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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 preserved
relict grains and from the secondary mineral assemblages. 1In 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 fractionationbprocesses 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 analyticzal error (%2 standard deviatioms). 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: Te, 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 inlchromite),
or by théAforﬁation of secondary mineral phases (e.g. Ca, Fe and Ga in
epidote). It is considered that these elements can be used for imter-
preting the igneous processes that have affected the 1aVas, provided
samples selected for analysis show good preservatiqn‘of their igneous
textures, contain some relict igneous minerals and do not contain abundant
‘amounts of secondary minerals such as.epidote'or chlorite. Large variat-

jons in the concentrations of the elements Na, X, 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. S and 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 Fermation 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 analyéed, the
first, a 3.1 m thick spinifex textured ultramafic flow and the seccn&,

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, bzfore
the flow solidified. Variations of composition in the mafic flow (12-19%
Mg0O) 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 fractionétion processes before
solidification,villustrates the importance of selectihg phenocryst free
samples for classification purposes, to ensure that geochemical para-
meters (e.g. Ca0/Al,03) have not been accentuated by the accumulation
of pheﬁocryst 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 coumon parameters used for defining the rocks, épch 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 manyisamples from the Bar-
berton greenstone belt) have CaG/Al,03 ratios >1. 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 propcsed, which is simpler than the five fold division
proposed originally by Viljoen and Viljoen (196%9c). 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% Mg0O) which incofporate the
Komati Formation and Sandspruit Formation peridotitic

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

b) High-Mg Mafic Komatiites (19-24%Z MgO) which are approximately
equivalent to the Geluk type of basaltic komatiites of
Viljoen and Viljoen (196%c).

¢) Low-Mg Mafic Komatiites (8-167% Mg0O) which incorporate the
Barberton and Badplaas types of basaltic komatiites of

Viljoen and Viljoen (1969¢).

Tholeiitic basalts are readily distinguished from komatiites in the
LUU, as komatiites generally contain 512% Al,03 and 2600 ppm Cr, while
the tholeiites contain »13.5% Al,03 and <300 ppm Cr.

A Two groups of ultramafic komat;:tﬁs have been identified from the

LUU. The group I 1avas are rare and characterized by Al/Ti ratios of
20, vhile the group II lavas are common and characterized by Al/Ti ratios
of 10. Certain major and trace element trends (e.g. Ca0-MgC) displayed
by the group II aphyric lavas (aphyric samples are considered to represent
phenOC1yst free magma compositions) indicate that olivine qlfferentlatlon,
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% Mg0O) have compositional
trends that are compatible with differentiation of olivine alone, either
by melting processes in the mantle or by the crystallisation and settiing
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 accumulaticn. Calculations
of viscosities and phenocryst settling rates suggest that olivine pheno-
crysts could have settled through stationary ultramafic liguids with
“velocities in the order of m/hour. These rapid settling rates provide an
adequate mechanism for obtaining the porphyritic rocks in the flecws and
sills by olivine-accumulation. N _

Comparison of key geochemical trends developed in the LUU ultramafic
komatiites with similar lavas from other greenstone belts (Belingwe,

Western Australia and Munro Township) shows that both group I and II lavas
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from the LUU are depleted in Al,03 but have similar Ca0 contents to the
lavas from these other areas.:,Thé CaO-MgO trénd 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 Bglingwe and Western Australia lavas. On the other hand the
LUU group I lavas have a similar Ca0-Mg0O 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 phenmocryst phase in all the mafic komatiites. Second-
ly, no lavas with Mg0 contents in the range n16 to v19% 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

the ultramafic magmas by procesées of crystal fraétioﬁation. 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, ard in principal could account for the observed range of
mafic komatiite compositions and foughly 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 V14 to &242_
Mg0O should be relatively scarce.

The porphyritic low-Mg mafic komatiiteé have compositions consistent
with their derivation from the aphyric magmas by eclivine and/or clino-
pyroxene accumulation. In order to account for the high CaC contents and
Ca0/Al1,03 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 komatiites, 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.

Three disti%ct types of tholeiitic basalts have been identified in

the Onverwacht Group volcanics:-

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

to the group I uitramafic 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 boninite 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 ultremafic 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 REE enriched patterns. Similar inter-element ratios
and REE patterns to the Onverwacht group II rocks are also found in lavas
from the Scotiz 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 bcundaries 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 (aé 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
stage, provided garnet bad beén depleted in the residue. Neither of the
two groups of tholeiites represent unmodified mantle derived melts, but
they probably crystallised olivine and/or clinbpyroxene before being

extruded.
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CHAPTER 1.

THE GENERAL GEOLGGY AND "GEGCHEMISTRY
OF ARCHAEAN GREENSTONE BELTS

INTRCDUCTION

The Barberton Mountain Land occurring in the eastern Transvaal

lowveld (South Africa) incorporates most cf the geology and outcrop

. of the Swaziland Sequence commonly known as the Barberton greenstone

belt. This area has contributed significantly to our understanding

of the geology and.geocﬁeﬁistry of Archaean granite“greenstoneAbelts

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

relatively well preserved. From the detailed field and geochemical

i

evidence that has'accumulated, the Barberton greenstone belt has been

used as a model for the development and evolution of the early crust

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

1971a,b). Much of the interest displayed in these belts can be ascribed

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

1969h; Anhaeusser, 1972, 1976a; Watson, 1976), as well as for obtain-
ing information éu the compositicen and evolution of the early crust

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-azlkaline rocks richer in MgO.thén
basalts had previously Seeh recorded.‘Drever and Johnson, 1957, 1%66;
Gass, 1958; Drever et al., 1961) the discovery of. the high magnesium
lavas from the Archaean greenstone belts appears to have had much more .

impact for stimulating research on ultramafic lavas. High magnesium
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mafic and ultramafic lavas have now been recorded from ﬁany other
greénstone belts (e,g. from'SQutﬁ Africa; Rhodesié, Caﬁada,'Aﬁstrélia,
India and Russia) énd rocks corresponding to méfig»komatiites in com~
posifion have been found in younger tectenic environments, although

so far ultramafic komatiite lavas appear to be confined to the Archaean
greenstone belts (Brooks and Hart, 1974).

‘This thcsis is predominantly concerned with the petrography and
geochemistry of the ultramafic and mafic iavas from the 1owér Formations
of the Swaziland Sequence outcropping in the Barberton Mountain Land.
This area was chosenvfor 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 also discussed.

‘The aims, objectives, ~ ‘the methods employed for this work and the

layout of this thesis are discussed in the final section.

GEOLOGY 'OF 'THE BARBERTON "'GREENSTONE 'BELT

The Barberton greenstone belt occurs on the Kaapvaal craton (as
defined by Anhaeusser et al., 1969) and has been strongly folded and sub-
jected to regional greenschist facies metamorphism. Locaily a thin

aureole of amphibolite or granulite facies metamorphism ig deveiu

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 are 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 méferiai, forming‘the Fig Tree Group,‘and fhe
uppér,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 sectioms.

ONVERWACHT GROUP

bescriptions of the volcanics from the Onverwacht Group are
readily available in the literature (e.g. Anhaeusser'et al., 1§68,
1969; Viljoen and Viljoen, 1969a,b,c,d,e, 1970a; Anhaeusser, 1971a,b; -
Viljoen and Viljoen, 1971; Allsopp et al., 1973; Anhéeusser, 1973,
..1976a; Williams and Furnell, 1979), and these references shculd be
consulted forrmore detailed aécounts of the geology of this area than
will be given here. The Onverwacht volcanic rocks attain a thick-
ness of over 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 (Viijoen and Viljoen, 1969a,c,d,e). Starting
with the oldest, these Formations are called the Sandspruit, Theespruit,
Komati, Hooggenoeg, Krombefg and Swartkoppié. The>three lower Form-
ations arevcolléctively termed the Lower Ultramafic Unit (LUU) and the
three upper Formatioﬁé are referréd to as the Upper Mafic-Felsic Unit
(UMFU). Anhaeusser (1975) has re-named these two units 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 pfedominantly of ultramafic

and mafic komatiite rocks often distinguishable as pillows and lava



flows. Well preserved igneous textures have played an important role
“in - understanding the primary nature of the ultramafic lavas. Tho-
leiitic basalts, while preéen;,are.relatively rare, and acidic volcanic
material cccurs as felsic tuffs in the Theespruit Formation and very
rarely as pillows in the Komati Formation. Sedimeﬁtary 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 Fecrmation. The Komati Fofmation is capped by a persistant
sedimentary horizon termed the Middle Markér. This horizon is believed
to represent a time break between Qolcanisﬁ forming the Lower Ultr;-
mafic Unit and the onset of volcanism of the Upper Mafic-Felsichnit
(Viljoen and Viljoen, 1969a). “

The Sandspruit Formation occurs mainly as xenolithic blocks-
detached from the Theespruit fofmation by enveloping tonélitic granite
and an unknown amount of the stratiograpﬁic—section may have been
eliminated frbm the base cof the Sasndspruit Formation. The upper two
Formations of the lower Ultramafic Unit crop outaround the whole belt,
but attain their best development in the southern aﬁd south-eastern
areas, where the type sections for these Formations have been‘éstab-.
lished (?iljoen and Viljoen, 1969a). The Jamestown schist belt extends
out on the north west flank of. the Barberton greenstone belt and has
been described in detail by Anhaecusser (1972). This belt which con-
sists mainly of mafic and ultramafic rocks has been correlated with
the Theespruit and Komati Formations. The rocks have been extensive-
ly deformed, metamorphosed and generally are noct as well_preserved
as the lavas from the type areas of the above Formations. 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 Formations.



The Formations of the Upper Mafic-Felsic Unit crop out above
the Middle Marker, and are eharacterised 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 tﬁe volcanism (Viljoen and
Viljoen, 196%a,e; Anhaeusser, i971a), grading from tholeiitic lavas
at the base through to dacite-rhyodacitelavas at the top. Each cycle
.is often terminated by a chert horizon. VThe basaltic component of
each cycle generally becomes progressively thinner and the chert com-
ponent thicker, from the lowest to the upperﬁost cycle in the Hoogge-
noeg qumation. The basaltic base of many of éhe cycles also contain
sill~like sheets of ultramafic matefial, which have differentiated
into a lower peridotite zone and an uppef pyroxenitic zone. The top
of the Hooggenoeg Formation is marked by a thick (&150 m.) felsic
volcanic and Eyroclastic horizon capped By chert (Viljcen 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 essentiallyvof the same rock types as occur in
the Hooggenoeg Formation but with less well developed cyclic nature.
The Swartkoppie Formation (also spelt Zwartkoppie) occurs at the top
of ehe 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 |
wine in Swazilapd and the Msauli mine in the Trapsvaal (Viljoen and

Viljoen, 1969e,h). Ultramafic rocks and material of basaltic komatiite



; composition,while much iess abundant than in the three lowest form-
ations, do occur in the Upper Mafic-Felsic Unit. As.already mentioned
theyscopefof this work has mainly begn limited to the Lower Ultramafic
Unit, however some samples of the lavas from the Upper Mafic-Fel:sic

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

FIG TREE AND MOODIES GROUPS

The Fig Tree Group conforﬁably overlies the Onverwacht volcanics
and has been subdividéd 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 ﬁarrow bands of
che:t 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 developéd known locally as the Consort Bar, aloung
which much of the gold mineralization has been located in the Sheba
hills area’(Anhaeusser, 1972). The overlying Belvue Road Formation
conéists of cherts, sandy shalés, trachytic tuffs and fine grained
shales. The uppér most Schoongezicht Formation consists of tuffs,
agglomerates and trachytic lavas. Anhaeusser (1976c) has compiled
a detailed map of the Fig Tree and Mbodies Groups in the mineralized
area around the Eureka Syncline.

Danchin (1567) has shown that the shales from the Fig Tree Group
are enriched in Cr and Ni and suggests an ultramafic rich source
area for these sediments. Condie et al. (1970) have noted a similar
enricﬁment iﬁ the greywackes from the-Sheba Formation andbhave on
the basis cf texture and chemistry suggested a mixed source areca of

chert, volcanics, granitic and metamorphic rocks.



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 basaltic lava horizon and several jaspilitic iron;_
formations also occur. The éedimentary structufes together with
conglomerate horizons has led Anhaeusser (1976c) fo suggest a high
energy, shallow water depositional environment for most of the
~Moodies succession. Eriksson (1978) considers that the Moodies
.Group sediments'gccumulated in diverse alluvial and marginal marine
depositional environments and that the mineralogy of the fluvial
sediments is indicative of an anoxygenié atmosphere at the time of
their deposition. The chert horizons developed sporadically through
most of tlie stratigraphy of the Swaziland Sequence have assumed
great importance, és they contaiu.traces of.compleonrganic 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 witﬁin.the Komati Formation (Viljoen and Viljoen, 1969h, 1970b;
Anhaeusser, 1975 ). The magmas forming these bodies are believed
to have been intruded penecontemporareously with the mafic and ultra-
mafic lavas. Viljoen and Viljoen (1969a,h, 1970b) hava classified
these bodies into different types oﬂ the basis of their different-
iation products. Generally they consist of cyclic repetitions of

dunité, harzburgite, peridotite, pyroxenite, gabbro, norite and
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anorthosite (Anhaeusser, 1375.). : Monomineralic 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

anq Viljoen (1970b) have computed bulk compositiops of the Ship Hill
and Koedoe bodies. The presumed parental magma,aé represented by
these bulk compositions, is similar to the average compositionvof
the ultramafic extrusives from the Komati Eormafion: These bodies,
both in the Lower Ultramafic Unit and the Upper Mafic-Felsic Unit,
contain economic deposits of chrysétile asbestos (Viljoen and Vil-
joen, 1969h; Anhaeusser, 1976d).

\

GRANITIC ROCKS AND ISOTOPIC AGES FROM THE BARBERTON AREA

Summaries of the ages obtained(using varioﬁé isotopic systems)
from the rockg 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 (1969f:g)[have proposed‘a
broad four fold classification of the‘gfanitic\rocks from this area
and although dated,provides a useful framework within wﬁich to dis-~
cuss the ages of the granitic‘rocks. The oldest ‘granites' in the
immediate vicinity of the Barberton greenstcne 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 318075
Ma, Barton, pers. comm.). The contact relations of these plutons
with the Selt are intrusive, forming a type of lit-par-1lit injection

into the volcanic rocks. Recent detailed mapping (Anhaeusser and



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, 1972). Robb (1977)_has-recogﬁized éix distinct
granite types in this complex terrain and one type, the Nelspruit
Porphyritic granite has béen dated by the Rb~Sr method at 3205%49 Ma.
(Barton, pers. ccmm. 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 the south east of’thé 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 graiﬁed plutons that have clearly
defined intrusive contacts with the-country rock. Initial 87Sr/ 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 Geophysicai Research has fecently obtained many more isochron
ages from the different granitic rocks surrounding the Barberton
greenstbne belt. Detailed'interpfetétions 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 2980420 Ma. from

the Fig Tree shales, which they suggest reflects a metaworphic
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overprinting by the-intrﬁsive granites, Hurley et al. (1972) have -
dated the sediments from the Middle Marker at 3350+70 Ma. .Ulrych

et al. (1967) have obtained a common Pb age of 3460 Me. ffom sul-
phides in mines from the Fig Tree and Moodies Grouﬁs while Saager

and Koppel (1276) 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 diffefentiation
of the U-Pb system had already'occurred by thié time.

The volcanic rocks froﬁ'ﬁhe Cnverwacht Group have yielded
ages of 3360 Mz.by the common Pb method from acid volcanics (van
Niekerk and Burger, 1962), 3230 m.y. (common Pb method), 2290 Ma.
(U-Pb concordia) from basic volcanics (Sinha, 1972) and 2629420 Ma.
(Rb-Sr) from felsic volcanics from the Hooggenoeg Fermation (Allsopp
et al., 1973).  The Bb-Sr age is clearly anomaloué 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,reséect to using this method for dating the
volcanic rocks (Allsopp et al., 1973; Jahn and Shih, 1974).

Jahn and Shih (i974) have obtained a density separate internal
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
metamorpﬁism and.the initial 87S;/86Sr rétio‘of 0.7004é;0700005 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) ﬁsing the Sm-Nd isotopic
me thod. |

Hunter (1973, 1974) has introduced the.term Ancient Gneiss

Complex for a suite of rocks that include metasediments and
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serpentinites which are associated with tonalitic gneisses and
migmatites in Swaziland. Viljoen and Viljoen (1969f) ccnsider the
Ancient Gneiss Complex to belong to their group of Ancient Tona-
litic Gneisses and therefore to be younger than the Swéziland
Sequence. Hunter (1973).on the other hand has noted a set of
deformed.dykes within therAncient Gneiss Complex that does not occur
inrtbe Swaziland Sequeﬁce, and has coacluded from this that the
Ancient Gneiss Complex predates the Barberton'greenstone belt.
Barton (pers. comm.) has obtained an Rb-Sr isotopic age of
3555+100 Ma. from the Anéient Gneiss Complex which is within error
of the Sm-Nd age for the Onverwacht volcanics of 3540+30 Ma.
(Hamilton'et al., 1279). Although the relationships between the
granites and greenstone belt in this area remain controversial,
evidence‘for a granitic basement for greenstone belt volcanics
fromvother area§ has been found. Bickle et al. (1975) for example
have mapped a.basalt unconformity between_thg Belingwe greenstone
belt and the underlying granite, although the gge_of this belt
is much younger than the age of the Swaiiland sequence rocks.
Gneissic rocks which are several hundred million years older than
the Onverwacht lavas have been identified in othef parts of the world
(e.g. Amftsog Gneisses, West Greenland, Moorbath et zl., 1972, Sand
River Gneisses,Limpopo Mobilg belt, Barton and Ryan, 1977) while
van Niekerk and Burger (1975) have dated zircons and sulphides fromw
a granitic cbnglomerate boulder from the Mocdies Group at close to
4200 Maf If this age for tﬁe granitic boulder is confirmed it
would constitute evidence for a pre-existing granitic floor for the

Swaziland Sequence rocks.
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GEQCHEMISTRY 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

1
A\

major role in their cl;ssification. Viljoen and Viljoen (1969c,d,e)"
considering the unusual majof élement chemistry of the lavas;pro-
ﬁosed é 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 typevbasaltic
komatiites have progressively lower Mg0 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 parametefs are the high MgO, low alkali contents

and the high CaO/A120 ratios. Equally as important is the field

3

evidence, particularly for the peridotitic komatiites, which indicate

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

lows, olivine spinifex textured horizons, chilled margins and

stratégraphic thinning was advanced by Viljoen and Viljoen (1969c,d)
in support of magmas having existed with the same (or nearly sg)
composition aé 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 Uﬁit.

Relatively little chemical data are available on the composition
of the felsic volcanics developed in the Upper Mafic-Felsic Unit.
This is mostly due to the poor preservation of these lav;s, but

what little data there are, show a range in composition from andesite
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to rhyodacite. Viljoen and Viljoen (1969e) have proposed a calc-
alkaline trend of magma evolutiqn for these ;ocké.

The important chemical distinction has been made between the
predominantly komatiitic lavas below.the Middle Ma?ker and the pre-
dominantly tholeiitic lavas, with lesser amounts of felsic e%frus-
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 ;ﬁd

inter-relationships between the different magma types will be dis-

cussed in the féllowihg Chapters.

GEOLOGY AND GEOCHEMISTRY OF OTHER ARCHAEAN GREENSTONE BELTS

Within South Africa detailed data haw recently become available
on two g?eenstone belts, the Roodékraﬁ;Ultramafic Cbmplex*and sur-
rounding Archaean volcanic rocks (Anhaeusser, 1977) and the Murchison
Range (Minnett, 1975; Saager énd Koppel, 1976). “These belts show
many geologicalAand geochemical similarities to thé Barberton green-~
;stone bclt.v Numerous other Archaean greenstone belts are documented
in the literature; for the purposes of this brief descriptien only
those occurring in Rhodesia, Western Australia and Canada will be
discussed.

‘
RHODESIA

Recent reviews 6n 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 groupsﬁ-
(a) The Sebakwian Group consists of metamorphosed remnants

of ﬁltramafic and mafic rocks and sediments. The
geological relationship of this gréup to the granitic

. rocks and the overlying Bulawayan Group is not alwayé
clear. A minimum age has been obtained for the Selukwe
schist belt whichvis geologically older than fhe
Mont d'Or granite &ated at 3420%60 m.y. (Moorbath et al.,
1976). CGreenstone relics occur within some of the |
oldest gneisses.dated at 3500“3600 m.y. (Hawkesworth and

Bickle, 1976).

»'(b) The&lulawayan Group greenstone belts have been divided
into two groups (Wilson et al., i978)¥ fhe lower greenstones,
Eonsisting of an-ultramafic/maficfféléic bimodal volcan-
ism‘”and the upper greeqstones,have.é.range of lava
compositions from high-mégnesium to calc-alkaline in
nature, (andesitic rocks tending to be more common

t highe? in the sequence, Wilson, 1973). The Bulawayan
Group greenstone belts have been dated diredtly and
give ages of'2600—2%00 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 basaltic,

andesitic and felsic volcanics.
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Detailed geochemical data are available for some greenstone

: belgs in Rhodesia (Bickle et al., 1975, 1976, 1977; Condie and
Harrison, 1976;; Hawkesworth and‘O'Nidns, 1977; Nisbet et al., 1977).
Well preserved peridotite, high-magnesium and- tholeiitic iavas

have been analysed. The peridotitic lavas énd high~magneéium 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

273

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

Ca0/Al,0, ratio. Data from the Belingwe greenstone belt (2646 Ma.,

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 blecck from
/

-Western Australia shows many similar features to the Kaapvaal and
Rhodesiaﬁ cratons;->the Coolgardie-Kalgoorlie-Norseman area being
particularly well documentedv(Glikson and Lambert, 1976). At least
two volcanic-sedimentary mega-cycles are devgloped in this area,
termed the lower greenétopes and upper greenstones respectively.

 The upper greenstones have been shown to unconformably overlie

granitic rocks (Durney, 1972) in places, while the lower greenstones
are intruded by granodioritic-tonalitic plutons. No unccnformable
contacts betwgen the lower greenstoné and granites:héve yet been
observed. The oldest granitic gneisses so far recorded from this
area are 3100 Ma. old (Arriens, 1971) but the major emplacement of
granites and gneisses occurred between 2700 and 2600 Ma. (Arrien;,

1971). A younger age limit has been set on the upper greenstones
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(2675 Ma. Turek and Compsfon,1971) by considering the regional

_ metamorphic patferns. Hallberg'et al. (1976a) have determined
the age of the Marda volcanics at 2635%80 Ma. by the Rb-Sr whole
rock method. 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 greenstones (2700 Ma.) within the Yilgarn
block by Nesbitt (1971), Hallberg (1972), Hallberg and Williams
(1972), Williams (1972), MéCall (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 tﬁe ultramafic and high-Mg
basaltic rocks with the komatiites from the Barberton show:many
similar features, although the Western Australian lavas generally

lack the high CaO/Alzo ratio (Nesbitt, 1971; Williams, 1972;

3
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_thewofiginal definition; more significance was attaéhed
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 are well exposed on the Canadian

shield. Greenstone belts from 160-800 kms. long and 16-160 kms.



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 (197?3 and Baragar and McGlynn (1976). I

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;jv1972), and the Yellow Knife volcanic rocks have been
dated at 2625%160 Ma. (Green et al., 1968). Nunes and Thurston
(1978) dating zircons from acid Wolcanics, 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 27385 Ma. Zindler et al. (1978) have
obtained an age using the. Sm-Nd isotopic system of é765i47 Ma. for
Abitibi greenstone belt in the Munro Township area. Recently
evidence has become available for the existence of very ancient
granitic rocks within the Canédian shield. Barton (1975) has dated
the Hebron Gneiss in Lébrador at 3620t60 Ma. (see summary 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 1¢ast;in places
granitic crust preceded the greenstone belt volcanism.

The main components of the Superior province.greénstone belts
are flows and pyroclastics of basalt, andesite, dacite and rhyolite
compositions, often arranged in mafic to felsic cycles. 1Inter--
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
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rock sequences (Baragar, 1966, 1568; Baragar and Gopdwin, 1969).

- and: recently numerous publications have appeared on the’ composition
of ultramafic and high.mégnesium focks ﬁarticularly from the Abitibi
greenstone belt (Naldrettvand Mason, 1968; Pyke et al., 1973; Pearce
and Birkett, 1974; Fleet and MacRae, 1975; Jolly, 1975; Gélinas 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 ), aﬁd pyrox-
ene spinifex teétures 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 chemical similarities

' té the Barberton komatiites excépt for the high CaO/A1203 ratio: Arndt
et al; (197?;) have re-defined the komatiite classification scheme..
On the basis of field. petrographic and éhemical criteria, they
recognise three komatiite types;‘the peridotitic, pyroxenitic and

. basaltic komatiites. 'One set of their chemical criteria for dis-
criminating between komatiifes and tholeiités (a plot of FeO*/
(FeO*+MgO) vs. A1203)'gives rise to an undesirable paradox whereby
the komatiites from the Barberton grgenstone 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 Mg0Q) to the least mafic (lowest MgO) koma-
tiite. 'They suggest the spectrum of compositions can be derived
by crystal fractiénatiqn and Jor accumulation processes.

Although other greenstone belts and Archaean granitic terrains
are well documented in the literature (i.e. India, West Greenland,

Minnescota 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

éreenland. Detailed work has shown that the ancient Amitsoq gneisses
existed 3700-3800 Ma. ago (see discussion in Moorbath, 1978) and
incorporated in these gneisses-are'iemﬁants of even older sequences
of ultrabasic, basic and - metasedimentary rocks, the Isua supwva-
crustals, which may be fragments of greenstone belts (McGregor and
Mason, 1977). Recent éges established for Isua supracrustals;

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

'3770+42 Ma. (Hamilten et al., 1978) show them to be 7200 million

years older than the Onverwacht lavas. Major and trace element
compositions for some ultramafic rocks of the Akilia association
(McGregor and Mason, 1977) are very similar to ultramafic lavas

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

_for_detailed'comparisdn with the Onverwacht lavas in the following

Chapters as they have been intensely metamorphosed and deformed.

OUTLINE OF OBJECTIVES FOR THIS "THESIS

The detailed geological and geochemical investigation carried
out by Viljoen and Viljoen (1969b,c,d,e) on the Onverwacht Group
volcanics convincingly demonstrated>the existénce of a group of -
high magnesium ultramafic and mafic lavas as.well as basalts of
tholeiitic composition. The main aim was to obtain additiomal
major element and precise trace element data from the komatiitic
and tholeiitic lévas. The data were used to further develop.and
place constraints on models for the genesis and evolution of these
rocks. fhe scope of the project has been limited to the lavas

ocecurring in the Lower Ultramafic Unit. Sampling of the lavas
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ﬁas predominaﬁtly restricted to the Komati Formation type area
(see Viljoen and Viljoen, 1969c,d) as the rocks within this area
appear to be better preserved, texturally andlmineralogically,than
in either the Sandspruit or fheespruit Formations. However, a
number of samples of the different rock types.from these latter
Formations, as well as ffoﬁ the Upper Mafic~Felsic Unit, were also
analyséd 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, severéi other problems had to be investigated. OCne
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 preserﬁation and minor
carbonate and epidote contents, some of the major and trace element
contents of the samples have been changed by the processes of alter-
ation that have affected these rocks. The alteration problem was
investigated using a suite of basaltic komatiite pillows. The data
.éfediscussed in . Chapter 2. The second'problemAinvestigated is the
extent to which crystal fractionation has modified the composition
of relatiﬁely thin ultramafic and mafic komatiite flows.. Textural
and geochemical data 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
discuséed in Chapter 3.

Ano;her problem that has Eécome apparent recently is that the

definition and ciassification scheme originally proposed by Viljoen

o
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and Viljoen (1969c¢)’ for the komatiites is unsatisféctory. This
problem is discussea at length in Chapter 4, and using selected
data from this project a "~ new classification scheme is proposed.
The geochemistry of the ultramafic komatiités, mafic komatiites énd
tholeiitic basalts is discussed in Chapteré 5-7 respectively. The
‘.final Chapter is more speculative in nature, dealing with models

on the origin of kematiites ‘and mantle compositions.

"
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" CHAPTER 2.

ALTERATION EFFECTS  'ON' THE = GEOCHEMISTRY 'OF 'MAFIC KOMATIITE

2-1

" "LAVAS ~ 'FROM THE = KOMATI ' 'FORMATION

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 compositions. A gereral problem 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 befofe‘the geochemical data can be>satisfactori1y
interpreted in any detailed way. A number of studies have been carried
out on aépects of textural, chemical and mineralogical alteration of
Archaean gréenstone 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 geoéhemical éhanges occurring between samples that show the least
textural and mineralogical alteration and thosé 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 ﬁafic komatiite pillows (see Chapter 4 for definition of
terms used in this work) from the Komeati Formation, Barberton.greénstone

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.
A

Massive flows were considered unsuitable material for the purposes of
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Vthis iﬁve;tigation as any chemical alteration effects may have been
superimposed on chemical heterogeneity .caused by crystal fractionation
and accuﬁulation in ‘the flows.

Previous studies on tﬁe effects of alteration on the volcanic rocks
from the Barberton greenstoﬁe belt have begﬁ carried out by Viljoen and
Viljoen (1969b) and Condie et al. (1977). Viljoen and Viljoen (1969b)
studied thg 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,, Al

99 203, Mg0O, Ca0 and K20

0, TiO. and H,0 con-

contents of the'samples have decreased, the FeO, Na 9 9

2

tents haveincreased with increasing carbonatioq,A'The Fé203 content

of the pillows remained roughly constant. Soﬁe of these‘changes may in

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

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

ef al. (1977),ﬁorking oﬁ massive mafic flows from the Hooggenoeg Form-

Vation,founa that the development of secoﬁdary minerals such as epidote,

chlorite or calcite could be correlated with some of the observed ma jor

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

ions will be compared to the results of this study later in the texi.
Numeroﬁs studies have been published on the effects of sea water

and low grade metamorphic alteration processés 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 zl., 1974; Aumento et al., 1976; Scott and Hajash,

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

the intention here to review thege data;although the results of many of

these studies are relevant to the alteration of Archaecan 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.

GEOLOGY AND 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 obtzined., 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 ésﬁablished for the Komati Formation (Viljoen and Viljoen,
1969c). In this areafthé lavas show the best preservation of their
original igneouslmineralogy. The seéond set of samples (the western

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

* horizon but 2 kms to the west of the first set. This second set of

samples 18 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.

PETROGRAPHY AND MINERALOGY

The pillows sampled, ranged in diameter from 70-100 cms and are
rimmed by a A2 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 tcwards the centre of the pillows) as well

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

(0.1 mm wide) can be seen extending from the margin up to 2 cms into the

- .
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interior of the pillows. A}few lafge cracks (1 mm wide) penetrate. into
the core of the pillows. This fracture system may represeﬁt relict
radial cooling éracks as described by Moore et al. (1971) and Moore -
(1975) fér younger pilloﬁ lavas. |

In thin seétion the chilled margin consists predominantly of brown
cryptocrystalline material {mainly tremolite-actinolite and chlorite as
identified by X-ray diffraction) which is interbreted 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 calcicbplagioclase crystalé 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 devitrified
glass of the SC-2 margin. Sméll hollow euhedral crystals (nowbreplaced
by quartz) occurring in the SC-11 and SC-3 pillow margins are inter-
.prefed to have originally been hopper olivines, similar to examples
described by Donaldson (1974, 1976).

The intérior of the pillows consists of a groundmass of fan-shaped
spherulites of actiﬁblite 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 commonly contain

I

relict diopside crystals. The glomeroporphyritic spinel micropheno-
crysts are scattered thrpughout the core. samples including the ocelli.
The normative minerals have béen calculated (Table 2-1) assuming a
Fe,0,/Fe0 ratio of 0.2 and on this basis all the pillows are quaftz
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normative.

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 éy the inhomogeneous distribution of the ocelli
on the chemistry of the pillow samples.. Majbr and trace element data
for the ocelli eut from the SC-13 core sample are given in Tables 2-1
ana 2-2. Compared to the whole rock composition,the ocelli are en-

riched in Si0,, Na,0, S and Sr and slightly enriched in Za, Cu, Ni,

2
Cr and Ga. The other .elements are depleted by varying degrees in the

ocelli, K,0, Rb and Ba being particularly low. Additional analyses

2
of ocelli from rocks df mafic komatiite composition are listed in Vil-
joen and Viljoen (1969c) and Ferguson and Currie (1972). The data
givgn by Ferguson and Currie (1972).show that K20 is behaving incon-
sistently, being higher in the ocelli than the matrix in two samples
and lower in a third. - The inconsistent variations of Kzo may we{l

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-31I) and the‘ocelli-bearing core sample (SC-3C) of the

Zr, Co and V).‘

SC-3 pillow are similar for many elements (e.g. Ti02,

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 elements 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'sufficientlynlarge 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 SiO2 and TiO2 are very similar, (see Table 2-1)

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

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

liquid.

"CHEMICAL VARTATIONS  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 evolved 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 porticns of individual pillows,
within analytical error (AE = #2¢ i.e. 40) and thereafter to those

elements that show significant variations.
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Examination of the ploﬁs (Fig. 2-2) shows that for the pillow
margin-core pairs, no variation in the concentrations cccurs for
Tioz, PZOS’ Nb, Zr, Y, Co, V gnd Sc ﬁithin AE. However, for some of
these elements,the AE is'relatively large compared to the concentration
of the elements in the samples. The AE has been expressed as a ﬁercent-
age of the average for each elémeﬁt (Table 2-4). From this data it
can be seen that variatiéns greater than 5% relative (or less for some

elements) in Tioz; zr, V and Sc would be considered analytically signific~

2
Nb (a maximum of respectively 8%, 12%, 13% and 36% relative) could

ant, while larger variations in the concentrations of Co, P 05; Y and
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 and as such, have remained immobile
during the alteration processes that the Komati Formation lavas have
b;en sﬁbjected to.

Tioz, Nb, Zr and Y Have previously been shown to remain immobile
during 1ow-grade metamorphic and sea water alterétion processes (Cann,
1970; Pearce ana Cann, 1973; Hart et al., 1974; Rumphris and Thompson,
1978a,b), while the evidence that PZOS remaihs stable under these con-
ditions hasinot been coenvincing (see for example, Hart, 1970; Hart et
al., 1974). In view of the current usage of P205 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 Shoﬁs very little change with varying degrees of alteration
in sea floor basalts (Haft et al., 1974; Aumento 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-
gtion of tholeiitic lava flows from the Barberton greenstone belt.
Hallberg (1972) has analyggd_Archaean pillow rim-cpre pairs from the
eastern Goldfields region of Western Australia. Co varies inconsistently
in these pillow pairs by small amounts, although thé spread in Hallbergfs~
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 Nb 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 imﬁobile during alteration processes of
initially homoéeneous material may still show variations in éoncentfat-
ion between samples depending on the nett addition (i.e. dilution) or
.removal (i.e. concentration) of components from thé samples (Gresens,

1967). Although H,0 and CO2 have been added to these pillow samples

2
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 analytical method. These effects however can be
noticed on elements that éan be determined relatively precisely (see
Table 2-4) such as Si02. Examination of variations in the concentration
of this element can be more constructively carried out using inter-
element ratios rather than absoclute abundances. SiO2 and A1203 show
minor changes within pillow pairs (generally within AE), except for

810, in the SC-2 pillow and A120 in the SC-3 pillow samples. The

2 3
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 SiO2 has not been removed

from the margin sample,but diluted. Alzo3 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,A1203 shows no signifiéant variations and it is

- concluded that SiO2 and A1203 have generally remained immobile during
the alteration processes these lavas have been subjected to; similarly
for Mg0O which shows analyticaliy significant changes in one margin-core
pair but no significant variation in the other & pillow pairs.

The remaining elemenﬁs and oxides show changes within the pillow
pgirs 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 phenocryét‘
phases in this respect are clinopyroxene (electron microprobe analyses

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

position have MgO and Ca0 contents of 18-20 wt.Z see Chapter 6), calcic

plagioclase and spinel.

Probably the best indicator of chemical alteration is the H20+
and 002 centents of the samples. No systematic trend can be seen in
. the H20+ content between the margin and cores of these pillows. The
SC-2 margin and core have the highest H20+ content which indicates
that the 8C-2 pillow is the most altered pillow analeed in this suite

of samples. The CO, contents of the samples are low and identical

2
within AE for the pillow pairs. It follows therefore that the large
but inconsistent variations of CaC within the pillow pairs (see Fig.
2-2) are not related to the formation of calcite in the samples. Pro-

cesses of diopside or plagioclase accumulaticn or removal can also be

rejected for accounting for the variable contents of Ca0 in the pillow
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pairs, as samples with high Ca0 should also contain either high MgO

or Al,_0., contents respectively, which is not observed (see Fig. 2-2).

273

The high Ca0 (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 Ca0, Sr and Ga between the pillow pairs, are due tc the addition

of variéble amounts of tﬁese elements into the
during metamorphism.

FéO shows a regulér decrease in the cores
to the margins and similarly for MnO, although
Within AE. By contrast Fe,0, Femains constant

the pillow pairs. The loss of iron from cores

has been recorded by Scott and Hajash (1976).

samples to form epidote

of the pillows compared

some of the changes are

‘within AE for most of

of recent marine pillows

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,0, Rb and Ba contents of the pillow pairs show similar

2

‘variable distribution patterns. No variation for K20 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.,

11974), the low K,

0, Rb and relatively high K/Rb of the SC-11 pillow

indicates that this is a comparatively fresh pillow, while the high
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K20, Rb and low K/Rb.of the SC-2 p%llow and SC-8 core suggest% they
are the most altered samples.

Na,0 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; Cénn,.1969). These pillowé however do not

show anomalously high Na,O compared to other fresh basaltic rocks,

2

neither do they have the characteristic distribution of low Na,o0 in

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

2
spilitic affinities for the Barberton pillows are discounted.

"Cr shows small but significant changes within the pillow pairs;
thgse‘changes could however be accounted for by minor'vafiations in
the contént of the spinel microphenocrysts and need not be an alterat-
ion effect. A similar feature has been ncted by Humphris and Thompson
(1978b) for the behaviour of Cr in Mid-Atlantic ridge greenschist facies
pillow samples. The remaiﬁing elements Zn, Cu, Ni and S show large
and vériab1¢ changes between cores and margins of the Komati Formation
pillows. S and Cu show very similar distribution patterns in the
pillow pairs (Fig. 2-2) and ére lower in all the margins than cores
except for the SC-8 pillow pair. Consistently lower S content in the
ma;gins éf 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 grdup.
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B) A mobile group of elements that show changes in the differ-
ent pertions of the pillows that vary from being 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.

THE ACID LEACHED PILLOW SAMPLES

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

"ix TI) are given in Table 2-3. While it was expected that only car-

bonate would be removed by the HCl leaching process, comparison of
the data in Table 2-3 with the relevant analyses from Tables 2-1 and
2-2 show that this is not the case. The following changes can be

observed:-

A) SiO2 and NaZO are higher in the leached samples. The changes

for SiO2 are significant for all the samples except the SC-5 margin

and only significant for Na20 in the SC-2 core sample.

Ti0,, Fe MnO, MgO, Nb, Zr, Y, Sr, Co, Cr, V and

£
30 130,, Fe,0q,

Sc show no change within AE or very minor changes.

B) Alzo

C) cCao0, P,0c, Zn, Cu and Ni are systematically lower in the.

5’

leached samples.

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

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.

ALTERATION EFFECTS BETWEEN PILLOWS

In the ensuing diséussion on the alteration effects that can be
identified between pillows, fhe assumption has been made that all the
samples formed from a homogeneous magma source and that crystal fractién-
ation processes have only played. a minor part in ﬁodifying the initial
lava compositions. Inter-element ratios of the immobile elements
(as identified in the previous section) sucﬂlas 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

(5C-2, SD~82 to SD-85) are more altered than the eastern pillows (SC-3

to SC-13) as they have, on average, higher H20+, Fe703 and Fe203/FeO.

i

Perusal of the data in Tables 2-1 and 2-~2 and in Fig. 2-2 shows
that the immobile 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 afe considered. = An attempt to quantify the raﬁge observed
for each element has been made iﬁ Table 2-4, Here the range observed
for an element (all data recalculated volatile free) iﬁ all the margin
and core samples minus the spread due to AE (4¢) has been'expressed

as a percentage of the average composition as below:-

_ ((Max-Min)-AE)
Average

Real Spread (RS) x 100 ...0ven.. 2-1

The negative RS values for PZOS and Y indicate that the range observed

P

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

split into three groups:-

1) RsS<8% - si, Ti, Al, P, Nb, Zr, Y, Co, V and Sc. This-groﬁp
of elements isbessentially the séme as the immobile-group of elements
identified in the previous section and it is suggested that the
variations are sufficiently sma11>to enable this group of elements

to be used for detailed modelling of the igneous geochemistry.

2) 'RS.15-SOZ - Fe, Mn, Mg, Ca, Cr, Ni and Ga. While the range
recordgd for Cr iwithin the pillows is probably due to the inhomo-
geneous content of spinel microphenocrysts, the use of the other ele-
ments to interpreﬁ the igneous geochemistry.of the lavas should be
treated with caution(from the Barberton greenstone belt and other
similar greenstone belts). However the observed concentrations may
nevertheless be useful indicators of the original cémposition 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, theréfore, the abundance of this last group of
elements obtained by the direct analysis of the Barberton greenstone
belt lavas should not be used for such subtle purposes as inferrirg
source areas characteristics or classifying rock t?pes;. Almore 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 intér-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 Kable (1976) have used the
Zr/Nb ratio to infer the source aréa characteristics, whiéh is potent-
ially useful when dealing with altered Archaean lavas. The average
Zr/Nb ratio of 20 from these Komati Fo?mation 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 (MORB). Variations in inter-element ratios
are further discussed in Chapter 7.

In view of the varying significance that has been attached to

the CaO/A120 ratio in classification schemes of komatiites {Viljoen

3
and Viljoen, 1969c,d; Brooks and Hart, 1974; Arndt et al., 1977), the
effect of alteratioﬁ 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

ghe possible accumulation of these minerals in .the more altered (west-
ern) pillows to account for the high CaO/A1203 ratios. The minefal-
ogical control of the chemistry of altered rocks has beeﬁ well estab-
lished by Melson aﬁd van Andel (1966), Smit£(1968), Cann (1969), Jolly
and Smith (1972) and Leake (1972); in particular the increase of Ca0
and Fe203 with increasing epidoﬁe and H20+ with increasing éhlorite.

A chlorite (ripidolite) analysed by electron microprobe from the
interior of the SC-11 pillow has a Ca0 content of 0.05 wt.% (see Téble
5-2). Variation in the chlorite content as such, therefore, will not
affect the CaO/Alzo3 ratio,as chlorite contains insignificaﬁt calcium
and because it appears that A1203 has_neither been added to nor removed
from the samples. The alteration of calcium rich minerals to chlorite

- could possibly decrease the CaO/A1203 ratio if the Ca0 was removed

+ :
from the rock. The addition of the required H20 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 immobility of A1203,
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 oﬁher hand Cad and Fe203 were added and formed an
epidote mineral from the Alvand Si fixed in the rock, significant changes
would be observed in the CaO/A1203 and Ca/Ti ratios, but no changes

wquld occur for the Si/Ti, Al/Tilénd Si/Al ratios. 1In Fig. 2-3 the
CaO/A1203 ratio has been plotted against Fe203 for all the samples.

. The western pillows form a positive trend of increasing CaO/A1203 with

Fe, O Two trend lines have also been calculated for the addition of

273°

Ca0 and Fe203

Fe203/CaO ratios indicated. The two epidote compositions were taken

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

in the correct proportions to form epidote with the

Apoint for calculating the trend was chosen ratheriarbitrarily to be
within the lower CaO/A1203 group of fresher pillow and the SC-5 margin
composition was used. The two epidote formation trends enclosg the
observed trend which indicates that tﬁe epidote actually formed should
have a Fé203/CaO ratio between 0.22 and 0.32, Forming an epidéte
mineral with Fe203/CaO ratio of 0.27 by addition of 4.52% Ca0 and
1.22% Fe203 to the starting composition gives the CaO/A1203 and Fe203
content observed in the SC-2 margin. The exact percentage will depend
critically on the chosen starting point and epidote compositicn, but
an attempt has been made in Table 2-5 to cﬁeck whether these are
realistic figures using the Sioz, TiO2 and Zr data. The data have
been calculated volatile free to eliminate the dilution effects of

H 0+; the'SC-2'margin data has in addition beeﬁ recalculated up by

2
5.7% after the removal of 4.52 wt.% Ca0 and 1.22 wt.% Fe203. 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
agfeement betwaén the recalculated SC-2 margin data with thaf of the
average fresher pillow (Table 2-5) is remarkable and weli1within'
analytical precision for the threé elements. This data is consistent

with the interpretation that these elements have been diluted by 5.7

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

2-3 and associated calculations, it appears that the addition of (a0

and Fe203 to the more altered samples to form epidote is a real pos-

sibility, but is difficult to verifybmodally 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 éamples 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-

t

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

large (0.1-0.2 mm) discrete grains and has a high CaO/A1203 ratio.
From this and the other circumstantial evidence presented, it is con-

cluded that the addition of Ca0 and Fe203 to these pillows to form

epldote has seriously affected the CaO/Al2 3 ratio of the more altered

samples. In view of this and because the fresher pillows have CaO/Al2

“ratios as low as 0.83, the suggestion that CaO/Al2 3>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.

DISCUSSION AND CONCLUSIONS

Among the common suite of elements that have been determined in

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

discrepancies with regard to the elements that are considered to be

C

3
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 immobile. Samples psed 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
vimmobilé. They suggest that Ba, Ga and Ni among others do not appear
to have been greatly modified by-alteration as they show the same
variabiliﬁiés in altered and unaltered flows. These same three elememts
are highiy variable‘both within and between pillows from the Komati
Formation studied here. The differences could possibly be related to
sea wéter alteration on the pillow samples. However inspection of the
so-called "unaltered" Londozi River flow data of Condie et al. (1977)
éhoﬁs Ba to vary from 97 to 236 ppm, while in the carbonated flow Ba
varies from 21 to 57.ppm andiin the epidotized flow from <15 to 41 ppm.
It is suggested that these huge variations are due to alteration,con-
sidering the erratic behaviour of Ba found in the Komati Formation
pillows. 1In addition Condie et al. (1977) note an li to 17 ppﬁ increase
of Ga with.inéreasiﬁg epidotization and it is therefore puzzling as
to why ‘they coﬁsider Ga nof to have been greatly modified.by alteration
'processes. This diffegence 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
havé 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 e#tent. The variations of Fe2+, Mn, S and Cu between margin
and core of these pillows show similar trends to those observed in
 altered ocean floor pillow lavas'(Hart etval., 1974; Scott and Hajash,
1976; Humphris and Thompsﬁn, 1978a,b) and may therefore reflect the
effects of alteration by Archaean 'sea' water. The addition of small
amounts of Ca and Fe3+ (probably'séme'éa and Sr as Qell) to some of
the gamples to form epidote during a low grade metamorphic event has
been suggested, However the variatiqn in the contents of the other
mobile elements cannot be assigned to a specific alteration process
as yet and may have been remobilized.Bynmbre than one alteration event.
fhe major and trace elements determined in this study can be di-
vided igto three groups when all the samples analysed aré considered:-

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

" ‘been alteéred and are considered to.reflect the igneous geochemistry

of;the rocké.

ﬁ) 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 employed usefully for ignéoué interpretations.
It is suggested that sample selection ;hould be based on the following

criterion:-

1) Igneous texture preservation
©'2) Relict 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 grdup of elements both within and between pillows
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indicate that the éoncentrations of these elements have been
extensiQely modifigd by alteratiop_processes aﬁd littie reliability
can be placed on their absolute cpnéentrations 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 elements in rocks
that have been metamorphosed to higher or lower grades or have dif-
ferent primary and reconstituted mineral assemblages,may behave dif-

ferently,
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" "CHAPTER =~ 3.

‘ULTRAMAFIC"AND"MAFIC"KOMATIITE"LAVA"FLOWS'

ULTRAMAFIC KOMATIITE 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 uitramafic magmas and termed themvperidotitic komatiites. These
ultramafic rocks :cropout:as massive flows and pillow 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 sampleé in order to determine the extent of compositional
variation within these flows and to test whether such variations can

- be ascribed to crysfal fractionation processes, as has been suggested
by Pyke et al. (1973), Arndt (1977a), Arndt et al. (1977) and Arth
et al. (1977) for similaf lava flows from cther Archaean greenstone
belts. In this sectién the textural relationships of three spinifex
. . textured ultramaéic komatiite flows are reported, together with com-
positional data for samples taken from two of the flows, The thickest
flow (3.1 m) has been investigated in the most deLail and analysed
mineral comﬁgsitions have been utilised in modelling systematic com-
positicnal 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



in a stream bed in the type area of the Komati Formation, but the
lateral extent bf the flows could not be traced due tc poor exposure.
Fig. 3~1 is a diagrammatic 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 mafgin of the central
flow and six afe from the lower flow (see Fig. 3-1). Follcwing 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 resemﬁlance to the ultramafic flows containing spinifex
texture from Munro Township (Pyke et al., 1973) and Western Australia
(Nesbitt, 197i). Pyke et.al. (1973) have divided the Munro Township
ultramafic flows into six sub-units on the basis of structure and
textural featurés, while noting that certain sub-units may not be
developed in evefy flow. Their terminology will be adopted in this
description of the Komati Formation ultramafic flows, but with minor
modifications. It should be noted that where olivine is discussed
in the following section,vall the olivine crystals have in fact been
pseudomorphed by sefpentine and ﬁagnetite except for the B zone samples
of‘Stuart's flow where kernels of primary olivine are occasionally
pfeserved.

A chilled flow top (Pyke et al.'s A, zone) was not observed in

1
any of the flows in Fig. 3-1, however an aphanitic basal contact
{lower B4) 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 olivine. Small spherical vesicles (0.06-1.1 mm
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across) occur in the contact zone that are often lined with magﬁetite
and contain large single crystals of calcite: |
The spinifex (AZ) zone is well developed in all three flows
and in common with other spinifex textured ultramafic flows (Pyke
et al., 1973; Nesbitt, 1971; Arndt et al., 1977; Lajoie and Gélinas,

1978) they display two distinct types of spinifex texture:-

1) An upper zone consisting of short (<10 mm long) olivine blédes
that'generally show no preferred orientation. Nesbitt (1971) has
described this texture as 'radiating spinifex' (see Plates 12b,

l4a and l4c 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’. .Léjoie
and Gélinas (1978) have designated this zone as the A, division in
ultramafic flows from La Motte Township,.Quebéc. However, as the
symbql A2 has already béen used by Pyke et al., (1973) to designate

the entire spinifex portion of the flow, the symbol A, 1is preferred

2r
~(see Fig. 3-1). Within the A, _ zone the olivine blade length in-

2r
creases from top to botfom, the average length being less than 10 nm.
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 sampies 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 arrangements
.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). WNesbitt (1971)
has described this texture as 'plate spinifex' and this term will

be used here. Lajoie and Gélinas (1978) have designated this zone

as the Ay division, but‘the symbol A2p is preferred. The matrix in
the interblade area consists of radiating sprays of amphibole (after
pyroxene), serpentine and magnetite. No hopper olivines or vesicles
haye been observed in the interblade area of the A2P spinifex zone,
Although the olivine blade length increases from top to bottom of the
A2r zone the boundary between the A2r and A2p zones is mavked by a
~sharp increase in éverage blade length.

A Bl

not obvious in any of the three flows in the field. However inspect-

zone consisting of foliated skeletal olivine crystals was

ion of a polished slab of a sample taken from the central flow (see

Fig. 3-1) revealed a thin B, zone (10 mm thick) below the A2p spinifex

1

zone. Olivine blades in the B, zone (up to 5 mm long) are aligned

1
roughly parallel to the flow contacts and set in a matrix of amphi-
bale, serpeptine and magnetite. However the major portion of the B
zone in all three flows consists of fine grained peridotite (B2/34
.zone). In thin séction the B2/B4 zone has a cumulate texture con-
sisting of clesely packed equant olivine grains (0.1 to 0.3 mm across)
forming 60 - 80% of the rock. The mesostasis contains serpengine,‘
amphibole, chlorite and mégnetite‘ A 'knobby peridotite’ B, zone

ﬁas not observed in any of the flows in Fig. 3~1.

Relict olivine kernels have been analysed by electron microprobe
in sample HSS~535 from the B2/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 (FOQ? to F°90)

and are characterized by relatively high Ca0 and Cr203 contents.
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The Ca0 content is consistent with the olivines having crystallized
~in an extrusive environment (Simkin and Smith, 1970; Dickey, 1972;
Green et al., 1975). The high Cr203 content zppears to be a feature

of olivines from Archaean ultramafic lavas (Pyke et al., 1973; Bickle

et al., 1975; Nisbet et al., 1977) and is discussed below.

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 (seg Fig. 3-1). The major element data and normativevmineral
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 daéa have been recalculated voiatile free. Mineralogical and
chemical alteration of the mafic 1avasvfrom the Barberton greenstone
belt héve been investigated by a.number of authorsJ(Viljoen and
Viljoen, 1969b; éondie,et al.,‘1977; Chapte: 2, this work) . In Chapter
2 i£ was echown that the variations in abundance of Na, X, Rb, Sr, Ba,
Cu, Zn and S 1in different portions of mafic komatiite piilows from
the Komati Formation could not be accounted for by processes of crystal
fractionation or accumulation alone. “hese eléments 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. These 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 Stuartis
flow are illustfated in Fig. 3-2., 1In this plot it can Be'seen that
' 9 A1203, Ca0, Zr, Y, V and Sc

are enriched in the A zone relative to the B zone samples. The

MgO and Ni are depleted and Si02, TiO



- 47 -

enrichment of the B zone in MgO and Ni is compatible with the clivine
cumulate textures of samplés from this zone, énd suggests that clivine
has settled from the A into the B zone, |

A number of authors have proposed that the spinifex textured
portion of ultramafic lava flows represeﬁts the initial composition
of the magma (Viljoen and Viljoen, 1969d; Nesbitt, 1971; Nesbitt and
Sun, 1976). Comparison between the three analyses of the spinifex
samples shows that the A .

2r

(HSS-532) have virtually identical compositions. However the lower

sample (HSS-531) and the A2r/A2p sample

_ A2P semple (HSS5-523) 1is depleted in MgO, Ni and Co and enriched

in TioO,, Ca0, Zx, Y, Cr, V, Ga and Sc relative to the other two spini-~-

2°
fex textured samples.. This difference in composition casts doubt on

the propoéition that any single spinifex textured sample represents

the compoiiticn of the initial magma in Stuart's fiow; the latter may be
better determined by averagiﬁg the six samples taken from the flow.

A weighted average composition has been calculated for Stuart’s flow

and given in Table 3-2 and 3-3; the weighting Qas 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 éomposition. Donaldson’ (1974,
1976) has pointed out that the development of spinifex texture requires
a nuclei free zone in:the magma. The A2r spinifex textured sample
therefore probably re;resents the initial liquid (phenocryst free
magma). Any microphenocrysts present in the original magma are inferred

to have settled into the B zone before golidification of the A zone

in Stuart's flow.
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OLIVINE FRACTICNATION MODEL

Major element variations within Stuart's flow have been modelled
assuming the weighted avérage composition as the parent mégma and
olivine (Fogz) as the fractionating mineral. A least squares linear
mixing methcd (Bryan et al., 1969) was used to calculate the amount
of olivine removed from the A zone and accumulated into the B zone.
Note that total iron has been calculated as FeO and that NaZO and
KZO have been exciuded; PZOS was also excluded because of problems
in obtaining precise measurements for this o#ide at the low levels
‘ehcountered in these ultramafic rocks. Samplés with virtually ident-
ical compositions have been averaged (i.e. HSS-531 and HSé“SBZ; HSS-534
and HSS-535) and the parameters for the four reéulting calculations
are presented in Tables 3-4a to 3-4d. Ca0 consistently.shows the’
poorest agreement between'obsefved and calculated composition. In-
clusion of diopside in the mixing calculations did not improve the

_Ca0 error significantly. -However the residuals (Z(Obs.mCalc)z) for
the four computations are considered satisfactorf in view of the
altered nature of the fiow.

The olivine fractionation model has been tésted using the trace
elements that are incompatible to the olivine structure (i.e. Di“’0‘
where i = 2r, Y, V, Ga or Sc). The expected trace element conte;t

of the residual liquids (A zone) and cumulate (B zone) samples have

been obtained from the expression:-

¢t = c;/(p..x) R ¢ I B |

vhere X = wt, frac. Fo,, added to the initial magma.

92

The agreecment between observed and 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 (+2¢) with which
these elements have been determined and supports the olivine fraction-
ation model developed from the major element data.

In this model the composit?og of thé A2¥ sample can be obtained
by thé removal of 4.6 wt.Z Fo,, and the A, sample by the removal of

92 2p

13.1 wt.% Fo,, assuming the weighted average represents the initial

92
magma (liquid plus clivine phenocrysts). Similarly the composition
of the B zone samples can be accounted for by the accumulation of be-

tween 8.9 and l4.4 wt.Z Fo,, into the initizl magma. The removal of

92
larger amounts of olivine from the A2p sample compared to the A2r
sample postulated in this model indicates that olivine continued to

crystallise end settle from the magma after the formation of the A2r

zone;

FeQ/MgO, Ni AND Cr CONTENT OF THE OLIVrNES

In the oliyine fractionation model developed for Stuart's flow,
equilibrium between the most Mg rich olivine cores (fogé)'and the
»initial liquid (A2r composition) is implied and can be tested using
element dist;ibution coefficients between olivine and liquid that
have been ex erimentally.determined. Roeder and Emslie (1970) and

Duke (1976) have found that for basaltic liquids in equilibrium wit

“ e -7 I’)l Liq Liq 01 A p e ? . .
olivine KD \XFeO'XMgO)/( eO'XMgO} = 0.30. In Stuart's flow the

FeO content of the A r 'liquid' is urnknown and the assumption has

2

- . 2+ . .
been made that total iron was present as Fe  , On this basis a

K, of 0.37 for the Fo 'liquid’ is obtained which is a minimum

92 49r

value. If the A, 'liquid' contained a significant Fe3+ content the

K, value would be higher still. Compared to the experimentally

D

determined value (v0.30) disequilibrium is indicated for the Fogz-A2r

'liquid' pair. However other estimates of KD between olivine and



ultramafic komatiite liquids (minimum values as total iron assumed to
be Fe0) 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. 1In addition the olivine from the spinifex textured sample
49-J (Green et al. 1975) yields a K, of 0.39 and Nisbet et al. (1977)

have estimated KD for the Rhcdesian ultramafic komatiites to be as

high as 0.43. 1In view of the higher K, values indicated by these

D

studies in ultramafic liquid systems, equilibrium for the Fogo--A2r

- 'liquid' from Stuart's flow cannot be discounted using the experiment-

aily determined Ry éy Roeder and Emslie (1970) and Duke (1676).

DNi (wt.% NMiin olivine/wt.% Ni in liquid) has been measured for
the same olivine~'liquid' pair in Stuart's flow and is given in Table
3-5 together with the Dyi values calculated,using the equations of
Hart and Davis (1978) and Arndt (197?5). The agreement between the
two calculated results is good but signiﬁicantly higher than the
measured value. | |

Hart and Davis (1978) have computed the varjation of D . as a
function of 1/Mg0 for a wide range of. compositions (MgO from 4.8 - 24.7)
and liquid structures, as reflected by the Si/0 (atomic) ratio (0.27 -
0.37), in iron-free olivine-liquid systems. The ﬁigher MgO content
of the A, 'liquid’ coupled with the fact that the curve fitted to the
experimental data of Hart and Davis (1978) falls above the data points
at high MgO may partiyaccount for the discrepancy between the éal-

culated and measured D in Stuart's flow. Arndt (1977b) on the other

Ni
. 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 A, '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 LY 'liquid' and the liquid
compositicns used by Arndt have similar Si/O (atomic) ratios of

around 0.3. The Dyi and MgO data reported in Arndt (1977b) have been

replotted as Dy; versus 1/Mgo (Fig. 3-3). The observed DNi-aﬁd‘MgO

data for the spinifex textured sample 49-J (Green et al., 1975) have
also beeﬁ included for comparison. The corrglation between DNi and
MgO for this limited number of data points is good (correlation
coeffiéient‘= 0.99) over a wide range of komatiite liquid compositions

and a linear regression line fitted to all the data points in Fig. 3-3

gives the following equation:-

_ 111.23
Ni MgO

1.7 eiiiiiiiiiiee.s (3-2)

The predicted Dyi fof the A2r "liquid' from Stuart's flow using this
equati&n 1is ip good agreement with the measured value (see Table 3-5).
‘The expected DNi fof another ultramafic spinifex textured saumple
SF-134 (Nisbet et al., 1977) calculated using equation 3.2 (DNi = 2.2),
agrees well with the measured value of 2.3 (assuming the most Ni rich
olivine analysed in sample SF-13%4 is in equilibrium with the bulk

" rock composition). Although there are insufficient daté 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 Fo A2r pair from Stuart's flow was in equilibrium.

92"
The high Cf content of olivines from ultramafic komatiites com-
pared to other terrestrial olivines has previously been noted (Green
et al., 1975; Dickey; 1972; Nisbet et al., 1977). Some‘lunaf oiivines
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 flcws. Computing DCr for the F°92"A2r samble
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gives a value of 0.5. Recent determinations of DCr (Leeman and

Scheidegger, 1977; Duke, 1976).f§r basaltic rocks yield values that
or 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 DCr value, sting

the equation developed b& French (1971), the one atmosphere liquidus

temperature of the A, sample is estimated to be,QISSOOC. It is

2r

therefore concluded that the DCr 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 veryv high Cr

content in the liquid from which they crystallized.

COOLING AND CRYSTALLIZATION MODEL FOR STUART'S FLOW

One of the most striking features of Stuart's flow and cther
similar ultramafic flows is the ébrupt change of the olivine moxrpho-
logies occurring within the flow. Green et al. (1975) have duplicated
the A4 and B zones on a microscale and were able to match the olivine
compositions in the experimental charges to a natural sample {49-J).

Donaldscen (1976) has stated that spinifex textures in Archaean rocks

-are not due to rapid cooling, but due to rapid olivine growth caused

byvthe‘high normative olivine content of the magma. In view of the
high 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 ie proposed for Stuart's flow.
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Stage 1 »
Rapid chilling of the flow margins after extrusion, forming

the basal chilled contact and an upper contact of random
spinifex (A2r zone 40 cms. thick). As the olivine blades
crystallized in the A2r zone tﬁe composition of the trapped
inter-blade liquid evolved to lower MgO contents andjcoupled
with slower cooling rates (as the temperature of the chilled
margin decreased);hopper olivines and skeletal pyroxenes

were 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 commenced when the flow of magma
between the c&ntacts was either very slow or had ceased
altogether, 6livine phenocrysts in the magma settled>rapid—
ly leaving a phenocryst free zone below the upper chilled
portion of the flow. Arndt et al. (1577) have estimated
that an olivine grain OfS mm, " in diaméter‘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 réquired 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 gfew downwards into the magma along the thefmal-gradient
forming the A2p spinifex textured zone. Drever and Johnston

(1972) have described crystal textures that have developed
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along thermal gradients as 'thermotactic'. It is suggested
that the compositional changes (28% to 25.7% MgO) from top

to bottomvin the A2p zone reflect the éhanges in the evolving
residual liquidlcaused 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 prcposed;the random spinifex (AZr) has
cooled at a faster rate than the plate spinifex (Azp) zone, As ;he
olivine morphology observed in any portion of the flow will depend
on the interplay of (inter alia) fhe MgO content, viscosity, temperat-
ure, cooling rate and the density of olivine nuclei presenf 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 thg'flow
appears to be restricted to the crystéllization of this mineral in

the olivine inter-blade areas of the A2 zone.

Finally in conclusion the following points arising from this study

of an ultramafic komatiite flow are reiterated:-

1) Net all spinifex textured samples from ultramafic rocks .
are represéntative of the initial liquid composition, and
it 1is suggested that random spiﬁifex 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 extrusien of the magnma.
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3) The composition of the B zonme of spinifex textured
ultramafic flows is consistent with theéir cumulate
texture and indicates that variable amount of

olivine settled into the lower portions of such flows.

‘MAFIC XOMATIITE TLAVA TLOWS

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
fram 1 - 10 m and individuai flow units can often be identified with
distinct flow top brecéias and basal chilled margins. Several
maééive flows Qere sampled in order to examine chemical variations
across fhe.flows. The data for one mafic komatiite flow are reported

below.

FIELD RELATIONS AND PETROGRAPHY

‘,The section of one flow that was sampled in detail occurs in
the stream bed immediately 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 .

(0.1 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 - b4,
The flow top breccia consists of coarse and usually angular fragments
(several cms across) which are now cemented by quartz. Tﬁe basal
chilled margin and the flow top breccia are much finer grained than
the matérial in the central portion of the flow. Small vesicles

- (0.1 to 2 mms across) now filled with quartz occur in thebcentral
portion of the flow and in the basal chilled margin. No clinopy-
roxene spinifex textured zones were observed in Tony'; filow. The
flow can be traced for_several metres along strike before it dis-
appears underja talus covering.

In thinrsection the flow top breccia is fine grained and con-
tains amphibole needles up tc 1 mm long set in a groundmass of
amphibole, chlorite and minor opaque matérial. The amphibole needles
probably fepresent altered clinopyroxene needles. No phenocrysts

‘were observed in tﬁis 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 amphibolé, chlorite, quartz and minor spingl. From the morphology
of the microphenocrysts they are inferred £0‘have'beeﬁ 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, chlorife, quartz and
‘minor spinel. The two samples above the basal contact contain
abundant euhedral Ciinopyroxene phenocrysts (now altered to.amphibolé)
set in a groundmass of amphibole, chlorite quartz andﬁminor spinel.
The sample SC-6C also contains some serpentine. From the above
inferences of the original igneous mineralogy of the flow, clinopy-
roxené 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 am;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 confent calculat~
ed such that‘the Fe203/FeO 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 follbwing discgssion as their concentrations
may'have been disturbed b& secondary processes. |

The most striking.feature of the chemistry of Tony's flowvis
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
eésentially encompasses all three basaltic komatiite types originally
* defined by Viljoen‘and Viijoen (1969¢c). The compositional variations
in the flow were.probably.bréught about by'in‘situ crystal fraction-
ation and accumulation processes (see later discussion). These |
variationsAillustrate 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.
y
In view of the significant (but contentious) role CaO/A1203
ratios have played in the characterisation of komatiites (see
Chapte? 4) it is clearly imporfant to establish if high CaO/A1203
ratiosvare due to clinopyroxene accumulation in individual samples
or not. The weighted average composition of all the samples in
Tony's flow (Tables 3-6a and 3-6b) is essentially identical to the
phenocryst free flow top brecéia sample SC-6A from which it is

assumed that the ipitial 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 CaO/A1203 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/A1203 ratio (2.5) which is significantf
ly highér and clearly not repreéentative of the initial magma and
from thin section examination this sample is_believed to have accum-
ulated clinopyroxene. |

Variation of the concentrétions of selected elements with depth
in Tdny's»flow afe'illustrated in Fig. 3-4. MgO is higher and A1#Oé,
TiOz, Zr and V lower in the lower three samples than the top three |
samples, suggesting that ferromagnesium minerals ha§e accumulated
towards the base of the flow. The variations of Ca0O, Cr, Ni and Sc
with depth in the flow are er;atic, while variations in the CaO/A1203 '
:ratio (see Table 3-6b) show that the two top and bottom samples ﬁave .
similar ratios of ~1.7. The sample HSS-C2 has the highest CaO/Alzo3
ratio and the sample above it (SC-6B) the lowest, suggesting that
clinopyroxene fractionation and accumulationvere most important in
the central zone of the flow. The similar CaO/A1203 ratios of the
lower samples (SC-6C and HSS-C3) but higﬁer MgO and Ni contents com-
pared to the flow top bteccia,suggest that olivine or perhaps ortho-
pyroxene had accumulated.in this zone of the flow. Inter-element
;atios such as Al/Ti, Ti/Zr and Ti/V show small or insignificant
changes withAdepth in‘the flow indicating that an Ai bearing phase

(such as plagioclase) did not fractionate as the flow cooled and

crystallised.
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'CRYSTALLISATION AND 'ACCUMULATION PROCESSES OCCURRING IN
"TONY'S FLOW

Attempts to quantify the absolute amounts of accumulation or
crystal fractionation that occurred in Tony's flow are hampered by
the lack of minecral compésitions as no relict igneous minerals were
observed. From thin section examination of the samples it has been
deduced that clinopyroxene and olivine wefeAprobably important
fractionating phases. The geochemical data are compatible with
clinopyroxene, olivine and or orthopyroxene as likely fractionating
minerals. While no igneoué mineral compositions have been determined
from.Tony's‘flow,many-analyses of phenocrysts from other mafic and
ultramafic komatiite samples aré available (given in Chapter SIand 6).
As will be shown in Chapter 6 clinopyroxene has a restricted range
of compositions regardiess of whether this mineral was analysed f{rom
ultramafic komatiités or mafic komatiites. The composition of the
clinopyroxenes cfystallising in Toﬁy's flqw were probably similar
to the endiopsidé coﬁpositions given in Table 6-1 ana for the pur-
poses of the modelling calculations below;a clinopyroxene composition
(atomic) Mg/(Mg+Fe) = 0.86 was chosen. An olivine of composition
F§87 was selected for the modelling calculgtions as this gives a kD
(defipéd earl%eri~= 0.32 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 quarfz}which is clearly of secondary

/

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>a1thoughvit is emphasised
thatvquartz is not considered to have been a fractionating phase
during the cooling and crystallisation of Tony's flow.

The least squares liﬁear mixing method (Bryan et al., 1969)
was used to calculate the proportions of initial magma (assumed
to be similar in composition to the flow topvbreccia sample SC-6A),
clinopyroxené, olivine and quartz required to generate the observed
compositions in Tony's flow. The resulits of the mixing calcuiationé
are given in Tables 3-7a to 3-7e. Note that total iron has been

calculated as Fe0O; . K,O, Na

2 0 and P,0_. have not been included in

2 275
the calculations. The agreement between the predicted and observed
ma jor element;compositions as given by Z(calc.-obs.)2 is considered
satisfactory.‘ The inclusion of orthopyroxene in the calculations
‘was found to ﬁe unnecessary as its fractionation was only required
in very small amounts and the residuals were not significantly improved.
The calculation’of trace element che;ks‘is complicated by several
féctors including the prcblem 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 .
metho&s such as those described Bvae Roex and Reid, 1978). It is
suspected that the flow top breccia sample SC-6A also contained some
secondary quarti and therefore the absolute trace element contents
in this sample may be too low by an unknown amount but probabi