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ABSTRACT 

The 3540 million year old komatiitic and tholeiitic lavas in the 

Onverwacht Group (Barberton greenstone belt) crop out in the rugged 

terrain of the eastern Transvaal lowveld. The results of an invest

igation into the geochemistry of the lavas, mainly from the three lower 

Formations of the Onverwacht Group - the Lower Ultramafic Unit (LUU) -

are reported.While the lavas generally show excellent textural preserv

ation, their primary phases have usually been reconstituted to greenschist 

facies mineral assemblages. Although original phenocryst phases are often 

pseudomorphed, they can still be identified from occasionally prese~-ved 

relict grains and from the secondary mineral assemblages. In this way 

all the major phases that occur in the various lava types could be ident

ified. However, before the geochemical data could be used to examine the 

effects of partial melting and/or crystal fractionation processes in the 

development of the magma compositions, it was necessary to investigate 

which elements had been redistributed by later metamorphic and other 

alteration events that have occurred in the history of the lavas. 

The effects of alteration processes on the chemistry of the LUU 

volcanic rocks were investigated using a suite of komatiite pillow lava 

samples. Precise X-ray fluorescence analysis of 25 major and trace elements~ 

demonstrates significant compositional variability for some elements, both 

within individual pillows and between pillows from the same flow. Observed 

variations of concentration have been considered in relation to the ex

pected analytical error (±2 standard deviations). The elements: Si, Ti·' 

Al, P, Nb, Zr, Y, Co, V and Sc are considered to have remained immobile 

in the pillow lavas as they do not show significant variations of. con

centration. Variations in the concentrations of the elements: Fe, Mn, 

Mg, Ca, Cr, Ni and Ga are small, but significant and can be accounted for 

either by the fractionation of phenocryst phases (e.g. Cr in chromite), 

or by the formation of secondary mineral phases (e.g. Ca, Fe and Ga in 

epidote). It is considered that these elements can be used for inter-

preting the igneous processes that have affected the lavas, provided 

samples selected for analysis show good preservation of their igneous 

textures, contain some relict igneous minerals and cio not contain 3bundant 

.amounts of secondary minerals such as epidote or chlorite. Large variat

ions in the concentrations of the elements Na, K, S, Sr, Rb, Ba, Cu and Zn 
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are observed and the changes of concentration of some of the elements 

(e.g. Sand Cu), by analogy with the alteration patterns observed in 

modern ocean floor pillow lavas can be attributed to sea water alterat

ion processes. However, it is considered that the concentrations of 

this latter group of elements have been significantly modified by the 

alteration processes (sensu lato) that have affected the LUU lavas and 

consequently, they have not been used for interpretation and modelling 

of the data from komatiite and thoeliite lavas. 

The effects of crystal fractionation processes in thin komatiite 

flows from the Komati Formation have been investigated in order to 

ascertain the importance of such processes in modifying lava composit

ions. Samples through sections of two flows have been analysed, the 

first, a 3.1 m thick spinifex textured ultramafic flow and the second, 

a 7.3 m thick mafic flow. Detailed modelling shows that the range of 

compositions occurring in the ultramafic flow (25-32% MgO) can be account

ed for by the crystallisation and settling of olivine phenocrysts, before 

the flow solidified. Variations of composition in the mafic flow (12-19% 

MgO) can be accounted for by the crystallisation and accumulation of 

olivine and clinopyroxene. The fact that relatively thin lava flows 

· were significantly affected by crystal fractionation processes before 

solidification, illustrates the importance of selecting phenocryst free 

samples for classification purposes, to ensure that geochemical para

meters (e.g. Ca0/Al 203) have not been accentuated by the accumulation 

of phenocryst phases such as clinopyroxene. 

Numerous classification schemes for komatiites are currently being 

employed in the literature. Evaluation of these schemes shows that 

there are many common parameters used for defining the rocks, ·s.uch as 

general agreement that komatiites are a different suite of rocks from 

tholeiites, that .textural criteria should also be included in the defin

ition and that not all komatiites (including many samples from the Bar

berton greenstone belt) have Ca0/A1 2o3 ratios >l. However, there is 

very little agreement on precisely which geochemical parameters should 

be used to define komatiites. In this work a three fold division of 

·the komatiites is proposed, which is simpler than the five fold division 

proposed originally by Viljoen and Viljoen (1969c). An attempt has been·· 

made to include the points of agreement listed above into the defining 

parameters. The three komatiite types are:-
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a) Ultramafic Komatiites (>24% MgO) which incorporate the 

Komati Formation and Sandspruit Fonnation peridotitic 

komatiites of Viljoen and Viljoen (1969c,d). 

b) High-Mg }fafic Komatiites (19-24% HgO) which are approximately 

equivalent to the Geluk type of basaltic komatiites of 

Viljoen and Viljoen (1969c). 

c) Low-Mg Mafic Komatiites (8-16% MgO) which incorporate the 

Barberton and Badplaas types of basaltic komatiites of 

Viljoen and Viljoen (1969c). 

Tholeiitic basalts are readily distinguished from komatiites in the 

LUU, as komatiites generally contain ~12% Al 2o3 and ~600 ppm Cr, ~n1ile 

the tholeiites contain ~13.5% Al203 and ~300 ppm Cr. 

Two groups of ultramafic kornatiites have been identified from the 

LUU. The group I lavas are rare and characterized by Al/Ti ratios of 

20, while the group II lavas are common and characterized by Al/Ti ratios 

of 10. Certain major and trace element trends (e.g. CaO-MgO) displayed 

by the group II aphyric lavas (aphyric samples are considered to represent 

phenocryst free magma compositions) indicate that olivi'ne differentiation, 

either by low pressure crystallisation or by melting in the mantle, could 

not have generated the range of ultramafic magma compositions (24-33% MgO). 

In contrast, the group I aphyric lavas (25-33% MgO) have compositional 

trends that are comp'11tible with differentiation of olivine alone, either 

by melting processes in the mantle or by.the crystallisation and settling 

of olivine in the magmas. 

The group I and II porphyritic ultramafic kcmatiites (30-45% MgO) 

have textures, mineralogies and compositions consistent with their deriv

ation from their respective magmas by olivine accumulation. Calculations 

of viscosities and phenocryst settling rates suggest that olivine pheno

crysts could have settled through stationary ultr~~afic liquids with 

velocities in the order of m/hour. These rapid settling rates provide an 

adequate mechanism for obtaining the porphyritic rocks in the flews and 

sills by olivine·accumulation. 

CoMparison of key geochemical trends developed in the LUU.ultramafic 

komatiites with similar lavas from other greenstone belts (Belingw~, 

Western Australia and Munro Township) shows that both group I and II lavas 
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from the LUU are depleted in Al 203 but have similar Cao contents to the 

lavas from these other areas. .. The CaO-MgO trend developed in the LUU 

group II lavas is similar to that in the Munro Township rocks, but has 

a steeper slope and lower MgO intercept value than the same trends devel

oped in the Belingwe and Western Australia lavas. On the other hand the 

LUU group I lavas have a similar CaO-MgO trend to the Belingwe and Western 

Australia rocks. These data illustrate that aspects of the regional 

variations of ultramafic komatiite compositions can be duplicated in 

individual greenstone belts and suggests that the Archaean mantle was 

heterogeneous on a global and local scale. 

The geochemical data of some of the porphyritic high-Mg mafic koma

tiites and all the aphyric low-Mg mafic komatiites, indicate that they 

could have been derived from the group II ultramafic magmas by the fract

ionation of olivine initially, and then by clinopyroxene and olivine, in 

magmas with ~14% MgO. There are several problems in this model. Firstly, 

olivine occurs as a minor phenocryst phase in the mafic komatiites and 

not in the amounts that would be expected from the model. Clinopyroxene 

occurs as the major phenocryst phase in all the mafic komatiites. Second

ly, no lavas with MgO contents in the range 'Vl6 to-'Vl9% MgO have been 

found and if this represents a real compositional break, it would elimin

ate the possibility that the low-Mg mafic komatiites were derived from 

'j~ the ultramafic magmas by processes of crystal fractionation. This com

positional 'gap' may be due to inadequate sampling, although it has been 

noted in lavas from other greenstone belts. To account for these problems, 

a model of uncompensated and partially compensated crystal settling has 

been developed, and in principal could account for the observed range of 

mafic komatiite compositions and roughly their correct phenocryst proport

ions. It is also suggested, from consideration of the viscosities of the 

magmas, that porphyritic lavas in the compositional range from ~14 to ~24% 

MgO should be relatively scarce. 

The porphyritic low-Mg mafic komatiites have compositions consistent 

with their derivation from the aphyric magmas by olivine and/or clino

pyroxene accumulation. In order to account for the high Cao contents and 

Ca0/Al 203 ratios of some porphyritic rocks, they must have accumulated over 

60% clinopyroxene. 
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It is tentatively suggested that olivine and augite were the main 

fractionating phases in the aphyric high-Mg mafic kom2tiites, although 

insufficient data have been obtained for this group of lavas to rigorous

ly test petrogenetic models. Consideration of inter-element ratios 

indicates that the aphyric high-Mg mafic komatiites may have been derived 

from a similar source composition to the group I ultramafic komatiites. 

TI1ree distinct types of tholeiitic basalts have been identified in 
Cl 

the Onverwacht Group volcanics:-

a) Low-Ti tholeiites that have similar inter-element ratios 

to the group I ultramafic komatiites. 

b) High-Ti tholeiites that have similar inter-element ratios to the 

group II ultramafic komatiites. 

c) High-Mg tholeiites that have similar inter-element ratios 

and absolute concentrations of elements (e.g. Si, Ti, Al, Mg, 

and Cr) to the rare bo.ninite lavas from island arc tectonic 

environments. 

, The similarity of inter-element ratios in the low-Ti and high-Ti 

tholeiites with the group I and II ultramafic komatiites respectively, 

suggests that the tholeiitic lavas could have been derived from similar 

source compositions as their respective ultramafic counterparts. If 

this is correct it can be shown that the group I source has some inter

element ratios and Rare Earth element (REE) patterns, similar to chon

drites and some lavas from the ocean floor (e.g. the FAMOUS area and 

the Scotia Sea Rise). The group II lavas have many inter-element ratios 

similar to some typical Mid-Ocean Ridge basalts, but the Onverwacht group 

.II lavas have light REEenriched patterns. Similar inter-element ratios 

and REE patterns to the Onverwacht group II rocks are also found in lavas 

from the Scotia Sea Rise. From this it is inferred that the two source 

compositions that gave rise to the major proportion of Onverwacht Group 

lavas are still yielding lavas. The fact that lavas with similar geo

chemical characteristics to Archaean greenstone belt lavas, occur in 

close proximity in the Scotia Sea Rise, indicates that greenstone belts 

may have developed in a similar back-arc basin tectonic environment. 

However, this cannot be unambiguously proved with the available geochem

ical data at the present time. 
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Finally, high pressure processes that may have contributed to the 

generation of the Onverwacht Group lavas are considered in relation to 

high pressure phase boundaries projected from different mineral com

positions. in CMAS space. Some models that have been proposed in the 

literature for the generation of ultramafic komatiite magmas (such as 

advanced degrees of melting with olivine being the only phase left to 

melt in the residue during the formation of the ultramafic magmas) are 

consistent with the available data for the group I ultramafic komatiites. 

These models, however, do not account for the observed trends in the 

group II ultramafic komatiites and models involving mixing initial melt 

with overlying mantle (as outlined by Cox, 1978) are favoured. Specific

ally, a two stage melting and mixing process is discussed for the generat

_ion of the group II ultramafic komatiites. It is speculated that the 

group II tholeiites could have been generated during the first melting 

stag~, provided garnet had been depleted in the residue. Neither of the 

two groups of tholeiites represent unmodified mantle derived melts, but 

they probably crystallised olivine and/or clinopyroxene before being· 

extruded. 
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CHAPTER 1. 

THE GENERAL GEOLOGY AND GEOCHEMISTRY 

OF ARCHAEAN GREENSTONE BELTS 

1-1 INTRODUCTION 

The Barberton Mountain Land occurring in the eastern Transvaal 

lowveld (South Africa) incorporates most of the geo}ogy and outcrop 

of the Swaziland Sequence commonly ·knowri as the Barberton greenstone 

belt. This area has contributed significantly to our understanding 

of the geology and geochemistry of Archaean granite-greenstone belts 

as the volcanic and granitic rocks (sensu lato) are well exposed and 

relatively well preserved. From the detailed field and geochei1~ical 

evidence that hac accumulated, the Barberton greenstone belt has been 

used as a model for the development and evolution of the ~arly crust 

(Anhaeusser et al., 1968, 1969; Viljoen and Viljoen, 1969i; Anhaeusser, 

197la,b). Much of the interest displayed in these belts can be ascribed 

to their economic potential (Viljoen et al., 1970; Viljoen and Viljoen, 

1969h; Anhaeus.ser, 1972l 1976a; Watson, 1976), as well as for obtain-

ing information on the composition and evolution of the early cruF-t 

and mantle (e.g.Hart et al., 1970; Glikson, 1971; White et al., 1971; 

Anhaeusser, 1973 ; Nesbitt and Sun, 1976). Part of the recent interest 

has been stimulated by the discovery and characterisation of high mag-

nesium mafic and ultramafic volcanic rocks termed komatiites (Viljoen 

'and Viljoen, 1969c,d), from the lower Formations of the Swaziland 

Sequence. Although non-cumulate sub-alkalin.e rocks richer in NgO than 

basalts had previously been re.corded (Drever and Johnson, 1957, i966; 

Gass, 1958; Drever et al., 1961) the discovery of the high magnesium 

lavas from the Archaean groenstone belts appears to have had much more 

impact for stimulating research on ultramafic lavas. High magnesium 



- 2 ... 

' 

mafic and ultramafic lavas have now been recorded from many other 

greenstone belts (e.g. from South Afric;:., Rhodesia, Canada) Australia, 

India and Russia) and rocks corresponding to mafic komatiites in com

position have been found in younger tectcnic environments·, although 

so far ultramafic komatiite lavas appe.ar to be confined to the Arch.:iean 

greenstone belts (Brooks and Hart, 1974). 

This thcsi::: is predominantly concerne<l with the petrography and 

... geochemistry of the ultrf!.mafic and mafic lavas from the lower Formations 

of the Swaziland Sequence outcropping in the Barberton Mountain La.nd. 

This area was chosen for study as it has recently been mapped in detail 

by Viljoen and Viljoen (1969c,e), the rocks are well exposed, relative

ly well preserved, and accessibility is good. 

In the following sections of this Chapter the present status of 

the Swaziland Sequence, along with other well documented Archaean green-

stone belts is briefly reviewed. The ages of these greenstone belts 

and their relationships to the surrounding granites are al.so discussed. 

The aims, objectives, the methods emplOyed for this work and the 

layout of this thesis are discussed in the final section. 

1- 2 GEOLOGY OF . THE .. BARBERTON .. GREENS TONE .. BELT 

Th~ Barberton greenstone belt occurs on the. Kaapvaal era.ton (as 

defined by Anhaeusser et al., 1969) and ha.s been strongly folded and sub

jected to regional greenschist facies metamorphism. Loe.ally a thin 

aureole of amphibolite or granuli te facies metamorphism is a.evel-· 

oped within the volcanic rocks along the boundaries with granite intrusions, 

(Viljoen and Viljoen, 1969a). The volcanic and sedimentary rocks of 

the Barberton greenstone belt arc now referred to as the Swaziland 

Sequence, which is subdivided into three Groups (Viljoen and Viljoen, 
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1969a). These are the lower predominantly volcanic Onverwacht Group, 

the middle predominantly argillaceous unit containing ferruginous 

chert and tuffacious material, forming the Fig Tree Group, and the 

upper, mainly arenaceous Moodies Group.· Anhaeusser (1976b) has recent

ly compiled a bibliography of publications pertaining to the geology, 

geochemistry and mineralization of the Barberton greenstone belt and 

surrounding granitic terrain. Some of the relevant references for 

this work are discussed in the following sections. 

ONVERWACHT GROUP 

Descriptions of the volcanics from the Onverwacht Group are 

readily available in the literature (e.g. Anhaeusser et al., 1968, 

1969; Viljoen and Viljoen, 1969a,b, c ,d ,e, 1970a; Anhaeusser, 197la, b; 

Viljoen and Viljoen, 1971; Allsopp et al., 1973; Anhaeusser, 1973, 

1976a; Williams and Furnell, 1979), and these references shculd be 

consulted for more detailed accounts of the geology of this area than 

will be given here. The Onverwacht volcanic rocks attain a thick-

ness of ~ver 15 km. in the southern portion of the Barberton green

stone belt, and have been subdivided into six Formations on the basis 

of distinctive lithologies (Viljoen and Viljoen, 1969a,c,d,e). Starting 

with the oldest, these Formations are called the Sandspruit, Theespruit, 

Komati, Hooggenoe::g, Kromberg and Swartkoppie. The three lower Form

ations are collectively termed the Lower Ultramafic Unit (LUU) and the 

three upper Formations are referred to as the Upper Mafic-Felsic Unit 

(UMFU). Anhaeusser (1975) has re-named these two J.Jnits as the Tjaka

stad and Geluk Sub-Groups respectively, but for the purposes of this 

thesis the original terms will be retained. 

The Lower Ultramafic Unit consists predominantly of ultramafic 

and mafic komatiite rocks often distinguishable as piilows and lava 
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flows. Well preserved igneous textures have played an important role 

in· understanding the primary nature of the ultramafic lavas. Tho

leiitic basalts, while present,are relatively rare, and acidic volcanic 

material occurs as felsic tuffs 111 the Theespruit Formation end very· 

rarely as pillowD in the Komati Form.'.ition. Sedimentary rocks show 

only minor development in the Sandspruit Formation, while cherty horiz

ons, often closely associated with the felsic tuffs, are common in the 

Theespruit Formation. The Komati Formation is capped by a persistant 

sedimentary horizon termed the Middle Harker. This horizon is believed 

to represent a time break between volcanism forming the Lower Ultra

mafic Unit and the onset of volcanism of the Upper Nafic-Felsic Unit 

(Viljoen and Viljoen, 1969a). 

The Sandspruit Formation occurs mainly as xenolithic blocks 

detached from the .Theespruit Formation by enveloping tonalitic granite 

and an unknown amount cf the stratiographic section may have been 

eliminated from the base of the Sandspruit Formation. The upper two 

Formations of the lower Ultramafic Unit crop outaround the whole belt, 

but attain their best development in the southern and south-eastern 

areas, where the type sections for these Formations have been e.stab

lished (Viljoen and Viljoen, 1969a). The Jamestown schist belt extends 

out on the north west flank of the Barberton greens tone belt and has 

' been described in detail by Anhaeusser (1972). This belt which con

sists mainly of mafic and ultramafic rocks has been correlated with 

the Theespruit and Koma ti Fonnations. The rocks have been extensive

ly deformed, metamorphosed and generally are not as well preserved 

as the lavas from the type areas of the above Fonnations. As the 

scope of this project has mainly been restricted to the Lower Ultra

mafic Unit, sampling was predominantly carried out in the type areas 

of the three lower Fonna tions. 
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The Formations of the Upper Maf ic-Felsic Unit crop out above 

the Middle Marker, and are characterised by their different volcanic 

rock assemblages compared to the Lower Ultramafic Unit. The Hoogge

noeg Formation consists predominantly of tholeiitic lavas with lesser 

amounts of andesite, dacites and rhyodacites. An outstanding feature 

of this Formation is the cyclic nature of the volcanism (Viljoen and 

Viljoen, 1969a,e; Anhaeusser, 197la), grading from tholeiitic lavas 

at the base through to dacite-rhyodacitelavas at the top. Each cycle 

is often terminated by a chert horizon. The basaltic component of 

each cycle generally becomes progressively thinner and the chert com

ponent thicker, from the lowest to the uppermost cycle in the Hoogge

noeg Formation. The basaltic base of many of the cycles also contain 

sill-like sheets of ultramafic material, which have differentiated 

into a lower peri~otite zone and an upper pyroxenitic zone. The top 

of the Hooggenoeg Formation is marked by a thick (<vl50 m.) felsic 

volcanic and pyroclastic horizon capped by chert (Viljoen and Viljoen, 

1969e). 

The Kromberg Formation conformably overlies the Hooggenoeg Form

ation and only shows significant development in the southern area of 

the belt. It consists essentially of the same rock types as occur in 

the Hooggenoeg Formation but with less well developed cyc!ic nature. 

The Swartkoppie Formation (also spelt Zwartkoppie) occurs at the top 

of the Onverwacht Group and consists of basic, intermediate and acidic 

volcanics, now altered to schists. Cherts, pyroclastics and grey

wackies also occur along with serpentinized ultramafic bands and lenses. 

Two of these ultramafic pods are mined for asbestos at the Havelock 

tiline in Swaziland and the Msauli mine in the Transvaal (Viljoen and 

Viljoen, 1969e,h). Ultramafic rocks and material of basaltic komatiite 
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composition,while much less abundant than in the three lowest form

ations, do occur in the Upper Mafic-Felsic _Unit. As already mentioned 

the scope of this work has mainly been limited to the Lower Ultramafic 

Unit, however some samples of the lavas from the Uppe'r Mafic-Felsic 

Ur.it have been analysed and will be discussed in the relevant Chapters. 

FIG TREE AND MOODIES GROUPS 

The Fig Tree Group conformably overlies the Onverwacht volcanics 

and has been subdivided into three Formations in the Stolzburg syn

cline area (Riemer, 1967, in Viljoen and Viljoen, 1969a). The basal 

·Sheba Formation consists of greywackes, shales and narrow bands of 

chert and ferruginous chert. The greywackes show graded bedding, 

flute casts and groove casts indicative of turbidite deposition 

(Kuenen, 1963). At the base of this formation, a hard siliceous 

chert-like rock is developed known locally as the Consort Bar, along 

which much of the gold mineralization has been located in the Sheba 

hills area (Anhaeusser, 1972)~ The overlying Belvue Road Formation 

consists of cherts, sandy shales, trachytic tuffs and fine grained 

shales. The upper most Schoongezicht· Formation consists of tuffs, 

agglomerates and trachy.tic lavas. Anhaeusser (1976c) has compiled 

a detailed map of the Fig Tree and Moodies Groups in the mineralized 

area around the Eureka Syncline. 

Danchin (1967) has shown that the shales from the Fig Tree Group 

are enriched in Cr and Ni and suggests an uitramafic rich source 

area for these sediments. Condie et al. (1970) have noted a similar 

enrichment in the greywackes from the Sheba Formation and have on 

the basis of texture and chemistry suggested a mixed source area of 

chert, volcanics, gi·anitic and metamorphic rocks. 



- 7 -

The Moodies Group is well developed in the Eureka Syncline 

where it has been divided into the Clutha, Joe's Luck and Baviaans-

kop Formations (Anhaeusser, 1976c). These Formations consist of 

repeated cycles of arenacious rocks that alternate with argillaceous 

sediments. ·A basci.ltic lava horizon and several jaspili tic iron-

formations also occur. The sedimentary structures together with 

conglomerate horizons has led Anhaeusser (1976c) to suggest a high 

energy, shallow water depositional environment for most of the 

Moodies succession. Eriksson (1978) considers that the Moodies 

Group sediments accumulated in diverse alluvial and marginal marine 

depositional environments and that the mineralogy of the fluvial 

sediments is indicative of an anoxygenic atmosphere at the time of 

their deposition. The chert horizons developed sporadically through 

most of the stratigraphy of the Swaziland Sequence.have assumed 

great importance, as they contain traces of.complex organic mole-

cules and early life forms (e.g. Barghoorn and Schopf, 1966; Muir 

and Grant, 1976). 

INTRUSIVE ULTRAMAFIC-MAFIC ROCKS 

Numerous intrusive differentiated ultramafic complexes have 

been emplaced into the Onverwacht Group, and are particularly abund-

ant within the Komati Formation (Viljoen and Viljoen, 1969h, 1970b; 

Anhaeusser, 1975 ). The magmas forming these bodies are believed 

to have been intruded penecontemporaneously with the mafic and ultra-

mafic lavas. Viljoen and Viljoen (1969a ,h, l 970b) hava classified 

these bodies into different types on the basis of their different-

iation products. Generally they consist of cyclic repetitions of 

' dunite, harzburgite, peridotite, pyroxenite, gabbro, norite and 
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anorthosite (Anhaeusser, 19 75 ) . ~ Monom:i.neralic cumulates of olivine 

or orthopyrcxene invariably form layers of dunite or orthopyroxenite 

respectively at the base of the bodies. Although the igneous mineral-

_ogy is usually extensively altered, localised areas occur within 

many of the bodies where fresh samples can be obtained. Viljoen 

and Viljoen 0970b) have computed bulk compositio~1s of the Ship Hill 

and Koedoe bodies. The presumed parental magma, as represented by 

thes·e bulk compositions, is similar to the avernge composition of 

the ultramafic extrusives from the Komati Formation. These bodies; 

both in the Lower Ultramafic Unit and the Upper Mafic-Felsic Unit, 

contain economic deposits of chrysotile asbestos (Viljoen and Vil

joen, 1969h; Anhaeusser, 1976d). 

1-3 GRANITIC ROCKS AND ISOTOPIC AGES FROM THE BARBERTON AREA 

Summaries of the ~ges obtained(using various isotopic systems) 

from the rocks of the Barberton Mountain Land can be found in All

sopp et al. (1973), Anhaeusser (1973), Jahn and Shih (1974) and Davies 

and Allsopp (1976). Viljoen and Viljoen (1969[ ,g) have proposed a 

broad four fold classification of the gr8nitic'rocks from this area 

and although dated,provides a useful framework within which to dis

cuss the ages of the granitic rocks. The oldest 'granites' in the 

immediate vicinity of the Barberton greenstone belt are the Ancient 

Tonalitic Gneisses represented by five plutons in the south western 

zone of the belt, including the Theespruit pluton (dated at 3432±135 

Ma~ Barton, pers. comm.) and the Helshoogte pluton (dated at 3180±75 

Ma., Barton, pers. comm.). The contact relations of these plutons 

with the belt are intrusive, forming a type of lit-par-lit injection 

into the volcanic rocks. Recent detailed mapping (Anhaeusser and 
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.Robb, 1978) of portions of these plutons has shown that there may 

be several intrusive cycles within a single pluton. 

The Nelspruit migmatites occurring to the north and south west 

of the belt are the next oldest 'granitic' rocks (2992-3170 Ma., 

see Anhaeusser, 1973). Robb (197"/) has recognized six distinct 

granite types in this complex terrain and one type, the Nelspruit 

Porphyritic granite has been dated by the Rb-Sr method at 3205±49 Ma. 

(Barton, pers. comm. in McCarthy and Robb, 1977) ._ 

The third oldest granitic rocks in the Viljoen and Viljoen 

(1969f) classification is the homogeneous Hood granite cropping out 

over most of the area to th~ south east of the belt. It is described 

as a potassium rich granite and has been dated at 3070-3075 Ma. by 

both Rb-Sr and U-Pb methods (Allsopp et al., 1962; Oosthuyzen, 1970, 

in Anhaeusser, 1973). The youngest granitic event in this area is 

reflected by a number of coarse grained plutons that have clearly 

f . d . . . k .. 1 87 /86 de ine intrusive contacts with the country roe • Init1a Sr Sr 

ratios of some of these plutons are high (de Gasparis, 1967, in 

Anhaeusser, 1973; Robb, 1977), which suggests that some of the plu-

tons have their source areas in much older crustal material. It 

should be noted however that J.M. Barton of the Bernard Price Insti-

tute of Geophysical Research has recently obtained many more isochron 

ages from the different granitic rocks surrounding the Barberton 

greenstone belt. Detailed interpretations of these ages have yet 

to be published. 

Attempts to date the rocks of the Swaziland Sequence directly, 

using both sedimentary and igneous rocks, have been made. Allsopp 

et al. (1968) obtained an Rb-Sr isochron age of 2980±20 Ma. from 

the Fig Tree shales, which they suggest reflects a metamorphic 
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overprinting by the intrusive granites. Hurley et al. (1972) have 

dated the sediments from the Hiddle Marker at 3350±70 Ma. Ulrych 

et al. (1967) have obtained a common Pb age of 3460 M~. from sul-

phides in mines from the Fig Tree and Moodies Group's while Saager 

~nd Koppel (1976) have recently obtained an essentially identical 

common Pb age of 3450 Ma. also using sulphides from the Barberton 

area. They found two stage leads which indicates that differentiation 

of the u~Pb system had already occurred by this time. 

The volcanic rocks from the Onverwacht Group have yielded 

ages of 3360 Me .• by the common Pb method from acid volcanics (van 

Niekerk and Burger, 1969), 3230 m.y. (common Pb method), 3290 Ma. 

(U-Pb concordia) from basic volcanics (Sinha, 1972) and 2629±20 Ma. 

(Rb-Sr) from felsic volcanics from the Hooggenoeg Formation (Allsopp 

et al., 1973). The Rb-Sr age is clearly anomalous and Allsopp et al. 

(1973) have .attributed this younger age to later hydrothermal alter-

ation. In fact, open system behaviour of Rb-Sr has been shown to 

be a real problem with_ respect to using this method for dating the 

volcanic rocks (Allsopp et al., 1973; Jahn and Shih, 1974). 

Jahn and Shih (1974) have obtained a density separate ir,ternal 

isochron age from a basaltic sample from the Komati Formation, of 

3500±200 Ma. They interpret this age as the time of the low grade 

87 86 . • F' 

metamorphism and the initial Sr/ Sr ratio of 0.70048±0.00005 to 

characterise the upper mantle at this time. Recently, however, a 

precise age has been established for the Onverwacht Group volcanics 

of 3540±30 Ma. by Hamilton et al.· (1979) using the Sm-Nd isotopic 

method. 

Hunter { 1973, 197lf) has introduced the term Ancient Gneiss 

Complex for a suite of rocks that include metcsedimcnts and 

.· 
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serpentinites which are associated with tonalitic gneisses and 

roigmatites in Swaziland. Viljoen and Viljoen (1969f) consider the 

Ancient Gneiss Complex to belong to their group of Ancient Tona

litic Gneisses and therefore to be younger than the Swaziland 

Sequence. Hunter (1973) on the other hand has noted a set of 

deformed dykes within the Ancient Gneiss Corr.plex that does not occur 

in the Swaziland Sequence, and has concluded from this that the 

Ancient Gneiss Complex predates the Barberton greenstone belt. 

Harton (pers. comm.) has obtained an Rb-Sr isotopic age of 

3555±100 Ma. from the Ancient Gneiss Complex which is within error 

of the Sm-Nd age for the Onverwacht volcanics of 35L~0±30 Ma. 

(Hamilton et al., 1979). Although the relationships between the 

granites and greenstone belt in this area remain controversial, 

evidence for a granitic basement for greenstone belt volcanics 

from other areas has been found. Bickle et al. (1975) for example 

have mapped a basalt unconformity between the Belingwe greenstone 

belt and the underlying granite, although the age of this belt 

is much younger than the age.of the Swaziland sequence rocks. 

Gneissic rocks which are several hundred million years older than 

the Onverwacht lavas have been identified in other parts of the world 

(e.g. Amitsoq Gneisses, West Greenland, Moorbath et al., 1972, Sand 

River Gneisses ,Limpopo Mobile belt, Barton and Ryan, 1977) while 

van Niekerk and Burger (1975) have dated zircons and sulphides from 

a granitic conglomerate boulder from the Moodies Group at close to 

4200 Ma. If this age fo:i;- the granitic boulder is confirmed it 

would constitute evidence for a pre-existing granitic floor for the 

Swaziland Sequence rocks. 
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1-4 GEOCHEMISTRY OF THE ONVERWACHT GROUP LAVAS 

As this topic will be discussed in depth in the following 

Chapters, only a brief summary will be given here. The rocks from 

the Onverwacht Group have been subject to at least greenschist 

facies metamorphism and most of the primary mineralogy has been 

altered, consequently the geochemistry of the lavas has played a 
l 

major role in their classification. Viljoen and Viljoen (1969c,d,e) · 

considering the unusual major element chemistry of the lavas,pro-

posed a new class of igneous rocks, the Komatiites, with four sub-

classes. The peridotitic komatiites have the highest MgO content, 

the Geluk type, Badplaas type and the Barberton type basaltic 

komatiites have progressively lower MgO contents. The least mag-

nesian. Barberton type basaltic komatiite was not rigorously defined 

due to insufficient data (Viljoen and Viljoen, 1969c). The import-

ant diagnostic parameters are the high MgO, low alkali contents 

and the high Ca0/Al
2
o

3 
ratios. Equally as important is the field 

evidence·, particularly for the peridotitic koinatiites, which indicate 

that the rocks represent magma compositions. Evidence such as pil-

lows, olivine spinifex textured horizons, chilled margins and 

stratographic thinning was advanced by Viljoen and Viljoen (1969c,d) 

in support of magmas having existed with the same (or nearly so) 

composition as the komatiites. These lavas are best developed in 

the Lower Ultramafic Unit. Tholeiitic lavas also occur, but are 

more abundant in the Upper Mafic-Felsic Unit. 

Relatively little chemical dataare available on the composition 

of the felsic volcanics developed in the Upper Mafic-Fels:i.c Unit. 

This is mostly due to the poor preservc::tion of these lavan, but 

what little data there n.re, show a range in composition f-::-om andesite 
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to rhyodacite. Viljoen and Viljoen (1969e) have proposed a calc

alkaline trend of magma evolution for these rocks. 

The important chemical distinction has been made between the 

predominantly komatiitic lavas below the Middle Marker ..:md the pre

dominantly tholeiitic lavas, with lesser amounts of fels:i.c extrus

ives above the middle marker (Viljoen and Viljoen, 1969e). The 

Viljoens have suggested that this fundamental change is probably 

related to thickening of the sialic crust during the break in vol

canism in which the Middle Marker was deposited. The genesis and 

inter-relationships between the different magma types will be dis

cussed in the following Chapters. 

1-5 GEOLOGY AND GEOCHEMISTRY OF OTHER ARCHAEAN GREENSTONE BELTS 

Within South Africa detailed data ha~ recently become aYailable 

on two greenstone belts, the RoodekrarnUltramafic Complex·and sur

r.ounciing Archaean volcanic rocks (Anhaeusser, 1977) and the Murc~1ison 

Range (Minnett, 1975; Saager and Koppel, 1976). These belts show 

many geological and geochemical similarities to the Barberton green-

. stone belt. Numerous other Archaean greenstone belts are documente.d 

in the literature; for the purposes of this brief description only 

those occurring in Rhodesia, Western Australia and Canada will be 

discuss~d. 

RHODESIA 

Recent reviews on the evolution of the Rhodesian Craton have 

been published by Bliss and Stidolph (1969), Stowe (1971), Wilson 

(1973), Moorbath (1977) and Wilson et al. (1978). 
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The greenstone belts have been subdivided into three groups:-

(a) The Sebakwian Group consists of metamorphosed remnants 

of ultramafic and mafic rocks and sediments. The· 

geological relationship of this group to the granitic 

rocks and the overlying Bulawayan Group is not always 

clear. A minimum age has been obtained for the Selukwe 

schist belt which is geologically older than the 

Mont d 'Or granite dated at 3420±60 m.y. (Moorbath et al.: 

1976). Greenstone relics occur within some of the 

oldest gneisses dated at 3500-3600 m.y. (Hawkesworth and 

Bickle, 1976). 

(b) The .B ulawayan Group greens tone belts have been divided 

into two groups (Wilson et al., 1978): the lower greenstones, 

consisting of an ultramafic/mafic.;.fe lsic bimodal vo lcan-

ism and the upper greenstones have a range of lava 

compositions from high-magnesium to calc-alkaline in 

nature, (andesitic rocks tending to be more common 

higher in the sequence, Wilson, 1973). The Bulawayan 

Group greenstone belts have been dated directly and 

give ages of 2600-2700 m.y. (Hawkesworth et al., 1975) 

2730-3080 m.y. (Jahn and Condie, 1976) and 2640±140 Ma. 

·, (Hamilton et al., 1977). 

(c) The overlying Shamvian Group consists predominantly of 

sedimentary material, but also contains some basaltic1 

andcsitic and felsic volcanic~. 
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Detailed geochemical data are available for some greenstone 

belts in Rhodesia (Bickle et al., 1975, 1976, 1977; Condie and 

Harrison, 1976;_ Hawkesworth and O'Nions, 1977; Nisbet et al., 1977). 

Well preserved peridotite, high-magnesium and. tholeiitic lavas 

have been analysed. The peridotitic lavas and high-magnesium basalts 

have been classified as komatiites as they show many of the petro

graphic and chemical characteristics of the komatiites from the 

Barberton greenstone belt, although they often lack the high 

Ca0/Al
2
o3 ratio. Data from the :Selingwe greenstone belt (2640 Ma., 

Hamilton et al., 1977) in particular are used for detailed comparison 

with the Barberton rocks analysed in this work. More detailed dis

cussions will be incorporated in later sections of this thesis. 

WESTERN AUSTRALIA 

The granite greenstone terrain in the Yilgarn block from 

·Western Australia shows many similar features to the Kaapvaal and 

Rhodesian cratons, the Coolgard{e-Kalgoorlie-Norseman area being 

particularly well documented (Glikson and Lambert, 1976). At least 

two volcanic-sedimentary mega-cycles are developed in this area, 

termed the lower greenstones and upper greenstones respectively. 

The upper greenstones have been shovn1 to unconformably overlie 

granitic rocks (Durney, 1972) in places, while the lower greenstones 

are intruded by granodioritic-tonalitic plutons. No unconformable 

contacts between the lower greenstone and granites:have yet been 

observed. The oldest granitic gneisses so far recorded from this 

area are 3100 Ma. old (Arri.ens, 1971) but the major emplacement -of 

granites and gneisses occurred between 2700 and 2600 Ma. (Arri.ens, 

1971). A younger age limit has been set on the upper greenstones 



- 16 -

(2675 Ma. Turek and Compston,1971) by considering the regional 

metamorphic patterns. Hallberg et al. (1976a) have determined 

the age of the Marda volcanics at 2635±80 Ma. by the Rb-Sr whole 

rock 1nethod. No lower age limits have yet been placed on the 

older lower greenstones (Turek and Compston, 1971; Glikson and 

Lambert, 1976). 

Recent geochemical data have been obtained on the ultramafic

mafic rocks from the greens tones (2700 Ma.) within the Yilgarn 

block by Nesbitt (1971), Hallberg (1972), Hallberg and Williams 

(1972), Williams (1972), McCall (1973), Williams and Hallberg 

(1973), Hallberg et al. (1976a,b), Nesbitt and Sun (1976) and Nal

drett and Turner (1977). Ultramafic and high magnesium lavas are 

present as well as tholeiitic and felsic rocks. Detailed com

parison of these chemical data from the ultramaf ic and high-Mg 

basaltic rocks with the komatiites from the Barberton show many 

similar features, although the Western Australian lavas generally 

lack the high Ca0/Al
2
o3 ratio (Nesbitt, 1971; Williams, 1972; 

McCall, 1973). 

•. 

Many of the Australian geologists have objected to the Viljoen 

and Viljoen (1969c) classification scheme for komatiites. The basis 

of their objection is that a very limited number of analyses were 

used for the original definition; more significance was attached 

to the chemical rather than textural parameters (Williams, 1972), 

and that the definition was too specific, as each area has its own 

characteristics. The definition of komatiites will be examined in 

greater detail later in this thesis. 

CANADA 

Vast areas of Precambrian rocks a.re well exposed on the Canadian 

shield. Greenstone belts ·from 160-800 kms. long and 16-160 kms. 
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wide are present in six of the seven structural provinces of the 

Canadian shield (Baragar and McGlynn, 1976). Recent summaries 

and syntheses of the geology have been published by Goodwin (1971), 

Goodwin (1972) and Baragar and McGlynn (1976). 

The greenstone belts of ·the Superior province are believed to 

have formed in a 200 m.y. interval, from 2750 to 2950 Ma. (Krogh 

and Davis;---:·1972), and the Yellow Knife volcanic rocks have been 

dated at 2625±160 Ma. (Green et al., 1968). Nunes and Thurston 

0978) dating zircons from acid "'Volcanics, have shown that a green-

stone belt in the Uchi Lake area (N.W. Ontario) evolved over a 220 

m.y. period from 2959±3 to 2738±5 Ma. Zindler et al. (1978) have 

obtained an age using the Sm-Nd isotopic system of 2765±47 Ma. for 

Abitibi greenstone belt in the Munro Township area. Recently 

evidence has b.ecome available for the existence of very ancient 

granitic rocks within the Canadian shield. Barton (1975) has dated 

the Hebron Gneiss in Labrador at 3620±60 Ma. (see sunnnary by Moor-

bath, 1977) •.: Gneisses and granites from the nearby Minnesota River 

Valley have yielded ages of 3630±60 Ma. (Goldich and Hedge> 1975). 

Baragar and McGlynn (1976) have reviewed the evidence for six widely 

scattered unconformaties between greenstone belts and underlying 

granitoid rocks. The evidence suggests that, at least, in places 

granitic crust preceded the greenstone belt volcanism. 

4 
The main components of the Superior province greenstone belts 

are flows and pyroclasticsof basalt, andesite, dacite and rhyolite 

compositions, often arranged in mafic to felsic cycles. Inter-

calated with the volcanics, especially in the upper sections of 

the belts, are greywackes, argillites, tuffs, conglomerates and banded 

iron formations. Geochemical data are available on the volcanic 



- 18 -

rock sequences (Baragar, 1966, 1968; Baragar and Goodwin, 1969)'. 

and recently numerous publicationn have appeared on the composition 

of ultramafic and high magnesium rocks particularly from the Abitibi 

greenstone belt (Naldrett and Mason, 1968; Pyke et al., 1973; Pearce 

and Birkett, 1974; Fleet and MacRae, 1975; Jolly, 1975; Gelinas et 

al., 1976; Arndt, 1977a; Arndt et al., 1977; Arth et al., 1977). 

The ultramafic lava flows show the characteristic spinifex 

textures developed in the Barberton ultramafic komatiites (Naldrett 

and Mason, 1968; Pyke et al., 1973; Arndt et al., 1977 .), a~d pyrox-

ene spinifex textures are well developed in the mafic komatiites 

(Arndt et al., 1977 ) • As with the Rhodesian and Australian koma-

tiitic rocks, the Abitibi lavas have many cfiemical similarities 

to the Barberton komatiites except for the high Ca0/Al 2o3 ratio. Arndt 

et al. (1977 ,J have re-defined the komatiite classification scheme,. 

On the basis of field. petrographic and chemical criteria, they 

recognise three komatiite types: the peridotitic, pyroxenitic and 

basaltic komatiites. One set of their chemical criteria for dis·· 

* criminating between komatiites and tholeiites (a plot of FeO I 

* (FeO +MgO) vs. Al
2
o

3
) gives rise to an undesirable paradox whereby 

the komatiites from the Barberton greenstone belt fall in their 

tholeiitic field. One important feature noted by Arndt et al. 

(1977 ') is the complete gradation of chemical compositions from the 

most ultramafic (highest MgO) to the least mafic (lowest MgO) koma-

tiite. ·They suggest the spectrum of compositions can be derived 

by crystal fractionation and/or accumulation processes. 

Although other greenstone belts and Archaean granitic terrains 

are well documented in the literature (i.e. India, West Greenland, 

Minnesot? and Finland) , they will not be discussed in this brief 

· .... 
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introduction. However no review, however brief, would be complete 

without mention of the recent geochronological findings in West 

Greenland. Detailed work has shown that the ancient Amttsoq gneisses 

existed 3700-3800 Ma. ago (see discussion in Moorbath, 1978) and 

incorporated in these gneisses are remnants of even older sequences 

of ultrabasic, basic and metasedimentary rocks, the Isua supra

crustals, which may be fragments of greenstone belts (McGregor and 

Mason, 1977). Recent ages established for Isua supracrustals, 

(basic and acidic metavolcanics) by the Sm-Nd isotopic method, of 

3770±42 Ma. (Hamilton et al., 1978) show them to be ~200 million 

years older than the Onverwacht lavas. Major and trace element 

compositions for some ultramafic rocks of the Akilia association 

(McGregor and Mason, 19 77) are very similar to ultramafic lavas 

from the Onverwacht Group. However, these rocks have not been used 

for detailed comparison with the Onverwacht lavas in the following 

Chapters as th~y have been intensely metamorphosed and deformed. 

1-6 OUTLINE OF OBJECTIVES FOR 1~IS THESIS 

The detailed geological and geochemical investigation carried 

out by Viljoen and Viljoen (1969b,c,d,e) on the Onverwacht Group 

volcanics convincing~y demonstrated the existence of a group of 

high magnesium ultrarnafic and mafic lavas as well as basalts of 

tholeiitic composition. The main aim was to obtain additional 

major element and precise trace element data from the komatiitic 

X and tholeiitic lavas. The data were used to further develop and 

place constraints on mqdels for the genesis and evolution of these 

rocks. The scope of the project has been limited to the lavas 

occurring in the Lower Ultrarnafic Unit. Sampling of the lavas 
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was predomin~ntly restricted to the Komati Formation type area 

(see Viljoei1 and Viljoen, 1969c,<l) as the rocks within this area 

appear to be better preserved, texturally and mineralogically,than 

in either the Sandspruit or Theespruit Formations. However, a 

number of samples of the different rock types from these latter 

Formations,as well as from the Upper Mafic-Felsic Unit, were also 

analysed for comparative purposes. The sampling methods and ana

lyitcal techniques used in this study are described in Appendix. II. 

Brief petrographic descriptions of all the samples analysed are 

given in Appendix I. 

Before detailed interpretation of the geochemical data could 

be undertaken, several other problems had to be investigated. One 

of the most serious problems affecting the geochemical data of these 

samples is that of alteration. Although most of the samples finally 

selected for analysis showed good textural preservation and minor 

carbonate and epidote contents, some of the major and trace eleffient 

contents of the samples have been changed by the processes of alter

ation that have affected these rocks. 1be alteration problem was 

investigated using a suite of basaltic komatiite pillows. The data 

arediscussed in Chapter 2. The second problem investigated is the 

extent to which crystal fractionation has modified the composition 

of relatively thin ultramafic and mafic komatiite flows. Textural 

and geochemical d~ta have been obtained for two flows, one of ultra

mafic composition and the other of mafic composition. These data· 

and the models developed to account for the observed variations are 

discussed in Chapter 1. 

Another problem that has become apparent recently is that the 

definition and classification scheme originally proposed by Vi1joen 
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and Viljoen (1969c) ·for the komatiites is unsatisfactory. This 

problem is discussed at length ·in Chapter 4, and using selected 

data from this project a _'-new classification scheme is proposed. 

The geochemistry of the ultramafic komatiites, mafic komatiites and 

tholeiitic basalts is discussed in Chapters 5-7 respectively. The 

final Chapter is more speculative in nature, dealing with models 

on the origin of komatiites and mantle compositions. 
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. C,'HAPTER . . 2. 

ALTERATION EFFECTS. ON. THE. GEOCHEMISTRY OF MAFIC KOMATIITE 

. LAVAS FROM. THE. KOMATI. FORMATION 

2-1 INTRODUCTION 

Geochemical data and lavas from Archaean greenstone belts have 

been utilized in a diverse set of fields such as for radiometric age 

determinations, classification of rock types, models of petrogenesis 

and crustal evolution and for monitoring possible temporal evolution 

of the mantle compositionSi A general p1·oblem that besets these invest-

igations is one of mineralogical and chemical reconstitution of the 

rocks by processes of sea water alteration, metamorphism and recent sub-

surface weathering. The effects of chemical modification of the lavas 

must be considered before the geochemical data can be satisfactorily 

interpreted in any detailed way. A number of studies have been carried 

out on aspects of textural, chemical and mineralogical alteration of 

Archaean greenstone lavas (Williams, 1971, 1972; Williams and Hallberg, 

1973; Viljoen and Viljoen, 1969b; Pearce and Birkett, 1974; Condie et al., 

1977). Generally these studies have been oriented towards investigating 

the geochemical changes occurring between samples that show the least 

textural and mineralogical alt~ration and those that display extensive 

development of secondary minerals, such as epidote, chlorite and calcite. 

In this paper the effects of alteration (sensu lato) on the geo-

chemistry of mafic komatiite pillows (see Chapter 4 for definition of 

terms used in this work) from the Kometi Formation, Barberton,greenstone 

belt,,are reported. Pillows with well preserved igneous texture and 

mineralogy were selected and variations in the major and trace element 

compositions in different portions of the pillows were investigated. 
\ 

Massive flows were considered unsuitable material for the purposes of 
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this investigation as any chemical alteration effects may have been 

superimposed on chemical heterogeneity.caused by crystal fractionation 

and accumulation in the flows. 

Previous studies on the effects of alteration on the volcanic rocks 

from the Barberton greenstone belt have bec_n carried out by Viljoen and 

Viljoen (1969b) and Condie et al. (1977). Viljoen and Viljoen (1969b) 

studied the effects of carbonation on the major element chemistry of 

pillowed tholeiitic basalts from the Hooggenoeg Formation. They conclude, 

often from poorly defined trends, that Sio
2

, Al
2

o
3

, MgO, CaO and K
2
o 

contents of the samples have decreased, the FeO, Na
2
o, Tio

2 
and n

2
o con

tents haveincreased with increasing carbonation,, ·The Fe
2
o

3 
content 

of the pillows remained roughly constant. Some of these changes may in 

part have been due to real igneous variations as the samples were taken 

from a 2 km stratigraphic section of the Hooggenoeg Formation. Condie 

et al. ( 1977), working on massive mafic flows from the Hooggenoeg Form-

ation, found that the development of secondary minerals such as epidote, 

chlorite or calcite could be correlated with some of the observed major 

and trace element variations in the samples. Certain of their conclus-

ions will be compared to the results of this study later in the text. 

Numerous studies have been published on the effects of sea water 

and low grade metamorphic alteration processes on the mineralogy and 

geochemistry of basaltic lavas from the ocean floor (e.g. Melson and 

van Andel, 1966; Melson et al., 1968; Cann, 1969; Hart, 1970; Hart and 

Nalwalk, 1970; Hart et al., 1974; Aurnento et al., 1976; Scott and Hajash, 

1976; Shido et al., 1974· Humphris and Thompson, 1978a,b). It is not , ' 

.. 
the intention here to review these data although the results of many of 

' 
these studies are relevant to the alteration of Archaean greenstone belt 

lavas and will be referred to where appropriate in the text. Investigations 
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of the effects of metamorphic mineral assemblages on the chemistry of 

altered basaltic rocks (Smith, 1968; Jolly and Smith, 1972; Smith and 

Smith, 1976; Harrigan and MacLean, 1976) from the continental environ

ment, will be similarly treated. 

2-2 GEOLOGY Ai~D SAMPLE LOCATION 

The geology of the Lower Ultramafic Unit of the Onverwacht Group, 

Barberton greenstone belt, has been described in detail by Anhaeusser 

et al. (1968) and Viljoen and Viljoen (1969a,c), and consists of pillowed 

and massive flows of basaltic and ultramafic lavas, particularly well 

exposed in the Komati Formation. Two sets of samples of mafic komatiite 

pillows were obtained~. The first set (the eastern pillows, SC-3 to SC-13, 

see Fig. 2-1) ·was sampled from a well exposed basaltic horizon near the 

type section established for the Komati Formation (Viljoen and Viljoen, 

1969c). In this area the lavas show the best preservation of their 

original igneous mineralogy. The second set of samples (the western 

pillows,. SC-2 and SD-82. to SD-85) was taken from pillows along the same 

horizon but 2 !<ms to the west of the first set. This second set of 

samples is a lighter green colour than the first, indicating that they 

are slightly more altered (Viljoen and Viljoen, 1969b). Sampling and 

analytical techniques are given in Appendix II. 

2-3 PETROGRAPHY AND MINERALOGY 

The pillows sampled,ranged in diameter from 70-100 ems and are 

rimmed by a ~2 cm thick, dark grey-green, chilled margin. The interior 

of the pillows contained ocelli up to 1 cm in diameter (which tend to 

increase in number .and size towards the centre of the pillows) as well 

as oblate gas cavities, some of which are quartz-filled. Thin cracks 

(0.1 nun wide) can be seen extending from the margin up to 2 ems into the 
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interior of the pillow's. A few large cracks (1 mm wide) penetrate. into 

the core of the pillows. This fracture system may represent relict 

radial cooling cracks as described by Moore et al. (1971) and Moore 

(1975) for younger pillow lavas. 

In thin section the chilled margin consists predominantly of bro~·m 

cryptocrystalline material (mainly tremolite-actinolite and chlorite as 

identified by X-ray diffraction) which is interpreted as devitrified 

glass and three minor· microphenocryst phases (<2 volume %):-

1) Euhedral to subhedral pyroxene crystals (up to 0.9 mm 

long) which are now often pseudomorphed by actinolite 

and chlorite with variable amounts of epidote, quartz 

and calcite. 

2) Occasional calcic plagioclase crystals which are 

usually altered to albite with minor quartz, clino

zoisite, sericite and calcite. 

3) Glomeroporphyritic spinel octahedra that are scattered 

throughout the devitrified glass and also occur as 

inclusions in the plagioclase and pyroxene micro

phenocrysts. 

Epidote is present as small discrete grains within the devitrif ied 

glass of the SC-2 margin. Small hollow euhedral crystals (now replaced 

by quartz) occurring in the SC-11 and SC-3 pillow margins are inter

preted to have originally been hopper olivines, similar to examples 

described by Donaldson (1974, 1976). 

The interior of the pillows consists of a groundmass of fan-shaped 

spherulites of actinolite with occasional relict phenocrysts of diopside, 

which however are usually replaced by actinolite ± chlorite. Chlorite, 
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quartz, epidote and minor calcite are also present in the groundmass 

of all the pillow cores, while minor biotite is developed in the ground·· 

mass of the intermediate and core samples of the SC-3 pillow. The 

ocelli which only occur in the interior of the pillows have been ade

quately described by Ferguson and Currie (1972) and connnonly contain 

relict diopside crystals. The glomeroporphyritic spinel micropheno

crysts are scattered throughout the core samples including the ocell i. 

The normative minerals have been calculated (Table 2-1) assuming a 

Fe2o3
/Fe0 ratio of 0.2 and on this pasis all the pillows are quartz 

normative. 

2-4 COMPOSITION OF THE OCELLI 

:Before the detailed chemical variations within the pillows can 

be discussed, it is necessary to consider the possible complications 
........ 

that may be caused by the inhomogeneous distribution of the ocelli 

on the chemistry of the pillow samples. Major and trace element data 

for the ocelli cut from the SC-13 core sample are given in Tables 2-1 

and 2-2. Compared to the whole rock composition,the ocelli are en

riched in Sio
2

, Na
2
o, ,S and Sr and slightly enriched in Zn, Cu, Ni, 

Cr and Ga. The other ;elements are depleted by varying degrees in the 

ocelli, K2o, Rb and Ba being particularly low. Additional analyses 

of ocelli from rocks of mafic komatiite composition are listed in Vil

joen and Viljoen · (1969c) and Ferguson and Currie (1972). The data 

given by Ferguson and Currie (1972) show that K2o is behaving incon

sistently, being higher in the ocelli than the matrix in two samples 

and lower in a third. The inconsistent variations of K2o may well 

be related to alteration rather than being a primary igneous feature. 

The data (Tables ,2-1 and 2-2) for the ocelli-free intermediate 
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sample (SC-3I) and the ocelli-bearing core sample (SC-3C) of the 

SC-3 pillow are similar for many elements (e.g. Tio
2

, Zr, Co and V). 

No systematic trends consistent with the addition or removal of ocelli 

(of similar composition to those in the SC-13 sample) can be observed 

between the composition of the SC-3 intermediate and core samples. 

The alkali elel!l.ents and their inter-element ratios have not been con-

sidered here as these elements,have probably been re-distributed during 

the alteration processes that have affected the pillow lavas. It is 
/ 
therefore concluded that the core sample taken from the SC-3 pillow 

(and by analogy all the core samples) was sufficiently large to ensure 

homogeneity with respect to the ocelli. As no ocelli are observed 

in the chilled margins and the composition of margin-core pairs for 

key elements such as Sio
2 

and Tio
2 

are very similar, (see Table 2-1) 

the time of formation and development of the ocelli must have occurred 
I 

after the pillows had formed,possibly while the interior was still 

liquid. 

2-5 CHEMICAL. VARIATIONS. WITHIN .. INDIVIDUAL. PILLOWS 

The major and trace element data for all the margin and core 

samples are given in Tables 2-1 and 2-2 and graphically displayed in 

.Fig. 2-2. All the pillows are Barberton type basaltic komatiites 

using the characteristics outlined by Viljoen and Viljoen (1969c). 

However, using the nomenclature given in Chapter 4, these lavas are 

termed e~olved. low-Mg mafic komatiites in this work. An average has 

·-been calculated for all the pillow samples used in this study and 

given in Table 2-4. Attention is first drawn to those elements that 

show no variation' in the different portions of individual pillows, 

within analytical error (AE = ±20 i.e. 4o) and thereafter to those 

elements that show significant variations. 
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Examination of the plots (Fig. 2-2) shows that for the pillow 

margin-core pairs, no variation in the concentrations occurs for 

Tio2 , P2o5 , Nb, Zr, Y, Co, V and Sc within AE. However, for some of 

these elements,the AE is relatively large compared to the concer.tration 

of the elements in the.samples. The AE has been expressed as a percent

age of the average for each element (Table 2-4). From this data it 

can be seen that variations greater than 5% relative (or less for some 

elements) in Ti02 , Zr, V and Sc would be considered analytically signific

ant, while larger variations 1n the concentrations of Co, P
2
o

5
, Y and 

Nb (a maximum of respectively 8%, 12%, 13% and 36% relative) could 

occur and not be considered significant. Bearing these constraints 

in mind,this complete group of elements is considered to be homogeneous-

ly distributed within the pillows anQ as such> have remained immobile 

during the alteration processes that.the Komati Formation lavas have 

been subjected to. 

Tio
2

, Nb, Zr and Y have previously been shown to remain immobile 

during low-grade metamorphic and sea water alteration processes (Cann, 

1970; Pearce and Cann, 1973; Hart et al., 1974; Humphris and Thompson, 

1978a,b), while the evidence that P2o5 remains stable under these con

ditions has not been convincing (see for example, Hart, 1970; Hart et 

al., 1974). In view of the current usage of P2o5 in the classification 

of tectonic environments of basaltic rocks (Pearce et al., 1975; Floyd 

and Winchester, 1975; Winchester and Floyd, 1977) the consistent be

haviour of this oxide in the Komati Formation pillows is additional 

evidence for its immobile nature during low temperature alteration pro

cesses. Co shows very little change with varying degrees of alteration 

in sea floor basal ts (Hart et al., 1974; Aumen to et al., 1976), and 

Condie et al. (1977). conclude that Co is not significantly affected by 
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carbonization-chloritization processes but is depleted during epidotiz

ation of tholeiitic lava flows from the Barberton greenstone belt. 

Hallberg (1972) has analysed Archaean pillow rim-core pairs from the 

eastern Goldfields region of Western Australia. Co varies inconsistently 

in these pillow pairs by small amounts, al though the spread in Hallberg' s 

Co data cannot be assessed as the AE's for the trace elements were not 

reported. V from the core samples of the Western Australia pillows is 

significantly lower than in the margins, unlike the Komati Formation 

pillows. However Hart et al. (1974) have also observed very little 

change of V with varying degree of alteration in sea floor basalts. The 

use of 1'.Tb in this study is limited by the difficulty in obtaining pre

cise data by X-ray fluorescence at the low levels encountered. 

Elements that remain immobile during alteration processes of 

initially homogeneous material may still show variations in concentrat

ion between samples depending on the nett addition (i.e. dilution) or 

removal (i.e. concentration) of components from the samples (Gresens, 

1967). Although H2o and co
2 

have been added to these pillow san1ples 

in varying amounts and other elements removed during alteration, the 

difference in the nett effect between core and margin samples, on immo

bile minor and trace elements, is often too small to be detected within 

the precision of the aI?-alytical method. These effects however can be 

noticed on elements that can be determined relatively precisely (see 

Table 2-4) such as Sio2 • Examination of variations in the concentration 

of t~is element can be more constructively carried out using inter

element ratios rather than absolute abundances. Sio2 and A12o3 show 

minor changes within pillow pairs (generally within AE), except for 

Sio2 in theSC-2 pillow and Al2o3 in the SC-3 pillow samples. The 

Si/Ti and Si/Al ratios (Table 2) of the SC-2 margin and core samples 
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are essentially identical which suggests that Sio
2 

has not been removed 

from tlie margin sample,but diluted. Al
2

o
3 appears to have been leached 

from the margin of the sc-3 pillow as this sample has lower Al/Ti and 

higher Si/Al ratios than the intermediate and core samples. Apart 

from this one sample,A1 2o3 shows no significant variations and it is 

concluded that Sio2 and Al
2
o3 have generally remained immobile during 

the alteration processes these lav&s have been subjected to; similarly 

for MgO which shows analytically significant changes in one margin-core 

pair but no significant variation in the other 4 pillow pairs. 

The remaining elements and oxide~ show changes within the pillow 

pairs which are often much greater than the AE. Explanation for these 

changes by crystal fractionation or accumulation are attempted first, 

thereafter alteration effects are invoked. The important phenocryst 

phases in this respect are clinopyroxene (electron micropr.obe analyses 

of diopside from massive flows of basaltic komatiite of similar com-

position have MgO and CaO contents of 18-20 wt.% see Chapter 6), calcic 

plagioclase and spinel. 

+ Probably the best indicator of chemical alteration is the H2o 

and co
2 

contents of the samples. No systematic trend can be seen in 

+ .the H2o content between the margin and cores of these pillows. The 

SC-2 margin and core have the highest H
2

o+ content which indicates 

tha:t the SC-2 pillow is the most altered pillow analysed in this suite 

of samples. The co
2 

contents of the samples are low and identical 

within AE for the pillow pairs. It follows therefore that the large 

but inconsistent variations of Cao within the pillow pairs (see Fig. 

2-2) are not related to the formation of calcite in the samples. Pro-

ceases of diopside or plagioclase accumulation or removal can also be 

rejected for accounting for the.variable contents of CaO in the pillow 
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pairs, as samples with high CaO should also contain either high MgO 

or Al 2o3 contents respectively, which is not observed (see Fig. 2-2). 

The high CaO (as well as Sr and Ga) in a sample such as SC-2M is pro

bably related to the appearance of epidote grains in the devitrified 

matrix of this sample. Epidote in low-grade metamorphic rocks has 

been shown to accumulate Ca, Sr and to a lesser extent Ga (Melson and 

van Andel, 1966; Smith, 1968; Smith and Smith, 1976; Condie et al., 

1977; Willis, 1978). It is therefore suggested that the erratic variat

ions of Cao, Sr and Ga between the pillow pairs, are due to the addition 

of variable amounts of these elements into the samples to form epidote 

during metamorphism. 

FeO shows a regular decrease in the cores of the pillows compared 

to the margins and similarly for MnO, although some of the changes are 

within AE. By contrast Fe
2

o3 remains constant within AE for most of 

the pillow pairs. The loss of iron from cores of recent marine pillows 

has been recorded by Scott and Hajash (1976). This feature in the 

Barberton pillows may be a relict sea water alteration effect and 

suggests that the cores are more altered than the rims with respect to 

their FeO contents. Hart et al. (1974) and Scott and Hajash (1976) 

have shown that the margins of recent pillow lavas are not always the 

most altered portion of the pillows and may often retain their primary 

composition better than the more crystalline interiors. 

The K
2
o, Rb and Ba contents of the pillow pairs show similar 

variable distribution patterns. No variation for K2o occurs in the 

SC-11 and SC-5 pillow pairs within AE. If an analogy can be drawn 

with the alteration processes in modern abyssal basalts (Hart et. al., 

1974), the low K
2
o, Rb and relatively high K/Rb of the SC-ll pillow 

indicates that this is a comparatively fresh pillow, while the high 
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K2o, Rb and low K/Rb of the SC-2 pillow and SC-8 core suggests they 

are the most altered samples. 

Na2o also shows variable distribution in the pillow pairs. The 

calcic plagioclase microphenocrysts have usually been replaced by 

albite, a feature which is typical of spilitic rocks (Vallance, 1965; 

Melson and van Andel, 1966; Cann, 1969). These pillows however do not 

show anomalously high Na
2
o compared to other fresh basaltic rocks, 

neither do they have the characteristic distribution of low Na
2
o in 

the margins and high Na2o in the cores (Vallance, 1965) and therefore 

spilitic affinities for the Barberton pillows are discounted. 

Cr shows small but significant changes within the pillow pairs; 

these changes could however be accounted for by minor variations in 

the content of the spinel microphenocrysts and need not be an alterat

ion effect. A similar feature has been noted by Humphris and Thompson 

(1978b) for the behaviour of Cr in Mid-Atlantic ridge greenschist facies 

pillow samples. The remaining elements Zn, Cu, Ni and S show large 

and variable changes between cores and margins of the Komati Fonnation 

pillows. S and Cu show very similar distribution patterns in the 

pillow pairs (Fig. 2-2) and are lower in all the margins than cores 

except for the SC-8 pillow pair. Consistently lower S content in the 

margins of recent ocean floor basalts has been recorded by Hart et al. 

(1974) and this similar trend for most of the Barberton pillows may 

be a relict sea water alteration effect. 

In summary the elements determined in margin-core pillow pairs 

from the Komati Formation can be divided into two groups:-

A) . An immobile group of clements that show no detectable change 

within the pillow samples and comprise Si, Ti, Al, Mg, P, Nb, Zr, Y, 

Co, V and Sc. Cr probably also belongs to this group. 



- 33 -

B) A mobile group of elements that show changes in the differ-

ent portions of the pillows that vary from beii1g small but significant 

to huge changes of several hundred percent. This group of elements 

consists of:- Fe, Mn, Ca, Na, K, S, Sr, Rb, Zn, Cu, Ni, Ba and Ga. 

2-6 T"tlE ACID LEACHED PILLOW SAMPLES 

The data for HCl leached powder samples (methods given in Append-

ix II) are given in Table 2-3. While it war. expected that only car-

bonate would be removed by the HCl leaching process, comparison of 

the data in Table 2-3 with the relevant ci.nalyses from Tables 2-1 and 

2-2 show that this is not the case. The following changes can be 

observed:-

A) Sio
2 

and Na
2

o are higher in the leached samples. The changes 

for Sio
2 

are significant for all the samples except the SC-5 ma.rgin 

and only significant for Na2o in the SC-2 core sample. 

B) * Al 2o3 , Tio
2

, Fe2o3 , MnO, MgO, Nb, Zr, Y, Sr, Co, Cr, V and 

Sc show no change within AE or very minor changes. 

C) Cao, P205' Zn, Cu and Ni are systematically lower in the 

leached samples. 

D) K
2
o,. Rb. and.Ga.have remained constant in the leached SC-2 

pillow samples but show a significant decrease in the leached SC-5 

pillow samples, ,while Ba shows a significant decrease in the SC-2 

leached pillow samples but only a slight decrease in the SC-5 leached 

samples. 

The decrease of the C group elements in the leached samples is attrib-

uted to the removal of small amounts of calcite, apatite and sulphide 

in the acid solution. The Sr data are essentially identical in the 
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leached and unleached samples suggesting an insignificant amount of 

the total Sr in the samples was incorporated in the leached calcite. 

2-7 ALTERATION EFFECTS BETWEEN PILLOWS 

In.the ensuing discussion on the alteration effects that can be 

identified between pillows, the assumption has been made that all the 

samples formed from a homogeneous magma source and that crystal fraction-

ation processes have only played.a minor part in modifying the initial 

lava compositions. Inter-element ratios of the irmnobile elements 

(as identified in the previous section) such as Si/Al, Al/Ti, Zr/Y and 

Ti/P (see Table 2-2) show very little variation between the pillows and 

tend to support this assumption. On this basis the western pillows 

(SC-2, SD-82 to SD-85) are more altered than the eastern pillows (SC-3 

+ to SC-13) as they have, on average, higher H
2
0 , Fe

2
o

3 
and Fe

2
o

3
/Fe0. 

Perusal of the data in Tables 2-1 and 2-2 and in Fig. 2-2 shows 

that the irmnobile elements such as Ti, P and Zr display very little 

variation in their contents between pillows, while the mobile elements 

(e.g. K, Rb, S) show a much greater range of concentrations regard-

less of whether margins only, cores only or the average of margin-

core pairs are considered. An attempt to quantify the range observed 

for each element has been made in Table 2-4. Here the range observed 

for an element (all data recalculated volatile free) in all the margin 

and core samples minus the spread due to AE (4o) has been expressed 

a's a percentage of the average composition as below:-

Real Spread (RS) 
· ( (Max"'Min)-AE) = x 100 •...•...• 2-1 Average 

The negative RS values for P
2
o

5 
and Y indicate that the range observed 

for these elements in all the samples was less than that expected from 
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enalytical error alone. Based on the RS values the elements ~an be 

split into three groups:-

1) RS<8% - Si, Ti, Al, P, Nb, Zr, Y, Co, V and Sc. This group 

of elements is essentially the same as the immobile group of elements 

identified in the previous section and it is suggested that the 

variations are sufficiently small to enable this group of elerr.ents 

to be used for detailed modelling of the igneous geochemistry. 

2) RS 15-50% - Fe, Mn, Mg, Ca, Cr, Ni and Ga. While the ra.nge 

recorded for Cr -within the pillows is probably due to the inhomo·~ 

geneous content of spinel microphenocrysts, the use of the other ele-

ments to interpret the igneous geochemistry of the lavas should be 

treated with caution(frorn the Barberton greenstone belt .and other 

similar greenstone belts). However the observed concentrations may 

nevertheless be useful indicators of the original composition of the 

lavas. 

3) RS>65% - Na, K, S, Sr, Rb, Ba, Cu and Zn. The huge variat-

ions recorded for this group of elements makes any estimate of the 

original content in the lavas extremely unreliable even within the 

better preserved eastern set of pillows. 

Obviously, therefore, the abundance' of this last group·of 

elements obtained by the direct analysis of the Barberton greenstone 

belt lavas should rtot be used for such subtle purposes as inferring 

source areas characteristics or classifying rock types. A more valid 

approach has been adopted by Hart and Brooks (1977) who have attempted 

to infer the source area characteristics by reconstructing the K, Rb 

and Ba inter-element ratios of altered Archaean lavas using the K, Rb 

" and Ba contents of high purity clinopyroxene separates and the appropriate 
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distribution coefficients. Erlank and Kahle (1976) have used the 

Zr/Nb ratio to infer the source area characteristics, which is potent·· 

ially useful when dealing with altered Archaean lavas. The average 

Zr/Nb ratio of 20 from these Komati Formation pillows is high and 

suggests that these lavas were derived from a depleted source area 

with respect to modern oceanic island basalts, but similar to average 

mid-ocean ridge tholeiite (MORE). Variations in inter-element ratios 

are further discussed in Chapter 7. 

In view of the varying significance that has been attached to 

the Ca0/Al
2
o3 ratio in classification schemes of komatiites (Viljoen 

and Viljoen, 1969c,d; Brooks and Hart, 1974; Arndt et al., 1977), the 

effect of alteration on this ratio will be discussed in more detail. 

The possibility of plagioclase or diopside accumulation in the SC-2 

margin has already been rejected; similar reasoning also eliminates 

the possible accumulation of these minerals in .the more altered (west-

ern) pillows to account for the high Ca0/Al
2
o

3 
ratios. The mineral

ogical control of the chemistry of altered rocks has been well estab-

lished by Melson and van Andel (1966), Smith(l968), Cann (1969), Jolly 

and Smith (1972) and Leake (1972); in particular the increase of CaO 

and Fe 2o3 with increasing epidote and H2o+ with increasing chlorite. 

A chlorite (ripidolite) analysed by electron microprobe from the 

interior of the SC-11 pillow has a CaO content of 0.05 wt.% (see Table 

5-2). Variation in the chlorite content as such, therefore, will not 

affect the Ca0/A1 2o3 ratio,as chlorite contains insignificant calcium 

and because it appears that Al 2o3 has neither been added to nor removed 

from the samples. The alteration of calcium rich minerals to chlorite 

could possibly decrease the Ca0/Al
2
o

3 
ratio if the CaOwas removed 

from the rQck. The addition of the required H
2
o+ to form the hydrous 
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alteration minerals in these rocks will have the effect of diluting 

the other elements. Again because of the apparent innnobility of Al o 
2 3' 

the addition of a likely epidote composition (clinozoisite-epidote) 

to the samples is impossible without changing the Si/Ti and Al/Ti 

ratios. If on the other hand CaO and Fe
2

o
3 

were added and formed an 

epidote mineral from the Al and Si fixed in the rock, significant changes 

would be observed in the Ca0/Al
2

o
3 

and Ca/Ti ratios, but no changes 

would occur for the Si/Ti, Al/Ti ~n~ Si/Al ratios. In Fig. 2-3 the 

Ca0/Al 2o3 ratio has been plotted against Fe
2
o

3 
for all the samples. 

The western pillows form a positive trend of increasing Ca0/Al 2o
3 

with 

Fe
2
o

3
. Two trend lines have also been calculated for the addition of 

CaO and Fe
2
o3 in the correct proportions to form epidote with the 

Fe2o3/cao ratios indicated. The two epidote compositions were taken 

from Deer et al. (1962 p. 197 analysis No. 4 and No. 5). The starting 

point for calculating the trend was chosen rather arbitrarily to be 

within the lower Ca0/Al
2

o
3 

group of fresher pillow and the SC-5 margin 

composition was used. The two epidote formation trends enclose the 

observed trend which indicates that the epidote actually formed should 

have a Fe2o3/cao ratio between 0.22 and 0.32. Forming an epidote 

mineral with Fe
2
o3/cao ratio of 0.27 by addition of 4.52% Cao and 

1.22% Fe2o3 to the starting composition gives the Ca0/Al 2o3 and Fe2o3 

content observed in the SC-2 margin. The exact percentage will depend 

critically on the chosen starting point and epidote composition: but 

an attempt has been made in Table 2-5 to check whether these are 

realistic figures using the Sio
2

, Ti0
2 

and Zr data. The data have 

been calculated volatile free to eliminate the dilution effects of 

+ H
2

o ; the SC-2 margin data has in addition been recalculated up by 

5.7% after the removal of 4.52 wt.% CaO and 1.22 wt.% Fe2o3 • The 
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average fresher pillow composition in Table 2-5 has been obtained by 

averaging all the eastern pillow samples (volatile free data). The 

agreement between the recalculated SC-2 margin data with that of the 

average fresher pillow (Table 2-5) is remarkable and well within 

analytical precision for the three elements. This data is consistent 

with the interpretation that these elements have been diluted by 'V5.7% 

- in the sc-2 margin compared to the average fresher pillow. From Fig. 

2-3 and associated calculatio~lS, it appears that the addition of Cao 

and Fe2o3 to the more altered samples to form epidote is a real pos

sibility, but is difficult to verify modally as the rocks are extreme

ly fine-grained. However, the observation that epidote is more abund

ant in the SC-2 margin. than the other margin samples tends to support 

the above suggestion. In addition 14-J (analysis in Viljoen and 

Viljoen, 1969c), a pillow of similar composition to the pillows ana

lysed in this study, contains abundant epidote in thin section as 

large (0.1-0. 2 mm) discrete grains and has a high CaO/ Al
2

o3 ratio. 

From this and the other circumstantial evidence presented, it is con

cluded that the addition of Cao and Fe
2

o3 to these pillows to form 

epidote has seriously affected the Ca0/Al
2
o3 ratio of the more altered 

samples. In view of this and because the fresher pillows have Ca0/Al 2o3 

ratios as low as 0.83, the suggestion that Ca0/Al 2o3>1 (Brooks .and 

Hart, 1974) be used as one of the main parameters for defining the 

low MgO komatiites, is not valid for these Komati Formation lavas. 

2-8 DISCUSSION AND CONCLUSIONS 

Among the common suite of elements that have been determined in 

this study and that of Coi1die et al. (1977) there are some serious 

discrepancies with regard to the elements that are considered to be 
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immobile. Samples used by Condie et al. (1977) show a far greater 

degree of alteration in terms of secondary mineral development than 

the samples used in this study, and comparison therefore will be 

restricted to the elements that, according to Condie et al. (1977), are 

immobile. They suggest that Ba, Ga and Ni among others do not appear 

to have been greatly modified by•alteration as they show the same 

variabilities in altered and unaltered flows. These same three elememts 

are highly variable both within and between pillows from the Komati 

Formation studied here. The differences could possibly be related to 

sea water alteration on the pillow samples. However inspection of the 

so-called "unaltered" Londozi River flow data of Condie et al. (1977) 

shows Ba to vary from 97 to 236 ppm, while in the carbonated flow Ba 

varies from 21 to 57 ppm and in the epidotized flow from <15 to 41 ppm. 

It is suggested that these huge variations are due to alterat:i.on,con

sidering the erratic behaviour of Ba found in the Komati Formation 

pillows. In addition Condie et al. (1977) note an 11 to 17 ppm increase 

of Ga with increasing epidotization and it is therefore puzzling as 

to why they consider Ga not to have been greatly modified by alteration 

processes. This difference of 6 ppm Ga between the relatively fresh 

sample and the altered sample becomes extremely significant when models 

for the genesis of_ these lavas are being tested. Arth (1976) has em

phasised the need-for precise and accurate analysis of trace element 

data when testing geochemical models. To this must be added further 

constraints, when modelling altered rocks, that only elements which 

have remained immobile throughout the alteration processes, should be 

used for modelling. 

It is apparent from the data obtained in this study that both 

margins and cores of all the Komati Formation pillows have been altered 
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to some extent. 2+ 
The variations of Fe , Mn, S and Cu between margin 

and core of these pillows show similar trends to those observed in 

altered ocean floor pillow lavas (Hart et al., 1974; Scott and Hajash, 

1976; Hurnphris and Thompson, 1978a,b) and may therefore reflect the 

effects of alteration by Archaean 'sea' water. The addition of small 
3+ .. 

amounts of Ca and Fe (probably some Ga and Sr as well) to some of 

the samples to form epidote during a low grade metamorphic event has 

been suggested. However the variation in the contents of the other 

mobile elements cannot be assigned to a specific alteration process 

as yet and' may have been remobilized by more than one alteration event. 

The major and trace elements determined in this study can be di-

vided into three groups when all the samples analysed are considered:-

A) Si, Ti, Al, P, Nb~ Zr, Y, Co, Cr, V and Sc have remained 

ilillllobile or relatively so to the extent that these pillow lavas ha_y..!::_ 

· 'been·altered and are considered to reflect the igneous geochemistry 

of the rocks. 

B) Fe, Mn, Mg, Ca, Ni and Ga. Undoubtedly for this group of 

elements the selection of samples is going to be the most critical 

if the data is· to be emplcyed usefully for igneous interpretations. 

It is suggested that sample selection should be based on 'the following 

criterion:-

1) Igneous texture preservation 

1) kelict mineral content 

3) The lack of the development of monomineralic 

metadomains (Jolly and Smith, 1972) of minerals 

such as epidote and chlorite. 

C) Na, K, S, Sr, Rb, Ba, Cu and Zn. The large variations re-

corded for this group of elements both within and between pillows 
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indicate that the concentrations of these elements have been 

extensively modified by alteratio~ processes and little reliability 

can be placed on the.ir absolu.te concentrations or inter-element 

ratios, determined directly in the rocks, to infer.the original 

igneous character. 

Finally, the behaviour of the elements found in this study 

of the Komati Formation mafic komatiite pillows is specific to 

this locality and other greenstone belt lavas that have undergone 

very similar alteration histories. The chemical elem<~nts in rocks 

that have been metamorphosed to higher or lower grades or have dif

ferent primary and reconstituted mineral assemblages,may behave dif

ferently. 

I. 
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.. CHAPTER. 3. 

'ULTRAMAFIC. A.l'iD MAFIC. KOMATIITE. 'LAVA. FLOWS 

ULTP~A~...AFIC KOYJATIITE LAVA FLOWS 

3-1 INTRODUCTION 

Viljoen and Viljoen (1969d) recognised a class of rocks which 

occur in the Barberton greenstone belt as the crystallisation products 

of ultrarnafic magmas and termed them peridotitic komatiites. These 

ultramafic rocks crop out :as massive flows and piliow lavas associated 

with mafic komatiites and tholeiitic basalts in the lower Formations 

of the Onverwacht Group (Viljoen and Viljoen 1969~,d). Several ultra-

mafic komatiite lava flows.from the type area of the Komati Formation 

have been sampled in order to determine the extent of compositional 

variation within these flows and to test whether such variations can 

be ascribed to crystal fractionation processes, as has been suggested 

by Pyke et al. ( 1973), Arndt (1977a), Arndt et al. (1977) and Arth 

et al. (1977) for similar lava flows from ether Archaean greenstone 

belts. In this section the textural relationships of three spini{ex 

textured ultramafic komatiite flows are reported, together with com-

positional data for samples taken from two of the flows. The thickest 

flow (3.1 ~) has been investigated in the most detail and analysed 

-mineral compositions have been utilised in modelling systematic com-

positional variations within the flow. The textural and compositional 

data are combined to develop a differentiation history and cooling 

model for this typical ultramafic flow. 

3-2 FIELD RELATIONS AND PETROGRAPHY 

A well exposed section across the three ultramafic flows occurs 
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in a stream bed in the type area of the Komati Formation, but the 

lateral extent of the flows could not be traced due to poor exposure. 

Fig. 3-1 is a <liagrannnatic section of the flows showing the sampling 

points (arrows), textural features and thickness of the individual 

flows. Major and trace element data for seven samples have been ob

tained. One analysis is from the basal chilled margin of the central 

flow and six are from the lower flow (see Fig, 3-1) . Fo Hewing the 

tradition of Arndt et al. (1977) the lower (3 .1 m thick) flow is 

referred to as Stuart's flow. 

These three flows from the Komati Formation show a striking 

textural resemblance to the ultramafic flows containing spinifex 

texture from Munro Township (Pyke et al., 1973) and Western Australia 

(Nesbitt, 1971). Pyke et al. (1973) have divided the Munro Tm·mship 

ultramafic flows into six sub-units on the basis -of structure and 

textural features, while noting that certain sub-units may not be 

developed in every flow. Their tenninology will be adopted 1.n this 

description of the Koma ti Formation ultramafic flows, but with minor 

modifications. It should be noted that where olivine l.S discussed 

in the following section, all the olivine crystals have in fact been 

pseudomorphed by serpentine and magnetite except for the B zone samples 

of Stuart's flow where kernels of primary olivine are occasionally 

preserved. 

A chilled flow top (Pyke et al. 's A
1 

zone) was not observed in 

any of the flows in Fig. 3-1, however an aphanitic basal contact 

Uower B
4

) zone could be clearly identified in the upper two flows. 

In thin section the basal contact samples consist of a microcrystalline 

groundmass of serpentine amphibole and magnetite with occasional euhe

dral microphenocrysts of ol-ivine. SmaH spherical vesicles (0.06-1.1 mm 
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across) occur in the contact zone that are often lined \dth magnetite 

and contain large single crystals of calcite. 

The spinifex (A2) zone is well developed J..n all three flows 

and in common with other spinifex textured ultramafic flows (Pyke 

et al., 1973; Nesbitt, 1971; Arndt et al., 1977; Lajoie and Gelinas, 

1978) they display two distinct types of spinifex texture:-

1) An upper zone consisting of short (<10 mm long) olivine blades 

that generally show no preferred orientation. Nesbitt (1971) has 

described this texture as 'radiating spinifex' (see Plates 12b, 

14a and 14c in Nesbitt, 1971). Donaldson (1974) has objected to 

this term as not all the olivine blades radiate from a common nucleus 

and prefers the term''randomly oriented spinifex'. In this thesis 

Donaldson's term will be abbreviated to 'random spinifex 1
• Lajoie 

and Gelinas (1978) have designated this zone as the A
2 

division in 

ultramafic flows from La Motte Township, Quebec. However, as the 

symbol A
2 

has already been used by Pyke et al. (1973) to designate 

the entire spinifex portion of the flow, the symbol A
2

r is preferred 

(see Fig. 3-1). Within the A2r zone the olivine blade length in·· 

creases from top to bottom, the aver~ge length being less than 10 mm. 

Occasional hopper olivines similar to examples described by Donaldson 

(1974, 1976) occur between the blades. Small vesicles with the same 

features as these in the chilled basal contact samples are also 

found. The olivine blades are set in a groundmass of amphibole 

(probably originally skeletal pyroxene), serpentine and magnetite. 

2) ,_ A lower zone consisting of well oriented fan-like arranger11ents 

of olivine plates up to 300 mm in length. This type of spinifex 

texture has been well documented in the literature (Viljoen and 

• 
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Viljoen, 1969d; Nesbitt, 1971; Pyke et al., 1973). Nesbitt (1971) 

has described this texture as 'plate spinifex' and this term will 

be used here. Lajoie and Gelinas (1978) have designated this zone 

as the A3 division 1 but the symbol A
2

p is preferred. The matrix in 

the interblade area consists of radiating sprays of amphibole (after 

pyroxene), serpentine end magnetite. No hopper olivines or vesicles 

have been observed in the interb lade area of the A,. spin if ex zone. 
Zp 

Although the olivine blade length increases from top to bottom of the 

A2r zone the boundary between the A2r and A
2

p zones is marked by a 

sharp increC\se in average blade length. 

A B1 zone consisting of foliated skeletal olivine crystals was 

not obvious in any of the three flows in the field. However inspect-

ion of a polished slab of a sample taken from the central flow (see 

Fig. 3-1) revealed a thin B
1 

zone (lo nnn thick) below the A2p spinifex 

zone. Olivine blades in the B
1 

zone (up to 5 mm long) are aligned 

roughly parallel to the flow contacts and set in a matrix of amphi-

b'ole, serpentine and magnetite. However the major portion of the B 

zone in all three flows consists of fine grained peridotite (B
2

/B
4 

zone). In thin section the B
2

/B
4 

zone has a cumulate texture con

sisting of closely packed equant olivine grains (O.l to 0.3 mm across) 

:forming 60 - 80% of the rock. The mesostasis contains serpentine, 

amphibole, chlorite and magnetite. A 'knobby peridotite' B3 zone 

was not observed in any of the flows in Fig. 3-1.. 

Relict olivi.na kernels have been analysed by electron microprobe 

in sample HSS-535 from the B/B4 zone of Stuart's flow. The data 

are given in Table 3-1. Note that the 'margin' analyses referred to 

in Table 3-1 represent the edge of kernels and not the edge of 

original crystals. The olivines are normally zoned (Fo92 to Fo90) 

and are characterized by relatively high Cao and Cr
2

o
3 

contents. 
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The CaO content is consistent with the olivines having crystallized 

in an extrusive environment (Simkin and Smith, 1970; Dickey, 1972; 

Green et al., 1975). The high Cr 2o3 content appears to be a feature 

of olivines from Archaean ultramafic lavas (Pyke ct al., 1973; Bickle 

et al., 1975; Nisbet et al., 1977) and is discussed below. 

3- 3 GEOCHEMISTRY OF STUART'S FLOW 

Three spinifex textured samples have been analysed from the A 

zone and three cumulate textured samples from the B zone of Stuart's 

flow (see Fig. 3-1). The major element data and normative mineral 

compositions are presented in Table 3-2 and the trace element data 

and interelement ratios are listed in Table 3-3. The major and trace 

element data have been recalculated volatile free. Mineralogical and 

chemical alteration of the mafic lavas from the Barberton greenstone 

belt have been in1Testigated by a number of authors (Viljoen and 

Viljoen, 1969b; Condie et al., 1977; Chapter 2, this work). In Chapter 

2 ft was shown that the variations in abundance of Na, K, Rb, Sr, Ba, 

Cu.1 Zn and S in different portions of mafic komatiite pillows from 

the Komati Formation could not be accounted for by processes of crystal 

fractionation or accumulation alone. These elements therefore appear 

to have been mobile during one or more of the secondary processes 

(i.e. sea water alteration, greenschist facies metamorphism) that 

have affected the pillow lavas. T3ese elements will therefore be 

excluded from the following discussion as their concentrations may 

well have been disturbed in the ultramafic rocks. 

The variations of selected elements with position in Stuart's 

flow are illustrated in Fig. 3-2. In this plot it can be· seen that 

MgO and Ni are depleted and Si.o
2

, Tio
2

, Al
2
o

3
, Cao, Zr, Y, V and Sc 

are enriched in the A zone relative to the B zone samples. The 



- 47 -

enrichment of the B zone in MgO and Ni is compatible with the olivine 

cumulate textures of samples from this zone, and suggests that olivine 

has settled from the A into the 13 zone. 

A number of authors have proposed that the spinifex textured 

portion of ult:tamafic lava flows represents the initial composition 

of the magma (Viljoen and Viljoen, 1969d; Nesbitt, 1971; Nesbitt and 

Suns 1976). Comparison between the three analyses of the spinifex 

samples shows that the A2 sample (HSS-·531) and the A /A sample 
r 2r 2p 

(HSS-532) have virtually identical compositions. However the lower 

A2p sample (HSS-533) is depleted :;,.n MgO, Ni and Co and enriched 

in Tio2 , Cao, Zr, Y, Cr, V, Ga and Sc relative to the other two spini

fex textured samples. This difference in composition casts doubt on 

the proposition that any single spinifex textured sample represents 

the composition of the initial magma in Stuart's flow; the latter may be 

better detennined by averaging the six samples taken from the flow. 

A weighted average composition has Leen calculated for Stuart is flow 

and given in Table 3-2 and 3-3; the weighting was based on the thick-

ness of the flow each sample represents. This weighted average is 

very similar in composition to that of the basal chilled margin of 

the overlying ultramafic flow (HSS-530) indicating that the weighted 

average does represent a plausible magma composition. Donaldson'(l974, 

1976) has pointed out that the development of spinifex texture requires 

a nuclei free zone in the oagma. The A2r spinifex textured sample 

therefore probably represents the initial liquid (phenocryst free 

magma). Any microphenocrysts present in the original magma are inferred 

to have settled into the B zone before solidification of the A zone 
i 

in Stuart's flow. 
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OLIVINE FRACTIONATION MODEL 

Major element variations within Stuart's flow have been modelled 

assuming the weighted average composition as the parent magma and 

olivine (Fo
92

) as the fractionating mineral. A least squares linear 

mixing method (Bryan et al., 1969) was used to calculate the amount 

of olivine removed from the A zone and accumulated into the B zone. 

Note tl:at total iron has been calculated as FeO and that Na
2
o and 

K
2
o have been excluded; P2o5 was also excluded because of problems 

in obtaining precise measurements for this oxide at the low levels 

encountered in these ultramafic rocks. Samples with virtually ident-

ical compositions have been averaged (i.e. HSS-531 and HSS-532; HSS-53L~ 

and HSS-535) a.n.d the parameters for the four resulting calculation3 

are presented in Tables 3-4a to 3-4d. CaO consistently shows the 

poorest agreement between observed and calculated composition. In-

clusion of diopside in the· mixing calculations did not improve the 

. CaO error significantly. However the residuals O: (Obs. -·Cale) 
2

) for 

tbe four computations a.re considered satisfactory in view of the 

altered nature of the flow. 

The olivine fractionation model has been tested us:i.ng the trace 

elements that are incompatible to the olivine structure (i.e. D.~'O 
1 

where i =Zr, Y, V, Ga or Sc). The expected trace element content 

of the residual liquids (A zone) and cumulate (B zone) samples have 

been obtained from the expression:-

= i c I (1-l-X) 
0 

(3-1) 

where X - wt. frac. Fo92 ·added to the initial magma. 

The agreement between observed ancl calculated trace element 

data for the four compositions from Stuart's flow (also in Tables 
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3-4a to 3-4d) is generally within the precision (±z°cr) with which 

these elements have been determined and supports the olivine fraction-

ation model developed from the major element data. 

In this model the composition of the A
2 

sample can be obtained 
. r 

by the removal of 4.6 wt.% Fo
92 

and the A
2

p sample by the removal of 

13.1 wt.% Fo92 assuming the weighted average represents the initial 

magma (liquid plus olivine phenocrysts). Similarly the composition 

of the B zone samples can be accounted for by the accumulation of be., 

tween 8.9 and 14.l} wt.% Fo92 into the initial magma. The removal of 

larger amounts of olivine from the A2p sample compared to the A2r 

sample postulated in this model indicates that olivine continued to 

crystallise 8nd settle from the magma after the formation of the A2r 

zone. 

3-4 FeO/MgO, Ni AND Cr CONTENT OF YJ:-!E OLIVI~'ES 

In the olivine fractionation model developed .for Stuart's flow~ 

equilibrium between the most Mg rich olivine cores (Fo92 ) and the 

initial liquid (A2r composition) is implied and can be tested using 

element distribution coefficients between olivine and liquid that 

have been experimentally determined. R0eder and Emslie (1970) and 

Duke (1976) have found that for basaltic liquids in equilibrium with 

1 . . - , 01 Liq)/ ( Liq 01 ' -· 3 I fl h o 1vi.ne ~ - "Xfeo .Y.HgO Xfeo. X}igoJ - o. O. In Stuart s. · ow t e 
FeO content of the A2r 'liquid' is unknown and the assumption has 

2+ been made that total iron was present as Fe • On this basis a 

~ of O. 37 for the Fo
92

-A
2

r 'liquid' is obtained which is a minimum 

1 I f h A I 1 • • d I • d • • f • 3+ h va ue. _ t e 2r 1qu1 containe a signi icant Fe content t e 

K
0 

value would be higher still. Compared to the experimentally 

determined value (l\J().30) disequilibrium is indicated for the Fo92-A2r 

'liquid' pair. However other estimates of KD between olivine and 
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ultramafic komatiite liquids (minimum values as total iron assumed to 

be FeO) suggests slightly higher values than for basaltic systems. 

The experimental data of Bickle et al. (1977) for olivine crystalliz-

ing from ultramafic liquids shows a range of KD values from 0.34 to 

0.37. In addition the olivine from the spinifex textured sample 

49-J (Green et al. 1975) yields a KD of 0.39 and Nisbet et al. (1977) 

have estimated KD for the Rhodesian ultramnfic komatiites to be as 

high as 0.43. In view of_ the higher KD values indicated by these 

studies in ultramafic liquid systems, equilibrium for the Fo92-A2r 

'liquid' from Stuart's flow cannot be discounted using the experiment-

ally determined KD by Roeder and Emslie (1970) and Duke (1976). 

DNi (wt.% Ni in olivine/wt.% Ni in liquid) has been measured for 

the same olivine-' liquid' pair in Stuart's flow and is given in Tab J e 

3-5 together with the DNi values calculated, using the equations of 

Har.t and Davis (1978) and Arndt (1977b). The agreement between the 

two calculated results is good but significantly higher than the 

measured value. 

Hart and Davis (1978) have computed th.: variation of DN. as a 
1 l. 

function of l/MgO for a wide range of cor!ipositio;.1s (MgO from 4. 8 - 24. 7) 

and liquid structures, as reflected by the Si/O (atomic) ratio (0.27 -

0.37), in iron-free olivine-liquid systems. T'ne higher MgO content 

of the A 'liquid' coupled with the fact that the curve fitted to the 2r 

'· experimental data of Hart and Davis (1978) falls above the data points 

at high l1g0,may partlyaccount £01:· the discrepancy between the cal-

culated and measured DN. in Stuart's flow. Arndt (1977b) on the other 
1 l. 

hand has used komatiitic compositions for his experimental investigat-

ion and computed the variation of DNi as a function of the normative 

olivine content of the liquids. The A2r 'liquid' from Stuart's flow 

again has higher MgO content than the range of liquid compositions 
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given in Arndt (1977b), although both the A
2

r 'liquid' and tne liquid 

compositions used by Arndt have similar Si/O (atomic) ratios of 

around 0.3. The T' 

vNi and MgO data reported in Arndt (1977b) have been 

' replotted as DN. versus 
l. 

l/MgO (Fig. 3-3). The observed J)Ni and MgO 

data for the spinifex textured sample lf9-J (Green et al.,, 1975) have 

also been included for comparison. The correlation between DNi and 

MgO for this limited number cf data points is good (correlation 

coefficient = 0.99) over a wide range of komatiile liquid compositions 

and a linear regression line fitted to all the data points in Fig. 3-3 

gives the following equation:-

= 
111. 33 

MgO 1. 71 ................. (3-2) 

The predicted DNi for the A2r 'liquid 1 from Stuart's flow using this 

equation is in good agreement with the measured value (see Table 3-5). 

The expected DN. for another ultramafic spinifex textured sample 
< 1 

SF-134: (Nisbet et al. , 1977) calculated using equation 3. 2 (DNi = 2, 2), 

agrees well with the measured value cf 2.3 (assuming the most Ni rich 

olivine analysed in sample SF-134 is in equilibrium with the bulk 

rock composition). Although thereare insufficient data in the literat-

ure to fully test the applicability of equation 3-2 to komatiite rocks, 

the little there is 'confirms its usefulness and on this basis it is 

concluded that the Fo92-A
2
r pair from Stuart's flow was in equilibrium. 

The high Cr content of olivines from ultramafic komat:iites com-

pared to other terrestrial olivines has previously been noted (Green 

et al., 1975; Dickey, 1972; Nisbet et al., 1977). Some lunar olivines 

also have high Cr contents but Green et al. (1975) have pointed out 

that at the oxygen fugacities at which these olivines crystallized, 

all Ni existed in the metal phase, which is clearly not the case in 

the Archaean ultramafic flews. Computing Der for the Fo92 ··1.2r sample 
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gives a value of 0.5. Recent determinations of D (Leeman and · Cr 

Scheidegger, 1977'; Duke, 1976) for basaltic rocks yield values th~t 

are greater than unity. As the Der determined for Stuart's flow is 

out of the compositional range of these studies, direct comparisons 

cannot be made. Duke (1976) has noted that increasing the temperature 

of crystallization should lead to a decrease in DC value. Using . r 

the equation developed by French (1971), the one atmosphere liquidus 

0 temperature of the A2r sample is estimated to be ~1550 C. It is 

therefore concluded that the Der of 0.5 obtained for Stuart's flow 

is consistent with the expected high crystallization temperature of 

the olivines and that their Cr content is due to the very high Cr 

content in the liquid from which they crystallized. 

3-5 COOLING AND CRYSTALI.IZATION MODEL FOR STUART'S FLOW 

One of the most striking features of Stuart's flow and other 

similar ultramafic flows is the abrupt change of the olivine morpho-

logies occurring within the flow. Green et al. (1975) have duplicated 

the A and B zones on a microscale and were able to match the olivine 

comp.ositions in the experimental charges to a natural sample (49-J). 

Donaldson (1976) has stated that spinifex textures in Archaean rocks 

are not due to rapid cooling, but due to rapid olivine growth caused 

by the.high normative olivine content of the magma. In view of the 

h:i.gh temperatures of extrusion of ultramafic-magmas and the thin 

nature of the flows it would be unrealistic to construct models where-

by rapid cooling was not operative at least for the outer margins 

of the flows. Using the experimental data of Donaldson (1976, 1977) 

to account for the observed olivine morphologies, a two stage cooling 

model is proposed for Stuart'i:; flow. 
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Stage 1 

Rapid chilling of the flow margins after extrusion., forming 

the basal chilled coctact and an upper contact of random 

spinifex (A2r zone 40 ems. thick). As the olivine blades 

crystallized in the A zone the composition of the tr. apped ·· 2r 

inter-blade liquid evolved to lower MgO contents and coupled 

with slower cooling rates(as the temperature of the chilled 

margin decreased), hopper olivines and skeletal pyroxenes 

we~e able to crystallize in the inter-blade area. Solidificat-

ion of the upper chilled zone must have occurred sufficiently 

fast to entrap gas bubbles. 

Stage 2 

This stage was characterized by much slower cooling rates 

than the first stage, and connnenced when the flow of magma 

between the contacts was either very slow or had ceased 

altogether. Olivine phenocrysts in the magma settled rapid-

ly leaving a phenocryst free zone below the upper chilled 

portion of the flow. Arndt et al. (1977) have estimated 

that an olivine grain 0.5 mm.· in diameter would settle with 

a terminal velocity of 40 cm. per hour in ultramafic magmas. 

Donaldson (1977) and Pyke et al. (1973) have noted that 

olivine blades initially nucleate on solid objects and that 

a nuclei free zone is required for the development of spini-

fex texture. It is proposed in this model that the plate 

spinifex nucleated on the base of the random spinifex zone 

and grew downwards into the magma along the thermal gradient 

forming the A2p spinifex textured zone. Drever and Johnston 

0972) have described crystal textures that have developed 
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along thermal gradients as 'thermotactic'. It is suggested 

that the composi tiona 1 changes ( 28% to 25. 7% Y.:.gO) from top 

to bottom in the A
2

p zone reflect the changes in the evolving 

residual liquid caused by the crystallization and settling 

of olivine to the developing B zone. Stage 2 terminated once 

the flow had cooled below its· solidus. 

In the cooling model proposed, the random spinifex (A
2
r) has 

cooled at a faster rate than the plate spinifex (A,, ) zone. As the 
.... p 

olivine morphology observed in any portion of the flow will depend 

on the interplay of (inter alia) the MgO content, viscosity, temperat-

ure, cooling rate and the density of olivine nuclei present in the 

magma, it would seem premature at present to attempt to constrain 

the observed morphologies in the flow to a particular linear cooling 

rate or degree of supersaturation from Donaldson's experimental work. 

The contribution of pyroxene to the differentiation of the flow 

appears to be restricted to the crystallization of this mineral in 

the olivine inter-blade areas of the A
2 

zone. 

Finally in conclusion the following points arising from this study 

of an ultramafic komatiite flow are reiterated:-

1) Not all spinifex textured samples from ultramaf ic rocks 

are representative of the initial liquid composition, and 

it is suggested that random spinifex textured samples 

give the best compositional estimate of the initial liquid 

(phenocryst free magma). ' 

2) The compositions of plate spinifex textured samples studied 

have been greatly modified by olivine fractionation 

that occurred in the flows after extrusion of the magma. 
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3) The composition of the B zone of spinifex textured 

ultramafic flows is consistent with their cumulate 

texture and indicates that variable amount of 

olivine settled into the lower portions of such flows. 

MAFIC KOY..ATIITE LAVA FLOWS 

3-6 INTRODUCTION 

· Mafic komatiite lava flows occurring as pillowed horizons 

or as massive flows make up a major portion of the Komati Formation. 

In stream sections, where outcrop is well exposed, detailed relation

ships between the flows can be seen. The flows vary in thickness 

from 1 - 10 m and individual flow units can often be identified with 

distinct flow top brecci?s and basal chilled ma;r;gins. Several 

massive flows were sampled in order to examine chemical variations 

across the flows. The data for one mafic komatiite flow are reported 

below. 

3-7 FIELD RELATIONS AND PETROGRAPHY 

.The section of one flow that was sampled in detail occurs in 

the stream bed innnediately west of the type section established 

for the Komati Formation by Viljoen and Viljoen (1969c). This flow 

is 7.3 m thick and has a flow top breccia (1.7 m thick) and a thin 

(O.l m thick) basal contact. This flow is hereafter referred to as 
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Tony's flow. The main features.of the flow are shown in Fig. 3 - 4. 

The flow top breccia consists of coarse and usually angular fragments 

(several ems across) which are now cemented by quartz. The basal 

chilled margin and the flow top breccia are much finer grained than 

the material in the central portion of the flow. Small vesicles 

(O.l to 2 mms across) now filled with quartz occur in the central 

portion of the flow and in the basal chilled margin. No clinopy

roxene spinifex textured zones were observed in Tony's flow. The 

flow can be traced for several metres along strike before it dis

appears under a talus covering. 

In thin section the flow top breccia is fine grained and con

tains amphibole needles up to 1 mm long set in a groundma~s of 

amphibole, chlorite and minor opaque material. The amphibole needles 

probably represent altered clinopyroxene needles. No phenocrysts 

were observed in this sample. In contrast the basal chilled margin, 

which is also fine grained, contains scattered euhedral microphe

nocrysts that have been pseudomorphed by quartz, set in a groundmass 

of amphibole, chlorite, quartz and minor spinel. From the morphology 

of the microphenocrysts they are inferred to have beeri olivine. 

The two samples immediately below the flow top breccia are fine 

grained and have clinopyroxene crystals (now altered to amphibole) 

set.in a fine grained groundmass of amphibole, chlorite, quartz and 

minor spinel. The two samples above the basal contact contain 

abundant euhedral clinopyroxene phenocrysts (now altered to amphibole) 

set in a groundmass of amphibole, chlorite quartz and minor spinel. 

The sample SC-6C also contains some serpentine. From the above 

inferences of the original igneous mineralogy of the flow, clinopy

roxene appears to have been the major crystallising phase accompanied 

by lesser amounts of olivine and spinel. 
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3-8 GEOCHEMISTRY OF· TONY'S FLOW 

Six samples have been analysed from Tony's flow (sampling points 

are shown on Fig. 3-4) and the major element and normative mineral com

positions are given in Table 3-6a and trace element and inter-element ratios 

are given in Table 3-6b. The major element and trace element 

data have been calculated volatile free and the FeO content calculat

ed such that the Fe 2o3/Fe0 ratio = 0.2. As in the previous section 

on the geochemistry of Stuart's flow Na, K, Rb, Sr, Ba, Cu, Zn and 

S are excluded from the following discussion as their concentrations 

may have been disturbed by secondary processes. 

The most striking feature of the chemistry of Tony's flow is 

the large compositional variation from 12 to 19% MgO (see Table 3-6a 

and Fig. 3-4). The range of sample compositions from Tony's flow 

essentially encompasses all three basaltic komatiite types originally 

'defined by Viljoen and Viljoen (1969c), The compositional variations 

in the flow were probably brought about by in situ crystal fraction

ation and accumulation processes (see later discussion). These 

variations illustrate the importance of detailed textural studies of 

lavas to identify possible cumulate samples before any inferences 

can be made as to whether a particular rock is representative of a 

magma composition or not. 

In view of the significant (but contentious) role Ca0/Al 2o3 

ratios have played in the characterisation of komatiites (see 

Chapter 4) it is clearly important to establish if high Ca0/A1
2
o

3 

ratios are due to clinopyroxene accumulation in individual samples 

or not. The weighted average composition of all the samples in 

Tony's flow (Tables 3-5a and 3-6b) is essentially identical to the 

phenocryst free flow top breccia sample SC-6A from which it is 

assumed that the initial magma composition forming the flow was 
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similar to SC-6A in composition. If this is correct then the initial 

magma had a Ca0/Al 2o3 ratio of 1.7 and the observed range of ratios 

in the flow (1.3 to 2.5) was probably brought about by the fraction

ation and accumulation of calcium and or aluminum bearing phases. 

The sample HSS-C2 has a Cao/ Al
2
o

3 
ratio· (2. 5) which is significant

ly higher and clearly not representative of the initial magma and 

from thin section examination this sample is believed to have accum

ulated clinopyroxene. 

Variation of the concentrations of selected elements with depth 

in Tony's flow are illustrated in Fig. 3-4. MgO is higher and A1 203, 
Tio

2
, Zr and V lower in the lower three samples than the top three 

samples, suggesting that ferromagnesium minerals have accumulated 

towards the base of the flow. The variations of Cao, Cr, Ni and Sc 

with depth in the flow are erratic, while variations in the Ca0/Al2o3 

ratio (see Table 3-6b) shpw that the two top and bottom samples have 

similar ratios of l\.rl, 7. The sample HSS-C2 has the highest Ca0/Al2o3 

ratio and the sample above it (SC-6B) the lowest,suggesting that 

clinopyroxene fractionation and accumulation were most important in 

the central zone of the'flow. The similar Ca0/Al
2
o3 ratios of the 

lower samples (SC-6C and HSS-C3) but higher MgO and· Ni contents com

pared to the flow top breccia, suggest that olivine or perhaps ortho

pyroxene had accumulated in this zone of the flow. Inter-element 

ratios such as Al/Ti, Ti/Zr and Ti/V show small or insignificant 

changes with depth in the flow indicating that an Al bearing phase 

(such as plagioclase) did not fractionate as the flow cooled and 

crystallised. 
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~TALLISATION . AND . ACCUMULATION PROCESSES OCCURRING· IN 

. TONY Is FLOW 

Attempts to quantify the absolute amounts of accumulation or 

crystal fractionation that occurred in Tony's flow are hampered by 

the lack of mineral compositions as no relict igneous minerals were 

observed. From thin section examination of the samples it has been 

deduced that clinopyroxene and olivine were probably important 

fractionating phases. The geochemical data are compatible with 

clinopyroxene, olivine and or orthopyroxene as likely fractionating 

minerals. While no igneous mineral compositions have been determined 

from Tony's flow,many analyses of phenocrysts from other mafic and 

ultramafic komatiite samples are available (given in Chapter 5 and 6). 

As will be shown in Chapter 6 clinopyroxene has a restricted range 

of compositions regardless of whether this mineral was analysed from 

ultramafic komatiites or mafic komatiites. The composition of the 

clinopyroxenes crystailising in Tony's flow were probably similar 

to the endiopside compositions given in Table 6-1 and for the pur-

poses of the modelling calculations below, a clinopyroxene composition 

(atomic) Mg/.(Mg+Fe) = 0.86 was chosen. An olivine of composition 

Fo87 was selected for the modelling calculations as this gives a KD 

(defined earlier), = O. 32 between olivine and assumed initial liquid 

(SC-6A) which is of the expected order of magnetude (i.e. Roeder and 

Emslie, 1970) ~ 

One further problem with the samples from Tony's flow is the 

presence of secondary quartz either as thin veins (mainly in the. flow 

top breccia) or as quartz filled vesicles in the central and basal 

chilled margin samples. This quartz,which is clearly of secondary 
I 

origin,,was not completely eliminated from all the samples during 
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sample preparation. Quartz was therefore added as an additional 

mineral. to the modelling calculations> although it is emphasised 

that quartz is not considered to have been a fractionating phase 

during the cooling and crystallisation of Tony's flow. 

The least squares linear mixing method (Bryan et al., 1969) 

was used to calculate the proportions of initial magma (assumed 

to be similar in composition to the flow top breccia sample SC-6A), 

clinopyroxene, olivine and quartz required to generate the observed 

compositions in Tony's flow. The results of the mixing calculations 

( / are given in Tables 3-7a to 3-7e. Note that total iron has been 
\ 

calculated as FeO; _ K
2
o ~ Na

2
o and P 

2
o

5 
have not been included in 

the calculations. The agreement between the predicted and observed 

major element.compositions as given by E(calc.-obs.) 2 is considered 

satisfactory. The inclusion of orthopyroxene in the calculations 

was found to be unnecessary as its fractionation was only required 

in very small amounts and the residuals were not significantly improved. 

The calculation of trace element checks is complicated by several 

factors including the problem of variable amounts of included quartz 

in the different samples, and accumulation of minerals into the 

lower portion of the flow section (i.e. F must be estimated using 

methods such as those described by Le Roex and Reid, 1978). It is 

suspected that the flow top breccia sample SC-6A also contained some 

secondary quartz and therefore the absolute trace element contents 

in this sample may be too low by an unknown amount but probably less 

than 5%. 

Only one trace element check has been attempted in Tony's flow. 

This is for the central sample SC-6B where the proportion of minerals 

removed from the initial magma to get SC-·6B composition (as estimate<l 
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from the major element modelling) is relatively large ~20%. Quartz 

d f . . . 1 . l qtz/liq . . f h was treate as a ractionating minera w1t1 D = 0.0 or t e 

trace. elements considered in Table 3-7b. The Dmineral/liq values 

used for clinopyroxene and olivine are given in Table 6-8 and the 

fractional crystallisation equations given in Arth (197~) were used~ 

The general agreement between the observed and calculated trace 

element contents are considered acceptable in view of the problems 

of quartz contamination. Thus, it is considered that the trace 

element data supports the major element modelling, which indicates 

that all the compositions in Tony's flow can be related to the 
... 

initial magma composition by addition or removal of clinopyroxene 

and olivine. 

In detail, the modelling suggests that Tony's.flow different-· 

iated in two stages. The first st,age consisted of crystallisation 

and settling of olivine accompanied by lesser amounts of clinopy-

roxene. These minerals accumulated in the lowest portions of the 

flow. The second stage was crystallisation and settling of clino-

pyroxene in the central portion of the flow. 

In general these variations are compatible with what can be 

inferred about the primary igneous mineralogy of the flow. Although 

the section of Tony's flow sampled is 7.3 m thick, it probably cooled 

relatively rapidly as it is closely associated with pillow lavas. 

It was nevertheless able to differentiate into a significant range 

of compositions by in situ crystallisation and crystal settling. 

The most significant conclusions arising from this study of 

Tony's flow are summarised below:-

1) Clinopyroxene and olivine were the major fractionating 

silicate phases in the flow. 
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2) Iri. situ differentiation has developed samples from 

this flow section with a wide range of compositions 

from 12 to 19% MgO. 

3) Clinopyroxene accumulation in certain sections of 

the flow has increased the Ca0/Al
2
o

3 
ratio from 1. 7 

in the presumed initial magma to 2.5 in the sample 

IISS-C2. · 
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CHAPTER 4. 

KOMATIITE NOHENCLATUHE 

4-1 INTRODUCTION 

In 1969 at the Upper Mantle Project Symposium held in Pretoria 

(South Africa) M.J. Viljoen and R.P. Viljoen prssented a series of 

papers (Viljoen and Viljoen, i969a-j) on the geology end geochemistry 

of the Barberton Mountain Land which have proved to be of great signif-

icance with respect to igneous rock nomenclature and classification . 
....... 

They identified a hitherto unknown suite of volcanic rocks for which 

they coined the r.ame Komatiite after the Komati river flowing through 

the Barberton area. They subdivided the suite into basaltic and peri-

dotitic komatiites with a further subdivision of the basaltic komatiites 

into Barberton, Badplaas and Geluk types. As all the greenstone belt 

rocks from this area have suffered varying degrees of metamorphism from 

amphibolite to greenschist facies, the Viljoens consequently stressed 

chemical features rather than mineralogy for classifying the rock types. 

One important aspect of the Viljoens' work is that they listed distinct-

ive features rather than strict chemical limits for each of the groups. 

Since 1969 both basaltic and peridotitic komatiites have been 

identified from 11'.any other Archaean greenstone belts while only basaltic 

komatiites have, so far, been identified from younger tectonic environ-

ments. The geochemical characteristics outlined by Viljoen and Viljoen 

(1969c,d,e) for the komatiite rock types have been extensively modified 

or often totally rejected by other workers, to suit the particular 

characteristics of the rocks under investigation. In several cases new 

names have been proposed for what the present author considers to be 

broadly equivalent rock types. This has resulted in considerable con-

fusion in the l.iterature as to just what komatiites really are. One 
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positive aspect that has come out of the confusion is that other 

parameters have also been shown to be of importance for the cha~acter:.. 

isation of komatiite lavas such as rock type associations, structures 

and textures. Obviously a reliable set of characterising parameters 

for the komatiite suite of· lavas must be at hand from Archaean volcanic 

localities before similar rock types can be identified in younger tee-. 

tonic environments. As pointed out by Brooks and Hart (1974) classific

ation schemes-based on geochemical parameters alone are unsatisfactory 

as many types of partial cumulate or cumulate rocks may be erroneously 

classified as komatiites. They advocate inclusion of textural evidence 

that indicates the rocks are representative of magma compositions. One 

important consequence of including textural criteria is that unless 

there is some other compelling evidence, rocks where the igneous textures 

have been destroyed by metamorphism cannot be unambiguously classified 

as komatiites. 

The whole problem of komatiite nomenclature is at present under 

investigation. R •. A. Binns (then at the University of Western Australia) 

circulated a questionnaire after the 25th International Geological Con-

gress to earth scientists working on komatiites and greenstone belts, 

to solicit opinions on the nomenclature problem. A general summary of 

the 27 replies to the questionnaire was circulated in November 1977. 

N.T. Arndt (University of Saskatchewan) has taken over the 'Komatiite 

Nomenclature Project' and compiled and circulated a second questionna1re. 

Some suggestions made in the replies to these questionnaires have been incor

porated in a new definition of komatiite (Arndt, 1980) still to be published. 

While it is perhaps premature at the present time to idd another 

komatiite definition to the expanding literature on this topic, it is 

pertinent to re-examine the Viljoens' classification scheme in the 
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light of additional data from their type locality. In this chapter 

. 
some of the more relevant criticism levelled at the Viljoens' character-

isation scheme and later efforts to define komatiites are reviewed. 

The nomenclature used in this work is outlined and differs. from that 

proposed by the Viljoens, but for the present, is only considered to 

be applicable to the komatiites from the Barberton greenstone belt. 

4-2 SOUTH AFRICA 

Viljoen and Viljoen (1969c,d) noted three types of basaltic koma-

tiite and two types of peridotitic komatiite from the Barberton green-

stone belt. Below is a brief sunnnary of the distinguishing character-

istics of each of the rock types as used by Viljoen and Viljoen (1969c,d). 

The meta-tholeiites wiil not be discussed here as they are a well estab-

lished rock class found in most greenstone belts. 

· BASALTIC KOMATIITES 

a) Barberton Type 

These have relatively high Sio2 and alkali contents with 

the most distinctive feature of this komatiite type 

being roughly equivalent amounts of CaO, Al2o3 and MgO 

("'110% each). Ca0/A1
2
o

3 
ratios are within the range 0.8 

to 1. 2. · The Viljoens felt there was a need for more 

data before this type of lava could be comprehensively 

characterised. 

b) Badplaas Type 

These are characterized by high Sio2 , MgO and Cao con

tents, and low Al
2
o3 and alkali contents. This type of 

lava has the highest Ca0/Al
2
o3 ratios (2-3) of all the 
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komatiites. 

c) Geluk Type 

These contain rela.tively high Sio
2 

and very high MgO 

contents, coupled with very low alkali contents. The 

contents of Cao and Al
2
o3 are also low and the Al

2
o

3 

content of this type of komatiite was used to further 

sub-divide the Geluk type:-

High Al variety with Ca0/Al
2
o3 ratios from 1.1 to 1.4 

Low Al variety with Ca0/Al
2
o

3 
ratios from 2.4 to 2.6 

The low alkali, Ti02 and FeO contents of the basaltic komatiites were 

·used to distinguish these lavas from other rock types such as ankara

mites that show a similar range of Ca0/Al
2
o

3 
ratios and MgO contents. 

PERIDOTITIC KOMATIITES 

a) Komati and Theespruit Formation peridotitic komatiites. 

These lavas have very high MgO contents and high Ca0/Al2o3 

ratios (1.1 - 2.3), relatively low amounts of Al
2
o3 and 

Cao and very low alkali contents. 

b) Sandspruit Formation peridotitic komatiites. 

These rocks have higher Sio
2

, Cao, FeO* (total Fe as 

FeO), alkali content, Ca0/Al
2
o

3 
ratios (1.4 - 2.6) and 

lower MgO contents than the Komati Formation peridotitic 

komatiites. 

The Ca0/Al 2o3 and MgO/FeO ratios were used to distinguish the pen.

dotitic komatiites from other ultramafic rocks of similar MgO content. 
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The Viljoens' characterisation scheme contains a number of 

problems such as the limited number of samples used to characterise 

some of the komatiite types, the rejection of certain analyses on 

the basis of anomalous oxide contents which may or may not have been 

due to alteration and the inclusion of rocks which are now considered 

to be partial cumulates into some of the groups. A further problem 

in the Viljoens' work is that samples from the Hooggenoeg aud Kromberg 

Formations (e.g. LV-6, M-57 and 526; Viljoen and Viljoen, 1969e) ar~ 

very similar in composition to some of the basaltic komatiite types, 

but are termed Mg-rich metabasalts or basalts. This places a strati-

graphic (time) restriction on the komatiite occurrence which was pro-

bably unintended in the original work. 

Rocks of komatiite composition also occur in the less well pre-

served Murchison Range north of the Barberton greenstone belt (Minnitt, 

1975). Anhaeusser (1977) has recorded rocks of peridotitic and basaltic 
-, 

komatiite composition from the Roodekrans Ultramafic Complex and notes 

continuous chemical gradation from ultramafic komatiites through to 

rocks of tholeiitic composition. 

4-3 WESTERN AUSTRALIA 

Nesbitt (1971) has analysed numerous olivine spinifex textured 

ultramafic rocks from the Yilgarn block and notes the similarity between 

these ultramafics and those from the Barberton greenstone belt, and 

in particular the increasing Ca0/Al
2
o3 ratio with decreasing MgO con

tent. However this trend is more marked in the Barberton komatiites 

and Nesbitt (1971) proposed the name 'Archaean greenstone peridotites' 

as an alternative to the high Ca0/Al 2o3 Barberton 'peridotitic komatii

tes'. Williams (1972) also notes the lower Ca0/Al 2o3 ratios of the 
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Mt. Monger ultramafic lenses compared to the Barberton peridotitic 

komatiites. He further considers the tenn basaltic komatiite to be 

unacceptable for mafic rocks in the range 8-24% MgO from the Mt. Mon-

ger area. The basis of Williams 's rejection of the term basaltic 

komatiite is due to the limited number of analyses for some of the 

groups in the original definition, the anomalous chemistry of some 

komatiite samples and the lack of consideration of textural.criteria 

by Viljoen and Viljoen (1969c). In addition the high CaO/AlnO~ ratios 
L. J 

are not found in the Western Australian lavas and Williams (1971) 

therefore proposed the term 'high-Mg basalt' for lavas with MgO in 

the range 8-24%. Williams (1972) and Hallberg and Williams (1972) 

stressed the importance of the unusual textures (olivine and clino-

pyroxene spinifex texture) as one of ,the identifying parameters for 

high-Mg basalts from Archaean greenstone belts. 

McCall (1973), in a rather confusing criticism of komatiite 

classification, on the other hand appears to consider high Mg volcanic 

rocks as 'magnesia.:.rich associates of the abyssal tholeiites' although 

he notes that magnesia-rich and tholeiitic suites may form two quite 

distinct genetic suites. 

Nesbitt and Sun (1976) have suggested that the high Ca0/Al
2
o3 

ratios occurring in the Barberton greenstone belt komatiites may be 

due to loss of Al 2o3 during metamorphism and that the original 'de

finition' should be modified such that komatiitic lavas with Ca0/Al 2o3 

ratios close to unity be considered as primary. They further note 

that high MgO lavas (>20%) from many greenstone belts display quench 

textures with skeletal olivine and/or pyroxene (spinifex textures) 

conunonly set in a quench matrix. Nesbitt and Sun (1976) termed these 

high-MgO quench-textured rocks 'spinifex-textured peridotites (STP) 
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and suggest they belong to the komatiite suite despite many of the 

samples having low Ca0/Al 2o3 ratios. The whole suite of komatiite 

compositions as originally selected by Viljoen and Viljoen (1969c,d) 

show a range of Ca0/Al2o3 ratios from 0.8 to 2.9 with several ultra

mafic rocks having Ca0/Al
2
o3 ratios close to unity. Therefore the 

STP rocks discussed by Nesbitt and Sun (1976) should be considered 

as komatiites as their Ca0/Al
2
o

3 
ratios are within the range recorded 

fo:i: Barberton komatiites. In a later paper (Sun and Nesbitt, 1978) 

the high Cao/ Al
2
o3 ratios from .the Barberton ultramafic rocks are con

sidered to represent an original igneous feature and a more complex term

inology was introduced. This terminology however will not be discussed 

here as it has been updated in a more recent paper (Nesbitt et al., 

1979). Nesbitt et al. (1979) term peridotitic komatiites with Ca0/A1 2o3 

ratios close to unity; AUPK (aluminium-undepleted peridotitic koma

tiites) while those with high Ca0/Al
2
o

3 
ratios, ADPK (aluminium

depleted peridotitic komatiites). However Nesbitt et al. (1979) still 

consider the development of spinifex textures to be of prime importance 

as this texture indicates the development of high magnesian liquids. 

These authors have emphasised that the geochemical subdivision of the 

basaltic komatiites from Barberton are of little practical use without 

further characterisation of the textures and mineralogy of this class 

of rocks. 

Naldrett and Turner (1977) have modified the komatiite classif

ication scheme proposed by Arndt et al. (1977) (see later section) 

for their classification of komatiite rocks from the strongly meta

morphosed Yakabindie greenstone belt. They have used the following 

criteria:-



- iO .:. 

Peridotitic komatiites 

Pyroxene peridotites 

Pyroxenites. 

Magnesian basalts 

Basalts 

>30% MgO 

20-30% MgO 

20-12% MgO 

10-12% MgO 

<10% MgO 

However this scheme 1s of little general use as the primary textures 

in the rocks from this area have largely been destroyed. 

4-4 RHODESIA 

4-5 

Bickle et al. (1975) and Nisbet et al. (1977) have studied the 

geochemistry of komatiites from the Belingwe greenstone belt and have 

grouped lavas into three categories, namely rocks essentially free of 

phenocryst phases, rocks enriched in phenocrysts and rocks that have 

undergone high level fractionation. The rocks rich in phenocrysts 

and the cumulate samples were excluded from the definition used by 

Nisbet et al. (1977) which is essentially that proposed by Brooks and 

Hart (1974) (see later) except that samples with Ca0/Al
2
o

3 
as low as 

0.8 were included as komatiites. Nisbet et al. (1977) also note that 

spinifex textures have oniy been observed in rocks with more than 9% 

MgO and suggest that spinifex textures c'an be used as a guide in the 

field for magnesium rich liquids. 

CANADA 

Pyke et al. (1973), in their classical description of Archaean 

ultramafic lava flows in the Munro Township area, note that these lavas 

do not have the high Ca0/Al
2
o3 ratios COI!L'IlOn to the Barberton peri

dotitic komatiites. Arndt et al. (1977) after considering the Viljoen 

and Viljoen (1969c,d) descriptions of komatiites and the Brooks and 
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Hart (1974) definition,consider both schemes to be inadequate for 

describing the Munro Township lavas, as over half of the komatiites 

analysed from this area have Ca0/Al
2
o

3 
ratios less than 1. They proposed 

instead a three fold classification scheme: peridotitic komatiites 

(>20% MgO), pyroxenitic komatiites (12-20% MgO) and basaltic komatiites 

(<12% MgO) based on tlie field characteristics (unusual textures and 

volcanic structures such as spinifex textures and polyhedral jointing) 

and geochemical parameters. The geochemical parameters include low 

* ,~ 
FeO /(FeO +MgO) ratios and Tio2 contents and high MgO, NiO and cr

2
o

3 

contents with some samples having high CaO/ Al
2
o

3 
ratios. Arndt et al. 

* * (1977) used a plot of Al
2
o

3 
against FeO /(FeO +MgO) to distinguish 

komatiites from tholeiitic lavas. The komatiite rocks have high Al 2o3 

* * contents at given FeO /(FeO.+MgO) ratios compared td the tholeiites. 

However the type locality Barberton komatiites plot within the tho-

leiitic field on their diagram and it is therefore considered totally 

unsuitable as a classifying para.meter even though Arndt et al.· (1977) 

note that the Barberton komatiites can be differentiated from tholeiites 

on the basis of their Ca0/Al
2
o

3 
ratios. Goldich and Wooden 0978) have 

proposed that the high magnesium lavas from the Munro Township area be 

called Munroites to circumvent the definition problems. 

4-6 RUSSIA 

The high MgO rocks (Mcimechites) occurring in the Gulin Ultramafic 

intrusion in northern Siberia show some features similar to the ultra-

mafic komatiites from the Barberton greenstone belt. These rocks have 

high Ca0/A1 2o3 ratios and olivine as the predominant phenocryst phase. 

The olivines have high Cao and Cr 2o3 contents (Sobolev, 1978) and have 

been shown to be in equilibrium with the groundmass composition • 

... 
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Sobolev (1978) considers that the bulk rock composition approximates 

a melt composition which has not been enriched in MgO by olivine phcno

cryst accumulation. 

An olivine rich sample from a Meimechite dyke was donated by 

A.V. Sobolev to J.J. Gurney of this Department and was analysed in 

this work, for major and trace elements, for comparison with ultramafic 

komatiites from the Barberton greenstone belt. The analysis of this 

sample is given 'in Table 4-1 along with an analysis of a phenocryst 

free komatiite from the LUU of similar MgO content and an ultramafic 

rock from Upton and Thomas (1973). The meimechite has much higher 

contents of Tio
2

, Cao, K
2
o, P

2
o

5
, Nb, Zr, Y, Sr, Rb, V, Ba and higher 

Ti/Zr and Ti/V ratios than the komatiite, and lower contents of Sio
2 

and Al
2
o

3 
and a lower Al/Ti ratio. There is little doubt that the 

meimechites are not komatiites but they do show similar major and trace 

element compositions to the potassic ultramafic rocks (see Table 4-1) 

from Greenland analysed by Upton and Thomas (1973). 

4-7 BROOKS AND HA.."llT (1974) 

Brooks and Hart 0974) searched computerized data files and 

analyses reported in the literature for rocks of komatiite composition, 

using the criteria of Viljoen and Viljoen (1969c,d). They found 

numerous rock types that correspond to ultramafic komatiite compositions, 

particularly those ultramafic rocks that contained significant amounts 

of clinopyroxene or calcic amphibole. They therefore pointed out that 

evidence such as quench textures or pillowed structures indicating 

that the peridotitic komatiite was once a silicate melt, is essential 

to the definition of peridotitic komatiites. 

On the other hand very few samples corresponded to basaltic 
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komatiite compositions once restrictions had been placed on the 

upper limit of acceptable Tio
2 

and K2o contents. They selected the 

following criteria for distinguishing basaltic komatiites:-

Sio
2 46-53% 

Tio
2 

<0.9% 

K 0 
2 

<0.9% 

MgO >9.0% 

Ca0/Al
2

o
3 

>l 

They therefore abandoned the 3 fold subdivision of the basaltic koma-

tiites proposed by Viljoen and Viljoen (1969c) and eliminated some 

komatiites from the type area as being komatiites. Brooks and Hart 

(1974) further noted that there may be a continuum of compositions 

between peridotitic koma.tiites and basaltic komatiites but did not 

offer any limiting parameters to sub-divide the two komatiite types. 

Although there are many other localities from which komatiite 

rock types have been described, these rocks have usually been ident-

ified on the basis of the criteria outlined by Viljoen and Viljoen 

(1969c,d) or Brooks and Hart (1974) and more recently by Arndt et al. 

(J.977). 

4-8 KOMATIITE TYPES FROM THE LOWER ULTRAMAFIC UNIT 

Although the preceding sections outline some of the confusion 

surrounding komatiite nomenclature there is general agreement on 

several critical points:-

a) All the authors agree that the group of high magnesium 

lavas found in Archaean greenstone belts are distinct 
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from tholeiitic lavas, except McCall (1973) who con

siders that they may be an extension of the tholeiitic 

suite. On the other hand several authors have 

identified what they consider to be high magnesium 

tholeiites (e.g. Arndt et al., 1977; Naldret and 

'l\1rner, 1977) end consider them to be geochemically 

distinct from komatiites. 

b) The term komatiite first suggested for this group of 

high MgO lavas has been widely accepted in the literature. 

c) Textures, especially olivine and clinopyroxene spinifex, 

are considered important either as a characteristic of 

komatiites or to indicate that liquids existed with a 

composition similar to that of the rock. Only in one 

instance (Jahn and Sun, 1977) have textures been con

sidered to be of secondary importance. However rocks 

from greenstone belts where the textures (igneous) have 

been destroyed by metamorphism such as in the Yakabiudie 

area (Naldret and Turner, 1977) and the Finnish green

stone belts (Jahn et al., 1978)pose a problem in this 

respect. Nevertheless the classification of monomineralic 

rocks as koroatiites, such as the hornblendite fr.om Bon 

Accord, South Africa (Mclver, 1972) illustrates the import

ance of including textural criteria in the definition of 

komatiites. 

d) The data from most greenstone belts (including Barberton) 

indicate. that not all komatiites have Ca0/AI 2o3 ratios 
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greater than unity. Although the Barberton komatiites 

often have ratios greater than 1, other greenstone belt 

komatiites have ratios which tend to cluster around 1, 

and as such ratios <l are common. In contrast to the 

agreement in the literature on the above points, there is 

little agreemen.t oa what precise geochemical parameters 

should be used to define komatiitic rocks. Variation in 

the geochemistry of komatiites from different greenstone 

belts will be considered in more detail in Chapters S and 

6; here only those from the Barberton greenstone belt will 

be considered. 

DEFINING PARAMETERS 

The komatiites from the Lower Ultramafic Unit have in this work 

been sub-divided into three types on the basis of texture, mineralogy 

and geochemistry. As the Onverwacht Group volcanic pile has been 

subjected to greenschist facies metamorphism,many of the primary 

minerals have been pseudomorphed by greenschist facies miner.al assemb

lages. Identification of the original igneous minerals from the 

pseudomorphed grains has been facilitated by the preservation of relict 

igneous minerals in maay of the lavas. It should be noted that only 

the inferred or observed igneous mineralogy of the lavas is discussed 

in this section. The geochemical and mineralogical features are 

specific to each group and will be discussed in the relevant sections 

·below. 

The textural features on the other hand are conm1on to all the 

groups and have been used here in the sense of establishing whether 
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a particular rock represents an essentially phenocryst free magma 

composition or if it could have been enriched in phenocrysts. Pillows, 

chilled m2rgins, olivine spinifex textured samples and aphariitic 

aphyric lavas have been selected as representative of the phenocryst 

free magma compositions. (The terms aphariitic and aphyric are used 

here for very fine grained rocks with ",<2% phenocrysts or micropheno

crysts). ·only these samples have been used for establishing the defin

ing geochemical parameters. It has been shown in Chapter 3 that 

relatively lar;ge degrees of crystal accumulation can occur in thin 

ultramafic and mafic komatiite flows and it is predicted in Chapter 

5 that komatiite magmas had relatively low viscosities. This enables 

even small phenocrysts to settle through considerable distances in 

the melts in relatively short times. Bearing these points in mind 

it is considered justifiable that coarse grained rocks and phenocryst 

rich ~amples be eliminated for defining the rock types. It is realised 

that in certain instances porphyritic rocks may represent liquid com

positions (e.g. magmas that have undergone processes of compensated 

crystal settling as outli~ed by Krishnamurthy and C~x, 1977) despite 

their porphyritic nature. However as these samples are difficult to 

distinguish texturally from lavas that have been enriched in pheno

crysts by accumulation processes,all porphyritic samples have been 

eliminated from this discussion. 

The particular characteristics for each komatiite type are given 

below:-

a) Ultramcfic Komatiites 

All komatiites with >2l1% MgO contain abundant olivine 

either as spinifex textured blades, microphenocrysts or 

in the groundmass, while those with less than 2'1% MgO 
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contain very minor contents or olivine is completely 

absent. The lavas with >24% MgO also have N90% nonnative 

mafic mineral contents and therefore conform to the term 

ultramafic,but not ultrabasic as Sio
2 

contents >45% are 

connnon. The rocks with greater than 24% MgO are ther.efore 

termed ultramafic komatiites and major and trace element 

compositions of this group of lavas are given in Tables 

5-3a and 5-3b. The term ultramafic is preferred to peri

dotitic as the connotations of the latter term are avoided. 

The division between the Komati Formation and Sandspruit 

Formation ultramafic komatiites made by Viljoen and Viljoen 

(1969c) is no longer considered to be valid as it is shown 

in Chapter 5 that these two groups have essentially identical 

compositional ranges. 

b) High-Mg I1afic Komatiites 

Lavas with compositions in the range 19-24% MgO have 

clinopyroxene a.nd possibly orthopyroxene as the main pheno

cryst phases. Olivine has not been observed in these lavas 

but the minor serpentine content present in some of the 

rocks may represent altered olivine. In fact no fresh 

orthopyroxene has been observed either, but it is inferred 

to have been present from the alteration styles of the 

pyroxene phenocrysts as outlined by Williams (1971). Plagio

clase if present is a late-crystallising phase and very minor 

in content. These lavas are quartz or olivine normative 

(olivine less than 15 wt.%). The gap in MgO contents of the 

komatiitic lavas between 16 and 19% MgO is illustrated in 
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Fig. 4-1. As the density of sample points on either side 

of this gap is low,this may represent inadequate sampling. 

However a similar gap at roughly the same MgO contents has 

been noted in the komatiitic lavas from Belingwe (Nisbet 

et al., 1977) and from Munro Township (Arndt et al., 1977). 

The lack of lava compositions that represent liquids between 

16 and 19% MgO pro~ides a convenient lower limit 

of 19% MgO for the high-Mg mafic komatiites and an upper 

limit of 16% MgO for the low-Mg mafic komatiites. The 

significance of this compositional gap is discussed in greater 

detail in Chapter 6. 

The high-Mg mafic komatiites encompass the Geluk type 

basaltic komatiites proposed by Viljoen and Viljoen (1969c). 

Their subdivif>ion into high-and low-Al subtypes has not been 

substantiated by the additional data obtained in this work, 

as a complete gradation between high and low Al
2
o

3 
values is 

found (see Chapter 6 and Fig. 4-1). The major and trace 

element compositions of this group of lavas are given in 

Tables 6-2a and 6-2b. It should be noted that some porphyrit

ic samples of this group are considered to represent liquid 

compositions as discussed in Chapter 6. Data for these latter 

samples are given in Tables 6-3a and 6-3b. 

c) Low-Mg Mafic Komatiites 

These lavas have MgO contents ranging from 8 to 16% MgO 

- and have clinopyroxene as the major phenocryst phase. Plagio

clase if present is minor while olivine is very seldom ob

served and orthopyroxene has not been observed. However 
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indirect lines of evidence suggest that olivine may have 

been present in greater amounts (and now altered) in' the 

higher MgO lavas of this group (see Chapters 3 and 6) ,than 

is indicated by the tex·tural evidence. The low-Mg mafic 

komatiites are all quartz normative. The Barberton type 

and Badplaas type of basaltic komatiites originally proposed 

by Viljoen and Viljoen (1969c) have been incorporated into 

this single group (as a complete gradation of compositions 

were found in this work). The lower MgO lavas (evolved) 

in the low-Mg Mafic komatiites however appear to be more 

common in the· LUU than the higher MgO rocks (basic). 

Clinopyroxene spinifex textured rocks in this com

positional range appear to be fairly common in other 

Archaean greenstone belts. Viljoen and Viljoen (1969c) 

have noted the frequent outcrop of coarsely crystalline 

amphibolites characterised by actinolite needles up to 

10 ems long in some cases. The needles are randomly oriented 

in some instances and in others show strong parallel align

ment. They propose, as one possibility, that this texture 

could be formed by analogous processes to that forming the 

crystalline quench structures (olivine spinifex) in the 

ultramafic komatiites. Williams and Furnell (1979) also 

consider these horizons to represent mafic komatiite lava 

flows. In this work these textures are assumed to be meta

morphosed clinopyroxene spinifex textured samples with the 

clinopyroxene having been replaced by actinolite. Only one 

sample of this type has been analysed and is considered to 

be representative of a liquid composition. 
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Many rocks of tholeiitic composition from the LUU 

fall in the 8-16% MgO range of the mafic komatiites. How-

ever the tholeiites are readily distinguished from the mafic 

komati.ites as they have higher Al o
3 

contents at given MgO 
2. 

(see Fig. 4-1 and Chapter 7). As can be seen from Fig. 4-1 

no lavas representing liquids have Al
2
o

3 
in the range of 

12-13. 5% Al
2
o3 . This compositional break is unlikely to 

~epresent inadequate sampling as numerous samples have been 

analysed of both low-Mg mafic komatiites and tholeiites 1n 

the 8-12% MgO range. It is therefore concluded that if 

rocks representative of liquids occur in the 12-13.5% Al 2o3 

range in the LUU, they must be extremely rare. In addition 

low-Mg mafic komatiites generally contain >600 ppm Cr while 

the tholeiitic lavas have 300 ppm Cr or less, again indicat-

ing that the two lava types are not simply related. Represent-

ative major and trace element data are given for the low-Mg 

mafic komatiites in Tables 6-4a and 6-4b. 

Detailed modelling of the geochemical trends (Chapter 6) 

shows that"clinopyroxene becomes an important fractionating 

phase in low-Mg mafic komatiite magmas at rvl4% MgO. Through-

out this work low-Mg mafic komatiite lavas with >14% MgO are 

referred to as 'basic' while those with <14% MgO are termed 

'evolved'. 

A stnmnary of the classifying parameters used here for the LUU 

komatiites is given in Table 4-2. It should be emphasised that this 

scheme has been developed specifically for the Onverwacht Group vol-

canics and has not as yet been systematically tested for komatiites 

in general. In Chapter 7 sub-groups of ultrnmafic and mafic komatiites 
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are identified on the basis of inter-element ratios. These differ

ences however are not considered to be significantly large to warrant 

separate classification schemes. 

4-9 DISCUSSION 

The main feature of the classification scheme outlined above is 

that the number of categories of komatiite types have been reduced 

to three.compared to the five fold division given in Viljoen and Vil

joen (1969c,d). The inclusion of textural requirements in the koma

tiite definition has eliminated many problems caused by the composition

al similarity of certain other coarse grained ultramafic rock types 

(see Brooks and Hart, 1974). Several other features of the komatiites 

stand out and warrant brief discussion:-

a) The sub-alkaline nature of komatiites 

Although absolute concentrations of elements such 

as K
2
o may have been seriously perturbed by alteration 

processes (see Chapter 2) the generally low alkali con

tent of the komatiites is consistent with the low 

abundance of other less mobile incompatible elements 

such as Ti and Zr. The sub-alkaline nature of the 

komatiites is an important feature for distinguishing 

these lavas from other high MgO magmas such as kimber

li tes, melilitites and meimechites among others. 

b) Low Ti02 contents 

This feature can be used in a more quantitative 

fashion than the sub-alkaline nature of komatiites as 

Ti is believed to have· remained relatively immobile 
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during the alteration events that have affected the 

Barberton greenstone belt lavas (see Chapter 2). 

Brooks and Hart (1974) have suggested a value of 

<0.9% Tio
2 

for komatiites which distinguishes them 

from rocks such as ankaramites. This upper limit 

value of 0.9% Ti02 for komatiites is supported here 

and elso helps distinguish komatiites from other 

alkaline magmas (kimberlites etc.) mentioned above. 

Arndt et al. (1977) have also used the Tio2 contents 

of tholeiitic lavas to separate them from komatiitic 

lavas. However a considerable range in the Tio2 con-

tents of tholeiitic lavas from the Barberton greenstone 

belt (see Fig. 4-2) is observed which overlaps the Tio2 

range in the mafic komatiites. The two Tio2-Mg0 trends 

(Fig. 4-2) for the mafic komatiites and tholeiites are 

however very di'fferent,but do not help to uniquely identify 

individual low-Ti tholeiites. 

c) Ca0/Al
2

o
3 

ratios 

From Table 4-2 (and Tables 5-3b, 6-2b and 6-4b) it 

can be seen that while high Ca0/Al
2
o 3 ratios are prevalent, 

values as low as 0.8 are not unconunon in non-cumulate 

komatiite lavas. The variations of this ratio with MgO 

content in the komatiites is discussed in detail in Chapter 

5 and 6. However the limit of Ca0/Al2o 3 >l placed on koma

tiites by Brooks and Hart (1974) is discounted by the type 

area data. 

The tholeiitic rocks from the Barberton greenstone 
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belt have Ca0/Al2o3 ratios in the range 0.66 to 0.85 

(see Table 7-2b)and are thus generally' lower than the 

mafic komatiites. The CaO contents of these two lava 

types is similar at the same MgO content and therefore 

the higher Ca0/Al
2
o3 ratios in the ·mafic komatiites are 

due to their lower Al
2
o3 contents (Fig. 4-1). 

The state of komatiite nomenclature in general brings to mind Mark 

~~in'sconnnent (quoted in Scott and Hajash, 1976). "The researches 

of many connnentators have already thrown much darkness on this 

subject, and it is probable that, if they continue, we shall soon 

know nothing at all about it." Hopefully such a pessimistic view 

can be overcome once it is realised that komatiites from different 

localities have individual geochemical characters while still pre

serving a sufficient number of connnon characteristics to warrant 

considering them as the same class of rocks. 

. -
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CHAPTER 5. 

GEOCHEMISTRY OF THE lJLTRAMAFIC KOMATIITE LAVAS 

5-1 INTRODUCTION 

Viljoen and Viljoen (1969d) presented convincing evidence for 

the existence of rocks in the Barberton greenstone belt that represent 

crystalline ultramafic magmas. Although the existence of such magmas 

had previously been postulated (see review in Viljoen and Viljoen, 

1969d) the evidence was not generally accepted. Ultramafic lavas have 

now been recorded in many Archaean greenstone belts, and for the pur

pose of this Chapter the well documented areas from Canada (Naldrett 

and Mason, 1968; Pyke et al., 1973; Arndt et al., 1977; Lajoie and 

· Gilinas, 1978), Western Australia (Nesbitt, 1971; Williams, 1971; 

Williams, 1972; Naldrett and Turner, 1977) and Rhodesia (Bickle et al., 

1975; Nisbet et al., 1977) will be discussed in relation to the Bar

berton ultramfic rocks. 

In all four of these greenstone belts the ultramafic rocks crop out 

as massive flows (often containing olivine spinifex textured portions), 

pillows, polyhedra, and thick sill or lens-like differentiated bodies. 

Recent experimental work supports the field evidence for the existence 

of ultramafic lavas by duplicating textures (Donaldson, 1974, 1976, 

1977), mineral compositions (Green et al., 1975; Arndt, 1977b; Bickle 

et al., 1977) and mineral assemblages observed in the rocks. 

In this Chapter, only brief descriptions will be given of the 

field occurrence and petrography of the ultramafic lavas from the Lower 

Ultramafic Unit (LUU), as much of this data have been presented by Vil

joen and Viljoen (1969c,d). The mineral and whole rock chemistry will 

be discussed in detail and for this purpose the ultramafic samples 

have been divided on textural grounds into aphyric and porphyritic 

( 
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groups. The aphyric group is believed to represent essentially pheno-

cryst free lavas and include samples of chilled margins (<2% olivine 

phenocrysts pseudomorphed by serpentine and magnetite), pillow lavas 

and olivine spinifex textured. samples. The porphyritic group contains: 

olivine and sorne pyroxene phenocrysts and in many cases are demonstrab-

ly partial cumulates. It should be noted that where olivine is referred 

to in the following descriptions, it has generally been· pseudomorphed 

by serpentine and magnetite, al though relict kernels of olivine are 

often preserved in the porphyritic rocks. The geochemistry and relation-

ships between these two groups are first discussed with respect to low 

pressure igneous processes that may have contributed to the generation 
<. 

of the trends. The geochemical data of the ultramafic lavas from the 

Barberton greenstone belt are then compared to similar data from ultra-

mafic rocks from the other greenstone belts mentioned previously. The 

more speculative interpretation of the high pressure processes that 

have contributed to the generation of the ultramafic magmas will be 

discussed in Chapter 8. 

5-2 SAMPLE LOCATION, FIELD CHARACTERISTICS AND PETROGRAPHY 

The ultramafic samples used in this study are from the three lower 

Formations of the Onverwacht Group which together make up the Lower 

Ultramafic Unit (LUU) (Viljoen and Viljoen, 1969c,d). The uppermost 

Formation of the LUU, the Komati Formation, contains rocks in which 

igneous structures and textures can be readily identified and conse-

quently the majority of the ultramafic samples analysed for this project 

are from the Komati Formation type area. The location of the samples 

within the Koma ti Formation is shown on Fig. 5-1 and 5-2. The ultra-

mafic rocks from the Theespruit Formation are less abundant than in the 
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Komati Formation and not as well preserved. However, one sample 

(HSS-150) from this formation was sufficiently well preserved to war

rant analysis. Nine samples from the type area of the Sandspruit 

Formation were also analysed. The type area was established for this 

Formation in a detached xenolithic block in the south west portion of 

the Barberton greenstone belt by Viljoen and Viljoen (1969c). The 

samples are from near the homestead on the farm Brandybal; no detailed 

geological maps are available for this area. In general the igneous 

structures and textures of the rocks from this area are poorly pre

served but the samples were analysed mainly to obtain data for comparis

on with the ultramafic rocks from the Komati Formation. 

Fifteen samples analysed for major elements by Viljoen and Viljoen 

(1969b,c,d) from the Komati and Sandspruit Formations have been analysed 

for trace elements in this work. Sample locations and brief descript

ions of these rocks are given in Viljoen and Viljoen (1969b,c,d). All 

samples that are not prefixed by HSS or SD in Tables 5-3, 5-4 and 5-5 

are rocks sampled by the Viljoens. 

The ultramafic rocks in the Komati Formation crop outas flows, 

pillows, olivine-rich ridges and dykes. Brief field and petrographic 

descriptions are given in Appendix-1. Samples that are considered to 

represent phenocryst free liquid compositions are collectively termed 

aphyric lavas and include the following types:-

1) chilled margins of flows and dykes (HSS-530, HSS-88C, 53-J) 

2) pillows (HSS-523, AU-5) 

3) Random and plate spinifex textured samples (HSS-95, HSS-531, 

HSS-532, HSS-533, HSS-88A, HSS-90, HSS-89, HSS-109) 

4) Aphanitic aphyric rocks (HSS-87, HSS-ll~, HSS-15, HSS-150) 
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Although chilled margins and pillows could be enriched in olivine 

phenocrysts, the textural evidence suggests that this effect, if it 

occurred at all; was very limited (<2% microphenocrysts). 

As will be demonstrated later in this Chapter, due to the low 

viscosity of the ultramafic magmas, phenocrysts could settle through 

considerable distances in the lava in relatively short times. AH 

porphyritic samples are therefore potentiall:>j and in some cases) demon

strably phenoc_ryst enriched and as such are not representative of 

phenocryst free magma compositions. Rock incorporated into this group 

are here termed porphyritic lavas and include the following types:-

1) Abundant phenocrysts or microphenocrysts of olivine 

(HSS-534, HSS-535, HSS-536, HSS-88B, HSS-93, HSS-13, VU-25, 

V-2, VU-30A, VU-32A, HSS-8) 

2) Medium grained olivine-rich rocks (R-13, R-16, 20-J) 

3) Ffr1.e to medium grained olivine-pyroxene rocks (HSS-33, HSS-92, 

HSS-27, HSS-31, HSS-1, HSS-28, 52-J), 

4) Medium grained pyroxenite (SD-76) 

An additional group of samples has been analysed that comprises most 

of the samples from the Sandspruit Formation. These samples have no 

igneous texture or mineralogy preserved and are considered to be of 

unknown composition in terms of the aphyric-porphyritic distinction 

made above for the Ko~ati and Theespruit Formation rocks. The samples 

analysed from this group are 86-J, 87-J, 88-J, VU-33, HSS-130, HSS-131, 

HSS-112, HSS-107 and HSS-105. 

APHYRIC LAVAS 

Detailed descriptions of the olivine spinifex textured lavas from 
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the Komati Formation have been given in Chapter 3 and only a brief 

general description will be given here. Two types of olivine spinifex 

texture have b.een recognised in the ultrarnafic flows from the LUU. The 

first type being random spinifex forming the upper portiqn of the flows 

(10-40 ems. thick) and consisting of randomly oriented olivine blades_ 

(usually <2 ems. long) with interblade areas of serpentine,magnetite 

and amphibole. These interblade areas often contain hopper olivine 

crystals and spherical vesicles lined with magnetite. The plate spi

nifex occurs in zones, 10 to 150 ems. thick, below the upper random 

spinifex in the flows. The olivine plates which form in fan or booklet 

arrangements are usually >2 ems. long and may be 30 ems. or longer. 

The interblade areas of the plate spinifex also consist of serpentine 

magnetite and amphibole. However, no vesicles or hopper olivines have 

been observed, 

The basal chilled margins of the flows (l0-20 ems. thick) are 

essentially aphyric rocks containing spherical vesicles and occasional 

(<2%) microphenocrysts of olivine. The olivine crystals either form 

as highly skeletal hopper crystals ( 1~0.6x0.3 nun.) or as solid euhedral 

crystals (O.l-0.2 nun. across). The sample 53-J is from the chilled 

margin of a crosscutting ultramafic dyke in the Komati Formation (Vil

joen and Viljoen, 1969d) and is a holocrystalline rock consisting of 

rounded or elongated olivine grains poikilitically enclosed by clino

pyroxene crystals. 

The pillow samples are aphanitic aphyric rocks although sample 

AU-5 does contain small olivine cyrstals (0.2 nun. across) in a ground

mass of tfeipentine, amphibole and magnetite. Arndt (1975) has suggested 

that the polyhedral jointing of. the type described by Pyke et al. (1973) 

and Artl.dt et al. (1977) in the ultramafic flows from Munro Township 
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could generate structures (polyhedra) that have been mistaken for 

pillows in the Komati Formation. However, re-examination of the out

crop illustrated in Viljoen and Viljoen (1969d, see plate Vb) from the 

Komati Formation shows very convincing pillow structures. The pillows 

have chilled margins that are much finer grained than the fine grained 

interior. It should be noted, however, that outcrop of convincing 

ultramafic pillow structures is very limited in extent. 

For the final group of samples that is considered to represent 

liquid compositions (aphanitic aphyric rocks), outcrop was not suffic

iently good to determine precisely which portion of the ·nows· 

(or sills) the samples were from. In thin section the samples consist 

of a groundmass of serpentine amphibole magnetite and chlorite with 

very occasional crystals of olivine up to 0.3 mm. across. 

PORPHYRITIC LAVAS 

The porphyritic samples .consist of rounded subhedral grains of 

olivine (0.4-1.0 mm.) across,making up between S0-80% of the rock. 

The groundmass usually consists of amphibole, magnetite, serpentine 

and chlorite. In this group of rocks relict olivine cores are often 

preserved. Many of the samples were taken from clearly identifiable 

cumulate (B zone) portions of spinifex textured ultramafic flows. 

Three samples of the medium grained olivine rich rocks are from 

the Viljoens! collection, one of which (20-J) is from the Hooggenoeg 

Formation. These samples consist of large olivine crystals (2-4 mm. 

in their longest dimension) set in a groundmass of serpentine and 

magnetite. .Amphibole and chlorite, if present, are very minor. This 

group of samples probably represents olivinearich cumulates from the 

flows or sills. 
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The olivine-pyroxene group of cumulates are holocrystalline rocks 

with olivine (rounded grains 0.3-1.5 nun. across) making up 60-80% of 

the rock poikilitically,enclosed by large irregularly shaped clino-

pyroxene grains. The olivine is usually replaced by serpentine and 

magnetite while the clinopyroxene grains are usually well preserved 

in most of the samples. Occasional grains of magnetite and chromite 

occur as inclusions in the clinopyroxene. Many of the samples are 

from medium to coarse gra~ned horizons, oriented parallel to the general 

layering of the basaltic and ultramafic flows and may represent sills 

or the lower portions of thick flows. Sample 52-J is from the clearly 

identifiable crosscutting dyke in the Komati Formation and has a texture 

typical of this group of cumulate rocks (see Plates Xl(a) and Xl(b) in 

Viljoen and Viljoen, 1969d). 

Of all the ultramafic samples examined in thin section from the 

LUU, only three were found to contain orthopyroxene. The sample SD-76 

is a .monomineralic orthopyroxene-cumulate from the S~olzburg body, 

a layered body consisting predominantly of alternating horizons of 

dunite and pyroxenite. Many differentiated bodies occur in the Komati 

Fonnation and are believed to have formed contemporaneously with the 
,b 

ultramafic and basaltic lavas (Viljoen and Viljoen., 1969h, 1970Q. The 

other samples, in which orthopyroxene has been identified, are HSS-27 

and HSS-31. W'nile the fine detail of the contact zone between olivine 

and orthopyroxene has been obscured by alteration, orthopyroxene does 

mantle the olivine grains, suggesting a reaction relationship between 

the two minerals. 

From the above discussion of the petr.ography of the aphyric and 

porphyritic rocks, it is clear that olivine is 'the dominant phase crystal-

lising from the ultramafic magmas. Clinopyroxene and opaques crystallise 
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much later than olivine while orthopyroxene appears to be an unimport

ant phase in the lavas. This sequence of crystallisation is. in agree

ment with that observed experimentally for ultramafic komatiite lavas, 

as Green et al. (1975), Arndt (1977b) and Bickle et al. (1977) have 

shown that olivine is the predominant liquidus phase and at lower 

temperatures is joined by clinopyroxene (Arndt, 1977b). 

SANDSPRUIT FOR.i.'fATION ULTRAMAFIC ROCKS 

Most of the samples in this group consist of serpentine and 

chlorite with minor variable amounts of amphibole, magnetite, talc 

and epidote. Two samples (87-J and 88-J), however, consist predominant

ly of actinolite-tremolite, large flakes of chlorite and some magne

tite and lack the major amounts of serpentine present in the other 

samples. No igneous textures are preserved in any of the samples 

except the spinifex textured sample HSS-109. This sample is included 

with the other aphyric group of samples in the following discussions. 

5-3 MINERAL CHEMISTRY 

OLIVINE 

The discussion of the mineral chemistry will be restricted to the 

relict igneous mineralogy·of the ultramafic lavas and in this respect 

olivine is the most important phase. Olivine compositions have been 

detennined from several porphyritic ultramafic rocks,as relict olivine 

grains are preserved in these· samples.The average olivine composition 

and range of (Mg x 100) I (Mg+Fe) ratios for each sample are giyen in 

Table 5-1. Where core-edge pairs of the relict olivine grains have 

been analysed they show normal zoning (e.g. see Table 3-1). However, 

as in Chapter 3, it is again emphasised that the edge analyses do.not 
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represent the true margin of the original olivine crystal. Unfortunate-

ly no primary olivine was preserved in any of the aphyric group of 

samples investigated in this study. However, olivine is preserved 

in the olivine spinifex textured sample, 49-J, from the Kornati Format-

ion and olivine analyses from this sample are given in Green et al. 

(1975). High Cr 2o3 an'd Cao contents of the olivines have also been 

noted in..,Chapter 3 and in Fig. 5-3, the Cr
2

o
3 

content has been plotted 

against the Fo composition for all the olivine analyses. In this 

diagram a broad decrease in the cr
2
o

3 
content can be seen with de

creasing Fo content. NiO shows a similar decrease (Fig. 5-L~) with 

decreasing Fo content. 

CLINOPYROXENE 

Fresh clinopyroxenes have been analysed from three ultramafic 

komatiites from the LUU and the average compositions and range of 

Mg x 100/(Fe+Mg) ratios are given in Table 5-1. Individual analyses 

have been plotted on a pyroxene quadrilateral (Fig. 5-5) and plot 

around the line dividing the endiopside and augite fields. The most 

striking feature of the clinopyroxenes are their sub-calcic composit-

ions similar to clinopyroxenes from kimberlite nodules (e.g. Davis 

and Boyd, 1966) and quite distinct from the trend observed in large 

differentiated bodies such as Skaergaard or the Bushveld Igneous Corn-

plex (e.g. Atkins, 1969). The diopside solvus temperatures determined 

at 30 kb. by Davis and Boyd. are indicated on Fig. 5-5. Davis and Boyd 

(1966) have shown that clinopyroxene compositions in the system 

Mg
2
si2o

6
-CaMgSi

2
o

6 
are insensitive to pressure variations as the 1 

atmosphere solvus (determined by Boyd and Schairer, 1964) is virtually 

within experimental error of the 30 kb. data. The sample HSS-27 
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contains a range of ortho- and clinopyroxene compositions and assuming 

that the most Mg-rich. ortho- and clinopyroxenes were in· equilibrium 

and that the most Ca-rich clinopyroxene was in equilibrium with the 

most Fe-rich orthopyroxene, a temperature range of pyroxene crystal

lisation fro~ 1300 to looo0 c is indicated for this sample. The 

liquidus temperatures of the aphyric rocks is believed to be in the 

range 1500-165o0 c which suggests that pyroxene only became an import

ant liquidus phase at much lower temperatures than olivine. This is 

consistant with the experimental data of Arndt (1976). 

The fields occupied by the cli.J:lopyroxenes from Belingwe and Munro 

Township are shown on Fig. 5-5; the low Fe content and Ca enrichment 

trend of the LUU clinopyroxenes are distinct from the relatively Fe 

enriched field of clinopyroxenes from Munro Township and the Fe enrich

ment trend shown by the Belingwe clinopyroxenes. The clinopyroxenes 

from the LUU ultramafic rocks have similar high Ti02 contents to those 

from the Belingwe (Nisbet et al., 1977) and Munro Township (Arndt et 

al., 1977) ultramafic lavas. The cr
2

o
3 

contents of the LUU pyroxenes 

are higher than in the latter two areas; the highest cr
2
o3 content 

measured in the clinopyroxenes from the LUU rocks is from HSS-27 where 

values as high as 1.4% cr
2
o

3 
have been recorded. 

ORTHOPYROXENE 

·The composition of orthopyroxenes have been determined in two 

samples from the LUU ultramafic rocks (Table 5-1 and Fig. 5-5). The 

sample SD-76 is a monomineralic pyroxene cumulate from the Stolzburg 

Body (Viljoen and Viljoen, 1969h, 1970b). The enstatite crystals 

from this sample are unzoned, uniform in composition and contain very 

low contents of Al
2
o3 and Tio

2
• In contrast the orthopyroxenes from 
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HSS-27 (Bronzite) sho~ a spread in composition and contain high 

contents of Al 2o3 . The difference between the orthopyroxene com

positions in these two samples could be related to the different 

crystallisation rates in the two rock types. The orthopyroxenes 

in the Stolzburg sample probably crystallised more slowly than the 

flow sample. 

5-4 GEOCHEMISTRY OF THE ULTRAMAFIC KOMATIITES 

The major element compositions and normative mineral contents 

are given in Tables 5-3a, 5-4a and 5-5a for the aphyric lavas·, por-

phyritic lavas and altered Sandspruit Formation samples respectively. 

Similarly the trace element data and inter-element ratios are given 

in Table 5-3b, 5-4b and 5-Sb. All the data reported in these tables 

have been calculated to a volatile free basis,although the volatile 

content and the original totals of the major element data are reported 

(Tables 5-3a to 5-5a). Major element data for the samples from the 

Viljoens' collection (Viljoen and Viljoen, 1969b,d) that have been 

analysed for trace elements in this work, are also given in Tables 

5-3a to 5-Sa. Data for sample 49-J analysed by Green et al. (1975) 

are also given in Tables 5-3a and 5-3b. Note that the data given in 

tables 5-3a to 5-Sa has had Fe apportioned so that Fe
2
o3/Fe0 = 0.20. 

ALTERATION EFFECTS 

No systematic investigation of the effects of alteration have 

been carried out on the ultramafic rocks as was done for the mafic 

lavas (Chapter 2). This is partly due to the difficulty of selecting 
, 

a suitable suite of ultramafic samples that have been altered to 

differing extents, but for which the assumption that all the samples 

initially had the same composition, is valid. Nevertheless, some 
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attempt to assess the effects of alteration on the ultramafic lava 

compositions has . been made and it is pertinent to discuss these 

matters here, before dealing with possible igneous processes that 

controlled the lava compositions. It is obvious from examination of 

thin sections of these rocks that the major alteration process affect

ing the samples is that of serpentinisation. Viljoen and Viljoen 

(1969b,d) have noted two stages of serpentinisation in the Komati 

Formation ultramafic rocks. The first stage they suggest was incip-

ient alteration (affecting the olivine grain boundaries) followed 

by a second stage of serpentinisation of the olivine cores, with 

antigorite being the serpentine mineral formed in both stages, 

They further suggest that Ca along with small amounts of Si, Al, Na 

and K were lost from the samples during this process and that at 

H
2
o+ contents greater than 10%,the rocks are completely. 'de-natured'. 

The problem of the effects of serpentinisation on the geochemistry 

of rocks has been extensively studied (Thayer, 1966, 1967; Page, 1967, 

1976; Condie and Madison, 1939; Martin, 1971; Gulacor and Delaloye, 

1976; Moeskops, 1977) but there is little consensus of opinion as to 

whether serpentinisation is a constant volume (change in composition) 

or volume increase(addition of H
2
o) process. Several authors have 

attempted to apply chemical screens to th~ geochemical data (Viljoen 

and Viljoen, 1969b; Nesbitt et al., 1979) to aid in the selection 

of relatively unaltered ultramafic lava compositions. However; 

chemical screens alone (such as maximum or minimum contents of certain 

constituents or restricted ranges of s~lected inter-element ratios) 

are considered unsatisfactory as the data selected already conform 

to some preconceived behaviour. Such subtleties as the serpentinisat

ion of clinopyroxene~ which according to Williams (1972), strongly 
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affect the original chemical characteristics of the parent rock, may 

pass undetected through the screening test. Consequently, in this 

Chapter, samples that are used for detailed geochemical interpretat

ion have been selected on the basis of textural preservation, lack 

of complete serpentinisation and in particular, lack of serpentinisat

ion of the clinopyroxene, although samples where pyroxene has been 

converted to amphibole have been analysed. 

The effects of recalculating the major and trace element data 

volatile free are illustrated in Fig. 5-6, where Cao, Al
2
o

3 
and V 

have been plotted against MgO contact of the aphyric lavas before and 

after correction. It can be seen from this diagram that while the 

correlation of these three elements with MgO has not been visibly 

improved by the correction procedure, the slope and intercept of the 

three corrected trends have been significantly changed. It is stressed 

that it is equally important to correct the trace element data 

as it is to correct the major element data for the added volatile 

content. 

The possible alteration effects on the calcium concentration 

must, however, be considered in more detail as Cao is one of the key 

oxides in the interpretation of ultramafic komatiite geochemistry. 

It has been suggested (Nesbitt and Sun, 1976) that the Cao content 

and CaO-MgO trend in the Barberton ultramafic lavas could have been 

affected by alteration processes in such a way that reasonable trends 

were developed, but did not result directly from igneous processes. 

From Fig. 5-6 an excellent correlation between Cao and MgO is observed 

for.the aphyric lavas from the LUU. Good correlations are also ob

served for many other oxide/element-MgO plots (Fig. 5-8) from the 

. aphyric lavas. Therefore there appears to be no reason to suspect 
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only the CaO-MgO trend of having been generated by alteration pro-

·cesses and the possibility that all the trends (Fig. 5-8) have been 

systematicallyrotated by alteration processes must be considered. 

In Fig. 5-7a the MgO, Cao and Al
2
o3 concentrations (before correction 

for volatile content) have been plotted against H
2

o+ (only data ob

tained in this laboratory are used)for the group of aphyric ultramafic 

lavas. . • . + . MgO correlates positively with H
2

o while CaO and Al
2

o
3 

show 

. . . + negative correlations with H
2
o Two possible explanations are ad-

vanced for these trends: a) they represent trends controlled by the 

secondary mineralogy (greenschist facies assemblages) of the samples, 

or b) the trends represent igneous trends in which the predominant 

alteration effect is the dilution of the oxide coricentrations ·by the 

addition of volatiles. 

If possibility a) were true then the major phases to be consider-

ed are serpentine, amphibole (actinolite), chlorite, unresolved ground-

mass and minor magnetite. The unresolved groundmass probably consists 

of the same minerals. The calcium bearing minerals occurring in the 

samples considered in this study, are actinolite and very small 

amounts of caicite and epidote. As calcite and epidote are present 

in very small amounts they contain an insignificant portion of the 

total CaO present in the samples and will,therefore, be disregarded 

from further discussion. 

The compositional fields allowed for the aphyric lavas, if they 

represented mixtures of serpentine, actinolite and chlorite, have 

been outlined in Figs. 5-7a and 5-7b. The compositions of these 

secondary minerals have been analysed in komatiite lavas from the 

Komati Formation and are given in Table 5-2. Chlorite and serpentine 

were assumed to contain 13% H
2
o+ and actinolite 3% n

2
o+. 
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trend plots along the serpentine plus chlorite-actinolite control 

line (Fig. 5-7a) but the possibility that the ultramafic lava com-

positions are controlled by these three minerals is discounted as 

+ + 
the H2o -MgO, H2o -Al

2
o3 and CaO-MgO trends (Figs. 5-7a and S-7b) 

fall outside the fields of allowed compositions. However, the possi-

bility that the trends could be developed by partial alteration of 

primary minerals or glass is not precluded, but since the degree of 

+ alteration varies between the samples (as reflected by H
2
o contents 

from 4.8-9.6%) such an incomplete process would not be expected to 

generate trends (e.g. CaO-MgO)with such good correlations. 

Possibility b) above is the explanation that is favoured. Here 

it is considered that the secondary mineralogy was controlled by 

the composition of the rock, i.e. more serpentine could be formed 

in the higher MgO samples and more actinolite could be formed in 

the higher Cao samples, than samples with lower contents of these 

oxides. If CaO-MgO and Al
2

o
3

-Mg0 were correlated in the unaltered 

igneous rocks, these correlations would be preserved in the meta-

morphosed samples. In order to reproduce the original trends, the 

data should be recalculated volatile free. 

Evidence for the primary nature of the trends displayed in Fig. 5-8 

is largely circumstantial and outlined below:-

1) The range of compositions in Stuart's Flow (Chapter 3) 

were successfully modelled assuming that they were 

generated by the igneous processes of crystallisation 

and accumulation of olivine. This model is consistent 

with what can be inferred or obaerved about the way 

in which the flow differentiated, and it would therefore 

appear to be a valid assumption that the compositions 
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of the samples (for the elements considered) reflect the 

range of pre-alteration compositions occurring in the flow. 

As this flow is typical of many of the flows from which 

samples were taken and used to define the trends in Fig. 

5-8, it follows that the trends also reflect the pre-

alteration trends in the lavas. 

2) On the basis of Al/Ti ratios (among others), absolute 

Tio
2 

abundance and CaO-MgO trends,two distinct types of 

ultramaf ic komatiite lavas have been identified from 

the LUU (as discussed below) which nevertheless show 
. . 

broadly similar ranges of compositions (e.g. ~24 to ~33% 

MgO for the aphyric lavas). As lava flows of each type 

are intercalated in the Komati Formation, have similar 

primary (where· preserved) · and secondary mineral 

assemblages and textures, they were probably affected 

by the same alteration events. If the effects of alter-

ationwere to systematically modify the igneous composition 

of the ultramafic lavas, the differences outlined above 

between the two types would not be expected. The only 

reasonable explanation is that the differences reflect a 

real difference in the compositions of the magmas. The 

differences in the CaO-MgO trends between the two groups 

are therefore believed to represent a real igneous difference. 

Returning to the contention of Nesbitt and Sun (1976) that the CaO-MgO 

trends in the ultramafic lavas could have been systematically rotated 

by alteration processes, it is here considered an unlikely possibility. 

From the evidence considered above, the interpretation that the 
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CaO··MgO trends (and other trends in Fig. 5-8) refiect real igneous 

trends is favoured and the following discussion of the geochemicai 

data from the LUU ultramafic komatiites will be based on this premise. 

It should, however, be borne in mind that while the ultramafic samples 

are relatively well preserved, they have nevertheless been serpentinised 

,to variable extents and occasionally aberrant concentrations of an 

element may occur. In addition the variations in the P and Nb contents 

of the lavas will not be considered,due to the poor analytical precis-

ion obtained for these element concentrations at the low levels en-

countered in the ultramafic rocks. 

APHYRIC LAVAS 

The major and trace element data for the aphyric ultramafic lavas 

are given in Tables 5-3a and 5-3b respectively. The samples have 

been arranged in order of increasing MgO and display a wide range of 

MgO contents from 24-33% with an average value of 28.95% (see Table 

5-6). The other oxides and elements such as Sio
2

, Tio
2

, Al
2

o
3

, FeO, 

MnO, CaO, Zr, Y, V, Ga and Sc show a decrease in concentration with 

increasing MgO content. These variations are illustrated in Fig. 5-8, 

where the above elements as well as cr
2
o3 and Co have been plotted· 

against MgO content. All the data have been recalculated volatile 

free. As can be seen from the plots,many of the elements show a 

regular and generally linear decrease in content with increasing MgO. 

However, two of the spinifex samples (HSS-95 and 49-J) have significant-

ly lower T:i.02 contents than the rest of the samples comprising the 

Tio
2

-Mg0 trend and will be discussed in a later section. 

Linear regression equations have been calculated for the 

data and the best fit lines plotted on the diagrams (Fig. 5-8) and 
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extrapolated to 50% MgO. As the major element data of the samples 

reported in Viljoen and Viljoen (1969b,d) are from different laborat

ories using a variety of different analytical techniques, the re

gress~on equations have been calculated using only data from this 

laboratory, to avoid complications caused by any inter-laboratory 

variation that may exist. Three further samples have been rejected, 

HSS-95, 49-J and HSS-88C, the first two due to their low Ti0
2 

con

tents and the latter, as it plots off the general trends for many 

elements. The slopes, intercepts, correlation coefficients as well 

as compositions calculated from this data at various MgO contents, 

are given in Table 5-7. Two sets of values have been calculated 

for the Zr-MgO, Y-MgO and cr
2
o

3
-Mg0 t~ends. The second set of values 

has . been calculated after further samples have been rejected (listed 

in Table 5-7) that appear to bias the calculated trend line away from, 

what in the author's subjective opinion, 'appears to be the best fit. 

This subjective refinement has made little difference to the Zr-MgO 

and Y-MgO data, but has changed the slope and intercept of the cr
2
o

3
-Mg0 

trend significantly. For the cr
2
o3-Mg0 trend this approach is partly 

justified by the difficulty in detecting any enrichment of small 

chromite microphenocrysts that are present in the samples. 

Except for the CaO-MgO trend all the major element-MgO trends 

pass through or very close to the field of olivine compositions deter-

mined in the ultramafic samples. The MgO intercept value for the 

CaO-MgO trend is well defined due to the good correlation between these 

two elements and the relatively short extrapolation of the trend to 

the MgO axis. The intercept value of 40.66% MgO is clearly displaced 

from the field of olivine compositions and eliminates the possibility 

that olivine was the only mineral controlling the evolution of the 

ultramafic magmas. 
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In Fig. 5-9 the predicted olivine differentiation paths are 

* shown in relation to FeO -MgO data of the aphyric lavas. The fraction-

al and equilibritnn crystallisation curves have been calculated (using 

the equations given in Pearce, 1978) assuming a parent liquid com-

position of 33% MgO and 11.24% FeO and K
0 

values of 0.30 (Roeder and 

Emslie, 1970) and 0.37 (from Chapter 3). 

where = (Xol /Xol )/(Xliq/Xliq) 
FeO -~go MgO -~eo 

All the calculated trends form inore iron rich compositions than the 

regression line trend. Although the scattered nature of the whole 

rock data do not enable firm conclusions to be made, it appears un-

likely that the range of aphyric ultramafic lava compositions were 

derived by fractional crystallisation of olivine from a 33% MgO parental 

magma, which is consistent with the CaO-MgO trend discussed above. 

As outlined in previous sections,examination of the ultramafic 

liquids in thin section shows that olivine (occurring as spinifex 

textured blades, quenched.hopper olivines or euhedral microphenocrysts) 

is the first mineral to crystallise,followed at a later stage by py-

roxene in the interblade areas of the olivine spinifex textured samples. 

The ultramafic cumulate samples also show olivine as the main phase 

being accumulated and clinopyroxene, if present, only as late inter-

stitial c:rystals. Detailed modelling of Stuart's flow also demonstrated 

olivine to be the only important fractionating phase for accoun~ing 

for the range of compositions in a cross-section of the flow. In 

addition, the experimental work of Green et al. (1975) and Arndt 

(1976, 1977b) shows that olivine is the only liquidus mineral for 

a wide range of temperatures in ultramafic komatiite liquids at low 
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pressures. It therefore appears from the field, thin section and 

experimental evidence that olivine is the only mineral likely to be 

involved in the control of the ultramafic liquid compositions in the 

low pressure environment. However, as the geochemistry of the LUU 

aphyric ultramafic lavas does not reflect this expected olivine con-

trol, the liquid trends must be developed by melting or high pressure 

fract~onation processes. 

The trace elements in Fig. 5-8 show two distinct trends with 

increasing MgO content, those that increase, i.e. Co and Ni (Fig. 5-12) 

and·those that decrease such as Zr, Y, V, Ga and Sc (Sc not plotted). 

No curved trends have been detected. The trace elements that are 

believed to be incompatible in the olivine structure such as Zr, Y, 

G . S (. ol/liq ) . l 'l 1 l' . a ana c i.e. D <<l do not project through ice yo 1v1ne 

compositions. This tends to support the major element data, that 

olivine fractionation alone does not control the ultramafic aphyric 

lava trends, although for some trace element data the regression lines 

are less well controlled,due to the scatter of the data (Zr), limited 

amount of data (Sc) or very low concentrations (Y, Ga). For the 

Cr
2
o

3
-Mg0 data the selected trend (solid line on Fig. 5-8) suggests 

an increase of Cr2o3 with decreasing MgO. However, because of the 

scatter in the data no firm conclusions can be made regarding the 

behaviour of Cr with increasing MgO content of the lavas. Nevertheless, 

the selected trend is similar to that in the Belingwe lavas (Nisbet et 

al., 1977). 

From consideration of the inte~-element ratios, further constraints 

can be placed on the processes involved in the production of the ultra-

mafic aphyric lava trends. Perusal of the Al/1idata (Table 5-3b) shows 

restricted range of values for this ratio with most samples having 
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values close to 9.6, while the samples HSS-95 and 49-J have considerab

ly higher values of 16.3 and 16.6 respectively. An equivalent feature 

is displayed by the Ti/V ratio where most of the samples have values 

close to 20 while values for HSS-95 and 49-J are considerably lower 

(14 and 12 respectively, see Table 5-3b). These features of low 

Ti and different Al/Ti and Ti/V ratios in HSS•95 and 49-J (and several 

porphyritic samples, as identified in the next section) set. them 

apart from the major group of ultramafic lavas and as such will be 

discussed in a following separate section, and will not be considered 

again in this discussion. 

From consideration of all the inter-element ratios in Table 5-3b 

the following observations can be made:-

A) The following inter-element ratios show no systematic 

change with increasing MgO content and have relatively 

restricted ranges of values:-

Al/Ti, Ti/Zr, Ti/Y, Ti/V, Ti/Ga and Ti/Sc. 

Therefore, any process postulated for the generation 

of the LUU magmas must do so without fractionating 

the elements Ti, Al, Zr, Y,V, Ga and Sc to any marked 

extent. 

B) The ratios Si/Ti, Fe/Ti and Mg/Ti show a systematic, 

although somewhat erratic increase, and Ti/Ni and 

Ti/Co shCM an erratic decrease, with increasing MgO 

content. Processes postulated for the generation of 

!'.hese ultramafic komatiites must, account for the 

systematic increase of Si, F'e, Mg, Ni and Co relative 

to Ti and the other group (A) elements with increasing 

HgO content of the magmas. 
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C) 1~e Ca/Ti, Ca/Mg and Ca0/Al
2
o

3 
ratios show a regular 

decrease with increasing MgO content of the lavas. 

Petrogenetic processes must account for the decrease 

in Cao content relative to both the group (A) and 

(B) elements with increasing MgO content. 

These observations place severe constraints on the minerals and 

initial mantle composition that could have been involved in the 

development of the ultramafic liquids at high pressures. Models 

for the processes possible in the genesis of the ultramafic liquids 

will be tested in Chapter 8. 

PORPHYRITIC LAVAS 

The major and trace element data are given in Tables 5-4a and 

5-4b for the ultramafic porphyritic lavas. The data have been 

arranged in three groups, namely t~1e olivine phyric samples, the 

olivine rich samples and the olivine-clinopyroxene phyric samples. 

The samples within each group have been arranged in order of increasing 

MgO content. Both the major and trace element data have been cal

culated volatile free and with Fe
2
o

3
/Fe0 ratio set to 0.2. The 

variations of selected elements against MgO content are shown in Fig. 

5-10. Regression lines have been calculated for the data and, as 

for the aphyric lavas, only samples analysed in this laboratory have 

been used. In addition three·samples from this subset of data (HSS-93, 

HSS-92 and HSS-1) have been rejected ai they are relatively low Ti 

rocks (high Al/Ti and low Ti/V ratios). These three samples will be 

discussed in conjunction with the low-Ti aphyric lavas (HSS-95 and 

49-J) in a following section. The equations of the regression lines 

and MgO axis intercept values (where applicable) are given in Table 

5-8. 
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In Fig. 5-10 the plots generally show more scatter than the 

same plots for the aphyric lavas (as reflected by lower correlation 

coefficients in Table 5-7). This is in part, due to the cumulate 

rocks being able to form from a range of liquid compositions,as will 

later be illustrated from CaO-MgO and FeO-MgO plots. The regression 

lines are therefore less well constrained, however for the major 

element-MgO plots all the trends, on extrapolation, pass through 

or very close to the field of olivine compositions determined from 

the ultramafic cumulate samples. The Cr 
2
o

3
-Mg0 plot is an exc.eption 

and may be due. to the accumulation of chromite crystals 

in many of the porphyritic samples. 

The CaO-MgO trend in the porphyritic lavas contrasts strongly 

with that in the aphyric lavas. The best fit regression line to the 

selected data for ·the porphyritic samples (dotted line in Fig. 5-10) 

extrapolates through the low MgO portion of the olivine composition 

field. As there is a range of MgO magma compositions from which 

cumulate rocks could form, the area in CaO-MgO space in which the 

cumulate samples should plot, would be triangular,with the highest 

and lowest MgO aphyric lavas defining two of the apices and olivine 

the third. The resulting cumulate trend would not necessarily lie on a 

single straight line. In addition, as the aphyric lavas show a re

gular decrease in the Ca0/Al 2o
3 

and Ca/Ti ratios with increasing MgO 

content, the partial cumulate and cumulate samples would also be 

expected to show a range of values for these ratios, as olivine only 

contains very minor amounts of these elements. The fact that olivine 

accumulation does not fractionate these ratios,provides a fingerprint 

method for identifying which cumulates have been derived from specific 

liquids. Porphyritic samples that h!!ve similar Ca0/Al 2o3 ratios 
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should lie on a single olivine control line and the trend should 

intercept the CaO-MgO liquid trend (of the aphyric lavas) at a point 

where· the liquids have similar Ca0/Al
2

o
3 

ratios to the cumulates. 

Two additional regression lines have been calculated for the CaO-MgO 

data. All the samples in Table 5-4b that have Ca0/Al
2
o

3 
ratios in 

the range l.0-1.3 have been used to calculate the first regression 

line and the second was calculated from all samples with Ca0/Al
2
o

3 

ratios in the range 1.6-1.9. The extrapolated trends (solid lines 

in Fig. 5-10) from both these regression lines pass thro'..lgh olivine. 

The 1. 0-1. 3 (Ca0/Al2o3 ratio range) trend intercepts the aphyric lava 

Cao.::MgO trend at 32. 69% HgO and L~. 59% CaO and the calculated Al
2

o
3 

content of the "liquid" at this point (3.27% Al
2
o

3
) gives a Ca0/Al

2
o

3 

ratio of 1.40. The intercept of the 1.6-1.9 trend with the aphyric 

lava trend occurs at 28.46% MgO and 7.03% Cao and at this point the 

"liquid" contains 4.02% Al
2
o

3 
and has a Ca0/Al

2
o

3 
ratio of 1. 75. The 

good agreement between the predicted and observed Ca0/Al
2
o

3 
ratios 

in the aphyric lavas at the interception points tends to support the 

conclusion made in the previous section that the CaO-MgO trend in 

the ultramafic aphyric rocks was not generated by alteration processes. 

The field of cumulate compositions in the ultramafic porphyritic 

lavas has been modelled in detail for variations in FeO and MgO con-

tent in Fig. 5-11. The compositions of the olivines in equilibrium 

with the liquids were calculated assuming a KD = 0.37. For small 

fractions of olivine crystallisation,the cumulate rocks must lie on a 

tie-line between the liquid with which the olivine is in equilibrium 

and the olivine composition. The field of possible olivine cumulate 

compositions is indicated in Fig. 5-11. If the cumulates formed 

from the progressive crystallisation of an initial liquid (i.e. the 
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FeO/MgO ratio of the liquid changed) then the cumulates would plot 

along curved lines. The scatter in the cumulate data obscures any 

such trends, although the majority of the porphyritic lavas plot 

on the low FeO, high MgO side of the aphyric lava FeO-MgO trend. 

This is consistent with most porphyritic lavas having been formed 

by the accumulation, of olivine. A representative range of olivine 

compositions determined in the ultramafic cumulate samples is also 

plotted on the diagram. Not surprisingly .the range of observed 

olivine compositicns span the expected range,but do tend towards 

higher FeO contents. The olivines of higher FeO content than pre-

dicted,probably reflects the continuing crystallisation of olivine 

in the rocks after crystal movement in the magmas had ceased. 

The element that should potentially be the most sensitive to 

olivine fractionation is Ni and in Fig. 5-12 the fields of aphyric 

and porphyritic lava compositions are outlined. The large fields 

indicate considerable scatter in the data. Regression lines {from 

. Tables5-7 and 5-8) have been plotted for the aphyric and porphyritic 

rocks. Three situations· have been modelled in Fig. 5-12:-

Model A The first model assumes an initial magma composition 

of 11.24% FeO, 33.00% MgO and 1973 ppm Ni. Olivine was assumed 

f • • b h ~ 5 "I • h ol/liq 1 1 d to ractionate in ate es or wt,,. wit. DNi ca cu ate 

f h . . . Cl . 3 (Dol/liq - 111.33 1 71) rom t e equation given in 1apter Ni - MgO - · • 

The FeO-MgO contents of the derived liquid and olivine were 

calculated assuming a KD = 0.37. The derived liquid and olivine 

trends are also given in Fig. 5-12. This model has already been 

rejected as a means of obtaining the aphyric lava trends on the 

basis of the CaO-MgO and FeO-MgO contents of these rocks (Fig. 
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5-8; 5-9), but has been included here as two interesting features 

can be noted. Firstly,the evolving liquid trend is very slight-

ly curved (this trend has been modelled down to liquids that 

contain 15% MgO) and as a first approximation could be consider-

ed a straight line. This approximate linear t::-end of liquid 

descent has interesting consequences for other lavas that have 

been proposed as high MgO liquids, such as those from Kilauea 
\ , 

(Wright, 1971), and Baffin Island (Clarke, 1970). Hart and 

Davis (1978) have rejected the possibility that the linear 

correlation of the Ni-Mg data from Kilauea (given in Gunn, 1971) 

;fav;s, 8-20% MgO, could be generated by olivine fractionation 

from the postulated 20-25% MgO parent magma (Wright, 1971). 

The Ni-Mg trend that Hart and Davis (1978) modelled using their 

ol/liq 
equation to calculate DNi were markedly curved and displaced 

from the observed trend. They further state that the observed 

trend could be obtained by assuming an increase in the bulk DNi 

from ~3 at the beginning of the trend to 10-15 at the end. The 

D~~/liq calculated for a magma with 20-25% MgO from the. equation 

developed in Chapter 3 is 2.7-3.9 and at 8% MgO is 12.2, well 

within the range suggested by Hart and Davis (1978) for the 

Kilauea tholeiites. It therefore appears that the postulated 

high MgO liquids in this area cannot be discounted on the Ni-Mg 

trends alone and these rocks require further investigation to 

prove or disprove their existence. The second 

point of interest is that the most magnesian olivine does not 

contain the highest Ni content. This point will be discussed 

in model C. 
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Model B The second model assUm.es the same parameters as model 

A,except the equation to calculate n~i/liq from Hart and Davis 

(1978) has been used. The derived liquid trend in this model 

is curved and displaced to considerably lower Ni contents at 

given MgO,compared to model A. The olivine crystallising from 

the 33% MgO liquid should contain "'5400 ppm Ni, considerably 

higher than the observed compositions and the olivine composit-

·ions calculated in model A. The oiivines in model B show a 

regular decrease in Ni content with decreasing MgO. This model 

is however rejected on the basis of the Ni-Mg trend in the 

ultramafic aphyric lavas. 

Model C This model differs from A and B in that the liquid 

compositions are not calculated but are constrained along the 

observed path. The composition of the olivines have been 

calculated at intervals of 1.0% MgO along the observed aphyric 

lava trend. The FeO and Ni contents of the presumed liquids 

at each MgO composition have been calculated from the regression 

equations (Table 5-7) and the compositions of the olivine cal

. ol/liq 
culated assuming a FeO-MgO KD = 0.37 ano DNi calculated from 

the equation given in Chapter 3. The olivine has been removed 

in 5 wt.% batches. Tie-lines, along which the cumulates forming 

from the individual liquids should plot, have only been drawn 

in for the highest and lowest MgO liq~id olivine pairs to avoid 

confusion on the diagram. 

The olivines in model C show an initial increase of Ni 

content with decreasing MgO,reaching a maximum of 3540 ppm Ni 

in olivines crystallising from a liquid with "'27% HgO and there-

after both Ni and MgO decrease in the olivines, crystallising 

from liquids with lower MgO contents. The olivines 
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analysed for Ni in the cumulate samples are also plotted for 

comparison. The Ni contents of the analysed olivines agree 

with the calculated olivines of similar MgO content to within 

150-250 ppm Ni. Using smaller olivine fractionation steps 

of 1 wt.%,increasc th~ Ni content of the calculated olivines 

by ~40 ppm Ni. The decrease of Ni content in the higher MgO 

olivines cannot be tested due to insufficient data, but over-

all the agreement between observed composition and calculated 

Ni content is considered to be reasonable. 

Model C is therefore considered to be the best model for 

accounting for the porphyritic lava compositions and is con-

sistent with the other major element d_ata. However, these lavas 

show a considerably greater spread in composition than allowed 

in model C. This spread could in part be accounted for by the 

greater range of Ni compositions in the liquids from which the 

cumulates formed,than was accounted for in model C. Small 

amounts of sulphide minerals could also lead to some spread in 

the data and alteration processes that have affected the ultra-

mafic rocks,may have redistributed Ni to some extent. 

Throughout this section reliance has been placed on the equation 

ol/liq 
from Chapter 3 (DNi = 111. 33 

MgO 
- 1.71) relating the Ni concentrat-

ion between olivine and liquid. Cawthorn and Mclver (1977) have 

11 d h . h ' ' ff' ' (Dol/liq) F mode e t e change in t e partition coe icient Ni .rem 

35-6.4% MgO in the lavas from the Barberton greenstone belt. Unfor-· 

tunately many of the compositions they used are from rocks with partial 

cumulate textures (see Appendix 1) and not liquids as assumed in thei= 

models. D
ol/liq 

Nevertheless good agreement is obtained between the Ni 
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calculated from the equation above and the model values from Cawthorn 

and Mclver (1977) for high MgO liquids, as shown below. This provides 

additional support for the validity of the equation derived in Chapter 

3 when dealing with komatiite lavas. 

This work Cawthorn and Mclver (1977) 

35% MgO 1.5 1.7 

2.9 3.2 

The trace element-MgO plots for the porphyritic lavas generally 

show much more scatter and poorer correlation coefficients (Table 

5-8) than the equivalent plots for the aphyric lavas. The variations 

are in general compatible with the olivine accumulation models de-

veloped for the major and minor elements. The Co-MgO trend shows a 

positive correlation indicating that Dol/liq is greater than 1 for 
Co 

the ultramafic komatiites. 

One feature that stands out in the porphyritic lavas is that 

the Rb content of the olivine-clinopyroxene phyric rocks is on average 

much higher than the olivine phyric and olivine rich rocks. It is 

.unlikely that the Rb is contained in the clinopyroxene,as Hart and 

Brooks (1977) have recorded a range of 0.015-0.081 ppm Rb in clino-

pyroxenes extracted from Archaean igneous rocks. The reason for the 

high Rb contents in this class of ultramaf ic porphyritic lavas is 

not understood. 

The inter-element ratios in general are consistent: with the 

olivine accumulation model. The Ca0/Al
2
o3 and Ca/Ti ratios show a 

wide range of values,but as recorded earlier in this section,variat-

ions in the Ca0/A1
2
o3 ratios of the porphyritic rocks are consistent 

with the olivine accumulation model for the porphyritic lavas. The 
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Al/Ti and Ti/V ratios show a restricted range of values close to the 

average value for the aphyric lavas. The average porphyritic rock was 

calculated from the same data· used to compute the regression lines 

and is given in Table 5-6. The average aphyric and porphyritic rock 

have been equally weighted to calculate the composition of the 

average ultramafic rock, and these data are also given in Table 5-6. 

RELATIONSHIP BETWEEN. APHYRIC. AND PORPHYRITIC. "LAVAS 

The two main points of the preceding sections are summarised 

below:-

1) Aphyric lava trends are generated by high pressure processes. 

2) The porphyritic lavas formed from the range of aphyric lava 

compositions by olivine accumulation. 

Several papers have appeared on the geochemistry of the ~ltramafic 

rocks from the LUU since the initial work carried out by the Viljoens. 

However, most of these have dealt with the problems of genesis of 

the ultrarnafic komatiites and not with their surface relationships. 

Viljoen and Viljoen (1969d) have noted that flows varying in 

thickness from 12-30 meters, form the broad ultramafic zones in the 

Komati Formation type area. They suggest that some type of flowage 

differentiation, similar to that demonstrated experimentally, (Bhat

tacharji and Smith, 1964; Bhattacharji, 1967) concentrated the larger 

olivine crystals at the base of the flows. They further consider 

the possibility of invoking substantial settling of small olivine 

crystals in the flows an unlikely mechanism for accounting for the 

olivine rich cumulates. However, in this work it has been shown that 

olivine phenocrysts are sparsely distributed in the chilled margins 

'i-'-
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of flows and insufficient in content to account for the high MgO 

portion of some of the flows (e.g. Stuart's flow). Crystallisation 

and gravity settling of olivine crystals are considered the most 

likely processes for accounting for the porphyritic rocks. 

Densities and viscosities of magmas can be calculated at dif-

ferent temperatures using the data given in Bottinga and Weill (1970, 

1972). This enables the settling rates of olivine phenocrysts to be 

calculated from Stokes equation. Before olivine settling rate.s can 

be computed for the. aphyric lavas, (Table 5-3a) estimates of their 

extrusion temperatures are required. From the experimental 'data 

given in Arndt (1976) and Green et al. (1975) olivine liquidus temp-

eratures have been plotted (not shown) against MgO content of the 

liquid. A linear trend is observed (correlation coefficient = 0.99) 

between T and MgO and the equation of a least squares regression line 

fitted to these data is given below:-

T
0 c = 18.79 x MgO + 1042 ..........•........• (5-1) 

A similar linear correlation has been noted by Thompson (1973) for 

published one-atmosphere liquidus temperatures plotted against MgO 

content for lavas with ·~13% MgO. The linear relationships between 

1 
T and MgO as well as between MgO and al/liq ,.f • J) . 1 DNi \rom Cnapter imp y 

a regular relationship between T and Dol/liq A 1 t f 1 Dol/liq . • p o o _n N. 
Ni i 

against 4oK gives a linear trend with a correlation coefficient of 

0.99 for the data of Arndt (1977b) and Green et al. (1975). The 

equation of the least squares regression line is given below:-

1 D
ol/liq 

n Ni = 10691 

T°K 
4.93 .................... (5-2) 
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It is beyond the scope of this work to consider the arguments as to 

ol/liq . . . ( . ) whether DNi is composition Hart and Davis, 1978 or temperature 

dependent (Leeman and Scheidegger, 1977). However, it does appear 

from equations 3-2, 5-1 and 5-2 that the three parameters n~i/liq, 

T and MgO content of the lavas are inter-dependent. 

Equation 5-1 allows the one-atmosphere liquidus temperatures 

to be estimated for the aphyric lavas and these data are given in Table 

5-3a. The multiple regression equations developed by French (1971) 

relating liquidus temperatures to liquid composition also allow the 

one-atmosphere olivine liquidus temperatures of the ultramafic rocks 

. to be calculated. The temperature data obtained from the French (1971) 
J 

equations have been compared to the equation 5-1 data in Fig. 5-13. 

Obviously, under ideal conditions, both calculations should give the 

same temperature for any particular sample and a plot of the temp-

erature data should have a slope of 1.0. In Fig. 5-13 it can be 

seen that at high MgO contents (T
0 c >1400) equation 5-1 yield temp-

0 
eratures roughly 15 C higher than the equations of French ~1971), 

0 while at lower temperatures (<1250 C) the data points scatter evenly 

around the ideal trend. The agreement between the two data sets 

is encouraging. French (1971) has indicated that his equations per-

mit the liquidus temperature of th2- lavas to be obtained with a mean 

error of 11°c. 

The densities and viscosities for the aphyric lavas were cal-

culated from the data of Bottinga and Weill (1970, 1972) and are also 

given in Table 5-3a. While the densities of the lavas can be cal

culated at any temperature in the range 1200-1700°C,Bottinga and 

Weill (1972) have presented data for the viscosity calculations at 

5o0 c intervals. Therefore from the temperatures obtained for the 
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ultramafic lavas the viscosities and densities were calculated at 

0 
the nearest 50 C interval. 

The data for the ultramafic aphyric lavas (Table 5-3a) show 

that these lavas had very low viscosities at the one-atmosphere 

liquidus temperatures. In Fig. 5-14 the terminal settling velocities 

of spherical olivine crystals.of various diameters have been cal-

culated from Stokes' equation and .plotted for a range of lava composit-

ions. The composition of the olivines in equilibrium with each of 

the lavas was calculated assuming a FeO-MgO KD = 0.37. The densities 

of these olivine compositions were calculated at 20°c assumingpFo100 = 

3.-222 and f Fa100 = 4.392 from the equation:-
_, 

f' (olivine) 
= Fa x 0.0117 + 3.222 (5-3) 

The final density of the olivine was calculated at the liquidus 

temperature from the thermal expansion coefficient data given in 

Clark (1966) for Fo89 . 9 at 10oo0 c. 

For the range of ultramafic lavas presented in Fig. 5-14 very 

rapid settling rates of olivine phenocrysts are indicated. It is 

well known that particle shape affects settling velocities (Graf and 

Acaroglu, 1966). Flemming (1978) has reviewed the effects of particle 

shape on settling velocity of well defined geometric objects (such 

as spheres, cubes, octahedrons, tetrahedrons and so on) and notes 

that at ·Reynolds Numbers (Re)· 

(Re WsD 
= v· where Ws = se-ttling velocity of sphere of diameter 

D and V ~ kinomatic viscosity = D/p) 

less than one 1 the drag coefficient/Reynolds Number relationship 

follows Stokes' Law of settling irrespective of particle shape. 
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The Reynolds Number for sample HSS-109 becomes greater than 1 for 

olivine crystals with a diameter >3.0 mm. For the range of grain 

sizes and settling velocities given in Fig. 5-14 the Reynolds Number 

for all the samples is less than 1 and therefore the approximation 

that the olivine crystals are spherical will not significantly affect 

the calculated settling velocities. 

The connnon olivine microphenocryst size range given for the 

chilled margins and pillow samples (Appendix 1) is from 0.1-0.3 mm. 

in diameter,allowing settling rates from 3.3 to 80 crn/hr. in ultra

mafic liquids. Olivine crystals in the cumulate samples approach 

1 mm. in diameter in size and the settling velocity of these crystals 

in the liquids would be in the range of 330 to 890 ems/hr. The average 

settling velocity of a growing crystal in an ultramafic magma would 

obviously be between these two extreme ranges, nevertheless even 

small olivine crystals could settle through considerable distances 

in ultramafic flows in relatively short times. It is therefore con

cluded, that regardless of whether mechanisms of flow differentiat-

ion were in operation in the ultrarnafic flows, once the magma had 

come to rest, any olivine phenocrysts in the flow could settle to 

near the base of thin flows in very short periods of time. The rapid 

settling rates indicated for olivine phenocrysts in ultramafic magmas 

provide an adequate mechanism for obtaining the porphyritic lavas 

by olivine accumulation in flows, dykes and. sills from the range of 

initial magma compositions (as represented.by the aphyric lavas). 

The viscosity .and settling velocity data should enable rough 

estimates of the time it took for flows to cool to a stage where 

crystal movement in the flow had ceased. This has been modelled 

for Stuart's flow based on the following assumptions:-
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1) The initial diameter of olivine microphenocrysts was 

0.2 nnn. and final diameter of the settling olivine 

crystals was 0.6 nun. 

; 2) p and "'a' change linearly with MgO and that the ini t ia 1 

liquid had a viscosity of 2.81 poises (HSS-531/2, MgO = 

27.88) and the final liquid haq a viscosity of 3.54 poises 

(HSS-533, MgO = 25.65). 

3) The volume of the crystals increased linearly with the 

distance settled. The initial crystallising composition 

of olivine being Fo
92 

and the final po.rtion of olivine 

to crystallise being Fo
91

• 

In Stuart's flew there is a 40 cm. thick upper chilled margin, 

underlain by 100 ems. of plate spinifex. Donaldson (1977) has 

noted that a nuclei free zone is required in order for spinifex 

texture· to develo.p. Any phenocrysts in the magma at the base of 

the chilled margin must have settled faster than the advancing 

front of crystallising spinifex textured -0livines, in order to 

leave a nuclei free zone in the spinifex growth area. The time 

required,therefore,for a growing olivine phenocryst to settle from 

the base of the upper chilled margin to the upper portion of the B 

zone (a distance of 100 ems.) will indicate. very roughly how long 

it took the flow to crystallise under closed system conditions with 

the magma remaining stagnant. The settling rate of the olivine 

crystals has been calculated for 5 cm. intervals with the average 

crystal radius, density of liquid and crystal and viscosity of the 

magma for the 5 cm. interval being used in Stokes' equation. From 

this average settling velocity the time taken to settle through each 
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5 cm. interval was calculated. The integrated time required under 

these conditions for the crystal to settle through 100 ems. is 6.8 

hours. This crude estimate of the crystallisation time of the flow 

is consistent with the ultramafic magmas being extruded into a sub

aqueous environment: and therefore being cooled rapidly by the water. 

LOW-Ti ULTRAMAFrc· LAVAS 

This group of lavas includes the two spinifex textured samples 

(HSS-95 and 49.:.3) and the three porphyritic rocks (HSS-93, HSS-92 

and HSS-1). The geochemical parameters that set these lavas apart 

are their low Tio2 contents and high Al/Ti and low Ti/V ratios com

pared to other ultramafic samples of equivalent MgO content. The 

two spinifex textured samples have very similar Ca0/Al
2
o3 ratios 

in marked contrast to the trend of decreasing Ca0/Al
2
o3 ratio with 

increasing MgO content of the major aphyric lava trend. Nesbitt 

et al. (1979) have also pointed out that 49-J is not typical of 

the main body of ultramafic komatiite data from the J~UU, based on 

inter-el~ment ratios and REE patterns. 

In Fig. 5-15 selected elements have been plotted against MgO 

content for this group of lavas. An olivine control line from 50% 

MgO passes through the two spinifex textured samples (including the 

CaO-MgO data) suggesting that olivine could be the only mineral 

controlling the compositions of this group of lavas. The three 

porphyritic samples also plot near to the olivine control line trend 

and could have been generated by olivine accumulation from liquids 

similar in composition to the two spinifex samples. 

The data in Tables 5-3b and 5-4b show that in addition to the 

low Tio2 contents of these lavas, Zr and Y are also lower than the 

more abundant group of samples of equivalent MgO. The lower contents 
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of these incompatible elements indicate that the low-Ti group of 

lavas was derived from a source area depleted in Ti, Zr and Y,com

pared to the source area of the 'normal' group of ultramafic rocks. 

In Chapter 7 the relatively rare low-Ti ultramafic komatiites are 

referred to as group I rocks while the more abundant relatively 

higher Ti ultramafic komatiites are referred to as the group II rocks. 

Further implications of the differences in chemistry between these 

two groups for mantle heterogeneity are discussed in Chapters 7 and 8 • 

. SANDSPRUIT FORMATION. ULTRAMAFIC ROCKS 

The major and trace element data (recalculated volatile free 

and with the Fe0/Fe2o3 = 0.2) are given in Tables 5-5a and 5-5b 

respectively. The samples have been arranged in order of increasing 

MgO content and no aphyric-porphyritic division has been made for 

these samples, as no original igneous textures are preserved. The 

average of the 9 Sandspruit Formation ultramafic rocks is given in 

Table 5-6. This average composition is similar to that obtained 

for the average ultramafic rock from the Komati and Theespruit Form-

ations. Because of the limited number of samples from the Sandspruit 

Formation,small differences such as slightly higher MgO and lower 

Cao and AI
2
o

3 
contents cannot be considered as significant. However, 

the Al/Ti ratio is lower and the Ti/V ratio higher than the average 

ultramafic rock. These differences in the ratios ·are in part due 

to the very high Tio2 contents 'of three of the Saudsprui t Formation 

ultramafic rocks (87-J, 88-J and HSS-131). 

The variations in chemistry of the Sandspruit Formation ultra

mafic rocks are illustrated in Fig. 5-16 where selected elements 

have been plotted against MgO content. The regression lines obtained 
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for the aphyric lavas (24-33% MgO),and porphyritic lava (30-45% MgO) 

from the two upper Formations of the LUU have also been drawn in for 

comparison. The Sandspruit Formation ultramafic rocks show very 

similar trends to those from the upper Formations of the LUU. Sever

al of the Sandspruit Formation ultramafic samples however do have 

much higher Tio2 contents, but these same samples do have very 

similar Al
2
o3 , FeO, CaO and V contents to the rest of the LUU samples. 

Mciver and Lenthal (1973) and Mciver (1975) have concluded 

from consideration of the ultramafic komatiite data in Viljoen and 

Viljoen (1969b,d), that the Sandspruit Formation ultramafic rocks 

are primary and those from the Komati Formation are enriched in 

olivine. However, from Fig. 5-16 it appears that there is little 

justification for this conclusion, as the Sandspruit Formation ultra

mafic rocks show similar ranges in composition and define similar 

trends, even though the former have been metamorphosed to a greater 

extent. It is therefore concluded that although a few ultramafic 

samples from the Sandspruit Formation have higher Ti0
2 

contents 

compared to samples of similar MgO content from the Theespruit and 

Komati Forma.tions, the compositions of the two groups of ultramafic 

lavas are essentially identical with respect to the trends displayed 

and contents of individual elements. 

5-5 LUU KOMATIITES COMPARED TO OTHER GREENSTONE· BELT ULTRAMAFIC 

'ROCKS 

RHODESIA 

Recent work on the Belingwe greens tone belt (Bickle et al., 

1975; Bickle et al.~ '1976; Nisbet et al., 1977) has revealed good 

exposures of ultramafic lavas inter-bedded with komatiitic nnd 
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tholeiitic volcanics of lower MgO content. The outcrop of the ultra-

maf ic lavas show many similar features to those from the LUU and 

include pillows, massive flows, spinifex (olivine) textured horizons 

and ultramafic ridges. In thin section olivine appears to be the 

first and major crystallising phase followed by clinopyroxene (Nisbet 

et al., 1977), while orthopyroxene is rarely observed in the ultra-

mafic lavas. Nisbet et al. (1977) consider the ultramafic ridges to 

have formed by accumulation of olivine towards the base of thick 

flows or sills although they consider olivine fractionation in thin 

flows (2-12 m. thick) to be minimal or not to have occurred at all. 

Bickle et al. (1975) and Nisbet et al. (1977). have presented 

major and trace element data for the ultramafic lavas from the Beling-

we greenstone belt and suggest that phenocryst free magma compositions 

containing 20-32% MgO had· oc~urred~ '!he similar outcrop and textural 

forms, mineralogy and range of liquid compositions are convincing 

evidence for considering the Belingwe greenstone belt ultramafic 

rocks as belonging to the same suite of rocks as those from the LUU. 

However, there are differences in many of the geochemical parameters 

(Nisbet et al., 1977; Arndt et al., 1977) when the data are examined 

in detail, such as the lower Ca0/Al
2
o3 ratios of the Belingwe ultra

mafics. 

In order to compare the LUU and Belingwe data, ultramafic lava 

compositions (which are considered to represent phenocryst free mag-

mas). have been selected from Bickle et al. (1975) and Nisbet et al. 

(1977) based on the petrographic descriptions of the Belingwe ultra-

mafic rocks in Nisbet et al. (1977). Pillows and spinifex textured 

rocks were automatically selected. However, many samples are described 

as spinifex textured with some equant (filled) olivine crystals present. 
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As no indication was given of the proportion of the latter morphol

ogical type of olivine in the samples, they were rejected as repres

enting liquid compositions. Eleven samples were selected (sample 

nos. given in Table 5-9) and the three key elements Tio
2

, Al
2
o

3 
and 

Cao plotted against MgO in Fig. 5-17 with the regressi'.on line trends 

from the LUU aphyric-lavas for comparison. 

The 13elingwe ultramafic lavas are depleted in Tio
2 

and Cao and 

enriched in Al
2
o

3 
compared to the LUU trends. The most striking 

differences between the two CaO-Mgo·sets of data are the significant

ly different slopes and MgO intercept values. The low-Ti ultramafic 

lavas from the LUU, on the other hand, show very similar slopes and 

MgO intercept values as well as absolute Cao content to the Belingwe 

ultramafic lavas, however they are depleted in .Tio
2 

and Al
2

o
3 

com

pared to the Belingwe rocks. 

Regression lines have been fitted to the Belingwe data and 

the slopes and intercept values given in Table 5-10. The data for 

the CaO-MgO trend differ markedly from that given m Nisbet et al. 

(1977). The reasons for this are unknown,particularly as the Tio2-Mg0 

and Al
2
o

3
-Mg0 regression line data are similar. The MgO intercept 

values for the three trends vary from 47.3 to 55.7% MgO making the 

possibility,that olivine-only fractionation controls the trends, un

likely. Nisbet et al. (1977) have also come to the same conclusion 

based on the cr2o3 , Tio
2 

and Al2o3 variations in the Belingwe ultra

mafic lavas, 

The LUU and Belingwe ultramafic lavas therefore sh ow broadly 

similar ranges in MgO contents and a similar lack of olivine control 

on the 'liquid' trends, but considerabl~ variation in detail when 

the geochemistry of the lavas are compared. As these two groups of 
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lavas formed in similar Archaean volcanic environments the processes 

involved in the genesis of the magmas were probably similar. The 

detailed geochemical differences therefore probably reflect regional 

variations in mantle composition; however this aspect will be con

sidered in more detail in a later section • 

. ·WESTERN .. AUSTRALIA 

The occurrence of ultramafic and mafic volcanics from Western 

Australia has been well documented in the literature although the 

exposure of the lavas, .apparently, is not as good as found in Bar

berton (Anhaeusser, 1971b). Nevertheless m~my spinifex textured 

ultramafic flows have been described (Nesbitt, 1971; Naldrett and 

Turner, 1977) which have similar features to those from the LUU,such 

as fine grained random (or radiating, Nesbitt's 1971 term) spinifex 

zones overlying plate spinife~ zones, the latter being abruptly 

terminated by the underlying olivine peridotite. No pillow structures 

have as yet been recorded in rocks of ultramafic composition from 

Western Australia, although sill and lens like bodies have been 

investigated (Hallberg and Williams, 1972; Williams, 1972; McCall, 

1973) and show.many similar features to thoseoccurring in the Barber

ton greenstone belt. The crystallisation sequence of olivine follow~d 

by clinopyroxene with a scarcity or total absence of orthopyroxene 

(Williams, 1972; Nesbitt and Sun, 1976; Naldrett and Turner, 1977) is 

also t;he same as that observed in the LUU flows and dykes of ultra

mafic composition. 

Analyses of spinifex textured ultramafic rocks from Western 

Australia have been selected from the literature (see Table 5-9 for 

source references and sample nos.) for comparison with the LUU aphyric 
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lavas. The Western Australian rocks display a range of compositions 

from 24 .. 35% MgO while two samples (that have been described as spi"" 

n~fex textured peridotitic komatiites from the Marshall Pool area, 

Nesbitt et al., 1979) have lower MgO contents of 19.2 and 21.2% MgO. 

All the analyses of the selected Western Australian samples have been 

calculated volatile free and with total Fe as FeO. The three elements 

Tio2 ~ Al
2

o
3 

and CaO have been plotted against MgO (Fig. 5-18) and 

the aphyric lava trend lines from the LUU, drawn in for comparison. 

The Tio
2

-Mg0 trends are similar in both sets of lavas while 

the LUU lavas.have significantly lower Al 2o3_ contents than the West

ern Australian rocks. However, three samples from the Pill:a.I'a area 

(Nesbitt et al., 1979) show a similar low Al 2o3 content to the LUU 

lavas and in addition, these same three samples plot close to the 

LUU trends for Tio
2

-Mg0 and CaO-MgO .. These samples also have simil8r 

Ca0/Al 2o3 , Al/Ti and Ti/V ratios, Zr, Y, Ni, V and Sc contents to 

LUU rocks of similar MgO content. The CaO-MgO trends for the LUU 

and Western Australian lavas show broadly similar contents of CaO 

at given MgO,but the LUU trend has a significantly steeper slope. 

'Nesbitt and Sun (i976) and Naldrett and Turner (1977) have 

suggested that olivine is the only mineral controlling the evolution 

~- of the ultramafic liquid compositions. However, regression lines 

fitted to the Western Australian data (Table 5-10 and Fig. 5-18) show 

~hat the Al
2
o3-Mg0 trend does not extrapolate through likely olivine 

compositions and therefore,aswith the LUU and Belingwe ultramafic 

lavas, the trends are not. simply controlled by olivine fractionation 

alone. Although it should be noted that because the Al2o
3

-Mg0 data 

for the Western Australian rocks show more scatter than the other two 
areas the MgO intercept value is not as well constrainei. 

·MUNRO· TOWNSHIP 

Ultramafic komatiites from the Munro Township area in northeast 
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Ontario have been well documented (Pyke et a:l., 1973; Arndt, 1975; 

Arndt et al., 1977; Arndt, 1977a; Arth et al., 1977; Arndt, 1979) 

and occur in close association with flows and sills of mafic koma-

tiites and tholeiitic basalts. The detailed structures and textures 

in the ultramafic flows from Munro Tmvnship are very similar to 

those found in the LUU (see Chapter 3 for discussion). Settling of 

olivine phenocrystsin the ultramafic flows has been suggested (Pyke 

et al., 1973; Arndt et al., 1977) as the main process for accounting 

for the cumulus enriched B portion of the flow sections. The crystal-

lisation sequence of the ultramafic rocks (at low pressure) has been 

well established both in the natural samples and in the laboratory 

(Arndt, 1975; Arndt, 1976; Arndt et al., 1977) and shows the now 

familiar sequence of olivine first,joined by clinopyroxene at a much 

lower temperature.1with orthopyroxene playing· little or no part in 

the sequence, 

Once again ultramafic rocks representative of phenocryst-free 

magma ·compositions have been selected from the literature; sources 

of data and sample nos. are given in Table 5-9. Tio
2

, Al
2

o
3 

and Cao 

~ave been plotted against MgO content (Fig. 5-19) after the data 

had been calculated volatile free and with total Fe as FeO, The 

LUU aphyric lava ·trends have been drawn in for comparison. Regression 

lines have also been calculated for the trends from the Munro Town-

ship samples and the equations given in Table 5-10. 

The LUU lavas are enriched in Tio
2 

and depleted in Al 2o3 com

pared to the Munro Township samples. One spinifex textured sample 

(SA-1160 from Pyke et al., 1973) has a significantly higher Al 2o3 

content compared to the main trend and was eliminated from the 

Al
2
o3-Mg0 regression line calculation. However, the most outstanding 
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feature of Fig. 5-19 is that the CaO-MgO trends for the two groups 

of lavas are very similar with respect to both the absolute CaO con

tents and MgO intercept values and demonstrates that this trend is 

not unique to the Barberton greenstone belt ultramafic rocks. The 

three trends for the Munro Township ultramafic rocks in Fig. 5-19 

all intercept the MgO axis at considerably lower values than the 

likely olivine compositions in equilibrium with the liquids and 

therefore olivine control (by crystal fractionation or melting) on 

the composition of the Munro Township lavas is considered unlikely. 

REGIONAL VARIATIONS OF ULTRAMAFIC LIQUID COMPOSITIONS 

The gross features of the ultramafic komatiites from the differ

ent areas such as geological setting, structures, textures, mineral

ogy and geochemical composition are compelling evidence for consider

ing the lavas from these areas as belonging to the same suite of 

rocks. Now that the major element geochemistry from other greenstone 

belts is reasonably well characterised and the search for 'super' 

komatiites waning, it may be more constructive to consider the simi

larities as well as emphasising the differences between the LUU and 

ultramafic komatiites from other greenstone belts. 

To sunnnarise the foregoing discussion,the following similarities 

have been noted:-

.,a} Ultramafic lava compositions that are considered to 

represent phenocryst free magmas have "1'-IgO contents 

mainly in the range 20-34% MgO. 

b) Olivine is the only mineral that is observed to 

crystallise and accumulate in the ultramafic lava flows. 
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c) The presumed liquid trends are not controlled 

by olivine as the only fractionation or melting 

. phase and therefore the liquid trends must be. 

generated by high pressure crystal fractionation 

or melting processes involving additional phases. 

d) The Tio2~Mg0, Al
2
o

3
-Mg0 and CaO-MgO trends are 

essentially linear within the scatter of the 

data from the four areas considered. 

This last point has played a major role in eliminating olivine-

control on the evolution lines of the composition of the ultramafic 

magmas. If olivine was the only mineral crystallising from the 

liquids in the range of say, 33-24% MgO, a spread of olivine com-

positions would be involved and the resulting incompatible element 

versus MgO trend would be slightly curved. The effects of this 

slight curvature on a straight line regression have been modelled 

assuming a starting composition of 33% MgO, 11% FeO and incompatible 

element
1
content of 4.4% (X. ). 

. l.nC. 
Olivine was removed in 5% batches 

FeO-MgO 
(KD . = O. 37) and the MgO and 

! . 
X. content of the liquid cal-

inc. 

culated after each batch removal. The process was modelled down to 

MgO = 23.8% (X. · = 6.63%) and the MgO composition of the olivine 
inc, 

ranged from 52.05 - 49.30%. A straight line fitted to the X. -MgO 
l.nC. 

data points g~ve a correlation coefficient of 0.9998 (i.e. a straight 

line for all practical purposes) and an MgO intercept value of 51. 0% 

MgO. Clearly the slight curvature of the trend would not obscure 

the olivine control iines if this process had been in operation in 

the ultramafic magmas. 

The geochemical differences for key elements between the 
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ultramafic magmas lave been summarised in Fig. 5-20 where the Tio
2

-Mg0, 

Al
2
o

3
-Mg0 and CaO-MgO regression lines for all the trends have been 

plotted. The .Belingwe and Western Australia rocks show similar 

trends in all the diagrams while the Munro Township and LUU rocks 

have very similar CaO-MgO trends which have much steeper slopes 

than the CaO-MgO trends from the other two areas. The feature that 

singles out the LUU lavas is their. very low Al
2
o3 contents which 

accounts for the high Ca0/Al2o3 ratios for this group compared to 

the other areas (Table 5-11). However,comparing average Ca0/Al 2o3 , 

ratios for the ultramafic lavas from the four areas is an over-

simplification,as the Ca0/Al
2
o3 ratio decreases with increasing MgO 

content for all the areas (as calculated from the regression equations 

for CaO-MgO and Al
2
o

3
-MgO). This effect is most marked for Munro 

Township where the Ca0/Al
2
o

3 
changes from 1.1 to 0.58 in the MgO 

range from 20 to 35% MgO, the change in Ca0/Al
2
o

3 
ratio for the 

LUU aphyric lavas in the same MgO range is from 2.2 to 1.1. This 

-ch~n~e in ratio with increasing MgO ~ontent is considered to be as 
\ 

important as the absolute Ca0/Al
2
o3 ratio for characterising the 

ultramafic komatiites and in this respect the LUU lavas are not 

unique. 

Further differences between the groups of ultramafic lavas are 

illustrated in Table 5-11 where several average inter-element ratios 

are compared. The average values for Belingwe, Western Australia 

and Munro Township have been computed from the same· sources of data 

(where available) as used for the plots and given in Table 5-9. 

Theaverage Al/Ti, Ti/Zr and Ti/V ratios for the Belingwe, Western 

Australia, Munro Tow"11ship. and the low-Ti LUU (group I) ultramafic 

lavas show very similar values suggesting the lavas formed from 
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similar source compositions. The common (group II) LUU ultramafic 

lavas have lower Al/Ti and Ti/Zr ratios and higher Ti/V ratios. 
! 

From consideration of these inter-element ratios and the trends 

in Fig. 5-20, the group II LUU lavas are depleted in Al and enriche.d 

in Ti and Zr compared to the other groups of lavas. 

·The geochemical features shown in Fig. 5-20 and Table 5-11 

serve to demonstra.te that, in detail, the geochemistry of the ultra;.. 

mafic komatiites differs markedly between the different greenstcine 

belts, except perhaps for the Belingwe and Western Australia areas, 

Furthermore, individual samples such as those from the Pilbara area 

or the low-Ti group i lavas from the LUU indicate that certain 

aspects of the regional geochemical variations can be duplicated in 

a single greenstone belt. If the ultramafic komatiite liquid !rends 

as represented by the aphyric lavas are generated by partial melting 

in the mantle,then this variation indicates significant mantle 

inhomogeneity in the Archaean,both on a regional and local scale. 
I 

· Further evidence for mantle· heterogeneity is considered in· Chapter 7. 

'5-6 . CONCLUSIONS 

In conclusion of this section the following points resulting 

from the interpretation of the textural, mineralogical and geochem-

ical data of the LUU ultramafic komatiites' are stressed:-

1) The ultramafic rocks.are readily divided into samples 

representing phenocryst free magma compositions 

(aphyric lavas) or partial cumulates (porphyritic 

lavas) on the basis of their petrography. 

2) · Olivine is the dominant crystallising phase from 

the magmas at low pressure and joined by clinopyroxene 
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at lower temperatures. 

3) The·aphyric lava trends are not developed by low 

pressure olivine fractionation and as such must 

be developed by high pressure crystal fractionation 

or melting processes. 

4) · The porphyritic rocks are developed by olivine 

settling and accumulation from the range of aphyric 

lava compositions. 

5) The calculated range of temperatures at which the 

ultramafic magmas were extruded varies from 1S00-1660°c 

and from the predicted viscosities of these lavas 

the terminal settling velocity of the olivine phenocrysts 

. is in the order of meters /hour. 

6) Two groups of ultramafic lavas have been identified 

in the LUU. The rnore c:ibundant·group (referred to 

as group II rocks in Chapters 7 and 8) and the low-Ti 

group (group I rocks). 

7) Metamorphism has destroyed the igneous textures in 

the Sandspruit Formation ultramafic rocks,but the 

range of compositions and inter-element trends show 

them to be similar to the better preserved samples 

from the Theespruit and Komati Formations. 

8) Comparison of the LUU aphyric lavas with similar 

lavas from other greens tone belts shm-.G that the LUU 

rocks are depleted in Al
2
o3 and slightly enriched in 

Tio
2 

compared to the Belingwe, Western Australia and 

Munro Township lavas. 
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9) The ul tramafic lavas from the four areas considered., 

all show decreasing Ca0/Al
2
o3 ratios with increasing 

MgO content, although this effect is most marked in 

the Munro Township and LUU lavas. 

10) ·. Regional and local variations in some. aspects of the 

geochemistry 'of.·tbe -uJ.tramaf~c lavas probably.reflects 

j,nhomogeneous -source areas for the lavas. 
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. 'CHAPTER 6. 

GEOCHEMISTRY. ·oF. 'MAFIC. 'KOMATIITES 

6-1 INTRODUCTION 

Viljoen and Viljoen (1969c) identified three types of basaltic 

komatiites from the Barberton greenstone belt which covers a range of 

compositions from 9 - 22% MgO and with Ca0/AI
2
o

3 
ratios generally, but 

not exclusively, greater than unity. In this work (see Chapter 4) a 

two-fold division of the 9 - 24% MgO komatiites from the LUU is proposed, 

viz. high--Mg mafic komatiites and low-Mg mafic komati.i tes. Details of 

the chemical parameters used to sub-divide.the lavas, are given in 

Chapter 4. The low-Mg mafic komatiites incorporate the Barberton type 

and Badplaas type of basaltic komatiites proposed by Viljoen and Viljoen 

(1969c) while the high-Mg mafic komatiites are essentially equivalent 

to their Geluk type of basaltic komatiite. 

In the present Chapter, field, textural and mineralogical features 

of the lavas are briefly described. The geochemical data are discussed 

in relation to the low pressure processes that may have contributed to 

generating the observed geochemical trends. Discrepancies are· no~ed· between 

the observed phenocryst assemblages and the liquidus phases predicted 

for the lavas at one atmosphere pressure. These differences have an 

important bearing on proposed models of genesis for the mafic komatiites. 

Finally the Barberton greenstone belt komatiites are compared to similar 

rock types from Belingwe, Western Australia and Munro Township areas. 

6-2 SAMPLE LOCATION, FIELD· ·CHARACTERISTICS. 'AND. PETROGRAPHY 

The majority of mafic komatiitc samples are from the LUU (specifical

ly from the type areas of the Komati, Theespruit and Sandspruit Forl!Ulticns) 
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but others are from widely scattered areas within the Barberton green

stone belt, such as the Helshoogte pass, Kaapmuiden-Malelane area and 

Steynsdorp valley. Sample localities in the Komati Formation type area 

are shown in Figures 6-1 and 6-2. Several samples ha_ve also been 

enalysed from the Uppe:r Mafic to Felsic Unit (UMFU). 

Sample localities and brief petrographic descriptions for all the 

mafic komatiites analysed for this study are given in Appendix 1. These 

samples include rocks analysed by Viljoen and Viljoen (1969b,c,e) for 

major ,elements. Rocks collected by the author are prefixed by HSS, SC, 

SD or HK while the balance of the samples are from the Viljoen's col

lection. A sample of olivine gabbro (HK-I•) from the Koedoe body (Vil

joen and Viljoen, 1970b) was analysed for olivine, pyroxene and plagio

clase mineral compositions by electron microprobe. 

Both types of mafic komatiite crop out as massive flows: sometimes 

with a flow top breccia or as pillowed horizons (detailed descriptions 

of pillows are given in Chapter 2). Ocelli varying· in size from a few 

mms. to several ems. across, are common in the pillows and flows. These 

features are discussed in detail in Chapter 2, where it is suggested 

that they were formed by liquid 'l:mmiscibility. In addition several 

coarse grained rocks are from outcrops where clear field relationships 

could not be discerned. These sa~ples may be portions of sills, dykes 

or lower zoneo of thick flows. . .... 

Clinopyroxene blades and needles forming macroscopic spinifex 

textured layers in basaltic kornatiite flows (similar to that formed 

by olivine in ultramafic ko~atiite flows) are frequently observed from 

other greenstone belts (Arndt et al., 1977; Arndt, 1977a; Nisbet et al., 

1977; Sun and Nesbitt, 1978; Nesbitt et al., 1979), but they have not 

been recorded in lavas from the Barberton greenstone belt. Eowever, 
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Viljoen and Viljoen (1969c) have suggested that zones, lying parallel 

to the general layering of the Kornati Formation lavas, which contain 

long (several ems.)_ amphibole blades, could represent recrystallised 

quench textures. Williams and Furnell (1979) consider that these 

zones ~epresent clinopyroxene spinifex textured portions of mafic 

komatiite flows. One sample (SD-42C) from a zone bearing coarse-grained 

amphibole blades from the Komati Formation, has been analysed. This 

sample contains relatively short (<2 ems.) actinolite blades and is 

considered to represent a metamorphically recrystallised pyroxene spini

fex textured rock. The observed or inferred igneous mineralogies and 

textures of the mafic komatiites, are discussed below. 

HIGH-Mg MAFIC KOMATIITES 

Fine-grained phenocryst-free: rocks (aphyric), containing 20 - 24% 

MgO, have been classified as high-Mg mafic komatiites. These rocks 

.contain abundant pyroxene crystals as needles or blades~often aligned, 

and forming a micro-spinifex texture. The pyroxene crystals have 

usually been altered to amphibole. Some samples contain small amounts 

of pyroxene microphenocrysts that have been altered to amphibole and 

talc. Spine! microphcnocrysts are also present and in some instances 

have been replaced by magnetite. These aphanitic samples are con

sidered to be quenched liquids and to be representative of essentially 

phenocryst-free magma compositions. 

Samples that have porphyritic textures and MgO contents between 

20 - 25% MgO have also been analysed. These samples contain abundant 

equant pyroxene phenocrysts (now altered to amphibole) that often 

enclose small rounded inclusions of serpentine. The matrix is usually 

fine grained amphibole, chlorite, serpentine, minor epidote, sphene 
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and opaques~ _Actinolite_ crystals (twinned) hav~ pseuqomorphed pheno-

··' crysts,_ inferred to have been clinopyroxene by analogy with the 

alteration styles of pyroxenes in mafic rocks from the Mount Monger 

area (Williams, 1972). ~arely the amphibole replacing the pyroxenes 

is of 'a distinctive fibrous nature; these crystals rr~y originally 

have been orthopyroxene (cf. Williams, 1972). Serpentine pseudo

morphs occurring as inclusions in pyroxene and occasional serpentin

ized crystals in the matrix may originally have been olivine. How

ever, although these pseudomorphs contain minor associated magnetite, 

they lack the conspicuous dusty magnetite rims that are observed 

in altered olivines from the ultramafic rocks. 

While the similar range of MgO contents of the aphyric and 

porphyritic high-Mg mafic komatiite lavas might be taken to indicate 

a close association of these texturally distinct groups, ce~tain 

differences in chemistry suggest that they are not simply related. 

These differences will be illustrated in a later section. 

LOW-Mg MAFic· KOMATIITES 

Following Chapter 4, fine-grained aphyric lavas with MgO con-

tents in the range 9 - 16% MgO, are termed low-Mg mafic kom~tiites. 

These lavas are believed to represent compositions of phenocryst-

free magmas and consist of samples from pillows, flowtop breccias 

and basal chilled margins. In thin section the aphyric lavas con-

tain .clinopyroxene as small equant crystals or laths, b_oth of which 

have connnonly been replaced by actinolite. Clinopyroxene blades 

forming microspinifex texture are also common. The sample (SD-42C) 

discussed previously, with relatively short actinolite blades (<2 ems.): 

is considered- to represent an altered clinopyroxene spinifex textured 
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rock. Plagioclase is occasionally observed as a minor phenocryst 

phase. The groundmasses of the aphyric samples consist of fine

grained amphibole, chlorite, minor epidote and sphene. Small micro

phenocrysts of spinel are scattered through the samples and often 

occur as inclusions in the clinopyroxene cyrstals. In many of the 

samples, grains of fresh or only partly altered clinopyroxene occur. 

Olivine has only been identified as occasional small hopper crystals 

in some of the chilled margin samples. 

Many samples have been analysed which have similar compositions 

to the aphyric low-Mg mafic komatiite lavas, but they cannot be con

sidered as representing quenched liquid compositions. Some of these 

rocks are medium to coarse grained, while others are porphyritic and 

in some instances demonstrably enriched in phenocrysts. The por

phyritic samples show a gradation of phenocryst types from being 

predominantly clinopyroxene-phyric through to having clinopyroxene 

and plagioclase as the major phenocryst phases. Spinel micropheno

crysts are commonly scattered throughout the samples, and the ground

mass consists of fine-grained amphibole, chlorite, plagioclase, minor 

quartz and very minor epidote and sphene. The coarse-grained samples 

consist of clinopyroxene crystals (up to 1 mm. long) with large, 

3 - 4 mm. interstitial plagioclase grains, usually altered. Skeletal 

ilmenite crystals are present along with minor amounts of spinel 

and occasionally brown hornblende. For ease of reference, both the 

porphyritic and coarse-grained samples will be referred to as por

phyritic low-Mg mafic komatii tes. 

The final group of rocks with compositions in the low-Mg mafic 

komatiite range are mainly from the Sandspruit Formation or areas 

close to granite contacts. These rocks are recrystallised but pillow· 
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structures and ocelli, although strongly deformed, cap. often still 

be recognised. The mineralogy of the samples consists of interlock-
I 

ing grains of fresh actinolite with minor amounts of quartz, plagio-

clase, pyroxene and sphene. The quartz and plagioclase contents 

decrease with increasing MgO content. Chlorite, if present, is very 

minor. As with the ultramafic rocks that display metamorphic textures, 

the geochemistry of these samples will be discussed separately. 

6-3 MINERAL COMPOSITIONS 

Mineral compositions detennined from the mafic komatiite lavas 

and the sample HK-4, are presented _in Table 6-1. The only olivine 

compositions determined are from the olivine gabbro sample HK-4, 

taken from the thin (12 m.) anorthositic gabbro-norite zone in the 

Koedoe body. This horizon is overlain by the 610 m~thick zone of 

the upper dunite sequence (see Viljoen and Viljoen, 1970b). The 

olivines from HK-4 have a restricted range of compositions and 

slightly lower Fo contents on average, than those from the ultramafic 

komatiite lavas, but do have significantly lower Cr
2
o

3 
and NiO con

tents (compare olivine analyses in Tables 5-1 and 6-1). The lower 

NiO and Cr2o3 contents probably reflect the more differentiated 

nature of the residual magma in the Koedoe body at the time the HK-4 

olivines crystallised, compared to magmas from which olivines in 

the ultramafic flows crystallised. 

Much effort was expended on attempting to obtain pyroxene com-

positions from porphyritic high-Mg mafic komatiites, but the poor 

totals of analyses (not reported) reflect the altered nature of the 

pyroxenes in these samples. However, one satisfactory analysis of a 

clinopyroxene was obtained from sample HSS-10 (see Table 6-1). This 
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plots in the augite field on the pyroxene quadrilateral (Fig. 6-3) 

and is quite distinct from clinopyroxene compositions found in the 

ultramafic rocks, HK-4, or the mafic komatiites. The significance 

of this pyroxene of relatively unusual composition .(for komatiites) 

cannot be assessed at this stage due to a lack of data. In general 

clinopyroxenes from mafic komatiites and HK-4 have similar composit

ions to those found in ultramafic komatiites and mainly plot in the 

endioside field on the pyroxene quadrilateral (Fig. 6-3), although 

clinopyroxenes from the ultramafic komatiites have slightly higher 

Tio
2 

and NiO contents. Perhaps the most significant feature of the 

clinopyroxenes is the very restricted range in compositions observed 

in the komatiite lavas, regardless of the MgO content of their host 

rocks. The Al
2
o

3 
content of the mafic komatiite clinopyroxenes are 

significantly lower than those found in clinopyroxenes from similar 

lavas in the Munro Township area (Arndt et al., 1977). 

Plagioclase crystals analysed in HK-4 are uniform in composition 

with a high An content (Table 6-1). No plagioclase compositions 

have been determined fr~m the mafic komatiite lavas as this mineral 

is usually alt_ered. However, as the olivine and clinopyroxene compos

itions in HK-4 are similar to those found in the lavas, it is expect

ed that the plagioclase compositions would be of a similar calcic 

nature. 

6-4 GEOCHEMISTRY. OF. THE MAFIC KOMATIITES 

The major element compositions, normative mineral contents, 

trace element concentrations and inter-element ratios are given for 

the mafic komatiites in the following tables: 
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Aphyric high-Mg mafic komatiites - Tables 6-2a and 6-2b 

Porphyritic high-Mg mafic komatiites - Tables 6-3a and 6-3b 

·Aphyric low-!1~ mafic komatiites - Tables 6-4a and 6-4b 

Porphyritic low-Mg mafic komatiites - Tables 6-Sa and 6-Sb 

Texturally altered mafic komatiites - Tables 6-6a and 6-6b 

The major and trace element data have been recalculated 

volatile free and the FeO and Fe
2
o

3 
contents calculated such that 

the Fe2d3/:e? ratio= 0.2. The original totals, loss on ignition 

(LOI) and H
2
0+ - co

2 
contents (where determined) are also reported. 

The major element compositions from Viljoen and Viljoen (1969c,e) 

have also been given for samples from their collection that have 

been analysed for trace elements. The compositions of the better 

preserved pillow samples discussed in Chapter 2 have been averaged 

and these data presented in Tables 6-4a and 6-4b. 

From the study into the effects of alteration on the geochemistry 

of mafic komatiite pillow lnvas (Chapter 2), the elements determined 

have been placed into three groups. Those elements in group A (Si, 

Ti, Al, P, Nb, Zr, Y, Co, Cr, V and Sc) are believed to have remained 

relatively immobile during the various alteration processes that 

have affected the mafic komatiite pillow lavas. The group B elements 

(Fe, Mn, Mg, Ca, Ni and Ga) are also thought to have remained relat-

ively immobile in samples that still have some relict igneous mineral-

ogy.and texture. While the concentrations of the group C elements 

(Na, K, S, Rb, Sr, Zn, Cu and Ba) are believed to have been changed 

by the alteration processes that affected the LUU lavas. The group 

A and B elements will be used here to interpret the geochemistry of 

the mafic komatiites, as these elements should reflect the original 
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igneous chara'cteristics of the lavas. In the following discussion the 

terms high-¥...g mafic komatiites and low-Mg mafic komatiites will be abbrev-

iated to high-Mg MKs and low-Mg MKs. 

APHYRIC HIGH•Mg MAFIC KOMATIITES 

The number of analyses of the high-Mg MKs is limited due to the 

generally poor textural and mineralogical preservation of these rocks 

and to their scarcity in the better p:-eserved areas of the LUU.' The 

compositions of the aphyric high-Mg MKs are in the arange of 20.4 to 

22.9% HgO with relatively high Sio2 contents. In contrast large variat

ions, roughly by a factor of 2, are observed for other oxides and ele-

ments such as Tio
2

, Al
2

o
3

, Cao, Zr, Ni, V and Ga (see Table 6-2a and 6-2b). 

The variation of these elements are also coupled with large variations 

in their inter-element ratios such as Al/Ti and Ca0/Al
2
o

3
. Neither the 

element contents nor the inter-element ratios show any systematic changes 

with MgO content. 

The extrusion temperature of the aphyric high-Mg mafic MKs has been 

calcuiated from equation 5-1 and are given in Table 6-2a. The limited 

0 
range of temperatures (1425 - 1473 C) reflects the small spread in MgO 

composition of the lavas. The viscosities and densities (calculated at 

0 
1450 C from data given in Bottinga and Weili, 1970, 1972) for these 

samples are presented in Table 6-2a. The viscosities of the lavas show 

a two-fold increase from 6.7 to 13.2 poises. 

The variations of the aphyric high-Mg MK compositions with 

MgO content are illustrated in Fig. 6-4 along with the trends of the 

aphyric ultramafic komatiite (UK) lavas. In contrast to the regular 

variations of many elements with MgOcontent displayed by the UK lavas, 

the aphyric high-Mg MKs show very scattered trends. 
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One possibility which must be considered for the origin of the 

aphyric high-}1g MKs is that they represent residual magma from the 

olivine fractionation processes that occurred in the UK lavas. Modelled 

liquid trends generated by the fractionation of olivine from the average 

UK aphyric lava (given in Table 5-6) are shown in Fig·. 6-4. The equations 

given in Pearce (1979; eqn. 11 and eqn. 18) were used to calculate the 

* MgO and FeO (KD = 0.37) composition of the crystallising olivine and the 

residual liquids. Sio
2 

was assumed to enter the olivines 1n stochiometric 

amounts while the content of the other maJor elements(except Ni) in the 

olivine were assumed to be negligible. Both fractional and equilibrium 

crystallisation of olivine have been considered and for most of the plots 

(Fig. 6-4), these two processes define very similar trends. Consequent-

ly only the fractional crystallisation trend has been indicated, except 

on FeO-MgO and Si0
2 

- MgO diagrams where both trends are shown. The 

distribution coefficients ··(Dol/liq = C l/Cl. ) 
0 1q 

are given in Table 

6-8. Fractional crystallisation was assumed for the trace elements and 

F (fraction of liquid remaining) obtained from the major element data. 

As illustrated in Fig. 6-4 the field of aphyric high-Mg MKs does not 

fall on the calculated olivine control lines for many of the elements 

(e.g. Sio
2

, Al
2
o

3 
and FeO) and therefore these rocks do not appear to 

have been generated from the average UK magma by olivine fractionation. 

Clinopyroxene is the main phenoc·ryst phase in the high-Mg MK lavas 

while orthopyroxene and olivine phenccrysts may also have been present. 

Fractionation of clinopyroxene (either augite or more connncnly observed 

endiopside - see Table 6-1) from a magma of similar composition to the 

average aphyric high-Mg MK lava, would generate residual liquids of higher 

MgO content than the presumed parent magma. However examination of the 

CaO~MgO plot (Fig. 6-4) for the aphyric lavas shows a rough increase of 
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Cao content with increasing MgO content. This indicates that fraction

ation of clinopyroxene alone could not generate the CaO-MgO trend in the 

aphyric high-Mg MK lavas. 

The more complex situation of clinopyroxene and orthopyroxene (and 

or olivine) crystallising from the average aphyric high-Mg MK magma, could 

cause the residual liquid to evolve to lower MgO compositions.As·the 

compositions of and proportions of possible fractionating phenocryst 

phases are unknown several situations have been modelled-in Fig. 6-5: 

X Control line for residual liquid evolution removing augite 

(analysis from HSS-10, Table 6-1) from the average lava 

(see Table 6-7); 

Y Control line for residual liquid evolution removing augite 

and bronzite (see Table 5-1) in the ratio 4:1 from the 

average lava. 

Z Control line for residual liquid evolution removing augite 

and olivine (Fo
87 

analysis in Tables 6-1) in the ratio 4:1 

from the average lava. 

The arrow heads of the control lines represent the compositions of 

the residual liquids after 50 wt.% of the phenocrysts had been removed 

(i.e. F = 0.5). The augite-only vector (X) and the augite-bronzite (Y) 

fractionation are discounted, as residual liquid trends developed, are 

not compatible with the poorly developed trends in the lavas. The 

combination of augite-olivine (Z) appears to fit best the trends devel

oped in the lavas. The olivine composition used, has a higher FeO* content 

(Fo
87

) than that predicted for the average lava composition, calculated 

by assuming a KD of 0.37 (Fo
92

) or 0.3 (Fo93 •5). Attempts to model the 
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,, 
clinopyroxene-olivine fractionation in the lavas by using selected or 

assumed mineral compositions and the least squares mixing calculations 

(mix) of Bryan et al. (1969) did not satisfactorily account for both 

major and trace element compositions. The postulated augite-olivine 

fractionation model for the aphyric high-Mg MKs therefore cannot be 

confirmed with the available data •. However, it is re-emphasized that 

only five samples are present in this category, and such trends that 

are present are poorly developed • 

. PORPHYRITIC. HIGH"'Mg MAFIC KOMATIITES 

The compositional similarity between the aphyric (Table 6-2a,b) 

and po~phyritic high-Mg MKs (Table 6-3a, 6-3b) is illustrated by the 

similar MgO contents of the lavas. However, the porphyritic lavas 

appear to be more closely related to the ultramafic komatiites than 

to the aphyric high-Mg MKs. The relationships between these rock types 

are shown in Figs. 6-6, 6-7 and 6-8. Three of the four porphyritic high-

Mg MKs plot close to the olivine control lines from the average ultramafic 

'liquid' and have very similar inter-element ratios (i.e. Al/Ti, Ca/Ti 

and Ti/V) to the aphyric ultramafic rocks. 

The porphyritic.lavas (HSS-12, HSS-10, HSS-9) have compositions 

consistent with the model that they were derived from an ultramafic 

(Gro~p 11) parent liquid by olivine fractionation. One porphyritic 

sample (HSS-54) does not show any close association with the other lava 

types. 

In the olivine fractionation model proposed for the three porphy-

ritic high-Mg MKs, there is a discrepancy between the inferred fraction-

ating phase (olivine) and the dominant phenocryst phase (clinopyroxene) 

observed in the rocks. Cox and Bell (1972) and Krishnamurthy and Cox 

(1977) have noted a similar 'lack of correspondence between the pheno-

cryst present and the mineralogical controls of fractionation deduced 
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from chemical data' in picritic lavas. In the model developed by Cox 

and co-workers to account for the anomaly, a series of magmas related 

by olivine fractionation, are subjected to a process of 'compensated 

crystal settling.' The magmas became phenocryst enriched withoutsignific-

ant changes of bulk composition. The essence of this model is that a 

series o_f highly porphyritic lavas with two or more abundant phenocryst 

phases may be compositionally related by the fractionation of one phase 

only. A compensated crystal settling model could account for the dis-

crepancy between t?e _observed and predicted phenocryst phases in the 

porphyritic high-Mg.MK samples. Details of such a model are discussed 

later, in relation to the compositions cf all the mafic komatiite lavas. 

APHYRIC LOW-Y:g MAFIC KOMATIITES 

The low-Mg MK.s range in composition from 9 - 16.3% MgO (Table 6-4a) 

and most of the samples are quartz normative. Chemical characteristics 

of these samples are relatively high Sio
2 

contents with general but 

erratic increase of Ti0
2

, Al
2
o

3
, Zr, Y? Ga and V contents with decreasing 

* MgO. FeO and Sc show no clear trends with change in MgO content. The 

variation of the oxide and element contents are shown in Figs. 6-4 and 

6-7. The Ca0/Al
2
o3 ratio (Fig. 6-11) shows an irregular but marked 

decrease with decreasing MgO content. The inter-element ratios of the 

aphyric low-Mg MK lavas show a close association with those from the 

group II UK lavas and will be discussed in more detail in a following 

section and in Chapter 7. 

The predominant phenocryst phase in the low Mg-MK is entliopside 
• 

which is present with plagioclase in the lower MgO samples. The crys-

tallisation and settling of olivine in Tony's flow has been proposed 

(see Chapter 3), although pseudomorphed olivine microphenocrysts are 



only observed as a minor phase in the basal chilled margin. However, 

aphyric low-Mg MK lavas with compositions from 13 - 16. 3% MgO (prefixed 

by the term basic), plot close to the calculated olivine fractionation 

trends for the oxide/elements in Fig. 6-4 and 6-7. . * On the FeO -MgO 

diagram, these.lavas plot between the two calculated olivine control 

line trends. If the basic low-Mg MK lavas were derived from the average 

aphyric UK rock by olivine fractionation, this would indicate that the 

compositions of the olivine crystallising from the magma were between 

the limits of either being perfectly zoned crystals (fractional crystal-

lisation) or uniform in composition (equilibriura crystallisation). How

* ever, the calculated FeO -MgO trends can only be considered as an approx-

3+ 
imation, as no allowance has been made for iron as Fe , either in the 

postulated parent or the derived liquids. 

The olivine control line for the Ni-MgO plot (Fig. 6-7) was calculat-

ed by _removing olivine by fractional crystallisation in 5 wt.% batches • 

. The DNo:/l was calculated from the residual liquid composition (Eqn. 3-2) 
• l. 

before the removal of the next olivine batch. The b.asic low-Mg MKs plot 

close to the calculated olivine fractionation trend. A rough estimate 

of the emount of olivine that must be added to the average of the 13 - 15% 

MgO lavas (see Table 6-10 for this average composition) has been obtained 

by the least squares mixing calculations. Fo87 (Table 6-1) was chosen 

as no olivine composition has been determined in the MK lavas. The 

results of the mix are given in Table_ 6-9a. An upper limit of 15% MgO 

was chosen for calculating the average, rather than 16%, as it is within 

the 13 - 15% MgO range that the MK trends start to deviate from the 

olivine control lines. Approximately 45 wt.% olivine must be removed 

from the average UK liquid to obtain the average basic low-Mg MK lava. 
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The trace element content that would be expected has also been 

calculated and compared to the observed composition in Table 6-9b. 

The Dol/l -that have been used for incompatible elements are given in 

Table 6-8. The agreement for Zr, Y, V, Ga and Sc between the observed 

and calculated data is good. The Ni content expected has been calculated 

as outlined above. Although the agreement is not good it is considered 

satisfactory, because of the variable content of Ni in the ultramafic 

1 E · 1 d f ol/l · 1° · d · h · avas. xperimenta ata or DCo in iqui s wit high MgO contents 

are lacking and a value of 1.9 was chosen. 

Overall the good agreement between the ·calculated and observed 

major and trace element data is interpreted as support for the olivine 

fractionation model from the 28. 95% MgO average UK liquid to the 

average 13.88% MgO MK lava. There are however problems with this model 

in that there are no residual liquids in the compositional range from 

~20 - 16% MgO and clinopyroxene is observed as the major phenocryst . 

phase in the MK lavas. The experimental data of Arndt (1976) der:ionstrates 

unexpected crystailisation sequences in the komatiites and it is pe~tin-

ent to consider his data here~ as it is relevant to the olivine fraction-

ation model proposed for the basic low-Mg MK lavas. 

Fr~m the low pressure crystallisation (1 atmosphere) of an ultra-

mafic komatiite, Arndt found 0976) olivine to be the only liquidus 

phase down to 1200°c at which point the composition of the residual 

liquid (glass)·was 9% MgO. At this composition, clinopyroxene appeared 

on the liquidus and crystallised with olivine or plagioclase. In the 

natural mafic komatiites from Munro Township, clinopyroxene occurs as 

the major phenocryst phase in the lavas with ~14% MgO and the lavas plot 

along a clinopyroxene control line to lower MgO compositions. The dis-

crepancy between the experimental data indicating olivine as the main 

phenocryst phase in the lavas· down to 9% MgO and the natural rocks 



showing that clinopyroxene becomes the dominant phenocryst phase at 

14% MgO, was further investigated. Arndt (1976) found that natural 

clinopyroxene spinifex sampl€s gave the same crystallisation sequence 

as the ultramafic sample .. However, a synthetic mafic komatiite liquid, 

enriched in Cao (Ca0/Al
2

o3>1. 5) crystallised clinopyroxene as the only 
! ' 

liquidus phase from ~13% MgO. Arndt (1976), in attempting to account 

for the difference between the experimental and petrographic evidence, 

has suggested that alteration of the Munro Township lavas had depleted 

these rocks in CaO, causing clinopyroxene to crystallise later than 

it should in the_experimental charges. 

·The basic low-Mg MKs from the LUU all have Ca0/Al
2

o3 ratios ~1.5 

and, from Arndt's experimental data, would be expected to have clino-

pyroxene as.the major liquidus phase at atmospheric pressure. The 

predicted 1 atmosphere phase relationships for the basic low-Mg MK lavas 

from the normative minerals show (Fig. 6-9) that they plot close to 

the olivine-clinopyroxene phase boundary, but still in the olivine 

field. Although the precise location of the phase boundary from Cox 

and Bell (1972) may not be strictly valid for komatiite magmas, it 

nevertheless indicates that olivine should be a phenocryst phase. The 

petrographic evidence for the occurrence of olivine in the low-Mg MKs 

is limited to quench crystals and microphenocrysts (pseudomorphed) in 

the pillow margins and the basal chilled margin of Tony's flow. Olivine 

cannot therefore be considered a common phenocryst i:hase in the low-Mg 

MK lavas. 

If the basic low-Mg MKs were derived from a parental ultramafic 

liquid by olivine fractionation, the apparent lack of olivine pheno-

crysts implies one or more of several possibilities: 

(a) Efficient removal of olivine phenocrysts by settling in 

the magma chamber before extrusion of the residual lava. 
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(b) Resorption of any entrained olivine phenocrysts as the 

lava was extruded. 

(c) Subsequent meta~orphic alteration has destroyed the 

textural evidence for olivine phenocrysts in the lavas. 

Calculated viscosities of.liquids of similar composition to 

the basic low-Mg MK lavas are low (see Fig. 6-10). Settling rates of 

olivine phenocrysts would be relatively high ·(Fig. 5-14) in these 

liquids. Possibility (a) may therefore may be a plausible explan-

ation for the lack of olivine phenocrysts in the basic low-Mg MKs. 

Possibility (b) would require that the magma be extruded rapidly 

from depth so that the magma arrived at the surface above its liquidus 

temperature and was thus able to resorb olivine phenocrysts. 

:possibility .. (c) is ·also likely, particularly if the olivine pheno-

cryst content was of the order of a few percent. Any of these possibi-

lities either alone or combined, c.ould thereforeaccount for the defi"" 

ciency of olivine phenocrysts in the lavas. 

The trend of the aphyric low-Mg MK lavas deviates from the olivine 

control line (Fig. 6-4) in samples that contain <13% MgO. The pheno-

cryst phase observed in these samples is mainly clinopyroxene, with 

minor plagioclase. Trends developed in the 9 - 13% HgO aphyric low-Mg , 

MKs (evolved) are in general compatible with clinopyroxene fractionat-

ion (Fig. 6-4). Plagioclase and olivine may also have fractionated 

in minor amounts. 

-In Table 6-10 the composition of a residual liquid has been cal-

culated after 40 wt.% endiopside has been removed from the average 

basic low-Mg MK composition. The endiopside composition used is also 

given in Table 6~10, along with the average composition of the evolved 

low-Mg MK lava. The trace element content of the modelled composit:ion 
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has been calculated using the Dcpx/liq values given in Table 6-8.. This 

composition is similar to the average evolved low-Mg MK except for lower 

* Cao and higher FeO and Zr contents in the former. Better agreement 

between the modelled composition and the evolved low-Mg MK could pro-

bably be obtained if plagioclase-and olivine were also considered as 

fractionating phases. However, the latter two minerals have not as 

yet been analysed in the MK lavas (as no fresh mineral relics are 

·presented in the samples studied) and their precise composition is 

unknown. Nevertheless it appears that the evolved low-Mg MKs can be 

derived from· the basic low-Mg MK lavas when clinopyroxene is considered 

to be the predominant_ fractionating phase. 

PORPHYRITIC Low~Mg MAFIC KOMATIITES 

The major and trace element data for the porphyritic low-Mg MK 

lavas are given in Tables 6-Sa and 6-Sb. The variation of oxides and 

elements with MgO content are illustrated in Fig. 6-6. The composit-

ional fields occupied by the aphyric low-Mg MK lavas are also outlined 

in these diagrams. The porphyritic samples have a slightly_wider range 

of compositions (9.3 ·- 18.7% MgO) than the aphyric lavas (9.2 - 16.3% 

MgO), but there is considerable overlap in composition of the two groups. 

Some porphyritic samples are from phenocryst enriched portions of MK 

flows, while others have a high percentage of clinopyroxene phenocrysts, 

suggesting that they are also phenocryst enriched. 

In Fig. 6-11 the Ca0/Al
2
o

3 
ratios of the MK samples have been 

plotted against MgO contents~ The aphyric lavas define a trend of 

decreasing Ca0/Al
2
o

3 
with decreasing MgO, which probably represents the 

line of liquid descent of the residual magma. The porphyritic lavas 

plot on both the high and low Ca0/Al
2
o

3 
sides of the postulated·liquid 
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trend. Samples such as R-14 and VB-2 have high Ca0/Al
2
o

3 
ratios, Cao 

contents and abundant model clinopyroxene (Appendix 1). The composit

ion' and mineralogy of these samples is consistent with ·their derivation 

from the magma by accumulation of clinopyroxene. 

In order to obtain an estimate of the amount of phenocryst accumulat

ion that has occurred, curves for liquid plus clinopyroxene have been 

drawn (Fig. 6-11) for various amounts of accumulated clinopyroxene • 

. The clinopyroxene composition t.ised to calculate the trend l;ines was the 

·endiopside composition from Table 6-10. Obviously the accumulation of 

clinopyroxene into the lavas generates higher Ca0/Al
2
o

3 
ratios and a 

sample such as R-14 (Ca0/Al
2

o
3 

= 3.2) has accumulated in excess of 

60% clinopyroxene. The amount of clinopyroxene accumulation 

indicated can only be used as a guide', as not all the fraction

ating phases (either observed or suspected) have been accounted for in 

this diagram. 

There are a number of porphyritic samples with lower Ca0/Al2o3 

ratios than the postulated liquid trend. These samples could not have 

obtained their compositions by clinopyroxene accumulation from the 

range of liquid compositions. Several possibilities have been indicated 

on Fig. 6-11 for obtaining these compositions. The first is that they 

represent residual liquids from ·the process of clinopyroxene fractionat

ion from the main liquid trend. The field of compositions that these 

liquids could deve_lop is indicated by the dashed lines on the low 

Ca0/Al2o3 side of the liquid trend line. Samples plotting in this area 

could represent such residual liquids. However, several samples with 

relatively low Ca0/Al
2
o3 ratios and high MgO contents could not have 

obtained their composition by this mechanism. 

Some of these samples such as SC-6C from Tony's flow are of 
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indisputable cumulate origin (s.ee Chapter 3). Accumulation of olivine 

or orthopyroxene·is indicated by the high MgO compositions. From con-

sideration of the Sio2-Mg0 trend (Fig. 6-6), the possibility of olivine 

fractionation is favoured over orthopyroxene. The trend lines for 

olivine accumulation into the postulated liquids are shown in Fig. 6-11. 

The-Fo87 olivine composition (Table 6-1) was used to calculate the 

trend lines. Fig. 6-11 shows that a maximum of 13 wt.% olivine needs 

to be accumulated into the liquids to give the high MgO compositions 

of the low Ca0/Al
2
o

3 
rocks. 

As indicated previously, sampies that are believed to represent 
r 

magmas enriched in cumulus clinopyroxene, have mineralogies and 

chemical compositions that are consistent with the clinopyroxene 

accumulation model. However, samples postulated to be enriched in 

cumulus olivine,pose a dilemma, similar to that noted earlier for the 

aphyric low-Mg MK lavas, in that olivine is not observed in most samples 

or if it occurs at all, is very minor in content. The amount of olivine 

accumulation proposed, however, is relatively small (<13 wt.% in all 

cases) and one possibility proposed previously to account for the lack 

of olivine in the liquid samples, namely that evidence of olivine has 

·beeri destroyed by metamorphic overprinting, is also tenable for the 

cumulate samples. 

The porphyritic low-Mg MK rocks appear to have been formed by 

at least three different processes: 

(a) Crystallisation of liquid, giving rise to porphyritic or 

coarse grained samples which have similar compositions 

to the aphyric lavas. 

(b) Clinopyroxene Accumulation giving rise to samples with high 

Ca0/Al 2o3 ratios and Cao contents. 
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(c) Olivine accumulation developing samples with'normal' 

Ca0/Al
2
o

3 
ratios and high MgO contents. 

The average aphyric low-Mg MK (lava composition)·has been calculat

ed from all the data in Tables 6-4a and 6-4b for selected elements and 

given in Table 6-7. The average porphyritic low-Mg MK rock has also 

been calculated from all the data in Tables 6-Sa and 6-5b and presented 

in Table 6-7. The average low-Mg MK rock (Table 6-7) has been calculat

ed by equally weighting the above compositions. 

· ·TEXTURALLY ALTERED MAFIC KOMATIITE . ROCKS 

The texturally altered MK rocks have been obtained from widely 

scattered areas of the LUU for the purposes of investigating any 

spacial or temporal variation in the MK compositions. The major and 

trace element data for these rocks are given in Tables 6-6a and 6-6b 

respectively. The major and trace element data have been plotted 

against HgO content in Fig. 6-6 along with the porphyritic low-Mg MK 

samples and the compositional fields occupied by the aphyric MK lavas . 

. Examination of these plots shows that there are no systematic variations 

of composition of the texturally altered MK's, compared to the better 

preserved MK samples. As a number of samples are from the Sandspruit 

Formation (see Appendix 1), the similar chemical composition indicates 

that there was no discernable temporal change in the MK lava composit

ion. The average composition of the texturally altered MK rocks has 

been calculated from the data in Table 6-6a and 6-6b and given in 

Table 6-7. The average texturally altered rock is very similar in com

position to the average MK rock and no temporal variations in the low-Mg 

.MK lavas can be identified within the scatter of the data. 
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6-5 INTER~ELEMENT. RELATIONSHIPS. BETWEEN· KOMATIITE · LAVA·. TYPES 

In Chapter 7 inter-element ratios of komatiitc and tholeiite lavas 

are discussed with respect to variations found in the Barberton lavas 

and lavas from other greenstone belts. In this section inter-element 

ratios of kornatiite lava types will be_discussed briefly in connection 

with the fractionation models proposed for the mafic komatiites. Only 

samples that are considered to repre~ent pher.ocryst-free_magma 

compositions are considered. 

In Fig. 6-8 Al/Ti, Mg/Ti, Ca/Ti, and Ti/V ratios have been plotted 

against MgO content for all the komatiite samples. The Al/Ti and Ti/V 

ratios of many of the lavas have restricted values of around 10 and 

20 respectively. In Chapter 7 these lavas are referred to as the 

group II rocks. The porphyritic high-Mg MKs and basic low-Mg MKs are 

believed to have been derived from the average UK liquid by qlivine 

fractionation and variations of the inter-element ratios (Fig. 6-8) 

are compatible with this model. The evolved low-Mg HKs are considered 

to have been derived by furthe~ amounts of olivine plus clinopyroxene 

fractionation and the lower Ca/Ti ratios in these samples are consistent 

with the expected trend. 

In contrast to the consistent relationships displayed by the group 

II lavas, the aphyric high-Mg MKs have comparatively large ranges in 

these inter-element ratios and in some cases are significantly differ- . 

ent to the group II lavas. On average the high-Mg MKs have similar 

inter-element ratios to the two low-Ti ultramafic lavas from the LUU 

and to ultramafic komatiites from other greenstone belts (see Chapter 

7). The high-Mg MKs and the low-Ti UK samples are referred to as 

group I rocks. In Chapter 7 it is proposed that the two different 

groups of lavas are derived from separate source compositions. 
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6-6 CRYSTAL FRACTIONATION MODELS . FOR THE MAFIC KOMATIITES 

A sunnnary of possible processes proposed for the genesis of 

the mafic komatiites is given below: 

(a) Porphyritic high-Mg and basic low-Mg MKs could be derived from 

an ultramafic parent liquid by olivine fractionation. 

(b) Further fractionation of olivine plus clinopyroxene could 

generate the low-Mg MK lavas. 

(c) The aphyric high-Mg MKs do not appear to be simply related 

to UK or other MK magmas by olivine or clinopyroxene fraction

ation . In an earlier section it was tentatively suggested 

that fractionation of augite and olivine was responsible for 

the. generation of the range of aphyric high-Mg MK compositions. 

However, because the trends displayed by the few avai~able 

samples are very scattered,further possible petrogenetic 

processes will not be considered for this lava type. 

In addition to the above models certain porphyritic low-Mg MK 

samples are believed to have obtained their compositions by olivine 

or clinopyroxene accumulation while other porphyritic samples have 

essentially identical compositions to their aphyric counterparts. 

The lavas in (a) (b) could all ultimately have originated by 

crystal fractionation processes from an ultramafic parent magma. A 

single model of genesis connecting these lavas to an ultramafic parent 

magma, fs therefore a reasonable consideration and must satisfactorily 

account for the following features·: 

(1) Lava compositions (14 - 22% MgO) consistent with olivine 

fractionation from a parental ultramafic liquid. 
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(2) .Mainly clinopyroxene fractionation producing the lavas 

with composition from 14 - 9% . MgO ! 

In addition the model must take into account the expected low 

viscosities of the high magnesium liquids (Fig. 6-10) and the relat-

ively,high_ settling rates of olivine (and clinopyroxene .crystals 

as shown in Fig. 5-14). 

The model proposed, includes compensated, partially compensated 

and uncompensated crystal settling in a magma chamber at moderate 

pressures (<10 kb) and has been adapted from compensated crystal settling 

models outlined by Cox and Bell (1972) and Krishnamurthy and Cox (1977) 

for picritic and basaltic lavas. The model is graphically illustrated 

in Fig. 6-12. The assumptions on which the model is based are listed 

below: 

(1) · Olivine (50% MgO) is the liquidus phase until the residual 

magma has attained a composition of 14% MgO. 

(2) ·In residual magmas with 14% MgO or less, both olivine 

(50% MgO) and clinopyroxene (20% MgO) crystallise in the 

ratio·l:4 (ratio from Krishnamurthy and Cox, 1977). 

(3) The parent liquid has a similar composition'to the average 

aphyric ultramafic komatiite (~29% MgO). 

,. 
(4) Assumptions 1 - 4 from Krishnamurthy and Cox (1977, p. 70) are 

also incorporated. 

(5) Crystallisation takes place in a stepwise fashion, the 

amount of crystallisation varying at each step as shown in 

Fig. 6-12. 

The model :i.s characterised in Fig. 6-12 where in step 1, a magma 
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chamber is filled with phenocryst free ultramafic magma (29% MgO). 

Four cells of uniform volume are considered, with the uppermost cell 

(w) at the top of the chamber. In step 2, a portion of the magma 

crystallises as olivine and the _crystals "Settle (step 3) through one 

.cell depth. These crystallisation and settling steps are repeated 

.as indicated in Fig. 6-12. ·The MgO content, description of the magma 

and crystal-liquid proportions of the magma in each cell after each 

step, are also given. 

Magmas C,D, H and M have the same composition, but vary signific

antly in the proportion of phenocrysts and liquid contents. These 

magmas are broadly similar in.composition to the porphyritic high-Mg 

MKs. Magmas H and M contain abundant clinopyroxene as well as oiivine 

phenocrysts and are related to the ultramafic parent liquid by olivine 

fractionation. Magmas extracted from cell X in step 6 or cell Y in 

steps 7 and 8 could give rise to lavas that are similar to the por

phyritic high,..Mg MK.s. Magmas F, E and L are similar in composition 

ta the basic low-Mg MKs and are related to the ultramafic parent 

liquid by olivine-only fractionation. Magma F is phenocryst free 

and could give rise to aphyric lavas while magmas E and L have sig

nificantly more clinopyroxene than olivine and could give rise to 

porphyritic lavas. Magmas J and K are similar in composition to the 

evolved low-Mg MK.s and are related to the ultramafic parent liquid 

by olivine and clinopyroxene fractionation. Extraction and extrusion 

of these magmas could give rise to aphyric (J) and porphyritic (K) 

lavas, similar in.composition to the evolved low-Mg MK.s. 

In step 8 all the MgO in the residual liquid has been crystallised 

as clinopyroxene and olivine (4·: 1). This step, while not being petro

logically reasonable, provides an estimate of the maximum clinopyroxene 
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and olivine phenocryst contents of the prophyritic magmas. The model 

outlined in Fig. 6-12 has been grossly simplified, but nevertheless 

does provide, in principal, a crystallisation mechanism that ~~counts 

for the features of the mafic komatiite lavas (as listed earlier, 1-3). 

A wide range of magma compositions can be produced with differing 

ratios and amounts of phenocryst phases and still satisfy the require-

ment of olivine control (23 to 14% MgO lavas) and predominantly clino-

pyroxene control in the lower MgO lavas (14 - 9%). 

In detail however, the phenocryst assemblage inferred for the 

porphyritic high-Mg MKs, is not in accord with what is thought to be 

present in these lavas. Magma H has roughly equal amounts of clino-

pyroxene and olivine c~20 wt.% each) increasing to a maximum of ~36% 

clinopyroxene and 26% olivine in magma M. No attempt has been made 

to quantify modal portions of clinopyroxene and olivine (as these 

phenocrysts are extensively altered) in the porphyritic high-Mg MKs, 

but visual inspection indicates clinopyroxene > olivine. Krishnamur-

thy and Cox (1977) have noted from an assessment of data in O'Hara 

(1968) that the clinopyroxene stability field expands relative to 

that of olivine (in dry systems) as pressure incre.ases. The clinopy-

roxene/olivine ratio in the hypothetical magmas H and M would there-

fore be expected to increase, if the magma chamber was at higher pres-

sures, and result in a phenocryst assemblage which is in better accord 

with what is thought to be present in the porphyritic high-Mg MKs. 

6-7 COMPARISON. OF BARBERTON KOMATIITES. ·wrTH. KOMATIITES. FROM 
OTHER GREENSTONE BELTS 

1be occurrence of ultramafic komatiites from greenstone belts 

has been discussed in Chapters 1 and 5. MKs are invariably present 
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in close association with these ultramafic lavas. Tholeiitic rocks 

and more differentiated lavas are often present as well. As many_ .of 

the researchers on _greenstone belts have either defined their own 

komatiite classification scheme and nomenclature or modified existing 

schemes, broadly equivalent rock types will simply be calied komatiites 

in this section. As for the UI<.s, comparison will be restricted to 

lavas.from Belingwe, Western Australia an<l Munro Township. 

Data chosen for comparison are from sources listed in Table 5-9 

and also from Hawkesworth and O'Nions (1977) and Williams and Hallberg 

(1973). The petrographic descriptions of MK lavas in these references 

usually do not enable such definitive selection of aphyric lava com

positions as was possible for the ultramafic lavas. Therefore only 

samples with obvious cumulate origins were excluded from the diagrams 

illustrated in this section (such as samples from Fred's flow, 

Arndt, 1977a; Arndt et al., 1977). 

MgO, Cao and Al
2
o3 data have been plotted on ternary diagrams in 

Fig. 6-13, -14, -15, -16, .for Barberton, Belingwe, Western Australia 

and Munro Township areas respectively. UKs and tholeiitic basalts 

from these areas have also been plotted on the diagrams for comparison. 

For the Barberton data a line joining the average UK aphyric lava and 

average basic low-Mg MK lava passes through the MgO apex, consistent 

with the olivine fractionation mechanism proposed for the basic low-Mg 

MK lavas. However, lavas with lower MgO' contents show an abrupt change 

from olivine control towards Al
2
o3 enrichment. The lowest extent of 

the komatiite field is indicated by the lines drawn parallel to the 

Ca0-Al2o3 and MgO-CaO axes from the point Mgo( 29 )-cao( 3l)-Al2o3(4o)· 
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These are also drawn on the other diagrams (Figs.6-14 to 6-16). The 

tholeiites plot on the high Al2o3 side of the diagram (Fig. 6-13). and 

do not overlap with the komatiites. The komatiites from Belingwe (Fig. 

6-14) and Munro Township (Fig. 6-16) show decreasing MgO content con-

sistent with olivine fractionation as the Ca0/Al
2
o

3 
ratios remain close 

to unity. As with the Barberton rocks, however, the lower MgO MKs 

deviate from the olivine control line to relatively higher Al
2
o

3 
contents. 

Nisbet et al. (1977) have proposed (as one of s.everal possibilit

ies) that MKs could represent residual liquids after precipitation of 

olivine from UK liquids. They also note that clinopyroxene becomes 

an important fractionating phase in liquids with 15-16% MgO. A similar 

model of genesis has been proposed for MKs from the Munro Township by 

Arndt et al. (1977) to that proposed here for the Barberton MKs. In 

Arndt et al. 's model olivine is considered the main fractionating phase 

in liquids down to 12% MgO whereafter both olivine and clinopyroxene 

crystallise. 

The boundary of the komatiite field derived from the Barberton 

data, also indicates the limits of the komatiite fractionation trends 

from the Belingwe, Western Australia and Munro Township komatiites. 

Most samples that the various authors have termed tholeiites plot 

on the high Al
2
o

3 
side of the boundary line. The usefulness of this 

division between komatiites and tholeiites is however limited as 

some greenstone belts have a complete gradation in compositions from 

mafic komatiites to tholeiitic basalts (Naldrett and Turner, 1977). 

The data from Western Australia (Fig. 6-15) show a more scattered 

trend than that from the other greenstone belts. Naldrett and Turner 

(1977),considering only lavas from the Upper Greenstones in the Yaka

bindie area, consider that olivine was the only crystallising phase 
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from the ultramafic komatiites until the residual liquids had attained 

a ~omposition of 13% MgO. At this point the magmas crystallised oli-

vine and clinopyroxene. ;Nesbitt et al. (1979) however suggest from 

REE data that mafic komatiites are not the products of fractional 

crystallisation of ultramafic komatiites. They consider a process of 

sequential melting of mantle peridotite a more plausible process for 

obtaining the spectrum of komatiite lava compositions in Archaean 

greenstone belts. No REE data have yet been obtained on a key suite 

of samples from Barberton, but data have been reported in the literature 

and will be considered in Chapter 7. 

Finally the compositional 'gap' in MgO between 16 - 20% warrants 

•brief discussion before leaving this section. This phenomenon has 

already been stated in an earlier section as one of the objections , 
to the olivine fractionation mechanism for obtaining the basic low-Mg 

MKs from the average UK la~a. It appears that similar compositional 

'gaps' have been noted for lava compositions from other greenstone 

belts. Nisbet et al. (1977) have noted a break in MgO content in the 

lavas from the Belingwe greenstone belt between 16 - 20% MgO. Arndt 

et al. (1977) have noted a similar abundance gap in MgO contents 

(15 - 20% MgO) from the Munro Township lavas. The gap in komatiite 

compositions from the LUU occurs between 16.3 - 20.4% MgO. While this 

abundance gap in composition from the three areas outlined above may 

merely reflect inadequate sampling, the fact that it occurs in the same 

MgO range may be genetically significant. On the other hand Naldrett 

and Turner (1977) in their study of the Yakabindie area in Western 

Australia note that there is a continuous range in MgO contents down 

to 6.9% MgO. However their observation was based on data from all the 

samples they analysed and no cognizance was taken of whether lavas 
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represent possible partial cumulates or phenocryst-free magma composit-

ions. 

If this compositional gap is real it poses a serious problem to 

fractionation models for deriving thelow-Mg MKs from ultramafic magmas. 

It is reasonable to expect that ultramafic magmas, because of their 

very high liquidus temperatures, would have to progress rapidly from 

their site of generation in the mantle to the surface in order to be 

extruded in a liquid state. It is of interest to speculate that if 
-

ultramafic magmas filled relatively shallow magma chambers (as has 

been suggested in the previous section) an<l on cooling crystallised 

olivine, these crystals would have relatively high settling rates (see 

Fig. 5-14). As can be seen in Fig. 6-10 the viscosity of the residual 

liquids would increase slowly with decreasing MgO content, until 

15 - 16% MgO. Hereafter small changes in composition of the residual 

·liquid caused by further olivine crystallisation would lead to very 

rapid increase in viscosity of the liquid and consequent lowering of 

the crystal settling velocities. This suggests that if the magma 

chamber was tapped from time to time, the most likeiy lava composition 

would have ~16% MgO and possibly be porphyritic. Lavas with composit-

ions between that of the ultramafic parent liquid and 16% MgO, would 

be expected to be relatively scarce, but not necessarily totally absent 

from the volcanic pile. Attempting to model the precise mechanics 

of the process, however, is complic~ted by such factors as the effects 

of pressure or viscosity, cooling and crystallisation rates and turbul-

cnce in the magma chamber. However, in broad outline the variations of 

viscosity (on phenocryst settling rates) with composition, probably 

have an important bearing on the compositional "gap" between "116 - 20% 

MgO in komatiite lavas. 
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6-8 CONCLUSIONS 

In Chapter 4 lavas with MgO contents in the range 9 - 24% have 

been subdivided into the high-Mg mafic komatiites (20 - 24% MgO) and 

the low-Mg mafic komatiites (9 - 16% MgO). Interpretation of the 

geochemical data obtained for the :mafic k01nat:i.ites has shown the fol

lowing: 

(1) The aphyric high-Mg MKs are not related to the ultramafic 

komatiite lavas by olivine fractionation. Neither are they 

simply related to the porphyritic high-Mg MKs. 

(2) Olivine and clinopyroxene (augite) have tentatively been 

suggested as important fractionating phases in the aphyric 

high-Mg MKs. 

(3) The basic low-Mg MKs and porphyritic high-Mg MKs have 

compositions consistent with their derivation from an 

ultramafic komatiite parent magma by olivine fractionation. 

However, the dominant phenocrys~ phase in these lavas is 

clinopyroxene. 

(4) The evolved low-Mg MKs could have been derived from the 

basic low-Mg MKs if clinopyroxene was the dominant fraction

ating phase. The fractionation of minor afuounts of olivine 

and plagioclase could also have occurred. 

(5) The compositions of the porphyritic low-Mg MK samples suggests 

that at least three processes could have been in operation: 

(a) accumulation of clinopyroxene giving rise to samples 

with high Ca0/Al 2o3 ratio and Cao contents; 
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(b) accumulation of olivine developing samples with 

relatively high MgO contents and "normal" CaO/Al o
3 . 2 

ratios; 

(c) closed system crystallisation of magmas developing 

coarse-grained rocks of similar composition to the 

aphyric lavas. 

(6) A mechanism of partially compensated and uncompensated crystal 

settling in a magma chamber has been proposed to account for 

the discrepancy between observed phenocryst phases and those 

inferred to have fractionated from the lavas to account for 

the geochemical trends developed in the mafic komatiites. 

(7) Comparison of trends developed in mafic komatiites from dif-

ferent greenstone belts show that the lavas initially undergo 

MgO depletion fanning trends which are consistent with olivine 

fractionation. The trends deviate towards Al
2
o3 enrichment 

in lavas with 12 - 15% MgO consistent with the fractionation 

of clinopyroxene as the major phenocryst phase. 



- 165 -

CHAPTER 7. 

THOLEIITIC BASALTS A.a.~D RELATED ROCKS 

7-1 INTRODUCTION 

Viljoen and Viljoen (1969c) identified tholeiitic basalts in the 

suite of volcanic rocks developed in the Komati and Theespruit Formations. 

The tholeiites were distinguished from the komatiites on the basis of 

chemical composition (i.e. Mg0-Ca0-Al2o3 and MgO-FeO relationsh_ips). 

While tholeiitic lavas were found to be a minor component of the LUU 

volcanics they form a major part of the volcanics in the UMFU (Uppzr 

Mafic-Felsic Unit). Here the volcanic rocks crop out in well developed 

cycles consisting of basalt at the base, grading upwards into dacitic 

lavas and terminated by a chart cap. The general nature of the UMFU 

volcanics is comparable to many other Archaean greenstone belts (Glikson, 

1971; Goodwin, 1972, 1978; Condie and Harrison, 1976) and distinctly 

different from the komatiitic character of the lavas in the LUU. 

Additional analyses of thole:i.itic basalts have been obtained from 

the LUU as well as trace element analyses of selected samples from 

the Viljo~ns' collection from both the LUU and UMFU. The purpose of 

obtaining these data were for (a) comparison with mafic komatiite com

positions, (b) comparison with tholeiitic basalts from other greenstone 

belts and (c), comparison with basaltic lavas developed in various 

modern tectonic environments. No attempt has been made to provide 

detailed sample coverage of sections through the UMFU. Thorough invest

igation of the geochemistry of lavas in the UMFU is planned in future 

research projects on the Barberton greenstone belt. 
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7-2 SAMPLE LOCATION, FIELD CHARACTERISTICS. AND PETROGRAPHY 

Samples of tholeiitic basalts have been obtained from all three 

Formations of the LUU. The location of samples from the type area 

of the Komati Formation are shown in Fig. 7-1. Selected samples from 

the Viljoens' collection fro~ the UMFU have been analysed for trace 
# 

elements in this work. Rocks sampled by the author are prefixed with 

HSS-,SC- or DC-. 

In outcrop, the basalts occur as flows and pillowed horizons. 

Outcrops also occur that consist of massive fine to medium-grained rocks 

for which clear field relationships could not be established. These 

outcrops could be portions of flows, sills or dykes. Further details 

of the samples from the Viljoens' collec·tion can be found in Viljoen 

and Viljoen (1969e). £rief petrographic descriptions and sample locat-

ions are given in Appendix 1. On the basis of texture and composition 

(discussed in the next section) the tholeiitic basalts from the Onver-

wacht Group have been sub-divided into four types:-

1) low-Ti basalts 

2) high-Ti basalts 

3) high-Mg basalts 

4) texturally altered rocks. 

In thin section the low-Ti and high-Ti basalts are similar, con-

sisting of fine grained aphyric samples with laths of amphibole, that 

probably'represent altered clinopyroxene needles. Altered plagioclase 

needles are also common. The groundmasses of these samples consist 

mainly of amphibole with minor amounts of plagioclase, chlorite, quartz 

epidote and spinel. Several samples have microphenocrysts of clino-

pyroxene. Skeletal ilmenite crystals are cormnon in the high-Ti basalts 
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but are absent from the low-Ti basalts. 

The three samples that have been termed high-Mg bas.alts are from 

the Komati Formation and are medium-fine grained rocks consisting of 

clinopyroxene and plagioclase. Both minerals are usually altered. 

The small amount cf interstitial material present consists of amphi·' 

bole, chlorite, calcite and epidote. 

The fourth group of samples consists of the texturally altered 

rocks. Samples HSS-39 and HSS-111 have roetamorphically recon

stituted mineral assemblages of plagioclase and actinolite. Other 

samples in this group have very high volatile contents (V-13, DC-1, 

HSS-52B) relative to the other basalt types discussed above. The 

pillow sample HSS-52B, from the Komati Formation, is dacitic in 

· composition and in thin section is an aphyric rock with a very fine 

grained groundmass. 

7-3 GEOCHEMISTRY. OF THE· THOLEIITic· BASALTS AND. RELATED. ROCKS 

Major element and normative mineral compositions are given in 

Tables 7-la to 7-4a_ for the low-Ti basalts, high-Ti. basalts, high-Mg 

basalts and the altered samples respectively. Tra.ce element data and 

inter-element ratios are given in Tables 7-lb to 7-4b for the above 

group of rocks. The major a!ld trace element data have been recaiculateq 

volatile free and the total Fe content has been partitioned such that 

Fe 2o3/Fe0 = 0.2. 

Most of the &.amples are hypersthene normath·e and either quartz 

or olivine normative. Two samples (34-J and LV-4) of low-Ti basalts 

(Table 7-la) are nepheline normative. However as these two samples 

have similar Ti, Zr, Y, Ni, Co, Cr, V, Ga .rrnd Sc contents to the rest 

of the samples in this group, the appearance of nepheline in the norms 

of 34-J and LV-4. is probably dµe to the effects of alteration on the 
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alkali element contents of these lavas. One sample in the altered 

basalt group is also nepheline normative (HSS-111, Table 7-4a) but 

as this sample has been ext:ensively altered (LOI = 19 .08) little 

reliance can be placed on its present normative mineral composition. 

RECLASSIFICATION OF SAMPLES 

Some of the samples from the Viljoens' collection have been re

classified in this work. Sample TS-1 that Viljoen and Viljoen (1969c) 

considered to be a metatholeiite from the Theespruit Formation is.con

sidered here to he a mafic komatiite (see Tables 6-4a and 6-4b). Other 

samples LV-6 (Mg-rich metabasalt from the Hooggenoeg Formation), M-57 

and 526 (metabasalts from the Kromberg Formation) with their designat

ion from Viljoen and Viljoen (1969e) in parentheses, are also consider

ed to be mafic komatiites. Samples were reclassified on the basis of 

their similar major and trace element compositions to the mafic koma

tiites frorr. the LUU. The recognition of mafic l:::omatiites in the UMFU 

shows that komatiitic magmaswere produced throughout the development 

of the Otwerwacht Group although at variable rates. 

Viljoen and Viljoen (1969e) grouped basalts from the UMFU under 

several headings:- metatholei{tes, metabasalts and Mg-rich metabasalts. 

Samples of low-Ti basalts in Table 7-la include rocks from the Hoog

genoeg Formation which Viljoen and Viljoen (1~69e) termed metatholeii

tes or Mg-rich metabasalts. The HSS- samples in this group are from 

the Theespruit and Korilati Fo:tme.tions; Samples of low-Ti basalts have 

not yet been analysed .from the Kromberg Formation while the sample 

HSS-111 (Table 7-4a and 7-4b) from the Sandspruit Formation, although 

very altered, is similar in composition to the low-Ti basalts. 

The h:igh-Ti basalt:i:: (Tablei:: 7-2a and 7··2b) contain two samples 
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LV-9 and 21-J frcm the Kromberg Formation that the Viljoens' called 

metabasaltic rocks. The samples S'C-9 and HSS-224 are from the Komati 

and Hooggenoeg Formations respec_tively. The low-Ti and high-Ti basalt 

types both occur in the LUU. and the UMFU. 

The three high-Mg basalts (Tables 7-3a and 7-3b) are from the 

Komati Fonnation. No lavas of similar composition have as yet been 

found in the other Formations of the Onverwacht Group. The sample 

HSS-52B (Tables 7-4a and 7-4b) is of intermediate composition and 

from the Komati Formation. It is similar in composition to some of 

the intermediate lavas from the Hooggenocg and Kromberg Formations 

{see Viljoen and Viljoen, 1969e). As lavas of intermediate composition 

have hitherto not been reported from the Komati Formation the analysis 

of HSS-52B is reported for record purposes only and is not further 

discussed. 

RELATIONSHIP BETWEEN THOLEIITIC BASALTS AND MAFIC KOYtATIITES 

The variations of selected elements with MgO content in the tho-

leiitic basalts are illustrated in Fig. 7-2. The fields occupied 

by the aphyric high-Mg and low-Mg MKs have been drawn in for comparison. 

The high-Ti basalts are clearly distinguished from the low-Ti basalts 

on some of the plots as the former have significantly higher Tio2 , 

* FeO ·, Zr, Y and V contents. The high-Mg basalts are distinguished 

from the other basalt types by their higher MgO contents. They arc 

also separated from the low-Mg MKs by their lower Tio2 and CaO contents 

and higher Al
2

o3 contents. Some of the altered basalts (not plotted) 

have compositions transitional between the high-Ti and low-Ti basalts. 

The high-Ti basalts are also readily distinguished from the low-Mg 

* MKs by their higher Tio
2

, Al
2
o3 , FeO , Zr, Y and V contents and lower 
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Ni and Cr contents. The low-Ti basalts have compositions which 

plot close too the the low-Mg MK fields for many elements. 

However the higher Al 2o3 and lower Cr contents of the low-Ti basalts 

show that they are not simply related to the low-Mg MK.s. 

As has been outlined in Chapter 4 the Al
2
o

3 
content is a useful 

parameter for distinguishing tholeiitic basalts from mafic komatiites 

in the Onverwacht Group volcanic rocks. It 8.ppears that this para

meter may be useful for distinguishing between the tholeiitic and 

komatiitic suites of lavas from other greenstone belts as well. In 

Fig. 7-3 histograms for lavas with Al
2
o

3 
contents in the range 9 - 18% 

have been plotted. Sources of the data are referenced in Chapter 6. 

The Al
2
o3 contents in lavas from the LUU, Belingwe greenstone belt 

and Western Australia shew a clear bimodal distribution. Samples on 

the low Al
2
o3 side of the divide have been referred to either as 

komatiites or as lavas similar to komatiites in composition by the 

various authors. Samples on the high Al 2o3 side have generally been 

referred to as tholeiitic basalts. The data from Munro Township 

show a similar bimodal distribution although the divide between ko-

matiites and tholeiites is not as distinct as for the lavas from the 

other.areas. However, the majority of samples on the .low Al 2o3 side 

have been referred to as komatiites by Arndt (1975) and Arndt et al. 

(1977) and most of the lavas on the high Al 2o3 side have been termed 

tholeiites. While the possibility of transitional rock types has 

not been discounted the Al 2o3 content appears to be a useful para

meter for distinguishing komatiitic and tholeiitic lavas. 

The compositional break in Al 2o3 content between tholeiitic 

basalts and low-Mg MKs in the I.UU sugEests that processes of cr.yst:al 

fractionation did not form a continuous series of magma compositions 
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between the two types of lavas. However apparent compositional 

breaks do not preclude one magma type being derived from another 

and possible crystal fractionation processes relating the tholeiitic 

· basalts to low-Mg MKs are discussed below. 

Clinopyroxene is the dominant phenocryst phase in the low-Mg 

MKs (see Chapter 6) with minor plagioclase. Olivine is an inferred 

phenocryst phase but seldom observed. It is considered likely that 

clinopyroxene fractionation accompanied by minor plagioclase and 

olivine would control the composition of the residual liquids derived 

from the low-Mg MK magmas. The most evolved aphyric low-Mg MK lava 

(average cf the -? pillow samples given in Tables 6-l•a and 6-4b) is 
. ( 

considered a likely parent magma composition. Fractionation of clino-

pyroxene, plagioclase and olivine in any combination and proportions 

from this parent composition would generate residual liquids with 

higher Ti02 and Zr contents. The low-Ti basalts and high-Mg basalts 

are therefore eliminated as possible lavas derived from low-Mg MKs 

by fractionation of these phenocryst phases. The possibility that 

the high-Ti basalts were derived from a low-Hg NK magma (such as the 

average pillow composition) by fractionation of clinopyroxene, plagio-

clase and olivine has been tested using the least squares approximat-

ion of Bryan et al. (1969). Numerous compositions of the phenocryst 

phases were used (both analysed and a~sumed compositions) but no 

plausible combinations of fractionating phenocrysts and residual 

liquids were obtained that satisfactorily accounted for the major 

and trace element composition of the average high-Ti basalt. It there-

fore appears unlikely that any of the basalt types were derived by 

fractionation of clinopyroxene, plagioclase and olivine from the low-Mg 

MK lavas. 
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As discussed in an earlier section the main phenocryst phases 

in the basalts are clinopyroxene and plagiocl~se. Clinopyroxene 

has been analysed from a low-Ti basalt (HSS-56) and the average com

position of eight determinations is given below:-

Sio2-52.84, Tio2-o.18, Al2o3-2.26, Total Fe as Fe0-6.15, Mn0-0.15, 

Mg0-18.33, Ca0-19.44, Na
2
o-0.21, and Cr

2
o

3
-o.56. The clinopyroxenes 

from this sample have a restricted range of compositions (Mg/(Mg+Fe) -· 

84.0±0.8) and are similar in composition to clinopyroxenes from the 

mafic and ultramafic komatiites. 

'l'he predicted one atmosphere phase relationships (from Cox and 

Bell, 1972) from the nonnative mineralogy of the basalts are illustrat

ed in Fig. 7-4. This diagram indicates that the low-Ti basalts (the 

two nepheline normative samples have been omitted) should contain 

olivine and plagioclase as phenocryst phases while some samples may 

in addition have clinopyroxene. The phenocryst assemblage indicated 

for the high-Ti basalts is olivine or olivine, plagioclase and clino

pyroxene. Olivine is the only phenocryst phase .indicated for the 

high-Mg basalts. An anomalous situation exists, similar to that noted 

for the mafic komatiites, in that olivine is predicted as being an 

important phenocryst phase in all basalt types but has not been observed 

in thin section. This anomaly may be partly due to the altered nature 

of some samples with respect to the alkali elements and the importance 

they assume in the normative mineral calculations (i.e. samples that 

have lost Na2o_ will have less normative diopside than they should 

and may now plot in the olivine stability field of Fig. 7-4). However, 

the elements that are believed to be relatively insensitive to alter

ation processes (groups A and B in Chapter 2) should reflect the effects 

of the phenocryst phases fractionating and accumulating in the lavas. 
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Attempts have been made to test whether any of the basalt types 

are related by fractionation or accur.iulation of olivine, clinopy

roxene and plagioclase using the least squares approximation calculat

ions (Bryan et al., 1969). As mineral composition data are generally 

lacking for the basalts.a range of co~positions for each phenocryst 

phase was chosen. However, no satisfactory major and trace element 

compositions·were calculated either by removal or addition of pheno

cryst phases (in various combinations) that enabled the derivation 

of one type of basalt from another (average coropusitions of the besalt 

types given in Table 7-5). 

Fig. 7-5 illustrates graphically the difficulties encountered 

when attempting to derive one basalt type from another by fraction

ation or accumul.ation of likely phenocrys t phases. For example, 

the Sio2-Mg0 plot shows that the three basalt types could be related 

by clinopyJ:'.oxene fractionation •. However, the Tio2-Mg0, Al 2o3-Mg0 

and CaO-MgO relationships eliminate this possibility. Similar dif

ficulties arise with other possibilities and it therefore appears 

unlikely that any of the basalt types are related by low pressure 

fractionation processes. 

7-4 INTER-'ELEMENT. ASSOCIATIONS .. AND .. MANTLE .. HETEROGENEITY 

Although it has been demonstrated in the previous section that 

basalts and mafic komatiites are not simply related by crystal fract

ionation processes, consideration cf inter-element ratios suggest a 

common source for some of the komatiite and tholeiitic basalt types. 

Average values of inter-element ratios for previously identified 

types of komatiitic and tholeiitic lavas from the Onverwacht Group 

are given in·Table 7-6. The data.have been divided into three groups. 
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The group I rocks from the Onverwacht consist of the low-Ti ultramafic 

lavas, c..phyric high-Mg mafic komatii.tes and the low-Ti basalts. While 

there is some variability of the inter-element ratios both within 

individual lava types and between the lava types, average inter-ele-

ment ratios of the group I rocks are generally similar to the chon-

dritic ratios (Table 7-6) listed by Nesbitt and Sun (1976). These 

chondri tic ratios were computed from the data gi,1en in van Schrr.us 

and Hayes (1974) and Wanke et al. (1974.). The range and average 

5 
Ga/AlxlO ratio for 72 chondrites was taken from Willis (1978) and 

the Ti/Sc ratio was computed from the data given in Larimer (1971) 

and Taylor (1964). Also listed for comparison with the group I 

01werwacht lavas are inter-element ratios obtained from olivine 

spinifex textured ultramafic rocks from the Yilgarn Block and Munro 

Township areas (Nesbitt and Sun, 1976). Inter-element ratios from 

these ultramafic rocks are essentially identical to the group I Onver-

wacht lavas. 

Inter-element ratios similar to the group I Archaean lavas are 

found in young lavas from the ocean floor, such as from the Mid-

0 0 Atlantic Ridge (e.g. from 29 N, Sun et al., 1979, and 36 47' N, the 

FAMOUS project area, Langmuir et al., 1977) and from back-arc basins 

(e.g. Saunders and Tarney, 1979). Le Roex (1980) in a detailed 

study of the basalts sampled in the FAMOUS project has computed a 

primary magma composition from melt inclusions in picrite basalt 

spinels. Inter-element ratios for this postulated primary magma 

are given in Table 7-6 and are similar to inter-element ratios 

computed for other lavas analysed. by Le Roex (1980) an<l other workers 

(e.g. Langmuir et al., 1977) from the FAMOUS area. Data from back-

arc basins will be considered in more detail in the next section 
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but it is ~oted here that certain lavas from back-arc basins (Saunders 

and Tarney, 1979; Dietrich et al., 1978) have similar inter-element 

ratios to the FAMOUS lavas and to the Archaean group I. rocks: 

All the.lavas in group I have Al/Ti, Ca/Ti, Ti/Zr, Ti/Y, Ti/Sc 

,. and Zr/Y ratios which are similar t~ those· in chondrites suggesting 

that the source material for these lavas also had chondritic ratios 

for these elements. If this is correct then this group I source 

composition has yielded lavas since the early Archaean (Onverwacht 

volcanics have been dated at 3540 Ma by Hamilton et al., 1979) and 

possibly continuously up to the present time (FAMOUS lavas are be

lieved to be <21,000 years old, Hekinian et al., 1976). 

· The Onverwacht lavas in group II are volumetrically the most 

abundant type of lava in the LUU and consist of ultramafic komatii-· 

tes, high~Mg mafic komatiites, low-Mg mafic komatiites and high-Ti 

basalts. Inter-element ratios in individual lava types and between 

average lava types show a very restricted range of values. In 

general the. average inter-element ratios of group II lavas are dis

tinctly different to the chondritic values (Table 7-6). They are 

however similar to those computed for typical Nid-Ocean Ridge basalts 

(MORB) using the data given in Melson and Thompson (1971) and Erlank 

and Reid (1974). Specific examples are given iri Sun et al. (1979) 

from the East-Pacific rise and the Mid-Indian Ocean Ridge. 

In the group II komatiites the Ca/Ti ratio remains constant 

from 33% to 14% MgO (22±1) and decreases to 16 in the evolved low-Mg 

mafic·komatiites (9% MgO). This.decreaae in Ca/Ti ratio is consistent 

·with the onset of clinopyroxene fractionation at 14% MgO ·in the koma

tiite magnras as propo:sed in Chapter 6. The average high-Ti basalt. 

'has a lower Ca/Ti ratio (Fig. 7.,.6) than the evolved low-Mg mafic 

komatiites and is similar to that of ~10P.J3. · As other inter-ele:mei'tt 
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ratios (e.g. Al/Ti, Ti/Zr and Ga/Al) are essentially constant through 

the MgO range of the group II rocks, the decrease in _the Ca/Ti ratio 

and increase in the Ti/Sc ratio in both the high-Ti basalts and 

typical MORB are attributed to: -

either some clinopyroxene being left in the residue 

after melting the source material, 

_or clinopyroxene fractionating from the basaltic 

magmas as they travelled from source to surface . 

.. 
The consistency of most of the inter-element ratios (e.g. 

Al/Ti, Ti/Zr, Ti/V, Ga/Al, Zr/Y and V/Zr) in the group II lavas 

is believed to.be due to the derivation of these lavas from similar 

source compositions in both the Archaean and recent times. Inter-

element ratios in some back-arc basin basalts (e.g. Saunders and 

Tan1ey, 1979) are similar to inter-element ratios of the group II 

rocks and possibly these lavas were derived from similar source 

materials. 

The group III rocks (Table 7-6) consist of the high-Mg·-hasalts 

and have significantly different inter-element ratios from the group 

I and II lavas •. The three high-Mg basalts analysed are holocrystal-

line, relatively coarse grained rocks that contain abundant clino-

pyroxene and plagioclase. Ratios involving Al, Ca, Sc and V may 

therefore have been modified if these samples accumulated pyroxene 

and or plagioclase. As .no fine grained aphyric samples of this 

type of basalt have as yet been analysed from the Onverwacht Group 

it cannot be stated with any conviction that mantle.derived magmas 

existed with similar inter-element ratios. 

The high-Mg basalts from the LUU ne'\rerthelesG show some striking 

similarities to boninite rocks recently dredged from the Mariana 
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trench (Dietrich et al., 1978). Both rock types have high MgO con

tents (>13% on average), high Si0
2 

contents (>52%), very low Tio
2 

contents (<0.4%) and relatively high-Cr contents. There are also 

many similarities in inter-element ratios (Table 7-6) such as higher 

Al/Ti and lcwer Ti/Zr and Ti/Sc ratios than either group.I or II lavas. 

In addition boninites and high-Mg basalts have very low Ca0-Al
2
o

3 
ratios 

of 0.54 and 0.58 (on ayerage) respectively: It is suggested from these 

similarities that the LUU high-Mg basalts and boninites are the same 

rock type. Cameron et al. (1979) have recently suggested that boninites 

represent "the closest Phanerozoic equivalent to basaltic komati:i.te". 

However from the characteristics outlined for boninites above, it is 

considered that they have compositions more closely associated with 

the Onverwacht high-Mg basalt than with rnafic komatiites. 

All three groups cf lavas in Table 7-6 have higher Ti/V and lower 

V/Zr and Ga/Al ratios than the average chondrite. Nesbitt and Sun 

(1976), assuming a chondritic earth, proposed that the mantle was 

depleted in V during the formation of the core, but in a later paper 

(Sun and Nesbitt, 1977) consider this proposal to be unlikely. Sun 

and Nesbitt (1977) favour the retention of some V in residual phases 

during partial melting. The apparent depletion of Ga in the Onverwacht 

lavas compared to chondrites could also be clue to this element being 

retained in a residual phase, such as chromite, during the melting 

events that formed the lavas. Alternatively removal of a metal phase 

from the mantle during core formation could have depleted the mantle 

in Ga. Willis 0978) has shown that the metal fraction of certain 

types of meteorite is significantly higher in Ga than the silicate 

fraction which suggests that Ga preferentially enters the metal phase 

and therefore could have been depleted in the upper mantle. However, 
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·crystal/liq . :is D for V and Ga have not been determined at the very 

high temperatures expected for the generation of komatiit_es, no attempt 

has been made to eliminate one of the alternatives proposed above. 

From consideration of inter-element ratios of the variety of rock 

types occurring in the Onverwacht Group the observations have been 

made that the mantle was heterogeneous in the Archaean on the scale 

sampled by magmatic processes. This is in agreement with the con-

clusions of other workers (e.g. Sun and Nesbitt, 1977; Nesbitt et al., 

1979) and the discussion in Chapter 5. Erlank et al. (1980) have 

d h b . f 87 /86 . . . 1 . h h . argue on t e as1s o Sr Sr 1n1t1a ratios t .at eterogeneJ.ty 

existed in the sub-southern Africa mantle 3.0 Ma ago and was well 

established 2.0 Ma ago. The Onverwacht data indicate that heterogeneity 

in the mantle had developed on the scale sampled by magmatic events 

at least 3.5 Ma ago. 

The group I low-Ti basalts have similar inter-element ratios 

to the rare group I ultramafic komatiites (see Table 7-6 and Fig. 7-6) 

while the group II high-Ti basalts have similar inter-element ratios 

to the abundant group II ultramafic komatiites. It has been demonstrat-

ed in an earlier section that the basalts could not have been derived 

from the ultramafic komatiites by low pressure crystal fractionation 

processes. Rather the tholeiitic lavas are considered to have been 

derived by partial melting of source material similar in composition 

to that from which the relevant ultramafic komatiites were derived. 

However, in order to account for _the low Ca/Ti and high Ti/Sc ratios 

of the high-Ti basalts compared to the group II u1tramafic komatiites, 

it is necessary to postulate that either some clinopyroxene remained 

in the residue (after the melting event that generated the high-Ti 

basaltic magmas) or that clinopyroxene crystallised and settled as the 
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basaltic ma.gma rose to the surface. Petrogenesis of the tholeiitic 

magmas is further discussed in Chapter 8. 

RARE. EARTH. ELEMENT. PATTERNS. IN. ONVERWACHT. GROUP. LAVAS 

In recent years interpretation of rare earth element (REE) pat-

. terns in volcanic rocks has become a popular method fo.r elucidating 

partial melting and crystal fractionation processes in magmas. As 

yet REE data have not been obtained on a representative suite of 

Onverwacht Group lavas. However, some REE analyses for Onverwacht 

Group lavas have been reported in the literature (e.g. Herrmann et al., 

1976; Condie et al., 1977; Sun and Nesbitt, 1978; Hamilton et al., 

1979). These data have been obtained by different analytical techniques 

which have varying precision. The samples analysed by the various 

authors show differing degrees of alteration and consequently the data 

are of differing reliability when attempting to examine igneous pro-

cesses that have affected the REE distribution patterns in the lavas. 

However, Hamilton et al. (1979) have obtained precise Nd and Sm con-

centrations (by isotope dilution techniques) from a number of selected 

samples (that are relatively well preserved) from the Onverwacht Group. 

Several of these samples are considered to be representative of pheno-

cryst free magma compositions. These data will be discussed below in 

conjunction with REE analyses of two spinifex textured ultramafic 

komatiites frou1 the LUU obtained by Sun and Nesbitt (1978). 

Two samples(HSS-95, an ultramafic komatiite and HSS-56, a low~Ti 

basalt) analysed for Nd and Sm by Hamilton et al. (1979) and 49-J ana-

lysed for REE by Sun and Nesbitt (1978) are group I rocks. These three 

samples have an avcr<:lge Sm /Nd (chondrite normalised ratio using the 
n n · 

average chondrite REE values given in Evensen et aL, 1978) of O. 99. 
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The chondrite normalized REE pattern of sample 49-J (see Fig. 7-7) 

is flat. The Sm
11

/Ndn of '\Jl and the flat REE pattern of 4~-J indicates 

that group I lavas have chondritic relative REE abundances which is 

consistent with the other chondritic ratios (Table 7-6) displayed by 

this group of rocks from the Onverwacht. The spinifex textured 

ultramafic komatiites from Munro Township (Arth et al., 1977) and 

Yakabindie (Sun and Nesbitt, 1978) which are also believed to be group 

I lavas have light REE depleted patterns (Sm /Nd >l). 143Nd/ 144Nd 
n n 

isotopic compositions of the Munro Township lavas (Zindler et al., 

. 1978) suggest that this depletion event could have occurred any time 

from 4550 Ma (assumed age of the earth) to the time the lavas were 

generated. Nd isotopic constraints will be considered in more detail 

in the next section. 

Hamilton et al. (1979) have also determined the Nd and Sm contents 

of some group II lavas. These samples include three ultramafic koma-

tiites (average Sm /Nd = 0.91), two evolved low-Mg mafic komatiites, n n 

one of which is the pillow sample SC-11 for which other REE's were 

determined as well (average Sm /Nd ~ 0.92) and one high-Ti basalt 
n n 

(Sm /Nd = 0.95). Sample 331/78, an ultramafic komatiite from the 
n n 

LUU (Sun and Nesbitt, 1978), belongs to the group II rocks and has 

a Sm /Nd = 0.90. The Sm /Nd ratios of the group II rocks (0.90 - 0.95) 
n n n n 

and the REE pattern of samples 331/78 (Sun andNzsbitt, 1978) and SC-11 

(Hamilton et al., 1979) indicate that the group II rocks are light 

REE enriched relative to chondrites and the group I rocks (see Fig. 

7-7). Typical MORB on the other hand generally has light REE depleted 

patterns (e.g. Gast, 1968) and in this respect differs from the other 

·group II-lavas. Green et al. (1975) and Sun·and Nes·bitt (1978) have 

argued for the fractionation of garnet from the LUU komatiite magmas 
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to account for their high Ca0/A1
2
o3 ratios and REE patterns. However, 

if the suggestion made earlier is correct (that all group II lavas have 

been derived from a similar source composition) then garnet fraction-

ation from the komatiite magmas i.s considered unlikely as the Al/Ti 

ratios of komatiites should be lower than the high-Ti basalts. The 

problem of garnet fractionation in komatiitic magmas is considered in 

more detail in Chapter 8 . 

. 'DISCUSSION OF. EVIDENCE. 'FOR MA..l\l'TLE. HETEROGENEITY -
, It is pertinent at this point to summarise the evidence outlined 

in the preceding discussion for a heterogeneous mantle in the Archaean. 

Inferences based on similarity of inter-element ratios of ancient and 

modern basaltic lavas suggest that a similar heterogeneous mantle is 

still yielding comparable lavas at present. However, anomalies arise 

when comparing compositions proposed for modern mantle with those pro-

posed for the Archaean. These anomalies are briefly discussed and 

possible explanations for the differences considered. 

On the basis of inter-element ratios displayed hy the Onvenrncht 

lavas two main groups have been recognised as summarised below (see 

also Fig. 7-8):-

Range of MgO Al/Ti Ti/Zr V/Zr REE pattern 
·(chond~ norm.) ---

Group I 33 - 7% 'V20 'VllO 'V6 Flat 

Group II 33 - 6% 'Vlb "J 80 ru4 Light P.EE enriched 

As a very wide range of magma compositions are.involved in both groups, 

these differences are presumed to reflect differences in the source 

materials from which the lavas were derived. 
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Sun et al. (1979) have suggested an alternative explanation in 

that they coP-sider typical MOR basalts with 'VQ. 7% TiO,. (with Al/Ti 
L 

ratios of 'V20 and other ratios that correspond to the group I rocks 

above) to have been derived by relatively high degrees of partial 

melting ('V25%) of a pyrolite source composition. They suggest at 

this degree of melting major' Al- and Ca-bearing minerals were elimin-

ated from the residue. Sun et al. (1979) further consider that typical 

MOR basalts with 'Vl.5% Tio
2 

(with Al/Ti ratios of 'VlO and other ratios 

that correspond to the group II. rocks above) were derived by lower 

degrees of melting ('Vl5%) of a pyrolite source in which major Al- and 

Ca-bearing phases were not completely eliminated from the residue. 

This explanation is considered unsatisfactory for accounting for the 

Al/Ti variations between the group I and II rocks in Table 7-6 as 

magmas with wide ranges of compositions (presumably reflecting differ-

ing degrees of single or multi-stage melting) within each group main-

tain consistent Al/Ti ratios. As stated previously the preferred 

explanation is that the two groups of lavas were derived from sepaTate 

source compositions. 

However, the Ca/Ti and Ti/Sc ratios in the lower MgO (<14%) group 

II lavas show regular changes with decreasing MgO content. In order 

to account for these variations it has·:been proposed that clinopyroxene 

crystallised and settled from the magmas (mafic komatiites and possibly 

the tholeiites) before extrusion or thnt clinopyroxene was not eli-

minated from the residue (tholeiites) during partial melting. In 

contrast the Ca/Ti and Ti/Sc ratios of the group I lavas show no 

systematic changes with MgO cor.tent suggesting that clinopyroxene was 

eliminatP.d from the residue and did not fractionate.from the magmas 

before they were extruded. 
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A further significant difference between the Onverwacht group 

I and II rocks is that absolute abundances for elements such as 

Ti, Zr,, Y and light REE are higher l1y a factor of 2 or more in group 

II lavas compared to group I lavas with similar MgO contents. These 

differences are illustrated for Ti and Zr in Fig. 7-9. From these 

differences it is inferred that the group II source material had 

significantly higher Ti, Zr, Y and light REE contents than the group 

I source material. 

Within the .. range of typical MOR basalt compositions, lavas occur 

.that correspond to either group I or group II rocks based on inter

element ratios and similar absolute abundances of certain elements 

(see Tables 7-6 and 7-7 and the data in Sun et al., 1979). Inferences 

drawn from these similarities are that the s_ource compositions proposed 

for the Archaean group I and II rocks have modern day analogues 

from i1hich ocean floor magmas are being derived. 

Typical MORB is generally considered to have been derived from 

source material that had previously been depleted in large ion litho

phile (LIL) elements (Tatsumoto et al., 1965; Gast, 1968; Hart, 1971; 

Hart et al., 1972; Erlank and Kahle, 1976; Sun et al., 1979), The 

evidence for the depleted nature of MORB was initially based on argu

:triehts concerning Sr, Pb and more recently Nd isotopic compositions 

of the lavas, as well as alkali element contents and inter-element 

ratios (e.g. K/Rb, K/Cs, Rb/Sr) and REE patterns. Erlank and Kahle 

(1976) suggest that MORB with Zr/Nb ratios ranging from 30-110 have 

been derived from source material that experienced previous episodes 

of depletion. The group II Onverwacht tholeiites have an average 

Zr/Nb ratio of 27 suggesting thnt they (and by inference all the Onver

wacht group II lavas) were derived from source compositions depleted 

in Nb relative to Zr.. 
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The alkali elements and Sr isotopic compositions of the Onver

wacht lavas are believed to have been seriously perturbed by later 

alteration and or metamorphic events. However, the REE contents and 

Nd isotopic compositions of selected lavas are believed to have re

mained relatively unaffected by these events (Hamilton et al., 1979) 

and as such can be used for comparison purposes with MORB. The REE 

patterns constitute a major difference between the Archaean source 

compositions (group I and II) and those proposed for typical MORB. 

The lavas from the Onverwacht have either flat REE patterns (gr~up I) 

relative to chondrites or light REE enriched patterns (group II) 

while typical MORB have light REE depleted patterns regardless of 

whether they have other inter-element ratios characteristic of group 

I or II lavas. In addition the group II rocks (both modern and Archaesn) 

contain significantly higher abundances of light REE (and Ti, Zr and 

Y) than the corresponding group I rocks and cannot therefore be con

sidered as depleted in these elements relative to group I lavas or 

chondrites. Several possible explanations for these features are 

listed below:·· 

(a) The similarity of ratios (Table 7-6 and 7-7) between Onverwacht 

lavas and MORB are fortuitous and inferences drawn from these 

data about mantle compositions are invalid. 

(b) The differences between the ancient and modern lavas within 

each group reflect the natural range of group I and II source 

compositions. 

(c) Relatively small scale events (such as very low degrees of 

partial melting) have affected the group I and II source 

compositions since the Archaean.and the concentrations of 
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incompatible elements (such as the light REE) were signific-

antly decreased without changing other parameters of the 

sourcesuch as A.1/Ti. 

Possibility (a) is considered unlikely as not only are many 

inter-element ratios sim:.lar but also absolute abundances (e.g. see 

Table 7-7 and Sun et al., 1979). of elements. There is some evidence 

for possibility (b) in that other ArchaP.an lavas show a range of 

REE patterns from slightly light REE enriched to depleted (Sun and 

Nesbitt, 1979). This suggests that the REE patterns are not unique 

to each source while Al/Ti, Ti/Zr etc. are. Although this possible 

explanation for the different REE patterns cannot be discounted it 

is not favoured,as the source compositions could have been depleted 

in light REE as suggested below. Possibility (c) is favoured as 

small degrees of partial melting (and extraction of the melt) can 

deplete the source of most of its light REE content without changing 

the Al/Ti and Zr/Ti ratios of the residue to any marked extent. In 

Fig. 7-10 the percentage depletion of the elements K, Rb, Sr, Nb, Ti, 

Zr, Y, Y, La, Nd, Sm and Yb have been calculated for the residue 

after melts,representing small degrees of partial melting,have been 

extracted using the following equation: -

% Depletion = 100 (C - C 'd )/c o res1 ue o 

The equation c
1

/C
0 

= l/(D+F (1-D)). from Arth (1976) was used to cal-

culate the concentrations of the elements in the extracted liquids. 

Distribution coefficients were selected from the literature and mainly 

from Philpotts and Schnetzler (1970) ~ Hart and Brooks 0971•), Frey 

et al. (1978), Pe.:trce and Norry (1979) and Le Roex (1980). The initial 

mantle was assumed to consist of 60% olivine, 20% orthopyroxene, 10% 
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clinopyroxene and 10% garnet. The bulk distribution coefficients 

calculate<! for these. mineral proportions are given in Fig. 7-10. The 

range of melting considered is assumed to have been sufficiently small 

not to have significantly affected the mineral proportions given above. 

As can be seen in Fig. 10,if a 0.5% melt of the initial source 

was completely removed, the residue would be depleted of ~50% of its 

La, K and Rb content, ~30% of its Nd and Sr content, ~18% of its Nb 

and Sm content but <8% of its Ti, Zr, Y, V and Yb content compared to 

the initial source composition. The individual amounts of major ele

ments (Si, Al, Fe, Mg and Ca) removed by such a melt would be <<0.5 wt.% 

and the residue would have essentially the same major element composit~ 

ion as the initial mantle. Inter-element ratios in the residue such 

as Al/Ti, Ca/Ti would increase by ~8% (e.g. from 20 to 21.6), while 

there would be no change of the Ti/Zr ratio between the initial source 

and residue as, for the distribution coefficients selected, beth ele

ments are equally partitioned into the liquid, and_the Zr/Y ratio would 

be slightly lower in the residue than in the initial source. However, 

the REE pattern of the residue relative to the initial source would 

be significantly light REE depleted. This is illustrated, considering 

La and Yb, in Fig. 7-10 as La is d~pleted in the residue by ~70% while 

the Yb content of the residue is only depleted by ~1% compared to the 

initial source composition. If at some later stage this residual mantle 

melted (~20 - 25% so. that no major Al- or Ca-bearing phases were left 

in the residue) and gave rise to tholeiitic magmas, these magmas would 

have essentially identical Al/Ti, Ca/Ti~ Ti/Zr and Zr/Y ratios and 

similar Ti and Zr contents as tholeiitic magmas derived in the same 

way from the initial source before it was depleted. However, the tho

leiitic magmas derived from the residual mantle would have light REE 
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depleted patterns, lower K and Rb contents and depending on the 

timing of the second but major melting event,the magmas may also be 

depleted in radiogenic Sr and enriched in radiogenic Nd compared to the 

tholeiites derived from the initial mantle, 

In this simple model the effects of minor w.antle phases on the 

distribution of the elements have not been considered, neither is it 

known whether 0.5% melts could be extracted from the source material. 

More complex models can be constructed that qualitatively have the same 

effect on the residual composition such as small but higher degress of 

melting (say 'V5%) and extraction of 1 - 2;' of this melt. Nevertheless, 

the model does illustrate the importance of small scale melting and melt 

removal events on residual mantle compositions. 

For simplicity if only group II tholeiites are considered (the same 

arguments can be applied to the group I tholeiites) it is proposed that 

Onverwacht lavas were derived from an initial source material while the 

MORB equivalents were derived from the same initial source material that 

had experienced a previous small scale depletion event as outlined above. 

This model does account for the known similarities (e.g •. Al/Ti and Ti/Zr) 

and differences (e.g. REE patterns) between the two sets of lavas. How

ever, it should be noted that implicit in this proposal is that the pre

cursor source material (before depletion) for group II MORB did not 

have chondritic ratio.s for the elements considered. On the other hand 

the precursor source material (before depletion) for a group I MORB 

had chondritic ratios for many of the eleflents. Further data and in 

particular reliable K, Rb, Sr, Ba and REE contents on the Onverwacht 

tholeiites are required to develop and test these ideas. 
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7-5 
143

Nd/
144

Nd ·rsoTOPic· COMPOSITIONS 

Onverwacht Group samples from both group I and II rocks have been 

used to define a Sm-Nd isochron (Hamilton et al., 1979) which gave an 

initial 
143

Na/
144

Nd of 0.50809±4 (2cr) and an age of 3540±30 Ma. Archae-

an lavas from other greenstone belts have also been dated by the Sm .. Nd 

method (see review by 0 'Nions et al., 1979) and in Fig. 7-11 the ini-

. 1 143 d/ 144 d b • d f . b 1 . t~a N N o ta1ne rom the 1sochrons have een p otted against 

the determined age of the lavas. Also included on Fig. 7-11 are 

initial 
143

Nd/
144

Nd isotopic compositions for kimberlites (Basu and 

Tatsumoto, 1979) of various ages. All these points plot on, or very 

close to the chondrite evolution line drawn from the initial 
143

Nd/
144

Nd. 

ratio (O. 50682±5). of the achondrite .Angra dos Reis (Lugmair and Marti, 

1977) at 4550 Ma to the present estimated bulk earth (0.51262, O'Nions 

et al., 1979). The latter was calculated (O'Nions et al., 1979) assum-

143 144 . ing the earth's initial Nd/ Nd was the same as Angra dos Reis and 

that the bulk earth has a chondritic Sm/Nd ratio. The correspondence 

f . . . 1 143 d/ll14 d . . . f . k f . d f o 1n1tia N N isotopic ratios o_ roe s rom a wi e range o 

ages with the chondrite evolution line, suggests that the source mater-

ial of these lavas had existed since the formation of the earth with 

chondritic Sm/Nd ratios. This is in agreement with the conclusions 

of de .Paolo and Wasserberg (1976a, b) that the Archaean mantle evolved 

with approximately chondritic Sm/Nd. 

Two source compositions have been proposed for the lavas of the 

Onverwacht Group and the question arises as to how long these sources 

could have existed prior to magma generation. Lavas from group I have 

chondritic ratios for certain elements (T~ble 7-6) and chondrite 

. relative REE abundances (Fig. 7-7). As the S~ /Nd ratio~ of these 
n n 

lavas appear to be ~1 and believed to be the same as the source material, 



- 189 -

the 
143

Nd/
144

Nd of the source would evolve along the chondrite evolution 

line (Fig. 7-11). The group I source composition therefore could have 

existed since the formation of the earth (model age of 4550 Ha). 

Group II lavas (Table 7-6) have non-chondritic ratios for many 

elements and Sm /Nd ratios less than the chondritic value. If the 
n n 

assumption is made that the source material for these lavas had the 

147 1144 . . ( 1784) h 1 f. k" • same Sm . Nd composition O. as t e u trama ic roc.s in group 

II (data for HSS-88A, HSS-92 and HSS-523 in Hamilton et al., 1979) and 

••• l 143 /144· . . .c d • 4550 M an initia Nd Nd composition as LOr Angra os Reis a ago, 

the expected initial 
143Nd/ 144

Nd at 3540 Ma would l>e 0.50803±5. This 

. . . 1 . 1 f . . . 1. 143 d/ 144 ( 5 ) value is within ana ytica error o the initia N . Nd O. 0809±4 

obtained from the isochron for the Onverwacht Group lavas (Hamilton 

et al., 1979). This means that no time constraints can "be placed on 

when the group II source was formed within the present precision of 

the data. The group II source for the Onverwacht lavas may therefore 

have existed since the formation of the earth or have formed (possibly 

from the chondritic source) at any time up to 3540 Ma ago before under-

going melting to yield group II lavas. 

7-6 TECTONIC. SETTING OF THE. BARBERTON. GREENSTONE. BELT 

In recent years.detailed work has been undertaken in attempting 

to establish relationships between major and trace _element abundance 

and the tectonic environments in which lavas were erupted (e.g. Cann, 

1970; Pearce and Cann, 1971,1973; Miyashiro, i974;Miyashiro and Shido, 

1975; Pearce, 1976; Gill, 1977). Many assumptions must be m.qde when 

attempting to infer tectonic settings for Archaean lavas using geochem-

ical parameters established for modern tectonic environments. These 

assumptions include (inter alia):-
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(a) Similar mineralogical and chemical source compositions 

were involved in the production of Archaean and modern 

lavas. 

(b) Conditions of melting were similar. 

(c) Only one process exists that can generate a particular 

geochemical feature and that it is diagnostic of a 

specific tectonic environment. 

(d) Plate tectonic processes were in operation in the Archaean. 

Comparison of geochemical features in Archaean and modern lavas should 

be restricted to basalts as komatiites are rare in post Archaean vol

canic rocks. Evaluation of the major element data (Table 7-ia and 

7-2a) from the Onverwacht basalts using AFM (Irvine and Baragar, 1971) 

--and FeO-FeO/MgO plots (Miyashiro, 1974), indicate that these rocks belong 

to the tholeiitic suite. In previous sections of this Chapter it has 

been argued, on' the basis of selected inter-element ratios, that for 

the low-Ti and high-Ti basalts modern day analogues can be found in 

Mid-Ocean Ridge basalts. Ti-Zr (Fig. 7-12)and Ti-Zr-Y (Fig. 7-13) 

~ relationships from Pearce. and Cann (1973) indicate an association of 

the Onverwacht Group basalts with Ocean floor basalts and low-K tho

leiites. Conventional interpretation of this data suggests that the 

onverwacht Group lavas could' have been extruded in a similar tectonic 

environment to Mid-Ocean Ridge basalts. However, the REE patterns of 

both the group I and II Onverwa.cht Group lavas indicate that the mantle 

from which they_were derived was not depleted in light REE as has been 

proposed for typical MORB sources (Gast, 1968;· Richard et al., 1976; 

O'Nions et al., 1977). 
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An analogy can also be drawn between Onverwacht Group and back-

arc basin lavas both geologically (T~rncy ct al., 1976; Weaver and 

Tarney, 1919) and geochemically. Recent work on lavas from back-arc 

basins has shown them to be similar to MORB except for higher K, Rb, 

Cs, Sr, Ba, REE's and 87 86 . 
Sr/ Sr (Hart et al., 1972; Gill, 1976; 

Hawkesworth et -al., 1977; Saunders and Tarney, 1979). The REE pat-

terns in back-arc basin basalts vary from being flat to light REE 

enriched relative to chondrites. It has been proposed that some of 

the differences in geochemistry between back-arc basin basalts and 

. 87 86 
MORB (e.g. higher Sr/ Sr ratios in back-arc basalts) could be 

related to contamination by sea water. (Hawkesworth et al., 1977). 

In Table 7··7 inter-element ratios and absolute element abundances 

(Tio
2

, _Zr and Y) for the high-Ti and low-Ti basalts from the Onver-

wacht Gr~up are compared to samples from the Scotia Sea Rise for 

which major element (Saunders and Tarncy, 1979) and REE data (Hawkes-

worth et al., 1977) are available. From Table 7-7 it can be· seen that 

both basalt types found in the Onverwacht Group· have analogues in the 

lavas from the Scotia Sea Rise. This comparison c2n be extended to 

the ophiolites of. southern Chile (Saunders ct al., 1979) where gabbros, 

dolerites and basalts have inter-element ratios and element abundances 

(as shown by Ti0
2

, Zr and Y) that correspond to group I and II rocks 

from the Onverwacht Group. The southern Chile 'rocas verdes' have 

been·proposedas possible modern day analogues of Archaean greenstonz 

belts (Tarney et al., 19'76; Weaver and Tarney, 1979). Aspects of the· 

geochemical data, as outlined above, show- that the Onverwacht Group 

lavas have many features similar to back-arc basin lavas and to the 

'rocas verdes' and as such is consistent with the model of Tarney et 

al. (1976) and Weaver and Tarney (1979). However, whether this· 
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geochemical similarity means that greenstone belts originate in tec

totiic environments similar to back-arc basins is still open to debate. 

The most obvious problem with this analogy is that no ultramafic or 

mafic komatiites have as yet been recorded from back-arc basins, 

although this could be related to the-changing geothermal regimes in 

the mantle since the early Archaean. 

The similar inter-element ratios and absolute abundance of 

elements in back-arc basin basalts and the Onverwacht group basalts 

suggest that similar source compositions and conditio~s of meiting 

were involved in the production of the two suites of lavas. This 

provides support for assumptions (a) and (b) listed earlier in this 

section. However, whether these geochemical features can only be 

produced in ' one specific tectonic environment (assumption (c)) 

remains an open question. In conclusion it is noted that while it 

cannot be convincingly demonstrated that the Onverwacht G.roup lavas 

·were generated in a back-arc tectonic environment, the indications 

that this is possible are encouraging and further detailed comparisons 

of both geological and geochemical features of the two volcanic asso

ciations are warranted. 

7-7 CONCLUSIONS 

While tholeiitic basalts from the Onverwacht Group have only 

formed a relatively minor part of this project several important con

clusions have been made from interpretation of the available data. 

These are summarised below:-

(1) The A1
2
o

3 
content can be used in lavas from the Onverwacht 

Group-and probably in most other greenstone belts to 

distinguish between thole-iitic basalts and komatiites. 
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(2) Three types of basalt have been identified (low-Ti, high-Ti 

and high-Mg basalt) from the Onverwacht Group on the basis of 

major and trace element geochemistry. 

(3) None of the basalt types are related to each other or to 

low-Mg maf ic komatiites by low pressure crystal fraction

ation or accumulation processes. 

(4) . On the basis of inter-element ratios (both komatiites and 

basalts) three groups of lavas have been identified from 

the Onverwacht Group. Group I consists of relatively 

low-Ti lavas (the rare low-Ti ultramafic komatiites, aphyric 

high-Mg mafic komatiites and the common low-Ti tholeiitic 

basalts), group II rocks consist of the relatively high-Ti 

lavas (the abundant ultra~2fic komatiites, porphyritic high-Mg 

mafic komatiites, aphyric and porphyritic low-Mg mafic koma

tiites and the common high-Ti tholeiitic basalts) and the 

group III lavas consisting of the high-Mg basalts which are 

believed to be similar in composition to boninites. 

(-5) Inter-element ratios and REE patterns of the group I rocks 

a:r:e similar to chondrites, some Mid-Atlantic Ridge besalts 

(including those from 39°N - the FAMOUS project area), and 

certain back-arc basin lavas, suggesting that similar source 

compositions that gave rise to some of the Onverwacht vol

canics are yielding basaltic magmas today. 

(6) Group II rocks have inter-element ratios similar to those 

of typical MORB and sjmilar inter-element ratios and REE 

patterns to many back-arc basin lavas. It is also suggested 
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that the source mantle to group II lavas may also have 

existed or has been periodically gen~rated since early 

Archaean times. 

(7) . Inter-element ratios and absolute abundances of certain 

elements in the basalts are consistent with the model that 

the Onverwacht Group volcanics were extruded in a back-arc 

basin tectonic environment. However, serious problems must 

be investigated before a back-arc basin origin for green.

stone belts can be unambiguously proven. 

•·Jo•;, .. ·-- + 
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.. CHAPTER . 8 • 

. PETROGENESIS. OF. BARBERTON. GREENSTONE 'BELT. I.l\VAS 

8-1 INTRODUCTION 

In recent years detailed investigations of mafic lavashave led to 

the development of numerous models for processes of magma generation 

in the mantle. Ko!:latiites have also come in for their shar.~ of imag-

inative thought and many models have been proposed for their origin. 

Viljoen and Viljoen (1969j) consider that ultramafic komatiite magmas 

represent liquids derived by high degrees of partial melting of their 

source material. The expected high temperatures required for the 

generation o~ these magmas have been confirmed experimentally (Green 

et al., 1975). Green (1972a,b) has suggested that major meteorite 

9 impacts on the earth's surface 3-4xl0 years ago were directly related 

to. the generation of ultramafic magmas (impact triggered diapirism) 

and the formation of greenstone belts. Most recent models proposed 

for the generation of ultramafic komatiites ere less c~tastrophic in 

nature,bu.t in general do postulate the upwelling of mantle diapirs from 

depths as great as 400 kms. (Green, 1975; Nesbitt and Sun, 1976; 

Arndt, 1977c; Arth et al., 1977; Bickle et al., 1977; Naldrett and 

Turner, 1977; Nisbet et al., 1977; Nesbitt et al., 1979; Weaver and 

Tarney, 1979). Such depths for the initiation of upwelling have been 

proposed to account for the high extrusion temperatures of the ultra-

mafic komatiite lavas • 

. Clearly energy sources are important when considering the gener-

ation of ultramafic magmas and although it is riot intended here to 

investigate possibilities,many sources have been suggested (see dis-

cussion in Wetherill, 1972). Heat produced by the radioactive decay 
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of K, U and Th was higher in the Archaean than at present. Other pro-

cesses such as the radioactive decay of short lived isotopes, hot 

accretion of the earth, capture of the moon or core formation,are more 

speculative and no consensus of opinion exists as to the possible con-

.tribution of each of these processes to the early Archaean energy budget. 

However, it appears to be a generally accepted assumption that geotherm-

al gradients in the Archaean were steeper than those deduced for the 

earth today (Birch, 1952; Green, 1975; Burke and Kidd, 1978). Never-

theless it has still been found necessary to postulate upwelling of 

mantle material from great depths to satisfy thermal constraints for 

the production of ultramafic magmas. 

In previous Chapters (5, 6 and 7) fractional and equilibrium crystal-

lisation models have been considered for obtaining the various lava 

compositions. This Chapter deals with high pressure melting and/or 

crystallisation processes that may have been involved in the generation 

of Onverwacht Group lavas, and the following lava types are considered:-

(a) ultramafic komatiites (group I and II) 

(b) mafic komatiites (group I and II) 

(c) tholeiitic basalts (group I and II). 

It should be noted that only lavas that are believed to represent 

essentially phenocryst~frec magma compositions are considered in the 

ensuing discussions. 

8-2 ULTRAMAFIC KOMATIITES 

A number of models have been proposed in the literature for the 

• • generation of ultramafic komatiite magmas. Some of these postulate 
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high degrees of partial melting of undepleted mantle material to obtain 

the high MgO contents of the magmas (Viljoen and Viljoen, 1969j; Mclver 

and Lenthall, 1973; Cawthorn and Strong, 1975; Cawthorn, 1975; Bickle 

et al., 1976; Nesbitt and Sun, 1976; Nesbitt et al., 1979). Arndt 

(1977c) however considers that it would be unlikely that all of the 

liquid would remain in contact with the residual crystals until the 

required degree of melting had been reached. He proposes that a more 

likely model would be the melting of a residuum of refractory minerals 

with some trapped liquid left from a previous melting episode. The 

advantage of Arndt's sequential melting is that lower degrees of partial 

melting of de~leted material could produce ultramafic.magmas. 

On the other hand,it has been suggested that ultramafic komatiites 

could have evolved by polybaric assimilation and melting of overlying 

mantle material during diapiric uprise (Bickle et al., 1977) or by 

mechanical mixing of initial melt and entrained residual crystals, the 

latter dissolving as the crystal mush ascended (Cox, 1978). 

The above models will be assessed from the point of view of which 

possible mineral phases could have controlled the ultramafic magma 

compositions. Geochemical trends illustrated in Chapter 5, available 

high pressure experimental data (Arndt, 1976; Bickle et al., 1977) 

and projections from mineral compositions onto convenient planes in 

CMAS space (O'Hara, 1968; Cox et al., 1979) are used to constrain the 

models. 

DUNITE . RESIDUE 

The suggestion that ultramafic magmas originate by high degrees 

of partial melting of mantle material with olivine as the only residual 

phase (Viljoen and Viljoen, 1969j; Nesbitt and Sun, 1976; Sun and 
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Nesbitt, 1977),is supported by the available experimental data. Arndt 

(1976) has shown that olivine is the only li.quidus phase of art ultra-

mafic komatiite (SA-3091 with ~25% MgO) up to 40 kb. The second liquid-

us phase that crystallised with olivine was calciGm-poor pyroxene 

(20 - 40 kb.) or spinei (<20,kb.). Olivine dominated as the sole 

0 
liquidus phase for a temperature range of 100 - 200 C below the liquidus 

at all pressures. Bickle et al. ( 1977) have also shown that for lavas 

that are here considered to be ultramafic (i.e. >24% MgO) olivine was 

the only liquidus phase at 30 and 40 kb. One sample however (NG-7638 

containing 24.L•% MgO) had orthopyroxene as the only liquidus phase at 

40 kb. Another sample (NG-7621 containing 20.5% MgO) had orthopyroxene 

as the liquidus phase from 15 - 30 kbs. Olivine and orthopyroxene never 

crystallised together at pressures up to 4-0 kb. (Bickle et al. , 1977). 

It would therefore be expected that olivine would be the only phase 

in equilibrium with the higher MgO (>25%) ultramafic komatiite magmas 

at 30 - 40 kb. pressure. This implies that if these magmas originated 
I 

at 100 - 120 kms. depth by partial melting with or without subsequent 

crystal fractionation, olivine should be the only mineral controlling 

this differentiation. Geochemical trends developed in the 25 - 33% MgO 

lavas· should reflect olivine-only control if the magmas originated by 

equilibrium partial melting. Nesbitt and Sun (1976) and Sun and Nesbitt 

(1977) consider olivine as the only mineral phase involved in the differ-

entiation of Archaean ultramafic m.9.gmas. Duke and Naldrett (1978) also 

consider that olivine crystallisation from a parental magma (32% MgO) 

could give rise to the suite of komatiite lavas. 

However, examination of the gecchen{ical trends developed in the 

Barberton group II ultramafic komatiites (e.g. CaO-HgO, Fig. 5-8) shows 

that olivine differentiation cannot account for the range of ultramafic 
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lava compositions. This lack of pure olivine control is also reflected 

in the projections from olivine and enstatite onto planes indicated 

in Fig. 8-1 and 8-2. Geochemical trends (e.g. Tio
2

-MgO) and inter

element variations (Al/Ti) developed in the Belingwe greenstcne belt 

ultramafic lavas .. (non-cumulate rocks), also demonstrate that fraction

ation of olivine alone could not have controlled the range of lava 

compositions (Bickle et al., 1976, 1977). The variations of Tio
2 

and 

CaO with MgO from the Munro Township ultramafic rocks (Fig. 5-19) also 

eliminate the possibility of fractionation of only olivine in these 

lavas. 

On the other hand trends developed in the group I ultramafic koma

tiites (Fig. 5-15) from Barberton are consistent with olivine control. 

In the olivine projection (Fig. 8-1) the two samples that are believed 

to represent liquid compositions plot very close together and on the 

enstatite (Fig. 8-2) and diopside (Fig. 8-3) projections these two 

samples lie on trends that would appear to project through olivine. 

Olivine control on these trends,either as the only mineral melting as 

the MgO content of the melt increased from 'v25 to 33% HgO, or by crystal

lisation from a high MgO parent (~33%) magma, is compatible with the 

limited data available for the Barberton group I ult:ramafic komatiites . 

... -These lavas also have similar inter-element ratios to some of the 

Western Australian ultramafic komatiites (Table 7-6) for which Nesbitt 

and Sun (1976) and Sun and Nesbitt (1977) have proposed an origin by 

olivine-only differentia~ion. The data from the Barberton ultramafic 

kom?tiites suggest that the ultramafic lavas could be generated by 

two different processes. Alternatively the group I and II ultramafic 

komatiites may have originated from two different source compositions 

by the same process. This latter possibility is favoured, as discussed 

in Chapter 7. 
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HARZBURGITE RESIDUE 

The suggestion has been made that ultraoafic kcmatiites could h.:.ve 

been generated by the melting of a residue of olivine and orthopyroxene 

(Cawthorn and Strong, 1975; Nesbitt and Sun, 1976; Bickle et al., 1977; 

Nesbitt et al., 1979). For this model to be valid the magmas must 

have originated at well above 40 kbs. pressure,as at lower pressures 

olivine is the only liquidus phase (Arndt, 1976; Bickle et al., 1977). 

The CaO-MgO trend (Fig. 5-8) developed in the group II ultramafic 

komatiites intercepts the MgO axis at 40.66%. Assuming that ortho-

pyroxene has 33% MgO and olivine 50% MgO then a mixture of olivine and 

orthopyroxene in the ratio 45 : 55 dissolving into an initial melt with 

'V24% MgO could generate the CaO-MgO trend. As orthopyroxene in equi-

librium with ultramafic liquids contains some CaO (e.g. P·ickle et al., 

1977) the proportion of orthopyroxene given above must be considered 

a minimum value. Assuming that the orthopyroxene contained 1.5% Cao, 

the MgO content at which the projected ultramafic trend and the ortho-

pyroxene-olivine join,intercept can be found by solving the equations 

below:-

Cao = -0.5759 MgO + 23.417 (from Table 5-7) . (ultramafic komatiite trend) 

Cao( 1. . . . ) ·- -0.0882 MgO + 4.142 orthopyroxene-o ivine Join 

The·value of 38.97% MgO obtained indicates that olivine and orthopyrox-

.ene entered the melt in the ratio 35 : 65. From this MgO value and 

the regression equations in Table 5-7 the composition of the olivine-

orthopyroxene mixture entering the melt can be estimated (given in Table 

8-1). Assuming all the Tio
2

, Al
2
o

3
, Cao, Zr, Y, V, Ga and Sc in this 

composition were contributed by orthopyroxene:the contents of these 
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elements in the orthopyroxene (olivine orthopyroxene = 35 : 65) are 

given in Table 8-1. The Al
2
o

3 
content (3.3%) is sig~ificantly higher 

than the orthopyroxene in equilibrium with komatiitic liquids at l+O kb. 

(Bickle et al., 1977). 

Distribution coefficients calculated between the postulated orthc-

pyroxene and two extreme liquid compositions (24 and 33% MgO) are also 

given in Table 8-1. The vaiues for Ti, Zr, Y, V and Ga must vary from 

<l to >l as the MgO content of the melt increases from 24 to 33% • 

. n°~x/liq calculated from the data given in Bickle et al. (1977) is 0.0~ 
Ti 

significantly less than the required value. Le Ro ex (1930) has found 

Dopx/liq 
Zr in basaltic systems to be <0.01, much lower than the re-

quired value for this model. opx/liq D · . values for other elements (Y' 

V, Ga and Sc) are similar to those reported in the literature. 

Th 1 · 1 h' h opx/liq 1 · f · e re ative y ig D va ues required or Ti and Zr suggest 

the olivine-orthopyroxene melting model is unreasonable for the gener-

ation of the Barberton ultramafic komatiites. Bickle et al. (1977) 

have rejected the harzburgite residue model, as their calculations show. 

that 5% Al
2
o3 must occur in the residual orthopyroxene while the liquid

us orthopyroxenes (up to 40 kbs.) in their experiments only contained 

2% Al
2
o

3
. They also found that olivine and orthopyroxene did not occur 

together as liquidus phases at pressures up to 40 kbs. It therefore 

appears that at pressures of l+O kbs. or less the harzburgite melting 

model can be rejected. However, the question of whether ultrarnafic 

komatiites could have been generated by this mechanism at.higher pres-

sures and temperatures must remain open, as mineral compositions and 

distribution coefficients between melt and the residual minerals in 

stich a modt:l are unknown at present. 
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.GARNET. REMOVAL 

The high Ca0/A1
2
o3 ratios of the group II ultramafic komatiites 

from Barberton, particularly when compared .to similar rocks from other 

greenstone belts, has led to speculation about their Al
2
o

3 
depleted 

nature. Models of garnet settling (Mciver and Lenthal, 1973; Green, 

1975; Nesbitt and Sun, 1976; Sun and Nesbitt, 1978; Nesbitt et al., 1979) 

have been proposed. Cawthorn and Strong (1973) have suggested shallow

level melting of a layered mantle in which the clinopyroxene/garnet 

ratio decreases with depth. As both group I and II ultramafic komatiit

es (Table 5-3b) have high Ca0/Al
2
o

3 
ratios, if garnet loss processes 

were operative, then it must apply to both groups of lavas. 

In considering possible garnet removal processes in the generation 

of Barberton ultramafic komatiites,only the more abundant group II data 

will be discussed. Variations of the Ca0/Al
2
o

3 
ratio of the ultrama

fic komatiites (Table 5-3b) show that this ratio decreases regularly 

from 2. 5 at 24% MgO to 1. 2 at 33% MgO. This indicate-s that if garnet: 

loss was operative t.he low MgO lavas lost proportionately more garnet 

than the high MgO lavas. If garnet loss was able to produce a two

fold variation in the Ca0/A1
2
o3 ratio by selective removal of Al 2o3 , 

it would also be expected to produce equally large variations in the 

Al/Ti ratio. This however is not the case as all the group II ultra

~afic komatiites have Al/Ti ratios in the restricted range of 9.1 to 

9.9 (Table 5-3b). Garnet loss, either by removal during melting or by 

later crystallisation, is therefore considered improbable for developing 

the high Ca0/Al 2o3 ratios in ultramafic k~matiite magmas. 

As the Ca/Ti ratio in the same samples (Table·5-3b) shows a range 

from 31 to 16. it is considered more likely that a process ~ms operative 

that decreased the relative abundance .of Cao with increasing MgO content 
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of the magmas. An analogous process of relatively decreasing clino

pyroxene contribution with increasing MgO content could account for 

the Ca0/Al
2
o

3
, Al/Ti and Ca/Ti trends. Cawthorn and Strong (1974) 

have suggested that the clinopyroxene/garnet ratio in tile mantle de

creased with depth. This would imply that the higher MgO ultramafic 

magmas originated from greater depths than the lower MgO magmas. Other 

processes can also be envisaged, such as sequential melting in an up

welling diapir and removal of the first melts before 'clinopyroxene had 

been exhausted in the source, later melts having lower CaO contents 

relative to Al
2
o

3
• ·However, none of these processes is favoured as they 

would be expected to produce a more scattered CaO-MgO treryI than obs~rved 

(Fig. 5-8) or to yield lavas with different inter-element ratios (such 

as Al/Ti. or Ti/Zr) and REE patterns. 

MIXING HYPOTHESIS 

The intuitively reasonable models of olivine or olivine plus 

orthopyroxene control on the ultramafic magma compositions, do not 

account for the observed trends adequately. Cox (1978) has discussed 

possible processes that may be involved in the generation of high MgO 

liquids and has proposed mechanical mixing of melt and residual crystals 

to account for ultramafic magmas. He suggests that magmas initially 

form as crystal-rich mushes and become partly but unselectively separ

ated from their refractory residue. The incorporated residual crystals 

dissolve as the magmas rise to the surface. The geochemical trends 

developed in the lavas are mixing lines between the composition of the 

initial melt and the residual crystals. 

Bickle et al. (1977) have proposed a similar mcdel for the origin 

of the Belingwe ultramafic komatiites. Their model differs from that 
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·suggested by Cox (1978) in that they consider the initial melt incorp

orated overlying mantle material (garnet lherzolite) which was assim

ilated before extrusion. However, in either model the trends developed 

. in the ultramafic komatiite magmas represent mixing lines between ini

tial melt and incorporated solid. If the overlying mantle was of the 

same composition as that from which the initial melt was derived then 

the initial melt, range of magma compositions, initial mantle and 

residue must all have compositions that lie on the same mixing lines. 

It has been argue.cl in Chapter 5 that the trends developed in the 

group II ultramafic lavas (Fig. 5-8) are linear and although the scatter 

in some of the plots results in some uncertainty, the more cohe~ent 

trends fail on reasonably straight trends (e.g. CaO-MgO). These trends 

may therefore represent mixing lines between initial melt and assimilat

ed. solid material. If this is so, several processes could have given 

rise to the initial melt composition such as single or multi-stage melt

ing events. Similarly there are several possible compositions for the 

assimilated solid such as: residuum (Cox, 1978), garnet lherzolite 

(Bickle et al., 1977) or material of different composition to that which 

gave rise to the initial melt. 

As the phase relationships, depths and temperatures at which the 

ultramafic komatiite magmas originated are unknown, the possibilities 

listed above will be examined to illustrate which are more proba.ble. 

-It .. should be noted that the following interpretation is applicable to 

clry systems only. In Fig.· 8-4 the approximate fields occupied by group 

II ultramafic komatiites have been sketched onto the CS-MS-A (olivine 

projection) and c2s3-M
2
s-A

2
s

3 
(enstatite projection) planes. 

Assuming that the ultramafic magmas originated from a depth where 

garnet and clinopyroxene were stable,diagrannnatic phase boundaries have 
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been indicated as t·1ell. Assuming further that mixing of initial melt, 

with its source mantle composition (assumed to be gernet lherzolite) 

or residuum, gave rise to the range of ultramafic magma compositions, 

this mantle composition must iie on the extension of the ultramafic 

komatiite trend (point M chosen to illustrate the argument). With the 

ultramafic komatiite compositional fields and phase boundaries indicated 

in.Fig. 8-4,it would be expected that the mantle composition sho~ld lie 

on the clinopyroxene rich side of the join between the pseudo-invariant 

point to olivine (or orthopyroxene). Under these conditions garnet 

would be· exhausted in the residue, before clinopyroxene and melts with 

high Ca0/Al
2
o

3 
ratios could be developed. Initial melting of t.his 

mantle composition would result in liquid L and a residue somewhere 

along M-N. 

Once the melting of garnet was complete (residue at point N) con-

tinued melting would result in liquids along line L-P (and residue 

along N-D). It should be noted that the precise location of point N 

and the residues along N-O will depend on the extent of solid solution 

in the pyroxenes. Alt.hough the extent of solid solution would be ex-

pected to decrease with increased degree of melting, for simplicity, only 

one set of pyroxene compositions has been considered. 

Once clinopyroxene was exhausted in the residue (residue at 0) 

further melting would produce liquids along line P-M. Mixing of any 

liquids along L-P-M with corresponding residues along M-N-0 or initial 

mantle M,would give rise to lavas that plot in the shaded area. These 

possible lava compositions are quite distinct from the observed ultra-

mafic komatiite fields and imply that:-

(a) phase relationships were significantly different from those 

given in Fig. 8-4 (approximately the 30 kb. phase relationships 

from O'Hara, 1968), 
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or (b) the initial melt was derived from a different mantle 

composition to that which was assimilated, 

or (c) that single stage melting and mixing models are not applicable. 

In considering possibility (a) above, if the pseudo-invariant point 

was significantly displaced towards the clinopyroxene rich side than 

that given in Fig. 8-4, it would-be possible to produce ultramafic 

komatiite mci.grnas in a single stage melting and mixing event. For this 

to be possible the pseudo-invariant point, range -of ultramafic komatiite 

compositions and initial mantle must all lie on the same line. Under 

these conditions,melts produced at the invariant point would give rise 

to residues that plotted along the back projection of the line dis

cussed above. Mixing of initial melt with overlying mantle or residual 

crystals (as s'uggested by Cox, 1978) would give rise to magmas that 

·lay along the same line and therefore in principle could give rise to 

the range of ult~amafic komatiite lavas observed. However, this model 

does imply phase boundaries significantly different from those given 

in O'Hara (1968) and until detailed high pressure phase relation~ips 

are at hand for group II ultramafic komatiite compositions, this option 

cannot be discounted. 

The possibility (b) above, that the initial liquid was generated 

from a mantle composition different to that which was later assimilated, 

is considered unlikely. This is because different mantle compositions 

would also be expected to have different Al/Ti, Ti/Zr etc. ratios and 

a systematic change of these ratios with increasing MgO content of 

the lavas would be expected. No systematic changes of the Al/Ti ratio 

with increasing MgO content are observed for the group I or II ultra

mafic komatiites. 
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Assuming that the phase relationships are approximately correct 

and that only one mantle composition we.s involved in the production 

of each komatiite type, then a two stage melting-mixing model can be 

developed (Fig. 8-5) that can in principle account.for the group II 

ultramafic komatiite compositions. Here mantle of composition M 

melts to produce liquid L and a residue somewhere alorig M-N. If at 

. this point som~ of the liquid was removed, the bulk·composition of the 

remaining liquid plus residue would lie along M-N (point Q chosen to 

illustrate the argument further). Additional melting of the residue 
~ 

would produce liquids at L (if garnet had not been exhausted in the 

residue) or along L-P, if the residue from the previous melting episode 

lay at point N. Once clinopyroxene had been exhausted in the source 

further melting would produce liquids along line P-Q. 

If liquids close to point P along the melting path were extracted 

and assimilated variable amounts of overlying mantle (of composition 

M), lava compositions could be produced along P-M,i.e. along the ob-

served ultramafic komatiite trend. In principle any compositions in 

the fields L-P-Q and Q-N-O could be produced by mixing the range of 

liquids with initial mantle M or corresponding residue. 

This two stage melting-mixing model can explain many of the 

features of the group II Onverwacht lavas. Provided some of the liquid 

L (Fig. 8-5) was removed at the stage·when garnet had just completely 

entered the melt, this liquid could be a precursor to the group II 

tholeiitic basalts. It would have similar REE patterns to the initial 

source material and the bulk of the other .. incompatible elements such 

as Ti and Zr as well as Al 2o3.(as garnet·was exhausted in the eource)> 

would be expected to be in this melt. Further melting would give rise 

to liquids along L-P which would have similar REE patterns to the 
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extracted magma L as Dmineral/liq for olivine, orthopyroxene, and 
REE 

clinopyroxene are all significantly less than 1 (e.g. see co:npilation 

of REE distribution coefficients in Frey et al., 1978). The rnelts 

along L-P (and at point P) would have similar Al/Ti and Ti/Zr ratios 

as the extracted melt L and the initial source M,but higher Ca/Ti 

ratios than either Lor M. Mixing of melt P with mantle M would not· 

alter the Al/Ti ratio but would decrease the Ca/Ti (and Ca0/Al
2
o

3
) 

ratio with increasing MgO content of the mixture. These features 

are consistent with the o.bserved elemen.t variations in the group II 

ultramafic lavas. 

The success of this model hinges around whether melts close to 

point P could be extracted and mixed with overlying mantle as melts 

on either side of P (i.e. along L-P or P-Q) would tend to blur the 

mixing trends. Mysen and Kushiro (1977) have shown that melting 

curves (T0 c versus % melt) of the ultramafic nodule PHN-1611 show a 

sharp increase in temperature for increased degree of melting (at 

20 and 35 kb) once clinopyroxene had been exhausted and olivine and 

orthopyroxene remained as residual phases. Once liquids had evolved 

to point P (Fig. 8-5) clinopyroxene would have been exhausted in the 

residue and from the melting curves given in Mysen and Kushiro (1977), 

there would have to be a marked increase in temperature (or decrease 

in pressure) before additional melting could form liquids along P-Q. 

Therefore liquids a~ound point P could possibly e~isi over a relative-

ly large range of temperatures (or pressure changes) without under,,. 

going much change of composition, and consequently the better the 

chances of these liquids being extracted from the residuum. 

In sumrr.ary the m'ixing model that is preferred for the generation 

of the group II ultramafic komatiites,was a two stage melting and 
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mixing pr~cess. The first stage was melting of initial mantle until 

garnet was exhausted in the source. The composition of this melt is 

located at the invariant point relevant to the pressure of melting. 

At this point a portion of the liquid was removed (possibly being 

the precursor magma to the group II tholeiitic basalts) and a secor.d 

stage of melting connnenced until clinopyroxene had been exhausted in 

the residue. This melt was partly or completely extracted from the 

refractory residuum (olivine .snd orthopyroxene) and assimilated vary

ing amounts of overlying mantle as it rose to the surface. Two assumpt

ions have been incorporated into this model, the first being that the 

, source composition was a garnet lherzolite at the depth and temperature 

·of melting. Although not considered here, models can be constructed 

for garnet free systems. The second assumption is that high pressure 

phase boundaries given in O'Hara (1968) for dry systems are approximate

ly correct (i.e. the pseudo-invariant point lies on the garnet rich 

side of the ultramafic komatiite fields given in Fig. 8-5). Similar 

models can be constructed for the group I ultramafic komatiit:es, but 

because of the limited data for this rock type from the Onverwacht Group, 

they are not considered here. 

In Table 8-2 estimates have been made of the amount of material 

that must be assimilated by the initial melt in order to generate the 

observed range of ultramafic komatiite compositions. MgO contents 

of the initial melt (18 and 24% MgO) and the assimilated solid (38 and. 

42% MgO) have been assumed. Under these conditions the amount of· 

material that must be assimilated varies between 0 and 75 wt.%. Bickle 

et al. (1977) have considered the energy budget for assimilation of 

garnet lherzolite (42% ;·1g0) into a liquid ( 24% MgO). According to 

their calculations 45 wt.% garnet lherzolite incorporated into the 
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liquid at a depth of 100 kms. would have dissolved before the magma 

reached the surface, provided that the heat lost to the surroundings 

was no more than heating due to release of gravitational energy into 

the melt. Whether assimilation of up to 75 wt.% solid is possible 

will depend in part, on how hot the material was, the depth at which 

it was incorporated and how quickly it was decompressed. Combinations 

in Table 8-2 that suggest between 0 and 50 wt.% assimilation,would 

seem to be reasonable from the data given by Bickle et al. (1977). 

MANTLE COMPOSITIONS 

It has been noted earlier that if the mixing hypothesis is 

correct then the initial melt~ range of magma compositions and assim

ilated solid must lie on the same mixing lines. These mixing lines 

are defined by the trends developed in the ultramafic magmas. In 

Fig. 8-6 the trends developed in group I and II ultramafic komatiites 

have been projected to higher MgO values. Assuming the mixing hypo-

' thesis to be correc~ the composition of the assimilated solid must 

lie on these projections. 

The MgO content of the assimilated solid f~r the group II ultra

mafic magmas must lie between 33% (highest Mgb ultramaf ic komatiite 

lava that represents a liquid composition) and 40.67% MgO (CaO-MgO 

trend intercepts the MgO axis at this value) while the assimilated 

solid forming the group I ultramafic magmas could lie between 

~3% and ~50% MgO. As the composition of this assimilated solid 

could be overlying mantle, som~ proposed mantle compositions or ranges 

of compositions have been plotted on these diagrams. 

Maal/e and Aoki (1977). have computed regression equations for 

lherzolites from different areas using many hundreds of analyses in 
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some cases. The trends of their three categories of lherzolite are 

also shown on Fig. 8-6. In general the projections from the 

ultramafic komatiites trends pass through or close to the suggested 

mantle compositions. However, in detail most mantle estimates are 

too low in Fe to be suitable source material for the gr0up II ultra-

-mafic komatiites, except for some garnet lherzolites,such as the well 

known sheared nodule PHN-1611 (Nixon and Boyd, 1973) from Thaba Putsoa, 

Lesotho. In Table 8-3 possible mantle compositions have been cal

culated for the group II ultramafic komatiites (using the regression 

equations given in Table 5-7) assuming MgO contents of 38 and 39% MgO. 

The major element composition of PHN-1611 and the postulated 38% MgO 

mantle (group II) agree well,except for higher Cao in the former. 

Meyer (1977) has suggested that sheared xenoliths .:ire representative 

of primary undifferentiated mantle. Hant le material of similar 

major element composition to the sheared nodule PHN-1611 would be 

suitable source material for the group II ultra'mafic komatiites, at 

1 least for major elements. 

~The projected trends of the group I ultramafic komatiites · 

are based on two analyses and, as noted previously, any conclusions 

-regarding source compositions for these lavas, are poorly constrained. 

However, several suggested mantle compositions appear to be suitable 

source material for the group I ultramafic komatii.tes. The trends 

obtained by Maal¢e and Aoki (1977) for continental spinel lherzolites 

(CSL) closely parallel the projected trendsof the group I 

ultramafic komatiites. The FeO-MgO CSL trend intersects the group I 

ultramafic !c:omatiite trend at 38% MgO and possible mantle compositions 

have been calculated f6r both CSL and group I ultramafic komati{tes 

(Table 8-3) with MgO contents of 38%. These compositions agree well, 
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except for higher Al 2o3 and lower Ni in the postulated CSL mantle. 

More refractory nodule compos.itions plot close to the pro

jected group I trends, such as the average Premier coarse garnet 

lherzolite (APCGL) obtained by Danchin (1979). In a<:ldi tion the re

gression trends for African garnet lherzolites (AGL) of Maal1e 

and'Aoki (1977) intersect the projected group I ultramafic komatiite 

trends at higher MgO values; Another possible mantle composition 

for the group I ultramafic komatiites has been calculated with 42% 

MgO and compared with .APCGL (Danchin, 1979) and 42% MgO AGL calculated 

from regression equations given in Maal,!e and Aoki (1977). The three 

compositions all have very similar major element contents except for 

the higher Ni in the calculated source from the group I ultramafic 

koroatiite data. 

It therefore appears that if the ultramafic komatiites were 

generated by a mixing process as previously outline~ suitable source 

compositions, at least for the major elements, for both group I and II 

lavas,occur in the mantle. However, it should be noted that of the 

vast suite of mantle derived nodule compositions available in the 

literature, the majority are not suitable source material because of 

their depleted nature, particularly for crucial elements such as Ca, 

Na, Al and K. Source compositions for the group I ultramafic koma

tiites could either be relatively fertile (38% MgO) or depleted (42% 

MgO). If the group I ultramafic komatiites had been derived from 

depleted source compositions, they might be expected to show light 

REE depleted patterns which is not the case for the Onverwacht lavas. 

(See Chapter 7). On the other hand, komatiites such as those from Munro 

Township (Arth et al., 1977) do have light REE depleted patterns and 

therefore could possibly be derived from depleted source compositions 

as suggested by Arndt (1977c). 
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Before leaving this section it is of interest to compare the 

two mantle source compositions proposed for the ultramafic komatiites 

from the Onverwacht. In Table 8-3 possible source compositions for 

the group I and II lavas have been calculated at 38% MgO. The dif

ferences in major element abundances are small except for lower 

(roughly half) CaO and Cr2o3 
contents in the group II source. In the 

trace elements the main differences are higher Zr, Y and Cc in the 

group II source. .In general, however, the compositional differences 

are small and would require careful analysis of potentially suitable 

mantle-derived material if the two postulated source compositions 

are to be identified. 

8-3 . MAFIC KOMATIITES 

In Chapter 6 the origin of mafic komatiites has been considered 

in detail and variations in composition for the group II mafic koma

tiites were accounted for by the fractionation of olivine, followed 

by olivine plus clinopyroxene from an ultramafic parent liquid. 

Partial melting,processes,however, have not been discounted as a 

possible alternative mechanism for obtaining the range of mafic 

·komatiite compositions. In the discussion below, processes that 

may have generated the composition of the group II mafic komatiites, 

are considered with reference to projections from mineral composit

ions in CMAS space (O'Hara, 1968). 

The projection from en.statite mto the M
2

S-A
2
s

3
-c

2
s

3 
plane (Fig. 

8-8) and from olivine onto the MS-A-CS plane (Fig. 8-7) show that 

the high-Mg mafic komatiites could be derived from the range of 

ultr.smafic komatiites by fractionation of olivine. Although from 

these diagrams fractionation of minor amounts of orthopyroxene cannot 
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be discounted, major and trace element modelling (Chapter 6) of the 

high-Mg mafic komatiites indicates that it was not an e$sential 

fractionating phase from these lavas. The low-Mg mafic komatiites 

-
plot around or close to the one atmosphere phase boundaries between 

orthopyroxene-clinopyroxene (Fig. 8-7) and olivine-clinopyroxene 

(Fig. 8-8). This indicates a low pressure origin.for the iow-Mg 

mafic komatiites. Fractionation of olivine followed by olivine plus 

clinopyroxene to obtain the low-Mg mafic komatiites from an ultramafic 

parent liquid,is consistent with the major and trace element data 

(see Chapter 6) and the. projection from orthopyroxene (Fig. 8-8). 

The projection from olivine (Fig. 8-7) however indicates that some 

orthopyroxene was also involved although no orthopyroxene has been 

observed in the low-Mg mafic komatiite lavas. However, small amounts 

of orthopyroxene cannot be discounted by the geochemical data of the 

low-Mg mafic komatiites due to the scatter in the plots (see Chapter 

6). 

Provided the pha~e boundaries delineated at different pressures 

by O'Hara (1968) are valid for komatiite compositions, partial melt-

ing processes for the origin of mafic komatiites up to 30 kbs. are 

considered unlikely. It is therefore concluded that the composition 

of the low-Mg mafic komatiites was controlled by low pressure olivine 

and clinopyroxene (small amounts of orthopyroxene fractionation ca.n-

not be discounted) fractionation,ultimately from an ultramafic magma. 

It is further suggested that olivine fr.actionation f'rom an ultramafic · 

magma at low pressures generated the high-Mg mafic komatiites as an 

intermediate 3tep in the above fractionation process. Polybaric 

fractionation of olivine plus orthopyroxcne does not appear to have 

been a major process in the development of the mafic komatiite 
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compositions, as no mafic komatiites plot on the 20 to 30 kb. side 

of the one atmosphere phase boundaries in Fig. 8-7. 

High-Mg mafic komatiites that have been assigned to the group 

I rock type (Chapter 7) show no obvious crystal fractionation relat

ionships to the group I ultramafic komatiites (see Fig. 6-5). Lower 

MgO komatiite lavas belonging to group I appear to be lacking except 

for one porphyritic low-Mg mafic komatiite HSS-6 (Table 6-5a and 

6-5b). The fractionation o~ olivine plus clinopyroxene has been 

suggested (Chapter 6) as a possible mechanism for obtaining the range 

of compositions of the group I high-Mg mafic komatiites. However, 

the projec;tion from diopside into the c
3
A-M-S plane suggests that 

orthopyroxene (plus clinopyroxene) may have played a significant 

role in the derivation of these lavas. Further speculation on the 

origin of the group I high-Mg mafic komatiites is not warranted at 

present and the development of more detailed models for their petro

genes1s must await the acquisiticn of additional data. 

8-4 THOLEIITIC BASALTS 

In Chapter 7 it has, been argued on the basis of certain inter

element ratios, that the high-Ti tholeiites and the group II ultramafic 

komatiites have been derived from the same source composition. · 

Similar conclusions were reached for the low-Ti tholeiites and the 

group I ultramafic komatiites. Assuming this to be correct the 

mantle compositions calculated for the group I and II ultramafic 

komatiites should be the same as that for the relevant tholeiite 

type. If the group I and II tholeiites represent unmodified partial 

melts of their source material, then F (the degree of melting) can be 

estimated from the elements that are considered incompatible 
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(C
0

/C1 "'F, Arth, 1976) in likely residual phases. In Table 8-4 

estimates of F have been calculated from the Ti, Al, Zr, Y and Ga 

data in group I and II tholeiites ar.~ their respective source com-

positions (assumed to be the 38% MgO compositions given in Table 

8-3). The degree of melting is consistent for all the elements 

and indicates that the tholeiites represent 17 - 18% partial melts 

of their source material. 

Basalts that have been derived directly from the mantle where 

they were in equilibrium with residual olivine should have Mg num-

2+ 
hers (atomic 100 Mg/(Mg+Fe ) in the range 68 -72 (e.g. Duncan and 

Erlank, 1979). The Mg numbers calculated for the group I tholeiites 

(average= 64) and group II thoeliites'(average = 51) indicate 

that these lavas are not primary melt compositions but have been 

compositionally modified before extrusion. The degrees of melting 

calculated above must therefore be considered minimum values. The 

projections from olivine (Fig. 8-7)l orthopyroxene (Fig. 8-8) and 

clinopyroxene (Fig. 8-9) indicate that fractionation of olivine, 

orthopyroxene and clinopyroxene may have modified the composition 

of the primary tholeiitic magmas before they were·extruded. 

In Chapter 7 it was suggested that the lower Ca/Ti ratios 

found in the group II tholeiites compared to the ultramafic koma-

tiites were due to clinopyroxene remaining as a residual phase after 

the melting event that generated the tholeiitic magmas. The low 

Ca/Ti ratios in the tholeiitic lavas could also be due to fraction-

ation of clinopyroxene from the primary magma as.it rose to the 

surface. 

The crystallisation.and settling of olivine, orthopyroxene 

and clinopyroxene from primary tholeiitic magmas would have little 
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effect on inter-element ratios such as Al/Ti or Ti/Zr as these 

elements are preferentially partitioned into the liquid. Therefore, 

although it appears likely that the tholeiitic lavas represent ,modified 

mantle-derived melts, the similarity of inter-element ratios between 

group I ultramafic komatiites and tholeii~es and between group II 

ultramafic komatiites and tholeiites,nevertheless indicates that the 

tholeiites \'lerc derived from similar scul."ce compositions as their 

respective type of ultramafic komatiite. It was suggested earlier in 

this Chapter that the first melt extracted in the two stage melting-

mixing model, could possibly represent the precursor magma of the 

tholeiitic basalts. Although speculative,.this model would account 

for the similarity of the inter-element relationships between the 

ultramafic komatiites and the relevant tholeiitic basalt types. 

8-5 CONCLUSIONS 

In considering possible processes of petrogenesis of the koma-

tiitic lavas from the Onverwacht,many problems have been pinpointed 

and clearly further work on the freshest available material is required. 

However, some of the models investigated could possibly account for 

the range of magma compositions and these are sununarised below,aithough 

some mechanisms are considered more likely than others. 

ULTRAMAFIC KOMATIITES. 

(a) Olivine control developed 1either by melting processes 

(into lower MgO liquids) or subsequent crystallisation 

from the magmas (from higher MgO liquids), is compatible 

with range of group I ultramafic komatiite lava composit-

ions,but not the group II ultramafic kcmatiites. It is . ' 
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however considered probable that both group I and II 

ultramafic komatiite magmas were generated by the same 

process but that different source compositions were 

involved. 

(b) Olivine plus orthopyroxene fractionation is considered 

an unlikely mechanism for generating the group II ultra

mafic komatiite magmas at pressures <40 kb. This possi

bility cannot be discounted for higher pressures (>40 kb.), 

as information on mineral compositions or distribution 

coefficients are not yet available. 

(c) Mixing processes are considered the most probable method 

for generating the ultramafic komatiite magmas. The 

preferred mechanism involves an initial stage of melting 

(until garnet was exhausted in the residue) and extract

ion of a portion of this first melt, followed by a second 

stage of melting (until clinopyroxene was exhausted in 

the residue). ·some of this second melt was extracted 

and assimilated variable amounts of overlying mantle, 

giving rise to a range of ultramafic lava compositions. 

A model, involving a. single stage of melt.ing and mixing 

this melt, either with residuum. (Cox, 1978) or overlying 

lnantle (Bickle et al., 1977),cannot be discounted if 

phase boundaries for ultramafic komatiites are significant

ly different to those given by O'Hara (1968). 

MAFIC KOMATIITES 

(a) The group II high-Mg mafic komatiites and basic low-Mg 



- 219 -

mafic komatiites were derived by olivine fractionation 

from an ultramafic magma. 

(b) Further olivine plus clinopyroxene fractionation 

generated the evolved low-Mg mafic komatiites. 

Projections in CMAS space indicate that minor 

amounts of orthopyroxene were also involved and 

that the low-Mg maf ic komatiites wert derived 

at low pressures. 

· (c) The origin of the group I high-Mg mafic komatiites 

remains a problem and additional data on this group 

of rocks are required before reasonable petrogenetic 

models can be developed. 

THOLEIITIC BASALTS 

(a) The group II tholeiitic basalts were derived from 

source material similar in composition to that from 

whic~ the group II ultramafic komatiites were derived. 

Olivine and pyroxene fractionated from these primary 

tholeiitic magmas before the lavas were extruded. 

(b) Group I tholeiitic basalts were derived from similar 

source material to the group I ultramafic komatiites, 

These primary tholeiitic magmas however may have 

crystallised olivine before being extruded. 

MANTLE COMPOSITIONS 

(a) Suitable source material can be identified from 

available mantle-derived nodule compositions for 
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both group I and II lavas, although it is noted 

that suitable coi:npositions are rare. 

The ree.sons why volumes of mantle material undergo partial 

melting to produce magmas is an intriguing problem. It has been 

suggested (e.g. Green, 1975; Nesbitt and Sun, 1976; Arndt, 1977c; 

Bickle et al., 1977; Weaver and Tarney, 1979) that mantle diapirs 

from which ultramafic komatiites were derived rose from depths as 

great as 300 - 400 kms .. The depth at which melting began and the 

depths at which separation of magma from residuum took place could 

- con-ceivably be at much greater pressures than the currently available 

experimental data. The models outlined above for the generation 

. of the Barberton greenstone bzlt lavas must be considered as tentative, 

until phase relationships, mineral compositions, melting relationships 

and distribution coefficients have been studied at much higher 

pressures. 

·FINAL . COMMENT 

Slightly more than a decade has elapsed since Richard and Morris 

Viljoen published their exciting results of wo~k carried out on the 

Barberton greenstone belt. Their work has proved to be a milestone 

(greenschist facies!)in the development of Archaean geology and 

geochemistry. The vast quantities of research stimulated by the 

discovery of kcmatiites is evidenced by the rapidly growing piles 

of reprints and preprints, dealing with all aspects of the existence 

of komatiites, accumulating on the desks of Archaean geologists and 

geochemists. Clearly research into the Barberton greenstone belt, 

the birthplace of komatiites, should be kept abreast of advancements 
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being made in the knowledge of greenstone belt evolution in other 

countries. Of course, additional data are always required to further 

develop and test models proposed for the generation and evolution of 

lavas and in this respect Barberton is no exception. However, in 

the case of the ultramafic lavas from the LUU there is some urgency 

attached to clearly establishing the effects of alter~tion and meta

morphj_sm on the geochemical trends in these lavas. REE data on a 

suite of selected lavas, of all types, from the LUU would also be a 

valuable addition to the geochemical data set. The LUU only forms 

half of the Onverwacht volcanic pile and detailed investigations 

into the geochemistry of the Upper Mafic to Felsic Unit are also 

required.' Apart from the volcanic rocks, the Barberton greenstone 

belt consists of sedimentary sequences and surrounding granitic 

intrusions. Numerous aspects of this interesting terrain are current

ly being investigated or still remain to be researched in the years 

to come. 
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