi flow occurred around 1800 Ma ago since 
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there is no thermal event (other than the Svecokarelian) 
in the region after 2400 Ma (Tourpin et al. 1991 ). 

Apparent temperatures calculated from the Siivikko­
vaara mineral oxygen data-base {Table 7) were used to 
test the presence of internai isotopie equilibrium. Such 
temperatures are only rough estimates since fractiona­
tion coefficients for the amphibole-chlorite, amphibole­
ilmenite, plagioclase-ilmenite and plagioclase-amphibole 
pairs are imperfectly known (especially those involving 
amphibole) for temperatures lower than 500 oc. Never­
theless, a relatively good agreement is observed between 
calculated isotopie temperatures and metamorphic con­
ditions (upper greenschist or lower amphibolite facies). 
lndeed, using the equations of Bottinga and Javoy 
(1973), Wenner and Taylor (1973), and Javoy {1977) all 
mineral pairs, except plagioclase-amphibole, give tem­
peratures, in the range 400-500 oc: 500-510 oc for pla­
gioclase-ilmenite, 425-475 oc for ampibole-ilmenite and 
410 oc for amphibole-chlorite. For the plagioclase-am­
phibole pairs, calculated temperatures are much higher: 
585-640 °C. 

Since oxygen diffusion rates are high in plagioclase 
(Giletti et al. 1978; Elphick et al. 1986), this mineral bas 
a low closure temperature for oxygen isotopes, and thus 
considerable capacity to exchange with fluid phases 
down to-relatively low temperatures (e.g. Giletti 1986). 
Because of this, isotopie disequilibrium is often observed 
among plagioclase and other metamorphic mineral s. To­
gether �~�i�t�h� the ]ow �L�'�l�p�l�a�a�i�o�c�~�c�-�a�m�p�b�i�b�o�l�c� (Jess than:_,3.0 un-: 
its; Table 7), this may explain why the Süvikkovaara 
plagioclase-amphibole pairs· give such high apparent 
temperatures. If the 15180 of plagioclase were altered 
by late isotopie exchange, the temperature calculated 
from the plagioclase-ilmenite pair (L4) would bé also 
affected, but the shifCwould be likely reduced as 
Jplagioclm-ilmcnilc becomes very much ]arger . than 
Jp)aJÏOclasc-amphibolc (Table 7). In every other case, how­
ever, the isotopie temperatures calculated from amphi­
bole-chlorite and amphibole-ilmenite pairs (450 ±50 °C) 
agree weil with the temperature range estimate of 430-
480 oc determined previously by Hanski (1980) and Pi­
quet (1983). Thus, the Siivikkovaara mineral oxygen 
data-base (omitting plagioclase) provides a reliable tool 
which is suitable for estima ting the oxygen isotopie com­
position of the equilibrium fluid phase (see discussion 
on fluidfrock ratios and origin of the fluid phase la ter). 

Control of secondary minera/ogy and possible role of fluids 
in REE mobility 

As already discussed, the extreme variations observed 
in the (Ce/Sm)N and 147Sm;t44Nd ratios, as well as the 
isochron age rel a tionship Ïit 1810 ± 132 Ma provide firm 
evidence that the REE were mobile on a whole-rock 
scale during metamorphism of the Siivikkovaara koma­
tiites. This, in itself, is not so surprising. Previous studies 
(e.g. Arndt et al. 1989) have shown that the process of 
metamorphism can- redistribute these elements on a 
whole-rock scale in komatiitic rocks. What is more sur­
prising is the intensity of the process. To our knowledge, 
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the komatiites from Siivikkovaara are the first example 
of a komatiite suite in which ali whole-rock samples 
lie on a secondary Sm-Nd isochron giving the age of 
the metamorphic redistribution. Taken together with the 
fact that in several other areas, such as Canada or West­
ern Australia, metamorphic recrystallization bas bad ap­
parently no detectable effect on the REE patterns or 
Sm-Nd isotope systematics of komatiites (e.g. Dupré 
et al. 1984; Arndt and Jenner 1986), this consideration 
gives ri se to the following questions: (a) what particular 
conditions allowed such unusually strong mobility of 
the REE in these Finnish komatiites; (b) by what exact 
mechanism did the REE redistribution take place in 
these rocks? 

One of the key issues regarding the interpretation 
of geochemical and isotopie data in metamorphic rocks 
is wh ether (1) the protolith chemistry controlled the na­
ture and proportion of metamorphic phases (closed-sys­
tem at the sample scale), or whether (2) the actual rock 
composition depends on the nature and modal abun­
dances of secondary minerais which could themselves 
be dependent on external parameters (open-system at 
the sample scale). Neglecting the cOntribution of acces­
sory phases in the REE mass _balance, the whole-rock 
system can-be_ �~�i�m�p�l�i�f�i�e�d� inter a two-component system. 
Indeed, as previously discussed, the whole-rock REE dis­
tribution is controlled, especially at the level of LREE, 
by the contribution of one LREE-depleted mineral (am­
phibole), _and two LREE-emi.ched minerais (plagioclase 
and chlorite). The modiù proportions �~�o�f� these three 
phases -are extremely variable among the different sam­
pies (Table 1 ), . but we stress the !act that the respective 
REE distributions of these minerais arë not balanced 
in such a way that whole-rock samples could preserve 
primary magmatic patterns. This �i�~� a general feature 
throughout the lava flows: Fig; 8 shows that the·147Sm/ 
144Nd ratios of aH studied samples are controlled by 
the modal proportions of two types of mineral compo­
nents possessing a more or Jess constant REE distribu-
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Fig. 8. Diagram illustrating correlation betwcen 1" 7Sm/14"Nd ra­
tios of wbole-rock samples and modal compositions. Mineral data 
are shown for comparison. The two curves are mixing curves delin­
eating field of 1" 7Smf1" 4Nd ratios obtained in combining cblo­
rite+plagioclase+amphibole in all possible relative proportions 

ti on throughout the flow sections, namely: amphibole 
(LREE-depleted, high 147Smfl44Nd ratio), and plagio­
clase and/or chlorite{LREE-enriched, low 147Smf144Nd 
ratio). Thus, it is inferred that the 147Smf144Nd ratio 
of a given whole-rock sample is controlled by the second­
ary mineralogy, which in tum confirms the interpreta­
tion that the REE were mobile on a whole-rock scale 
in these flows. It should be pointed out here that this 
does not necessarily mean that the system was extemally 
buffered. lt could just correspond to a REE Tedistribu­
tion among the different units of the flows. 

The variation in the proportion of amphibole, chio­
rite and plagioclase thus appears to have played an im­
portant role in the redistribution of REE among the 
various whole-rock samples. lt is possible that this varia­
tion ultimately formed from the superimposition ofmag­
matically-induced chemical heterogeneity (e.g. differ­
ences in MgO concentrations between the spinifex-tex­
tured and lower cumulate zones) and the secondary in­
flux of large amounts of Na. Owing to the high Mg 
and Fe concentrations, it is indeed to be expected that 
the more widespread metamorphic phases to crystallize 
in a komatiite flow will be amphibole and chlorite. How­
ever, depending on the Ca/Mg ratio, the relative propor­
tion of these two mineral phases could be highly vari­
able. Within rocks from the lower cumulate zone with 
high Mg ànd low Clf_contents, chlorite should be an 
important new mineral. Because chlorite cari accomo­
date Al, most ofthe Al initially present in this zone 
should be consumed:hy the process of chlOriie crystalli.; 
zation, so there. would be no Al left over to combine 
with metasomatic Na in order to build plagioclase. The 
secondary mineralogies in rocks of this zone should thus 
be composed mainly of chlorite with no plagioclase pres­
ent, as seen in the samples from . the lower cumulate 
zones of the Siivikkovaara flows (Table 1). 

ln Jess Mg-rich rocks from the spinifex-textured zone, 
on the other hand, the presence of larger amounts of 
Ca would favour the formation of amphibole. Because 
amphibole contains much Jess Al than chlorite, preferen­
tial crystallization of amphibole should not use up ali 
the Al present in the rock. Hence, in this case, some 
Al would be available for trapping metasomatic Na in 
order to build albitic plagioclase. The secondary minera­
logies in rocks of this zone should tbus be dominated 
by amphibole and plagioclase, which is also the assem­
blage of the present flows. Note that, in such a model, 
we can predict a negative correlation between Na20 and 
MgO contents, a feature which is observed in the Siivik­
kovaara sample suite (Fig. 3b) . 

However, the nature of the mechanism that allowed 
REE mobility remains to be identified. Because diffusion 
coefficients for REE in crystalline phases are low (e.g. 
Zindler and Hart 1984; McCulloch and Black 1984), 
and because ·metamorphic recrystallization took place 
under only moderately high temperatures ( �~�4�5�0� °C), it 
is unlikely that solid state diffusion could account for 
this mobility. This role was likely played by the fluids 
which invaded the rocks during their metamorphic re­
crystallization. Results from the Tipasjârvi belt have al­
ready indicated that the fluids which circulated during 



the Svecokarelian orogeny could mobilize the REE 
(Tourpin et al. 1991 ). The occurrence of secondary meta­
somatic carbonate at Tipasjarvi suggests that these fluids 
probably contained a significant C02 [or (C03) 2 -] corn­
panent. Judging from the literature, this component 
might have been the actual complexing agent that al­
lowed these fluids to leach and transport the REE (e.g. 
McCulloch and Black 1984; Windrim et al. 1984, and 
references therein). 

Fluid/rock ratios and origin of the fluid phase which 
transported the REE: comparison wizh the carbonati:ed 
komatiite flow from Tipasjiirvi 

Constraints can be placed on the values of fluidjrock 
ratios and the origin of the fluid phase which transported 
the REE using oxygen isotopie data. As already pointed 
out, the oxygen isotopie composition of each mineral 
species is more or less constant throughout the two flows 
(Table 7). If this is true, there should be a correlation 
between the cP 80 value of the whole-rock sample 
(cP 80wJ and its corresponding modal composition. Fig­
ure 9 illustrates such a correlation, bence demonstrating 
that the values of /J180wR are controlied by the relative 
proportions of the twq_ types of �~�n�e�r�a�l�s� with different 
isotopie �c�o�m�p�o�s�i�t�i�o�n�s�~� namely: chlorite and/or amphi­
bole (similar /J180), and plagioclase (ilmenite is too 
scarce to play any significant role in /J180WR mass bal­
ances). With respect to the fluid-rock interaction, such 
a correlation may correspond to two extreme situations: 

1. The fluid phase is more or Jess stationary (low 
fluid/rock ratio). It does not constitute a significant oxy­
gen isotopie reservoir, but acts only as a vector aliowing 
mutual oxygen isotopie equilibration of the minerais 
within a flow unit. In such a èase, measured b180WR 
is different from initial (magmatic) b180wR• but globally, 
the b180 of the who le flow remains unchanged. 

2. The oxygen isotopie composition of each mineral 
species is buffered across the two flows through equili­
bration with a common externat fluid in great excess. 
In such a case, ali rock systems are affected, including 
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Fig. 9. Diagram illustra ting correlation between cP 80 values of 
whole-rock samples and modal compositions. Mineral data are 
shown for comparison. Remember that compositions of chlorite 
(not shown) overlap th ose of amphibole 
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Fig. 10. Diagram showing composition(s) of fluid(s) in equilibrium 
with �S�i�i�,�~�k�k�o�v�a�a�r�a� plagioclase, amphibole and ilmenite as a func­
tion of temperature, and comparison with the results obtained for 
the fluid in equilibrium with the carbonates from the carbonatized 
komatiite flow from Tipasjârvi. Note that the curve of chlorite 
was calculated assuming c5180chloril• = c5180amphlbolc (see text and 
Fig. 9). Data sources: this study; Tourpin et al. (1991) 

the bulk flow, and ali measured b180 va}ues are second­
acy. 

Since 12 of the 13 analyzed whole-rock samples have 
oxygen isotopie ratios lower than the mantle reference­
(Table 6) we can rule out madel 1. A ·stationary fluid 
phase model appéars also to be somewhat inconsistent 
with the secondary influx of large amoÜnts of Na, àn 
influx which implies the two flows werè-connected with 
the surrounding rocks by means of percolating fluids. 
So we conclude that: (a) the fluid was externat to the 
komatiite flow units; and (b) fluidjrock ratios were suffi­
ciently large (> 1.0?) such that the externat fluid could 
modify ali oxygen isotopie compositions. 

Using the equations of Bottinga and Javoy (1973, 
1975) and Wenner and Taylor (1973) for mineraljwater 
fractionation, we have calculated the b180 of the fluid 
phase in equilibrium with amphibole, ilmenite and chio­
rite as a function of temperature (Fig. 1 0). Taking 400 
and 500 oc as the minimum and maximum exchange 
temperatures, it can be inferred that the b180 of the 
fluid phase in equilibrium is located somewhere in be­
tween + 5.5 and + 6.5%o. Such values are typical of rock­
dominated fluid systems (magmatic or/and metamorphic 
fluids), and thus appear consistent with Tourpin et al.'s 
(1991) conclusion that the fluid responsible for the trans­
port of REE was probably a metamorphic fluid. 

Along with Sm-Nd data, Tourpin et al. (1991) pre­
sented oygen isotopie results for severa} carbonate sam­
pies from the Tipasjarvi carbonatized komatiite flow. 
In Fig. 10, we report the field of calculated fluid compo­
sitions in equilibrium with these carbonate samples. For 
a number of samples, calculated b180 1nuidl values over­
lap the compositions found for Siivikkovaara koma­
tiites, but for sorne, the fluid should have bad higher 
/J180 values for temperatures in the range �4�0�~�5�0�0� oc 
(up to +10.5%o; Fig. 10). It is possible that the carbon­
ates from Tipajarvi were deposited from a fluid phase 
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with a c5 180 similar to that which circulated in the Siivik­
kovaara komatiites. but at lower temperatures: assum­
ing carbonate deposition temperatures around 300-
350 °C, Figure 10 shows that the two metamorphic fluids 
would possess similar isotopie signatures." 

What were the original REE patterns and tNd values? 

Let us consider the whole-rock isochron relationship at 
1810±130 Ma and its corresponding tNd (1810 Ma) 
value of +2.0±0.7. Such a value may lead to two con­
trasting interpretations as regards the original composi­
tions depending on whether (a) the bulk flows were 
closed-system for the REE, or (b) whether they ex­
changed REE with the surrounding rocks (Fig. 11): 

a. No exchange. In this case, +2.0±0.7 would be the 
tNd value of the two flows just prier to the middle Proter­
ozoic metamorphic event. If so, provided that the koma­
tiite flows from Süvikkovaara ultimately formed from 
a mantle source ·with tNd:::::: + 3.0 - i.e. the value of" de­
pleted mantle at 2. 7 Ga ago, or the value general! y found 
in crustally uncontaminated and well-preserved 2. 7 Ga 
old komatiites (Dupré et al. 1984; Machado et al. 1986; 
Chauvel et al. in press), the original REE pattern could 
have been a flat or slightly LREE-eiiÏiéhed pattern (tra­
jectory A in Fig. 11). Iftrue, the komatiite from Süvik­
kovaara might have initially �r�e�s�e�m�b�l�~� some relatively 
fresh 2. 7 Ga-old komatiite flow Uiïit8' from NeWton 
Township in Canada (e.g. Cattell et al.1984), but would 
differ from the majority of well-preserved late Archean , 
komatiites as the latter generally �y�i�e�l�d�~� LREE-dèp1eted 
patterns ( e.g. Bames · et al. 1983; Arndt and Nesbitt 
1984). -.·.: . . . 

+10 

+5 

-5 

-10 

3.0 2.75 2.5 2.0 1.80 1.5 

Time (Ga) 
Fig. 11. �t�~�o�~�d� vs. time diagram illustrating possible isotopie trajector­
ies for Siivikkovaara komatiite flows depending on whether these 
flows were a closed-system at 1800 Ma ago (trajectory A) or wheth· 
er they exchange REE with surrounding rocks (trajectory B). The 
diagram also presents the isotopie evolutions of threc important 
rock-types, namcly: (a) the Tipasjirvi uncarbonatizcd komatiite; 
(b) the Tipasjirvi metasomatic carbonate; and (e) the TTG gncisses 
from the surrounding basement. See tcxt for furthcr cxplanations. 
Data sources: Martin (1985), Tourpin ct al. (1991), and this study 

b. Exchange. ln this case +2.0±0.7 would not be the 
eNd value of the komatiite flows prior to metamorphism, 
but rather represents sorne intermediate value between 
the true pre-metamorphic value and the tNd of the exter­
nal system with which the two flows re-equilibrated. Be­
cause the terranes that surround the region of Siivikko­
vaara are dominated by granitic rocks with strongly neg­
ative tNd values (- 10 to -15; Fig. 11), it is possible 
.that the process of external re-equilibration led to to 
a reduction of the eNd value of the two flows. If so, 
the eNd prior to metamorphism could significantly exceed 
the value of + 2.0 ±O. 7. By making the same assumption 
as this regarding the tl"d of the mantle source, the orici­
nal REE pattern could not have been a flat or slightly 
�~�R�E�E�-�e�n�r�i�c�h�e�d� pattern, but a pattern depleted in LREE 
(trajectory B in Fig. 11). 

The fact that the fluid phase which transported the 
REE on a whole-rock scale was external to the komatiite 
flows rather favours mode) (b). Consideration of the 
results from the Tipasjarvi carbonatized komatiite flow 
leads to the same conclusion, as these is evidence that 
the fluid phase which invaded this flow contained Nd 
(Tourpin et al. 1991). . 

However, there is still no direct way of determining 
the exact isotopie composition of the Nd which was pres­
ent in the invading fluid. Neither do we have the possibil.; 
ity of establishing the exact extent of the isotopie and 
elemental re-equilibration that took place durlng the 
fluid-rock exchange process. In Fig. 11,_we prêsent for 
comparison the tNd {1800 Ma) value determined by 
Tourpin et al. (1991) for the carbonate from the 
Tipasjirvi carbonatized komatiite flow, as weil as the 
isotopie trajectory of ihe uncarbonatized Tipas)ârvi ko­
matiite. We note that the tNd {1800 Ma) value -of+ 2.0 ± 
O. 7 obtained for the komatüte flows from Siivikkovaara 
is intermediate between the eNd (1800 Ma) value of the 
Tipasjârvi carbonate (:::::: + 1) and that of the uncarbona­
tized Tipasjarvi komatiite (:::::: + 7). In the light of this 
fact and the spatial proximity of the regions of Siivikko­
vaara and Tipasjarvi, it is possible that the two koma­
tiites initially resembled eacb other. Thus, the unaltered 
Siivikkovaara komatiite might have been characterized 
by an eNd (2750 Ma) value of about +2.0 and a 147Sm/ 
144Nd of about 0.24 (Fig. 11; Tourpin et al. 1991 ). 

Concluding remarks 

Two main conclusions stem from this study. The first 
is that the REE patterns and initial Nd isotopie composi­
tions of komatiites must be treated with caution. The 
data presented in this paper shows that metamorphism 
may induce a profound redistribution of REE in these 
rocks, a phenomenon which may also cause strong shifts 
of the calculated initial tNd values relative to the true 
magmatic value. As pointed out in the introduction, the 
absolute shift will depend on a number of factors, one 
being the time span between the emplacement of the 
rocks and. the. �s�u�~�s�~�q�~�e�n�t� REE redistribution. (Rosing 
1990). The present case shows importance of this latter 
factor, as this time span was very large for the komatiite 
flows from Siivikkovaara (Fig. 11). Taken as a whole, 
the results presented in this study illustrate the necessity 



of dating metamorphic recrystallizations in komatiites, 
as this may represent crucial data for evaluating the sig­
nificance of calculated initial tNd values. Y et, apart from 
the case of Barberton (e.g. Jahn and Shih 1974, Lopez­
Martinez et al. 1984), the present work is, to our knowl­
edge, the first example of a komatüte study which in­
eludes an attempt to establish such a timetable of meta­
morphic events. 

The second conclusion is that fluids played an impor­
tant role in the resetting of the chemical and isotopie 
magmatic memories of the two investigated flows. As 
pointed out, there is reason to believe that the percolat­
ing metamorphic fluids were C02-rich, and that this 
component was responsible for the intense secondary 
mobilization of REE. In this respect, it is worth noting 
that Lécuyer et al. (in preparation), who recently con­
ducted a similar study on metakomatiite flows from Bar­
berton, did not observe any effect of metamorphism on 
REE patterns and Sm-Nd isotope systematics. However, 
the oxygen isotopie results indicate recrystallization tem­
peratures as well as fluid/rock ratios similar to those 
inferred for the komatiite flows from Siivikkovaara. Lé­
cuyer et al.. (in preparation) explain this diffe-rence by 
suggesting that the Vuid involyed a.t Barberton was H 20-
rich. Thus, it is possible that the REE mobility in the 
komatüte flows from eastern Finland does not represent 
a general case, since the mobility of these elements will 
likely depend on the composition of the meiamorpbic 
fluids. Nevertheless, it is �n�o�~�\�Y�o�Ï�t�b�y� tbafiD.any'_lneta­
komatiites comprise �c�a�r�b�o�n�'�a�t�e�'�~� {see · referenCës in Tour­
pin et al. 1991 ), wbich might sùggest that �t�h�~�- niëtiinor­
phic fluids circulating in these rocks often contained a 
significant amount of C02• - · · 
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THE ORIGIN OF FLUIDS AND THE EFFECTS OF 
METAMORPHISM ON THE PRIMARY CHEMICAL COMPOSITIONS 

OF BARBERTON KOMATIITES: NEW EVIDENCE FROM 
GEOCHEMICAL (REE) AND ISOTOPIC (Nd, 0, H, 39Arf40Ar) 

DATA 

C. Lécuyer, G. Gruau, S. Fourcade and C.R. Anhaeusser 

Article soumis à publication dans Geochimica et Cosmochimica Acta 

Abstract - Numerous greenstone relies, ali containing the lowermost formations of the 

Onverwacht Group, occur in the Archean trondhjemitic/tonalitic gneiss terrains south of the 

Barberton Greenstone Belt. In this study, we report sorne detailed petrological, geochemical and 

isotopie (Nd, 0, H, 40 ArJ39 Ar) data obtained on komatiites and komatiitic basalts from the 

Schapenburg Greenstone Remnant (SGR), the largest and best-preserved greenstone relie. The 

main goals are 1) to date the metamorphism affecting the SGR, using the 40Arj39 Ar dating method 

on amphiboles, 2) to evaluate the effect of metamorphism on the preservation of primary isotopie 

and chemical signatures and, 3) to estimate the temperature and water/rock ratios that prevailed 

during metamorphic recrystallization in order to constrain the composition and origin of the reacting 

fluid phase. 

39 Arj40Ar ages of 2.9 Ga obtained on two amphibole separates from the Schapenburg 

metavolcanics reveal the existence of a metamorphic event younger than the emplacement age (3.5 

Ga). This metamorphic event belongs to a series of discrete periods of thermal activity from 3.4 to 2 

Ga, each of them coinciding with a major episode of plutonic or volcanic activity. The ultrabasic 

lava flows acquired their B18Q values (from +3.2 to +5o/oo) at high temperature (=450°C) under high 

water/rock ratios. The reacting water had initial isotopie values which are typical of metamorphic 

fluids (B18Q= +5 to + 7 o/oo; BD= -65 to -50o/oo), and may contain a major contribution from magmatic 

fluids derived from the neighbouring TIG plutons. 

REE patterns are not disturbed by metamorphic recrystallization. Despite the long time interval 

between emplacement and metamorphism (=600 Ma), ENd(T) values are homogeneous throughout 

the whole magmatic suite, indicating that the Sm-Nd system was a closed system on the sample 

scale during metamorphism. From the Nd dataset it is deduced that the ultimate mantle source of 

these greenstones was depleted in LREEs (€.Nd(T)=+2.5), i.e. the source had a 147SmJ144Nd ratio 

higher than the chondritic reservoir. 

Chemical fluxes during metamorphism were calculated for those elements which are 

unfractionated by olivine removal (e.g. Na, Ca, Ti, Al and Sr), by normalizing toNd. They suggest 

a significant mobility of most major elements in the cumulate zones of the lava flows. By contrast, 

spinifex zones appear to have preserved most of their primary chemical signatures during 
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metamorphic recrystallization. Their CaO/Al2Û3 and Al2üYTiÜ2 ratios can be used with a high level 

of confidence in determining the PT conditions of mel ting in the mantle source. 

A general model of water-rock interactions applied to the sedimentary and magmatic rocks of the 

Onverwacht Group is also presented. The model involves conditions of metamorphism deduced 

from this study and available data from the literature. In addition to metavolcanic rocks, most of the 

oxygen isotope compositions of carbonates and cherts (except the highest values) can be explained 

by reequilibration with metamorphic fluids under greenschist-amphibolite facies conditions 

INTRODUCTION 

Komatiites are ultrabasic volcanic rocks (MgO contents up to 30%) which occur 
mainly in Archean greenstone belts. A consideration of chemical compositions, 
geographical distribution, and age data indicate that komatiites may provide useful 
evidence of the composition of the Archean mande (e.g. JAHN et al., 1982; 
ARNDT, 1986; SMITH and LUDDEN, 1989; GRUAU et al., 1990a-b). However, 
the invariably altered and/or metamorphosed nature of these rocks casts sorne 
doubt on their capacity to preserve primary chemical and isotopie signatures. 
Authors have recendy concluded that many elements, including the reputedly 
immobile REEs, could be partly or even totally reset during the alteration and 
metamorphism of komatiites (ARNDT et al., 1989; TOURPIN et al., 1991; 
GRUAU et al., 1992). 

The ca. 3.5 Ga-old Onverwacht Group from the Barberton Greenstone Belt 
(BGB) of southem Africa (Fig. 1) contains the oldest recognizable komatiites 
worldwide. Komatiites from the Onverwacht Group are important for two 
reasons. Firstly, they represent the type locality for Al-depleted or Group II 
komatiites. Al-depleted or Group II komatiites are a particular category of 
komatiites, occurring mainly in early Archean terrains, which have lower 
Al203/Ti02 ratios, but higher CaO/Al203 and (Gd!Yb)N ratios than chondrites 
(e.g. JAHN et al., 1982; ARNDT, 1986; GRUAU et al., 1990a). According to 
recent studies, the peculiar composition of these komatiites would arise because 
they fonned by partial melting of deep mande diapirs (>400 km) leaving majorite 
gamet as residual phase (e.g. GRUAU et al., 1990a; HERZBERG, 1992). 
Secondly, these komatiites have initia1143Ndf144Nd ratios close to the chondritic 
reference (ENd(T)=O; HAMILTON et al., 1979; 1983; GRUAU et al., 1990b); this 
feature is unusual in ancient greenstones worldwide. Other examples, such as the 
3.5 Ga-old Pilbara komatiites from Western Australia, give initial 143Ndf144N d 
ratios that are significandy higher than the chondritic value (ENd(T)>O; see 
compilation in SMITH and LUDDEN, 1989). 
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SAMPLES AND ANALYTICAL METHODS 

With the aim of studying elemental mobility and fluid-rock interactions in the 
Schapenburg greenstones, 23 whole-rock samples - 15 komatiites (MgO = 26 to 
32%) and 8 komatiitic basalts (MgO = 15 to 20%)-were selected for geochemical 
(major and trace elements) and isotopie (Nd, 0) analysis. Mineral separates from 
three of the komatiitic basait samples (SC16, SC19, and SC20) were also analysed: 
amphibole (0, H, Ar/Ar) and magnetite (0). The location of samples is given in 
Fig. 2. Mineral proportions calculated from whole-rock chemistry and mineral 
compositions are presented in Table 1. 

The komatiite samples come from three of four superimposed spinifex-textured 
komatiite lava flows (Fig.2), the so-called Carl's Flow (samples Cl to C6), 
Patrick's Flow (samples PDl to PD4) and Patricia's Flow (samples Pl to P5). 
Gavin's Flow (68 cm thick), situated between Carl's Flow and Patricia's Flow, was 
not sampled because of difficulty in obtainning a complete samples set 
representative of the different texturai components of the flow. Magma tic textures 
in the three flows studied are remarkably well-preserved (Fig. 2): variations in 
the size and shape of spinifex, for example, are still recognizable and may be 
mapped in detail. Furthermore, breccia zones are preserved intact at the top of 
Patricia's and Carl's Flows. 

Mineralogically, ail samples consist entirely of secondary assemblages with no 
relie igneous phases. In the komatiite flow samples, serpentine and amphibole are 
the two dominant phases (up to 70 and 60 weight %, respective! y; Table 1 ). 
Chlorite and magnetite also occur, but in subordinate amounts �(�~�1�0�%� each) and 
rare ilmenite grains are locally present. In the basaltic komatiite samples, 
amphibole is by far the most abundant mineral (up to 99%; Table 1), while 
serpentine and chlorite are absent. Min or phases are magnetite �(�~�1� 0%) and 
ilmenite (a few grains). 

Ali who le-rock analyses were performed at Rennes University, except for the 
komatiites which were analysed for major elements and Rb, Sr, Zr, Y, V, Ni, and 
Cr at the University of Witwatersrand, South Africa. Concentrations of major 
elements and Rb, Sr, Zr, Y, V, Ni, and Cr were determined by XRF, while the 
REEs were analysed by the isotope dilution method. The precision is estimated at 
1-5% for major elements, except for MnO (only 10%). For Rb, Sr, Zr, Y, V, Ni, 
and Cr, precisions are of the order of 10% for concentrations lower than 30 ppm. 
For concentrations higher than 30 ppm, the precision is reduced to 3%. Analytical 
errors for the REE - including chemical processing, blank effects, uncertainty in 
spike calibration and mass spectrometry runs - are estimated at about 5% for La 
and Lu, 3% for Gd and 2% for the other REE. Blanks were lower than l*I0-9g. 
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However, komatiites from the Onverwacht Group are not fresh rocks; they have 
all suffered sorne alteration and metamorphism. The grade of metamorphism is 
generally in the upper greenschist or lower amphibolite facies (e.g. VIUOEN and 
VILJOEN, 1969a). The precise context of this metamorphism remains a matter of 
debate. HOFFMAN et al. (1986) have ascribed recrystallization effects to sea­
floor metamorphism on the basis of the apparent similarity between the o180 
values of Onverwacht Group volcanic rocks and Phanerozoic ophiolites. CLOETE 
(1991), has recently criticised this interpretation, pointing out that the actual 
mineral composition of pillow lavas from the Komati Formation in the 
Onverwacht Group is not consistent with sea-floor metamorphism. VILJOEN and 
VILJOEN (1969a) and ANHAEUSSER (1983), on the other hand, emphasized the 
role of dynamothermal contact metamorphism related to the emplacement of 
numerous granitic batholiths into the BGB (Fig. 1 ). 

Severa! attempts have been made to date the metamorphic recrystallization event 
affecting the Onverwacht Group komatiites, mainly by using the 40 Arf39 Ar 
method. Very old 40 Arf39 Ar ages - in the range 3450-3490 Ma - were obtained by 
LOPEZ-MARTINEZ et al.(1984) for a suite of komatiites and basaltic komatiites 
from the type section of the Komati Formation in the Onverwacht Group. These 
ages are indistinguishable from the 3480-3450 Ma zircon ages which are generally 
thought to represent the eruption age of the Onverwacht Group komatiites (e.g. 
KRÙNER and TODT, 1988; ARMSTRONG et al., 1990). However, LOPEZ­
MARTINEZ et al. (1984) have also obtained 40Arf39Ar ages which are 
significantly younger: 3300-3225 Ma (see also LOPEZ-MARTINEZ et al., 1992). 
Furthermore, 40Arf39Ar ages as young as 2700 and 2100 Ma were recently 
reported for metasediments from the overlying Fig Tree Group (DERONDE et 
al., 1991). According to this study (op. cit.), the period around 2700 Ma 
corresponds to final granitic plutonism, or/and craton-scale deformation 
associated with the Limpopo oro geny. 

The estimation of the o180 value of ancient seawater is one of the key issues of 
current research in Earth Sciences (e.g. KARHU and EPSTEIN, 1986; VEIZER et 
al., 1989a-b ). In this respect, the Onverwacht Group komatiites are of particular 
interest if they contain the oxygen isotopie record of an interaction with Archean 
seawater, as argued by HOFFMAN et al. (1986). Nevertheless, it should be borne 
in mind that the similarity of o180 values between the Onverwacht Group 
volcanic rocks and Phanerozoic ophiolites does not necessarily imply that the 
re acting fluids resembled seawater. The o 180 values of altered rocks are also a 
function of water/rock ratios and temperature of interaction, as well as of the 
nature and relative proportions of the newly-formed mineral phases. These 
parameters may have been different in Phanerozoic ophiolites as compared with 
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earl y Archean komatiites. SMITH et al. (1984 ), in an investigation of the oxygen 
isotope compositions of the Onverwacht Group volcanic rocks, concluded that 
"detailed modelling of Sl8Q values in Onverwacht Group komatiite lava flows 
indicates that magmatic or primitive waters (S180=+ 7 to +5o/oo) could have been 
the major fluids responsible for the hydration of the lavas at temperature of 240-
450 °C". 

Numerous greenstone relies, ail containing the lowermost formations of the 
Onverwacht Group, occur in the Archean trondhjemitic/tonalitic gneiss terrains 
south of the BGB (e.g. ANHAEUSSER, 1980; Fig. 1). In the present study, we 
report sorne detailed petrological, geochemical and isotopie (Nd, 0, H, 
40Arf39 Ar) data obtained on komatiites and komatiitic basalts from the 
Schapenburg Greenstone Remnant (SGR), the largest and best-preserved 
greenstone relie. The aims of this work are as follows: 

1) to determine the age of metamorphism affecting the SGR, using the 
40 Arf39 Ar da ting method on amphiboles; 

2) to evaluate, in relation to recent studies by ARNDT et al. (1989), TOURPIN 
et al. (1991), and GRUAU et al. (1992), the effect of metamorphism on the 
preservation of primary isotopie and chemical signatures in sorne of the oldest 
known komatiites; and 

3) to estima te the water/rock ratios that obtained during metamorphic 
recrystallization and to constrain the nature and origin of the associated fluid 
phase. 

GEOLOGICAL SETTING 

The geology of the Schapenburg Greenstone Remnant (SGR) and surrounding 
granite-gneiss terrain is described in detail by ANHAEUSSER (1983; 1991), so 
only a brief account is given here. The SGR, which is approximately 12 km long 
with a maximum width of 2.5 km, is a typical greenstone succession consisting 
largely of altemating volcanic and sedimentary units, and belongs to a trail of km­
sized greenstone fragments that crop out within the trondjhemitic/tonalitic gneisses 
that border the BGB (ANHAEUSSER and ROBB, 1980; Fig. 1). In sorne cases 
detailed mapping bas revealed a lithological continuity between these fragments 
and the BGB (VIUOEN and VIUOEN, 1969b). On the basis of this observation, 
VIUOEN and VIUOEN (1969b) and ANHAEUSSER (1980) proposed that the 
greenstone lithologies found in the remnants are equivalent to the lowermost 
formations of the Onverwacht Group of the BGB - namely, the Sandspruit, 
Theespruit and Komati Formations. Recent high-precision U-Pb zircon results for 
the Theespruit and overlying Komati Formations of the BGB date the deposition 
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of the lowermost volcano-sedimentary units of the Onverwacht Group at around 
3480-3450 Ma (e.g. ARMSTRONG et al., 1990). 

As can be seen in Figure 1, extensive granitic plutonic activity is characteristic 
of the Barberton Mountain Land. The volumetrically dominant intrusions in the 
vicinity of Schapenburg are the Mpuzuli and Heerenveen batholiths (Fig. 1). Both 
batholiths are composite. The Mpuzuli batholith is composed of pinkish medium to 
coarse-grained adamellite with sorne minor granodiorite. The Heerenveen 
batholith is zoned, with a central part made of very coarse-grained trondjhemite, 
and an outer zone composed of adamellite and granodiorite grading into nebulitic 
and migmatitic zones near the batholith margins (ANHAEUSSER and ROBB, 
1983). The two composite batholiths, together with the Nelspruit batholith located 
further north, belong to the second magmatic episode of ANHAEUSSER and 
ROBB (1981), which occurred around 3100-3000 Ma ago (see review of 
radiometrie ages in KAMO and DAVIS, 1991; see also BARTON et al., 1983). 

Dornes of trondjhemitic/tonalitic gneisses (e.g. the Baadplass and Stolzburg 
plutons) outcrop to the North and northeast (Fig. 1). They belong to the first 
magmatic episode defined by ANHAUESSER and ROBB (1981), generally 
yielding ages older than the Mpuzuli and Heerenveen batholiths: for example, the 
Stolzburg pluton is dated at 3445±4 Ma by the U-Pb method on zircon (KAMO 
and DAVIS, 1991). 

With rare exception the SGR and the Mpuzuli and Heerenveen batholiths are 
never in direct contact, the SGR being usually flanked by zones of foliated 
trondjhemitic gneisses and migmatites. No age data are available on these rock­
units in the immediate vicinity of the SGR, although BARTON et al. (1983) has 
reported whole-rock Rb-Sr isochron ages of 2916+33 Ma and 2939+75 Ma, 
respectively, for strongly foliated trondjhemitic gneisses occurring in the area 
north of the Mpuzuli batholith on the farms Weergevonden and Theeboom (Fig. 
1). Recent U-Pb zircon dating of the TTG gneiss suite in the southern part of the 
BGB has indicated, however, that these units are all approximately 3440 Ma old 
(KAMO and DA VIS, 1991) and are considerably older than the Rb-Sr whole-rock 
ages previously obtained for this suite. 

Minor amounts of syenite were also emplaced in this terrain. The Boesmanskop 
pluton, which is located approximately 20 km NE of the SGR (Fig. 1) forms part 
of this suite and yields a Rb-Sr whole-rock isochron age of 2848+31 Ma 
(BARTON et al., 1983). As with the TTG suite the U-Pb zircon age for this 
syenite pluton has been shown by KAMO and DAVIS (1991) to be older at 
3107+1Ma. It is now evident that the Rb-Sr ages are generally imprecise and, 
because the BGB has experienced a protacted magma tic his tory, the Rb-Sr 
systematics of the older plutons may have been affected by thermal perturbations 
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and/or hydrothermal alteration associated with the emplacement of younger rocks 
(KAMO and DAVIS, 1991). 

The magmatic episodes involving the emplacement of granitic rocks south of the 
BGB were followed by other igneous and volcanic events that may have relevance 
to the thermal history of rocks in the Schapenburg region discussed later in this 
contribution. Volcanic rocks forming part of the N suze Group crop out 
approximately 20 km SE of the SGR. Similar rocks, which form part of the 
Pongola Sequence, yielded a U-Pb zircon age of 2490±22 Ma that is consistent 
with the Sm-Nd whole-rock age of 2934±114 and a younger Rb-Sr whole-rock 
isochron age of 2883+69 Ma (REGNER et al., 1984 ). 

Also in this area southeast of the SGR is the Ushuswana Igneous Suite (VIS) 
comprising mainly olivine pyroxenite and gabbroic rocks. The VIS occurs as a 
layered dyke-like body extending from NW Swaziland into South Africain a NW­
SE direction parallel to a prominent mafic dyke swarm that extends throughout 
the region south of the BGB. An internai Sm-Nd isochron age of 2871+30 Ma for 
the VIS (HEGNER et al., 1984) agrees with an earlier Rb-Sr wh ole rock age of 
2870±38 Ma obtained for the Usushwana Complex by DA VIES et al. (1970). The 
dykes, which are mainly doleritic, have not been radiometrically dated, but the 
regional geology and field relationships suggest that dyke intrusion probably 
culmunated around 1800-2400 Ma (ANHAEUSSER, 1983). 

Volcano-sedimentary sequences in the SGR generally comprise peridotitic 
komatiite flows at the base (MgO contents ranging from 25 to 35%), which are 
overlain by basaltic komatiites (Mg0=15-20%). Banded silicate-facies iron 
formations usually fonn the cap of each sequence. Also present in the SGR is a 
well-developed succession of metagreywackes and metapelites. 

As commonly observed throughout the Barberton Mountain Land, rocks of the 
SGR have suffered pervasive alteration and metamorphism. Although sorne 
primary textures are locally preserved (e.g., spinifex in komatiite lava flows), 
metamorphic recrystallization bas resulted in a complete obliteration of all the 
primary mineral assemblages. 

As shown by ANHAEUSSER (1983), metamorphic grade in the SGR is a 
function of distance to the granitic-orthogneissic intrusions. Within the 
predominant mafic/ultramafic rocks, metamorphism grades from upper 
greenschist to amphibolite facies towards the intrusions, a zonation which suggests 
a dynamothermal or contact-type metamorphism. The presence of 
cordierite+staurolite assemblages, as well as the occurrence of local incipient 
melting in sorne of the metagreywackes, indicate T-P conditions between 500 and 
700°C, and 2.5 and 3.5 Kb for this metamorphism (ANHAEUSSER, 1983). 
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Table 1: Modal composition (in weigh %) of Schapenburg komatiites and komatiitic basalts a 

Sample N° Serpentine Amphibole Chio rite Magnetite MSWD 
Carl's Flow 

Cl 47.1±6.8 33.4±3.6 12.4±4.6 7.0±1.0 0.41 
C2 71.2±9.7 14.3±5.9 6.0±7.5 8.5±1.5 0.66 
C3 47.4±9.5 41.6±5.8 5.9±7.3 5.1±1.5 0.64 
C4 23.0±6.1 59.9±3.7 7.4±4.7 9.7±1.0 0.41 
cs 32.9±6.7 52.7±4.6 5.4±5.0 9.0±1.2 0.51 
C6 25.2±1.8 55.8±1.2 10.8±1.3 8.2±0.3 0.13 
Patricia's Flow 

Pl 70.2±8.4 19.5±5.1 1.4±6.4 8.9±1.3 0.56 
P2 39.9±9.2 44.2±5.6 9.3±7.1 6.6±1.5 0.62 
P3 23.5±6.0 62.7±3.6 6.2±4.5 7.5±1.0 0.40 
P4 27.7±4.3 55.6±2.6 7.5±3.3 9.3±1.0 0.29 
PS 28.8±4.6 54.9±2.8 7.0±3.5 9.3±1.0 0.31 

Patrick's Flow 
PDl 69.8±8.9 16.3±5.4 4.4±6.8 9.4±1.4 0.60 
PD2 26.1±6.8 57.1±4.1 10.0±5.2 6.8±1.0 0.45 
PD3 31.7±6.7 50.2±4.1 9.0±5.1 9.1±1.0 0.45 
PD4 23.6±6.4 58.4±3.9 9.4±4.9 8.6±1.0 0.43 
Komatiitic Basalts 

SC15 0.0 98.8±2.2 0.0 1.1±2.2 0.83 
SC16 0.0 94.9±2.0 0.0 5.1±2.0 0.76 
SC17 0.0 95.9±2.8 0.0 4.1±2.8 1.05 
SC18 0.0 93.9±2.7 0.0 6.0±2.7 1.01 
SC19 0.0 91.9±3.0 0.0 8.1±3.0 1.32 
SC20 0.0 92.5±1.7 0.0 7.6±1.7 0.73 
SC21 0.0 94.0±2.1 0.0 5.9±2.1 0.92 
SC22 0.0 91.9±2.2 0.0 8.1±2.2 0.98 

a Calculated from whole-rock and mineral major element compositions using the 
!east-squares method of Bryan et al. (1969) 
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143Ndf144Nd and 147Smf144Nd ratios were detennined following the procedure 
described in GRUAU et al. (1987). 143Ndj144Nd ratios were measured using a 
single-collector TSN 206 Cameca mass spectrometer. Ail ratios were normalized 
against 146Ndj144Nd = 0.7219 for isotopie fractionation effects. Results from the 
La Jolla Nd standard during the course of this study (35 separate runs) were 
143Ndf144Nd = 0.511877+38 (2crpop). Ali measured 143Ndj144Nd ratios were thus 
corrected (- 0.000017) to be consistent with the La Jolla reference value of 
0.511860. Blanks for Nd and Sm were lower than 0.2*10-9g and 0.05*10-9g, 
respectively. Measured and calculated initial 143Ndj144Nd ratios are quoted 
throughout the text and in Table 4 in the €Nd notation of DEPAOLO and 
WASSERBURG (1976) as deviations in part per 104 from the growth curve. The 
present-day 143Ndj144Nd and 147Smf144Nd ratios for the chondritic reference 
reservoir are those detennined by JACOBSEN and WASSERBURG (1980). 

Oxygen was extracted using the BrFs method (CLA YTON and MA YEDA, 
1963) and analysed as C02 gas on a triple-collector VG SIRA 10 mass 
spectrometer. Isotopie compositions are quoted in the standard ô notation relative 
to VSMOW. Results from the NBS28 standard during the course of this study 
gave ô180=+9.5 + 0.2%o{2crm). 

Microprobe analyses of minerais were performed at the IFREMER laboratory 
at Brest. Amphibole and magnetite separates were obtained by using conventional 
magnetic methods combined with handpicking. Oxygen isotopie compositions of 
whole-rocks, amphibole and magnetite SC16 were determined at Rennes 
University, while the D/H compositions of amphiboles SC16, SC19 and SC20 were 
measured at the University of Michigan at Ann Arbor. The method used for 
hydrogen isotopie analysis is adapted from KENDALL and COPLEN (1985). 
After reduction of water extracted with zinc (500°C), hydrogen was analysed on a 
Finnigan MAT mass-spectrometer with automatic H3+ correction. D/H ratios are 
reported in the conventional ôD notation relative to VSMOW. Analyses of the 
NBS biotite standard at the University of Michigan during the course of this study 
gave ôD= -63+ 1 %o. 

40Arj39Ar analyses of amphiboles SC16 and SC19 were carried out at the 
University of Montpellier, following the procedure described in MONIÉ et al. 
(1984). 
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RESULTS 

Microprobe analyses of metamorphic minerais 

Representative microprobe analyses of the metamorphic minerais, along with 
their structural formulae, are presented in Table 2.. Structural formulae of 
amphiboles were calculated following the procedure of MÉVEL (1984). 

Amphibole compositions in the komatiitic basalt and komatiite samples are not 
identical. In the former, the amphibole is a Mg-hornblende (AllY ==0.9; Na+K==0.4; 
Mg/Mg+ Fe2+==0.8). In the komatiite samples, the amphibole shows higher 
Mg/Mg+Fe2+ ratios (==0.95) and lower concentrations of Al, Na and Cr (Table 2). 
In the classification diagrams of LEAKE (1978), amphiboles from the komatiite 
samples are identified as tremolite. 

Chlorite analyses were normalised to 14 anhydrous oxygens, and total Fe was 
computed as Fe2+. Chlorite, which is present only in the komatiite samples, gives 
rather uniform compositions, with high Mg/Mg+Fe2+ (0.91-0.94). The 
proportions of AliV and AIVI are similar (==1.0), suggesting crystallization under 
low to moderate pressure conditions (LAIRD, 1988). Chlorite is identified as 
clinochlore in the classification of BA YLISS (1975). Note that the Na20, K20 and 
CaO contents always remain very low (<0.5%; Table 2), indicating that the 
common problem of submicroscopic intergrowths of chlorite and other sheet 
silicates (ERNST, 1983) was not encountered in the present study. 

Serpentine in the komatiite samples is dominantly antigorite (X-ray 
diffractometry). It often contains traces of Cl (0.035-0.072%), while Mg/(Mg+Fe) 
ratios are in the range 0.91-0.94 (Table 2). 

Compositions of Fe-Ti oxides are rather uniform (Table 2). Magnetite and Ti­
magnetite are dominant, while ilmenite (systematically found in small-scale 
association with magnetite grains) is very subordinate (a few grains). Ti02 and 
Cr203 contents in Ti-magnetites and magnetites reach 2% and 6%, respectively. 
Significant proportions of Al203 are also measured (up to ==5%; Table 2) 

Major and trace element compositions and REE patterns of whole­
rock samples 

Ali studied samples are basic-ultrabasic rocks (Table 3). MgO contents are 14.5-
19.6% in the komatiitic basalts and 25.5-31.8% in the komatiites. Major and trace 
elements contents vary little in the komatiitic basalts (e.g. Al2Û3=5.3-6.0%; 
Ca0=9.6-12%; Ti02=0.54-0.65%; Zr=40-45ppm). In the komatiite lava flows, 
concentrations are also fairly uniform (e.g. Ah03=2.5-5.1 %; Ti02=0.15-0.41 %), 



Table 2: Composition of metamorphic minerais 

Sample N° Cl C6 C6 SC16 Sample N° Cl C6 C6 SC16 SC20 
Rock Type komatiite komatiite komatiite komatiitic Rock Type komatiite komatiite komatiite komatiitic komatiitic 

basait basait basait 
Mineral amphibole amphibole amphibole amphibole Mineral magnetite ilmenite magnetite magnetite magnetite 

Si01 (%) 55.34 54.11 54.02 49.12 Ti01 (%) 0.17 49.58 1.76 0.49 1.89 
AI10l 2.16 3.11 3.28 6.99 AhOl 2.37 1.44 1.21 1.04 4.67 
Ti01 0.14 0.14 0.23 0.35 Cr10l 0.05 0.16 5.91 4.42 3.97 
Cr10l 0.24 0.16 0.05 0.34 FeO 27.18 38.66 29.52 30.36 32.98 
FeO 3.29 4.19 3.91 9.37 Fe10l 62.07 0.93 52.17 59.38 54.84 
MnO 0.25 0.11 0.22 0.09 MnO 0.07 2.59 0.31 0.00 0.24 
MgO 22.59 21.60 21.77 17.11 MgO 1.50 1.85 0.25 0.03 0.03 
CaO 12.35 12.23 12.24 11.66 Total 93.41 95.22 91.13 95.72 98.63 
Na10 0.59 0.78 0.75 1.53 
K20 0.02 0.08 0.07 0.08 Ti 0.041 1.934 0.440 0.119 0.450 
Cl 0.00 0.00 0.01 0.01 Al 0.898 0.088 0.477 0.391 1.742 
Total 96.95 96.50 96.55 96.65 Cr 0.011 0.007 1.558 1.116 0.993 

Fel+ 15.008 0.036 13.086 14.257 12.365 �~� 
w 

Si 7.683 7.592 7.564 7.098 Fel+ 7.304 1.677 8.230 8.107 8.372 .j:>. 

Ali V 0.317 0.408 0.436 0.902 Mn 0.019 0.114 0.088 0.000 0.065 
A lVI 0.037 0.106 0.105 0.289 Mg 0.718 0.143 0.122 0.012 0.013 
Ti 0.015 0.014 0.024 0.037 
Cr 0.026 0.018 0.006 0.038 
Fel+ 0.063 0.030 0.062 0.058 
Fel+ 0.155 0.302 0.233 0.881 
Mn 0.029 0.012 0.026 0.011 
Mg 4.674 4.518 4.544 3.685 
FeM4 0.163 0.161 0.164 0.194 
Ca 1.837 1.839 1.836 1.806 
Na A 0.158 0.212 0.203 0.428 
K 0.003 0.014 0.013 0.014 

Mg/(Mg+Fel+) 0.968 0.937 0.951 0.807 
Fel+/Mg 0.033 0.067 0.051 0.239 



Table 2: (continue) 

Sample N° Cl Cl C3 C3 Sample N° C3 C3 C3 · C6 
Rock Type komatiite komatiite komatiite komatiite Rock Type komatiite komatiite komatiite komatiite 
Mineral Serpentine Serpentine Serpentine Serpentine Mineral Chlorite Chlorite Chio rite Chlorite 

SiOz(%) 42.21 42.94 41.39 41.42 SiOz (%) 28.99 28.78 29.61 31.22 
AlzOJ 1.80 1.00 0.55 0.67 AlzOJ 17.52 16.94 17.46 18.80 
FeO 5.43 4.72 5.98 4.03 Ti02 0.06 0.07 0.04 0.01 
MnO 0.22 0.05 0.08 0.00 FeO 3.92 3.96 3.70 5.03 
MgO 36.26 37.37 34.90 36.38 MnO 0.00 0.00 0.01 0.09 
CaO 0.04 0.00 0.00 0.01 MgO 30.47 29.44 30.42 30.23 
Na20 0.01 0.01 0.01 0.04 CaO 0.03 0.00 0.01 0.05 
KzO 0.00 0.00 0.00 0.00 Na20 0.00 0.03 0.04 0.00 
Cr203 0.19 0.04 0.00 0.06 K20 0.02 0.02 0.00 0.00 
Cl 0.07 0.06 0.04 n.d. Cr203 0.82 0.94 0.85 0.44 
NiO n.d. n.d. n.d. 0.22 Cl 0.00 0.07 n.d. 0.00 
Total 86.23 86.18 82.95 82.84 NiO n.d. n.d. 0.18 n.d. 

Total 81.82 80.24 82.32 85.87 
Si 2.015 2.039 2.057 2.046 �~� 

w 
Al 0.101 0.056 0.032 0.039 Si 2.925 2.964 2.968 3.002 U1 

Fe 0.217 0.188 0.249 0.167 Ali V 1.075 1.036 1.032 0.997 
Mn 0.009 0.002 0.003 0.000 A lVI 1.009 1.020 1.030 1.132 
Mg 2.580 2.645 2.586 2.678 Ti 0.004 0.006 0.003 0.001 
Ca 0.002 0.000 0.000 0.001 Fe 0.331 0.341 0.310 0.404 
Na 0.001 0.001 0.001 0.004 Mg 4.583 4.518 4.547 4.333 
K 0.000 0.000 0.000 0.000 Mn 0.000 0.000 0.001 0.008 
Cr 0.007 0.001 0.000 0.002 Cr 0.065 0.076 0.067 0.033 
Mg/(Mg+Fe2+) 0.922 0.934 0.912 0.941 Ca 0.003 0.000 0.001 0.005 

Na 0.000 0.006 0.008 0.000 
K 0.002 0.002 0.000 0.000 
AIVI+2Ti+Cr-1 0.082 0.108 0.103 0.167 
Mn/(Mg+Fel+) 0.933 0.930 0.936 0.915 
Fe Mg 0.072 0.075 0.068 0.093 

n.d.: not determined 
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even though samples from the upper spinifex zones generally yield lower MgO, 
Ni, Cr, and higher Si02, CaO, Al203, Ti02, Na20, Zr, Sr, Y, and V contents 
than samples from the lower zones with no spinifex. Except for sorne of the 
komatiitic basalts (e.g. SC18), the degree of hydration is generally very high (2-
9% ), being related to variable amounts of serpentine and chlorite (Tables 1, 2 and 
3). 

As can be seen in Figure 3, the Al203/Ti02 and CaO/Ah03 ratios of 
Schapenburg greenstones are typical of Al-depleted or Group II komatiites (JAHN 
et al., 1982; GRUAU et al., 1990a). In the komatiitic basalts, both ratios are 
nearly constant (Al203/Ti02=10.0±0.7 (la); Ca0/Al203=1.8±0.1 (la)). In the 
komatiites, distributions are more variable, samples from the base of the flows 
generally yielding higher Al203/Ti02 (up to �~�1�7�)�,� but lower CaO/Ah03 ratios 
(down to 1.1) than samples from the upper zones with spinifex (Table 3; Fig. 3). 
Average values for the komatiite flow samples are 12.7+2.4(la) for Ah03/Ti02, 
and 1.6±0.3 (la) for CaO/Al203. 

REE concentrations (Table 3; Fig. 4) were determined in 8 komatiites (samples 
Cl to C6, P3, and PD3) and 4 komatiitic basalts (SC15, SC16, SC20, and SC21). 
Three important points should be underlined: 

-1) Apart from a variable Eu anomaly (Eu/Eu*=0.95-1.62), normalized 
patterns are remarkably similar (Fig. 4). Besides low Al203/Ti02 and high 
Ca0/Al203 ratios, another typical geochemical feature of Al-depleted or Group II 
komatiites is the existence of a systematic depletion in HREEs, a feature also 
observed in the present sample suite. The mean value of the (Gd/Yb )N ratio - i.e. 
the slope of the HREE pattern - for Al-depleted or Group II komatiites worldwide 
(including samples from the type section of the Onverwacht Group in the BGB) is 
1.4±0.2 (la) (GRUAU, persona! compilation; see also JAHN et al., 1982, and 
ARNDT, 1986). In the komatiites and basaltic komatiites from Schapenburg, the 
mean values of this ratio are 1.64±0.06 (la) and 1.54±0.04 (la), respectively. 

-2) Although ail the LREE patterns display a convex shape (maximum around 
Nd-Sm; Fig. 4), the depletion in La and Ce always remains moderate 
((La/Sm)N=0.92+0.06 (la)). A (La/Sm)N ratio close to 1.0 is common in most 
komatiites from Barberton (e.g. JAHN et al., 1982; GRUAU et al., 1990b), which 
is in marked contrast with the heavy depletion of LREEs generally observed 
elsewhere in this rock-type (see SMITH and LUDDEN, 1989, for data 
compilation). 

-3) good negative correlations are observed between the REEs, and the MgO 
and Ni concentrations. This is true on the scale of the whole sample suite, the 
komatiitic basalts having absolute REE concentrations about twice those of 
komatiites with higher MgO and Ni contents. This also applies at the scale of a 



TabBe 3: Major and trace elements in Schapenburg komatiites and komatiitic basalts 

Sample N" Pl Pl P3 P4 PS PDl PDl PD3 PD4 Cl Cl C3 C4 cs C6 sets SC16 SC17 SC18 SC19 SClO SCll SCll 
Patricia's now Patrick's now Carl's now 

LCZ LCZ LCZ usz usz LCZ LCZ usz usz LCZ LCZ LCZ usz usz usz KB KB KB KB KD KB KB KB 

Major elements 
SIOz(%) 41.25 44.09 47.09 45.60 45.45 40.11 45.91 44.43 45.89 43.14 39.52 45.10 45.69 44.61 45.30 48.84 48.56 49.40 48.33 48.68 48.03 48.75 49.00 
AtzOJ 2.66 3.52 3.85 4.24 4.09 2.90 3.96 4.08 4.45 4.40 2.54 3.47 4.03 3.71 5.07 6.03 5.81 5.89 5.97 6.34 5.48 5.30 5.99 
TI02 0.18 0.30 0.39 0.37 0.32 0.19 0.39 0.32 0.38 0.26 0.15 0.31 0.41 0.33 0.37 0.54 0.60 0.59 0.65 0.58 0.59 0.56 0.60 
Fez03 (EFe) 12.55 9.86 10.68 12.29 12.28 12.83 9.88 12.02 11.69 9.86 11.71 9.38 12.33 12.21 11.86 12.21 15.40 14.82 15.72 15.24 14.85 13.70 15.50 
MnO 0.12 0.18 0.18 0.18 0.17 0.11 0.18 0.19 0.18 0.15 0.13 0.18 0.18 0.17 0.18 0.21 0.24 0.23 0.25 0.27 0.23 0.20 0.23 
MgO 31.80 28.40 25.95 26.37 26.43 31.77 26.51 26.98 26.19 30.00 31.84 29.89 25.54 26.43 25.86 19.62 17.25 15.83 15.65 14.45 17.95 18.88 15.42 
CaO 3.46 6.40 8.15 7.12 7.08 3.14 1.59 6.81 7.73 4.96 2.99 6.16 7.85 7.15 6.77 9.63 10.00 10.65 10.38 12.11 10.26 10.15 10.77 
�N�a�;�~�O� 0.10 0.28 0.51 0.48 0.47 0.14 0.42 0.40 0.49 0.13 0.03 0.21 0.47 0.41 0.36 1.18 1.29 1.39 1.55 1.40 1.27 1.30 1.59 
KzO 0.05 0.06 0.07 0.07 0.08 0.05 0.08 O.o7 0.07 0.05 0.05 0.06 0.07 0.07 0.09 0.06 0.07 0.08 0.07 0.14 0.11 0.07 0.09 
PzOs 0.03 0.04 0.05 0.04 0.05 0.03 0.04 0.04 0.05 0.03 0.02 0.03 0.07 0.04 0.05 0.04 0.06 0.04 0.07 0.06 0.05 0.05 0.06 
L.O.I. 8.37 4.93 3.39 3.39 3.45 8.53 5.37 5.14 3.33 7.43 9.05 5.36 3.28 4.18 4.32 2.28 0.91 0.80 0.15 0.76 0.84 1.11 0.67 
Total 100.57 98.06 100.31 100.15 99.87 99.80 100.33 100.48 100.45 100.41 98.03 100.15 99.92 99.37 100.23 100.64 100.19 99.72 99.39 100.03 99.66 100.07 99.92 
AtzOJITIOz 14.78 11.73 9.87 11.46 12.78 15.26 10.15 12.75 11.71 16.92 16.93 11.19 9.83 11.42 13.70 11.17 9.68 9.98 9.18 10.93 9.29 9.46 9.98 
CaO/AlzOJ 1.30 1.82 2.12 1.68 1.73 1.08 1.92 1.67 1.74 1.13 1.18 1.78 1.95 1.90 1.34 1.60 1.72 1.81 1.74 1.91 1.87 1.92 1.80 

Trace elements 
Rb (p.p.m.) <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 1 <1 <1 2 <1 5 3 3 
Sr 21 61 69 15 76 19 65 60 79 31 2 50 82 71 70 51 104 75 lOS 87 68 79 75 
y 6 10 12 9 10 5 8 9 12 8 6 10 Il 12 7 12 12 Il 14 12 10 9 12 
Zr 9 16 23 17 17 9 20 22 21 14 32 15 20 19 16 44 42 42 45 41 42 40 43 �~� 
Nb 3 4 4 3 2 2 2 2 2 3 2 3 2 3 2 5 5 4 5 5 5 4 s w 

-...J 
NI 2016 1523 1313 1325 1335 2049 1293 1475 1253 1846 2165 1644 1070 1436 1485 718 516 443 532 368 624 713 411 
Cr 1812 2503 2592 2508 2477 1875 2645 2523 2597 2153 1696 2494 2552 2553 2297 1876 2515 1541 2556 1349 2346 2302 1958 

La 1.684 I.SIO 1.099 0.958 1.217 1.706 1.489 1.459 3.167 2.732 2.910 2.514 
Ce 4.692 4.056 3.080 2.726 3.523 4.685 4.236 3.942 6.618 7.537 7.770 6.904 
Nd 3.681 3.285 2.423 2.143 2.853 3.649 3.304 3.246 5.474 5.618 5.777 5.196 
Sm 1.147 1.029 0.758 0.643 0.887 1.136 1.028 1.002 1.572 1.697 1.714 1.566 
Eu 0.429 0.412 0.279 0.241 0.303 0.422 0.406 0.402 0.670 0.704 0.754 0.903 
Gd 1.412 1.258 0.931 0.784 1.098 1.420 1.257 1.273 1.967 2.069 2.073 1.897 
Dy 1.444 1.315 0.958 0.178 1.138 1.419 1.294 1.273 2.052 2.146 2.154 1.979 
Er 0.781 0.726 0.533 0.441 0.636 0.776 0.729 0.711 1.196 1.208 1.235 1.108 
Yb 0.662 0.624 0.464 0.406 0.552 0.664 0.618 0.611 1.060 1.042 1.068 1.005 
Lu 0.097 0.095 0.072 0.067 0.086 0.096 0.093 0.091 0.155 0.159 0.132 0.151 
(La/Sm)N 0.89 0.89 0.88 0.91 0.84 0.92 0.88 0.89 1.23 0.98 1.03 0.98 
(Gd/Yb)N 1.71 1.62 1.61 1.55 1.60 1.72 1.63 1.67 1.49 1.59 1.56 1.52 
Eu/Eu• 1.04 1.12 1.03 1.05 0.95 1.03 t.to 1.10 t.18 1.16 1.24 1.62 

L.O.I.: loss of ignition; LCZ: lower cwnulate zone; USZ: upper spinifex zone; KB: komatiitic basait 
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Figure 3: Ah03ffi02 vs. MgO and CaO/Ah03 vs. MgO plots. Fields of Group II 
komatiites are from Jahn et al. (1982) and Gruau et al. (1990a). 
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Figure 4: REE profiles. Normalizing values are from GRUAU et al. (1990b). 




















































































































































































































