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Abstract

Seventeen Archaean acid volcanic and granitic régk samples from the
Barberton Mountain Land, Eastern Transvaal, were analysed for major elements,
Co, Ni, Cr, V, Sc¢, Cu, Zn, Li, Cs, Rb, Ba, Sr, Zr, Hf, Nb, Th, U, Y, and REE.
The data:indicate extreme depletion of alkali and high-valency cations in both
Na=rich porphyries of the ultramafic - maflc volcanic Onverwacht Group, and in
the 'ancient tonalites' which 1ntruded this sequence about 34 = 3.2 beye. agoe
Some porphyries dlsplay highly fractionated REE patterns, indicating

equilibration with and separation of garnet. Fractional crystallization of

“basic magmas at pressures exceeding 9 kb is fhus indipated. - The tonalites

have pronounced positive Eu anomalies and are fhought to have formed by partial
melting of basic rocks under high-pressure conditions. The chemical data
are'consistent with the interpretation pf‘fhe Dalmein and the

Bosmanék&p plutons as léte and progressively differqntiatéd rembers of the
'ancieht tonalite! suitq. The origin of the Nelshoogte tonalite, Theespruit
trondhjemite, Dalmein trondhjemite, and Bosmanskop granite is interpreted in

terms of decreasing degrees of partial melting of mafic rocks with time.

The Nelspruit migmatite shows a pronounced negative Eu anomaly, and was

probably formed by anatexis of both the 'ancient tonalites' and Onverwacht
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Group mafic rocké about 3 b.y. ago, within the depth rénge of 20 = 45 km.

No Eu anomaly is shown by the Hood granite, which occurs above the migmatife.
The chemistry 6f greywackes from the Fig Tree Group is consistént with
derivation from a terrain composed of both Onverwacht Group and the 'ancient
tonalites', including late K-rich members of this suite. The data lend
support to models advocating secular transformation from simatic to a sialic
crustal environment, but suggest fundamental differences between the mode of
genesis of the Archaean granite-greehstone terrains and modern island-arc

systems,.

INTRODUCTION

Inherent in the problem of the origin of Precambrian shields is
the question of the evolution of their earliest granites, and possibly related

acid volecanic rocks - i.e., were these rocks formed by anatexis of still ‘older

- sialic crust (e.g. Macgregor, 1951; Fyfe, 1973), or by partiai melfing of

mafic crust (Viljoen & Vil joen, 1969é; Glikson, 1970, 1972; Glikson &

Sherafon, 1972; Arth & Hanson, 1972; Anhaeusser, 1973; Jakes & Taylor,

1974) . Central to’this question are the geochemical and isotopic characteristics
of thewearliest acid igng&us memberé of Archaean granitqureensfone terrains.
However, because of generally poor outcrop in granite terfains in Canadg,

Brazil, India, and Australia, ' interpretation of the chemical and isotopic

‘data is complicated by difficulties arising from limited understanding of the

field relations, Furthermore, differential'weatherihgvof the different granite
tyﬁes‘- for example, more rapid weathering o

offpiagioclase relative to K-feldspar, and thus poorer outcrop of tonalitic

and trondhj;mitic plutons A'haé resuited in extensive sampling bias in

Archaean cratons (Glikson & Sheraton, 1972).



3

Granites associated with the Barberton greenstone belt of the
Swaziland System within tﬁe Kaapvaal Shield are an exception to the above
observation in that they include a large variety of well exposed intrusions,
most of which fall within the time span 3.4 - 2.6 by, (de Gasparis, 1967;
Allsopp et al,, 1968; 1969; Van Niekerk & Burger, 1969; Oosthuyzen, 1970;
Hurley et al., 1972), Regional mapping of this terrain was carried out by
the Geological Survey of South Africa (Visser et . al., 1956). Viljoen & Viljoen
(1969 a;ic, d, e) conducted a majof element éomposition study of the granites,
and demonstrated secular chemical variations which they classified in terms of
two distinct plutonic series. Hunter (1970) investigated the ancient gneiss
complex of Swaziland, and reviewed the geochemistry of granites in the
Kaapvaal craton (Hunter, 1973). Anhaeusser (1971) studied the granites of the
Pretoria-Johannesburg dome, and pointed out their similgrities to the granites

of the Barberton area. Goles (1968) conducted RER analyses of some of these rocks

Because of their well exposed contacts with‘the greenstones of the
Swaziland system and of the availability of isotopic age data, detailed
geochenical studies of the granites should be meaningful in connection with
the early evolution of Archaean cratons. In this paper we present data for
major, trace, and rare earth element Qoncentrations in seventeen samples.
These include samples of acid tuff from the.Theespruit Formation, porphyries
from the Lower Onverwacht Group and the Middle Nérker ,'granites from
the Nelshoogte, Theespruit, and Dalmein plutoﬁ&, the Nelspruit migmatite,
- Hood granite and Bosmanskop pluton. The new data and earlier published data

are discussed in terms of the following problems: (1) genesis of the acid

u!
|

nagmas ; (2) possible relations between the acid rocks and the greenstones;:
(3) the role of the granites as provenance rocks for the Fig Tree Groﬁp

sediments; (4) comparisons with Archaean acid ignéous rocks elsewhere, and
comparisons with younger acid igneous sefies,‘with reference to the tectonie

environment in which the acid rocks evolved.
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SUMIARY OF GEOLOGY

The Swaziland System of the Barberton Mountain Land comprises the

following major stratigraphic divisions (from top fo bottom): (1) Moodies -
Grpup - an arenaceous sequence 3140 m thick, comprising at least four
sedimentary cycles;r (2) Fig Tree Group - argilliteé and turbidites 2150 m
thick, divided into three formations; (3) Onverwacht Group (upper part) -
bimodal mafic to felsic volcanic cycles 7680 m thick, divided into the
Swartkoppie, Kromﬁérg, and Hooggenoeg Formations; (4) Onverwacht Group

(1ower part) - ultramafic and mafic volcanic and hypabyésal rocks 7530 m

thick, divided into the Komati, Theespruit, and Sandspruit Fbrmations

(Anhacusser et al., 1969; Viljoen and Viljoen, 1969 a, c.; Anhaeusser, 1973).

The upper and lower parts of the Onverwacht Group afe separated from
each other by the Middle Marker — & thin unit of acid volcanics, chert, and

carbonate rocks. Rb-Sr age determinations on the carbonate rocks yielded an

87/86

age of 3375 £ 20 m.y. (Sr, = 0.7016 + 0.0005) (Hurley et al., 1972).
A quartz porphyry from the upper Onverwacht Group yielded a U-Pb age of 3360 -

+ 100 m.y. (Van Niekerk and Burger, 1969). The Onverwacht Group is intruded

. by the 'ancient'tonalites', a group of oval diapiric tonalitic to trondhjemitic

plutons, including the Kaap Valley, Nelshoogte, énd Theespruit plutoﬁs, dated
at 3310 + 40 m.y., 3320 + 40 m.y. and 3250 + 40 m.y., respectively (U-Pb ages,
Oosthuyzen; 1970). The 'ancient tonalités' are not known to intrude units
younger than the Middle Marker, and could possiblyanfedate the upper Onverwacht
Group. ,Another.possible member of this group is the Dalmein pluton, with sphene
and apatite U-Pb ages of 3190 and 3290 m.j. respectively (Oosthuyzen, 1970). |
Younger, more differentiated intrusipns include the Nelspruit migmatite

(3160 + 50 m.y., Oosthuyzen, 1970; 2992 + 70 m.y., de Gaspai-is, 1967) and

the Hood granite (3075 + 100 n.y., Oosthuyzen; 1970). The olderAage of the
Neispruit migmatite could be reiated to the inclusion of partly reworked parts

of the 'ancient tonalites' (see below).
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Specimen localities are plotted in Fig. 1. The petrography and
mode of occurrence of the analyzed specimens are summarized in Table 1.
Mineral identifications were carried out by polarising microscope and X-ray

diffraction using a Philips PW{010 diffractometer (analyst: G.W.R. Barnes,

'B.M.R.).

ANALYTICAL METHODS

Major elements and Rb and Sr were determined by X-Ray fluorescence
following the methods of Norriéh aﬁd Chappell (1967),»Na and K by flame
’photometry (Cooper,1963) and FeO and loss on ignition by conventional chemical
methods. Determinations .of Ba, Cs, Zr, Hf, Nb, U, Th and REE were made by
spark source mass specirography using the methods of.Taylor (1965, 1971),
the precision beiné about :;5% expressed as relative deviation, and Co, Cr, Cu,
Li, Mn, Ni, and Zn were determined by atomic absorption (analyst: B.I.
Cruikshank) using a Varian-Techtron AA~4 model, and using analytical lines as
folloys: Co - 240.7; Cr - 357.9; Cu~ 324.8; Li - 670.8; Ni - 232.0;

Zn - 213.9. V and Sc were determined by optical emission spectrography,

using a Hilger and Watts direct-reading 3 metre polychromator (analysts:

7?.I, Slezak).

RESULTS

The major and minor element data, CIPW norms, and Various.rafios are

presented in Table 2. Element enrichment patterns relative to an analyzed

metadolerite from the Theespruit Formation, which is similar to oceanic

. tholeiite, are portrayed in Figure 4; thislenableé qomparisons to be made of

various chemical ratios within and between the acid igneous rocks. The features

shown by the data are summarized under (a) major elements, (b) ferromagnesian

. elemenfs,.(c) alkali elements, (a) large high-valency cations, and (e) rare

earth elements.
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(a) Major glements and petrochemical indices

The tuffaceous porphyritic albite-mica-quartz schist (29)* is
lower in Si' and K, and higher Fe , Mg, and Na than the noanorphyritic
mica schists 34, 37, which may represent reworked sedimentary derivatives
of the tuff (Viljoen and Viljoen, 1969a). These differences could be caused
by leaching of Fe, lig, and Na during sedimentary transport, whereas the
enrichment in Si and K may be due to colloidal co-~precipitation and absorption.
If this interpretation is correct, only sample 29 shouid be considered with
respect to primary igneous affinities, and the An-Ab-Or ternaries (Figs. 2, 3)
suggest that the tuff can be classified as quartz keratophyre. The high

solidification index reflects the high chlorite content.

The quartz keratophyres (78, 30, 98, 100) fall close to the Aﬁ apex
of the An-Ab-Or and 9-Ab-Or diagrams, and include (a) porphyries associated
with the lower part of the 6nverwacht Group (78, 90), andb(b) porphyries
associated with the Middle Harker (98,_100). Group (a) abounds in phenocrysts
of partly to completely chloritized amphibole, and is hjghér in Ti, Al, Fe, Ca,
and P, and lower in Si and Na than group (b)e Ab is‘higher in group (a),

whereas Or varies considerably. Normative quartz amounts to about 25 percent.

The three samples of 'ancient tonaiites' (106, 117, 118) display

solidification, differentiation,?.and peralkalinity indiceé similar to those

of the quartz keratophyres, although they have higher Ca, The

similarity could support cogenetic relations between the 'ancient tonalites'
and the Middle.Marker porphyries. Two samples plot in the tonalite field
and -one in the trondhjemite field of the An-Ab-Or triangle. The Q-Ab-Or

diagram shows that the tonalites have higher Q/Ab ratios than in the quartz

* Sample nuﬁbgr

;
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Compared to the Nelshoogte rocks, the two Dalmein pluton samples
(104, 105) have high K and low Ca levels, higher differentiation and
pefﬁlkalinity indices, and lower solidification indices = the latter reflecting.
the slightly higher Fq/zFe + Mg) ratios. The decrease in Na/K ratio is
accompanied by an increase in P, The analyses plot within and on the

boundary of the trondhjemite field on the An-Ab-Or ternary diagram.

E The Bosmanskop.pluton specimen analyzed (115) is low iﬁ'si, and
somewhat high in Na, K, Ti, Fe, Mg, Ca, and P, as compared to the other
samples. The Na/K ratio is about 1. DNormative quartz is low. The rock
plots in the‘granite field of the An-Ab-Or ternary diagram, but owing to its

loﬁ silica content may be more appropriately termed adamellite.

Field observations show that remnant bodies of tonalite,

trondhjemite, and granodiorite abound in the Nelspruit migmatite and the data
presented by viljoenAand Viljoen (1969a) indicate that the migmatites are

compositionally intermediate between the 'ancient tonalites' and the Hood

granite. Because of the banded nature of the rocks, however, the single

sample analyzed (108) is not regarded as representétive. The rock has
high Si, low Al, Fe, Mg, and Ca, a Na/K ratio of 1.2, high normative quartz,

and a Fb/(Fb + Mg) ratio higher than those in the groups discussed above.

The two Hood granite samples (109, 114) have high Al and alkalis
relative to the sample from the Nelspruit migmatite. The énalysea plot in
thg granite field of the An-Ab-Or diagram, and close to the eutectic point
coriesponding to 5 kb H20 pressure on‘the Q—Ab-Or diagranm (Fig. 3). Normative
Q is about 25'percent of thé norms. Hcwever, the two rocks differ mérkedly :
with respect to Fe, Mg, Ca, and Ti, which are higher in sample 114, reflecting

its epidote, sphene, and amphibole contents.
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(b) Ferromagmesian elements

The new analyses and the data of Viljoen and Viljoen (1969a)
indicate a general increasé in fhe average Fe/(Fe + Mg) from the tuffaceous
sericite schists (0.54) and porphyries associated with the lower Onverﬁacht
Group (0.55) to porphyries of the HMiddle Harker and the upper Onverwacht
Group»(0.64). iikewise, a general increase in this ratio is shown from horn-
blende tonalites of the ‘'ancient tonalites' (0.64, averaged data from
Viljoen and Viljoen, 1969e), biotite tonalites (0.64, based ‘on the 3 'ancient
tonalite' sampleé and on data from Viljoen and Viljoen 1969e), to the Dalmein
pluton (0.69), to the Kelspruit migmaﬁite (0.75) and to the Hood granite and
Lochiei granite (0.80). There may also be a weak negative correlation betweeﬁ

the Fe/(Fe + Mg) and the Fe + Hg values (¥ig. 5).

Relative to average granites, absolute abundances of Cu, Sc and
especially Li are commonly low, and Co levels are somewhat high. Ni/Mg and

Cr/Mg values are generally high (Fig{é). Cr/V values are high, V/Ni ratios

are low, and Li/lig values are very low. High Ni/Mg and Cr/Hg values and low

Li contents were also recorded in Archaean quartz albite porphyries of the

Kalgoorlie System, Western Australia (0'Beirne, 1968).

There is a general sympathetic rélation between Mn, Cr, Ni, Co, Cu,
V, Zn, and FQ (Fig.‘7). A general decrease in Ni/Mg and Cr/Mg values with
time occurs in the 'ancient tonalites, Dalmein.pluton,and Bosmanskop pluton
in that order. The secular increase in the siderophile element abﬁndances and.
decrease in magnesium-related trace elements is reflected by a parallel decrease

in the Ni/Co ratio and an increase in the V/Ni ratios in the plutonic series.

‘A decrease in Cr/V values and an increase in Fe, Mn, V, Sc, and Cu takes place

 in the Nelshoogte, Dalmein, and Bosmanskop plutons in that order.
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Relative to fhe Theespruit dolerite, the general order of increasing depletion
in forromagnesian elements follows (with some exceptions): ¥in (least.depleted),
Fe, Co, V and Sc, Cu, Ni, and Cr (most depleted). The pairs Fe-Mn, V-Se,

and Ni-Cr‘retain, on average, internal ratioe similar to those of the Theespruit
dolerite, and thus little fractionation of these elements relative to one -
another is indicated. Ni/Co valnes are comsistently highér, andVV/Ni values
consistently lower, than in calcalkaline island-arc type volcanics (Taylor

b
et al., 196%?, mainly'owégto the lower Ni contents of the latter (de Long, 1974).

(c) Alkali elements

The .susceptibility of the alkali elements to secondary redistribution
renders them less reliable indicators of primary composifion, especially in
the metamorphosed volcanics. K,-Rb, Ba, and Cs levels are very low in the
Theespruit porphyritic tuff (29), and higher in its reworked sedimentary.

derivatives. The latter also display increases in K/Rb, K/Th, and K/U - perhaps

~ due to absorption of K relative to Rb, Th, and U from sea water. A parallel

decrease in Sr/Ba and an increase in Rb/Sr partly reflect absorption of Ba and

Rb from sea water and partial leaching of Sr along with Ca and Na.

The quartz keratophyres of the lower part of the Onverwacht Group
and the Middle Marker porphyries display marked differences, notably higher
Sr and Ba lenels in the latter. The Rb content of one of the lower Onverwacht
Group porphyries (78) is as low as 4.5 ppm (K2O = 0.2%), and K/Rb value for
another sample (90) is anomalously high (802), Sr is particularly enriched in
one of the Middle Marker rocks (100) (707 ppm), as it is in similar quartz

keratophyres of the Kalgoorlie System in Western Australia, where Sr values

~of 600 - 800 ppm are common (0'Beirne, 1968;'.Glikson and Sheraton, 1972).

The Sr concentrations show no obvious relation to Ca or K levels.
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The Nelshoogte biotite tonalites, Theespruit trondhjemite, and Kaap
Valley hornblende tonalite (Gples, 1968) have low Rb, Ba, and Cs, and high
Sr levels, reflected in very low Rb/Sr values and high Sr/Ba values. The
K/Rb ratios‘are ﬁoderate; K/Cs ratios are low and Rb/Cs‘ratios are also
somewhat low as compared to average granites. In the Dalmein pluton samples,
K, Rb, Ba,and Cs are higher, and Sr.is lower than in the tonalites. This
trend is accentuated in the Bosmanskop plutoh sample with respect to X, Rﬁ,
Bay and Cs, whose increase in this intrusion is accompanied by anomalous en-
richments in Sr and Ba ﬁhich are higher than in the Dalmein rocks by a factor
of more than 2. .The very low Rb/Sr value of the Bosmanskop sample suggests
that fractional crystallization was not important, as this would have depleted
.the magma in piagioclase and theréfore in Sr. This is also indicated by the

lack of a negative Eu anomaly.

The- Nelspruit migmatite, Hood granite, and Lochiel granite show
broadly similar K; Kb, and Cs levels, and similar K/Rb'vaiueé (and in sample
5108 also similar K/Cs, K/Th, and K/U values) to those of'thé'Bosﬁanskop
rluton sample; however, the létter is considerably higher in Sr, Ba, Zr, and
REE. There are marked variations in Rb and Sr between the Hood granite and

Lochiel granite samples.

K, Rb, and Ba show a secular avefage enrichment from the'ancient

tonalites' to the Dalmein pluton and the Bosmanskop pluton. There is an

‘increase in enrichment relative to the Theespruit metadolerite from Sr (1east

enriched) to K, Ba, and Rb (Cs was not detected in the‘dolerite, and thus
its enrichment factor cannot be calcnlated). The same order of enrichment
applies in the Nelspruit-Hood-Lochiel group. _D19cordant'trends'occur, and the

order of a#erage enrichment of K and Ba is reversed in five of nine instances.
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(d) Larere hish-valency cations

The Nelshoogte, Dalmein,and Bosmanskﬁp samples reflect a secular
increase in Th and U, and Th/U values in many of the samples are closely
similar to those in the Theespruit ﬁetadolerite - indicating the close
coherence of these elements during partial melting and magmatic fractionation.
U is low in the quartz keratophyres and very low in the 'ancient tonalites'.
Th levels in thé sericite schists are comparable to those of Taylor's
(1965) average granite, but are depleted in the quartz keratophyres, aﬁd in
the 'ancient tonaliteé' they are low by factors of 3 to 15 relative to
average granites. K/U and K/Th values of thé tonalites are very hiéh,.while
those of thé other rocké they are closer to average granites, except for the
reworked sericite schists (34, 37) and the Bosmanskop and Nelspruit samples
which are enriched in Th relative to K, and in the two latfer_cases élso

enriched in U relative to K.

Th/U values are high ih the sericite schists, possibly indicating
oxidation and leaching of uraniuﬁ. However, we consider the 16w concentré%ion'
qf both U and Th in the quartz keratophyres of the lower Onverwacht and the
Middle Marker and in the Nelshoogte tonaliteé and trondhjemite as original
igneous features, because they are consistent with the very low K, Rb,.Cs,

Ba, Zr, Hf, Nb, Y, and REE abundances in these rocks.

Zr abundances have a considerable range in the sericite schists

and are very low in two samples of the 'ancient tonalites' and one sample of

\

‘the Dalmein rocks. The Bosmanskop pluton sample has very high Zr. Hf

abundances mostly correspond to the range of average granites and average
granodiorite, but are high in the Nelspruit migmatite, one of the Hood granite

samples, and in the Bosmanskop piuton sample. . 2r/Hf values are high in the

‘sericite schists and very low in two samples of the Nelshoogte pluton and one

sample of the Dalmein pluton.
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Relative to therTheespruit metadolerite, average 4r and Hf show
a remarkable covariance (Fig. 4), suggesting near-retention in the gcid rocks
of their primary ratios. The sub-parnallel (though not coincident) trends of
REE, Nb, U, and Th in relation to Zr (Fig. 4).may reflect the controlling role
of zircon in concentrating these elements. The increasing order of enrichment
relative to the Theespruit dolerite is: Y\(commonly depleted), Zr and Hf,
REE, Nb, Th, and U (most enriched). Vhereas in some instances the large-
radius high valency elements vary sympathetically with the alkali elements, in
other cases they vary in the opposite sense (Fig. 4), suggesting that no
correlation exists between zircon concentrations and alkali enrichment. There
are few differences between the 'ancient tonalites' -Dalmein-Bosmanskop series
and the Nelspruit-Hood series with regard to element enrichment'orders.
If, as postulated below, the Nelspruit-Hood series formed by partial melting
of the tonalites, no major reveisals in the enrichment order of the high=
valency elements took place, suggesting that 1ittle alteration of zircon oqcurred

during the process.

(e) Rare earths

Chondrite~normalized data are portrayed in Fig. 8., The sericite
schists of the Nelspruit formation display highly variable REE patterns. The
albite-phyric tuff (29) has high total REE and a fractionated pattern
(LaN/YbN = 30)%, A well pronounced negative Eu anomaly is present (Eu/Eu* =
0.54)**, which can be interpreted in terms of extensive plagioclase fractiona-

tion, as supported by the very low Sr level (221 ppm). The sericite schist

samples (34, 37) are progressively depleted in, as well as less fractionated with

* N - normalized to average chondrite composition.,

** Eu* -~ calculated Eu for an anomaly-frée REE curve.

e e e o T
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with regard to the rare earth elements. This is consistent with the major-

element evidence, suggesting leaching of'the light REE during sedimentary

transport.

Quartz keratophyreé associated with the lower Onverwacht Group -
(78, 90) have low total REE, display smooth, mo&efately fractionafed REE
curves, withALaN/Yﬁn fatios of 25, 20, and light REE over chondrite.
enrichment factors of about éO. A higher light REE:enrichment (over 100)
.and greater fractionation (LaN/YbN = 100) are shown by the amphibole-bearing
porphyries of the (98,100) Middle Harker. The heavy REE concentrations
(Yo = 0.15.ppm, 0.19 ppm) Qbmpare with thcse of an Archaean dacite porphyry
from Minnesota (Yb = 0.164 ppm, Arth and Hanson, 1972), and with one of thé
Amitsoq gneiss samples (Yv = O.162Appm, O'Nions and Pankhurst, 1974). The.
REE fractionation pattern is analogous to that of the North Light gneiss of

Arth and Hanson (1972).

.The 'ancient tonalite' samples ﬁave very low REE levels (30-50 ppm)
and portray almostridentical REE patterns. They show moderate fractidnation
(Lay/Yoy = 23-44), moderate light REE enrichment (20-40), chondritic heavy
REE abundances,vand very pronounced positive Eu anomalies (Eu/Eu* = 1.35,
].46, 1.85).7 These patterns are remarkably similar to those of the Saganaga

tonalite (Haskin gt al., 1968; Arth and Hanson, 1972).

The REE patterns of the trondhjemite sample and trondhjemite- -
granite sample of the Dalmein pluton closely coincide. Both samples show
moderately high total REE abundances, very high light REE enrichment (LaN = 180),

lower heavy REE enrichment (YbN = 4.4, 5.4), and thus REE fractionation factors
of between 30 and 40. -



o \ 5 .

14.

The Nelspruit migmatite sample is enriched in light RLE (LaN = 140)
as well as in heavy RUD (YbN = 15), and shows a pronounced negative Eu anomaly
(Bu/Eu* = 0.54) placed between a flat heavy REE segment (Ga/To = 1.5) and a

steep light REE (La/Sm = 8) segment. * , .

The two samples from the Hood Granite differ in total REE by a
factor of about 10. Cpeciwen 114 has a highly fractionated pattern, the light
REE enrichment factor relative to chondrites being over 200'(LaN/Y'bN = 402).

Specimen 109, however, has a less fractionated REE pettern (LaN/YbN = 8).

The Bosmanskop pluton sample displays a very high total REE
abundance and a highly fractionated REE paftern. The light REE enrichment
factor exceeds 400, whereas Ytterbium enrichment is less than 5-fold, resulting

in a Lay/Yby; ratio of over 80.

Total REE vary sympathetically with Zr, Hf, lb, U,and Th, and to
a lesser extent with K, Ba,and Rb. There is no positive correlationAbetweeh

Eu and Sr.

Yttrium varies sympathetically with Zr and total REE, but shows

~no clear relation to Ca or P, which suggests its presence in zircon rather than

in apatite. Both absolute Y abundances and Y/Ca valves are notably low
relative to those in average granites, and Y is especially depleted in the

'ancient tonalites', 103Y/Ca ratios being as low as 0.15, 0.22, and 0.30,

Y levels of the quartz keratophyres, the 'ancient tonalites', and the Dalmein

pluton are lower than in the Theespruit metadolerife, in agreement with their
depletion in heavy REE,  The depletion in Y is in line with observations
on Archaean gneisses from Scotland and Canada (Lambert and Holland, 1974) and

on Western Australia granites and porphyries (Glikson and Sheraton, 1972) .
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PETROGENESIS

(a) . Acid Volcanics of the Onverwacht Group

The tuff intercalations and porphyries of the ultramafic-mafic
Theespruit %ormation, the volcanic porphyries of the liddle Marker, and the-
volcanics and breccias of the mafic to felsic upper Onverwacht.Group (Viljoen
and Viljoen, 1969c, Allsopp et al., 1973), all form dacitié to rhyolitic end
members of a bimodal volcanic suite, intermediate lavas being rare in this
sequence, Considerations on the origin'of bimodal suites of Archaéan high-
grade terrains (Barker and Petermann, 1974) are thus also pertinent to the
greenstone belt assemblages.f The acid volcanics.could have formed through
one of the fqllowing processes: (1) anatexis of earlier sialic rocks;

(2) crystal fractionation of mafic and/or ultramafic magma; (3) .partiél

melting of mafic and/or ultramafic rocks at crustal or upper mantle levels,

~ The initial Sr87/é6 ratios of felsic volcanics of the upper Onverwacht Group

(2540 + 50 mey., Ri'= 0.719 + 0.006; 2620 + 20 m.y., Ri = 0.711 + 0,007,
Allsopp gﬁ_gl,,‘1968{ 1973) are not consistent with mantie derivation of the
félsic volcanics, However, these ratios and the stated ages'must reflect a
yoﬁnger metamorphism, énd the true volcanic ages must antedate.the abproximate
3e3 b.ye. age of the 'ancient tonalites' intruded into them. Partial melting
of acid rocks would be expected to genefate near—-eutectic melts and result in
enrichment in thé alkali and large-—radius lithophile élementse quever,

fractionated K-rich volcanics havé not been observed to date in'the Onverwacht

Groupe Thus the porphyries analyzed by us have low K, Rb, Cs, Ba, U, Th, 2r,

Y, Nb, and Rb/Sr, and high Na/K, Ba/Rb, and in some instances high K/Rb an

; sialic crust . '
K/Cs. Nor can totul melting of{  be invoked with respect to the acid
volcanics, in view of the high liquidus temperature of tonalite (over 90000,
pH,0 = pLoad (Piwinskii and Wyllie, 1968; Lambert and Wyllie, 1974). Such

temperatures can only have been attained at crustal levels if a geothermal

gradient of at least 25%:/km is assumed.
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The highly fractionated REE patterns of somé of the porphyries
suggest that garnet was a;residuél phase since it is the only common mineral
preferentially highly enriched in heavy REG. Insofar as the phenocrysi-matrix
partition chfficients of Schnetzler and Philipotts (1970) may be applicable
to the origin of the acid vélcanics, estimates of partial melting or fraction#l
crystallization requiréd to give rise to the observed REE pattefns can be made,.
assuming equilibrium crystél—melt relations. It must be borné in mind, however,
that whereas the partition coefficients themselves vary considerably in relation
to pressure and temperature of crystallization, the ratio betweén light and

heavy REE enrichments (relative to chondrites) is significant (see O'Nions and

.Pankhurst, 1974), and can be used for estimates of the degree of partial melting

involved in producing these rockse.

For the ériginal composition of the parent rocks or bulk magma
composition we assume the composition of a metadolerite from the Theespruit
formation (sample 6), showing a flat REE pattern (Ce}I = 10; Yﬁw = 10) (Table
2; Fige 8). Enrichment values fdr Ce and Yb, assuming both eclégite and '
amphibolite source-rock assemblages, were calculated and are presentéd in Table
3. On this basis the CeN/YbN ratios of the quartz keratophyres (16, 20) (Table
2) can be produced by over 40 percent of partial melting of eclogite of ThéeSpruit

dolerite composition (CeN - 5, Yb_ = 10), but extremely low degrees of partial

N

melting of eclogite are required to give rise to the more fractionated REE

patterns of the liddle Marker porphyries (Ceﬁ/YbN = 76, 84) (Table 2).

‘Progressive melting of mafic rocks is probably tnlikely, as it would have

resulted in early éruption of aéid melts, which is contrary to the mafic to
felsic volcanic cycles observed in the upber Onverwacht Group. However, thc
melts could have been produced by magmatic segregation and filter pressing during
the waning of the igneous episode, The high U, Th, Ba, Zr, Hf; Nb, and REE

of the volcanic porphyries relative to the 'ancient tonalites' (Table 2) may

also argue in favour of further concentration of these elements upon fractional

crystallization of the ascending volcanic magmas. In contrast, the tonalites

may represent little—differentiated products of partial melting (see below).
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Green (1972) suggested that garnet is stable at pressures of
9 -~ 13.5 kb (with'10% H20 present) down to subsolidus temperatures, thus
setting a minimum depth limit of about 27 km for the equilibration of the acid
volcanic ﬁagma, whose fractionated REE pattern implies présence of garnet. -
Even greater depths of magma derivation are suggested by the abundance of partly
resorbed quartz phenocrysts, which may signify pressures of about or over
18 kb (pHZO < pLoad) at which quartz replaces plagioclase on the liquidus

(Green and Ringwood, 1968).

If the acid volcanics resulted from late-stage differentiation

of the ultramafic-mafic magma, they could have inherited certain trace element

" characteristics from the iatter. On the other hand, if the ultramafic-mafic

magma and the acid melts ensued from partial melting in-the mantle and of
mafic crust, respectively, fewer similarities could be gxpected. The latter:
conclusion was reached in connection with the bimodal suite of the Kalgoorlie
System, Western Ausfralia, vhere the acid volcanics have anomalously high

Sr levels (600-800 ppm), but the associated metabasalts are low in Sr (about

100 ppm) (0'Beirne, 1968; Hallberg, 1972). In the Onverwacht Group such

comparisons must await further trace element data for the ultramafic-mafic
-volcanics. We tentativeiy consider that the overall secular increase in .
Fe/(Fe + Hg) in the acid volcanics, which parallels the transition from the
Mg-rich ultramafic-mafic lower Onverwacht Group to the more F?-—rich.mafic
upper Onverwacht Group, favours fractional cfystallization of increasingly

Fe .-riqh basic magmas, rather th;n partial melting. From the REE evidence and
the presence of quartz phenocrysts, ﬂowever, it follows that such fractional
crystéllization nust have occurred at subcfustal or mantle depths. The paucity

of andesites may be explained if consistent gravitative separation of garnet at

deep crustal or upper mantle levels is assumed.
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(b) Origin of the 'ancient tonalites'.

The low concentration in the 'ancient tonalites' of Th, U, Rb, Cs,
Zr, b, and total REE, as well as their low initial 5;87/86 (pavies, 1971),
sets constrainis on models for their evolution. As argued in connection with
the acid volcanics, total melting of sialic crusf depleted in lithophile
elements is unlikely. As noted above, to effect total melting of a tonalitic
crust, temperatures of over 900°C are required, and granulite facies metamorphism

should have reached higher crustal levels than is suggested by the generally

‘low metamorphic grade in the greenstone belts. Furthermore, partial melting of

-

granitic rocks should have yielded highly fractionated iiquids, but no such rocks
are known to antedate the 'ancient.tonalites'. On the other hand, younger
more fractionated intrusions are represented by the Dalmein and Bosmanskop

plutons.'

The high Ca and Al, low Si, high s:y%a, low RbASr, and pronounced
positive Eu anomalies shown by the analyses of the 'ancient tonalites' all
point to strong enrichment of the magma in plagioclase. Partial melting or

crystal fractionation must therefore have occurred under pressures at which

‘plagioclase is unstable., Lambert and Wyllie (1974) showed that plagioclase is

unstable at the tonalite solidus at a.pressure of 15 kb (pH20 = pload) and
temperature of 650°C (and at lower pressures at higher temperatures). Green
(1972) concluded that garnet, which on the basis of heavy REE depletion was
probably present in the source, is.stable on the liquidus in the 9-13.5 kb range
(with 104 H,0) at temperatures below 900°C. Thus, crystal-liquid equilibration
at crustal levels deeper than about 27 km and possibly as déep as 45 km could
account for both the enrichment of the tonalites in plagioclase and depletion

in heavy REE, The fractionated REE patterns (CeN/Yb = 13 to 21) are consistent

N

with over 40 percent melting of eclogite or garnet granulite similar in bulk

composition to the Theespruit metadolerite, using the partition coefficients of

‘Schrietzler and Fhilipotts (1970), but are not consistent with partial melting

of amphibolite (Table 3).



A EE O BE G G5 AN GF ) Of G0 BN G SR R . G B = e

19.

i

further
To test the partial melting mode}é K, Rb, Ba, and Sr enrichments in

melts resulting from varidhs dggrees of eclogite and amphibolite fusion were
calculated, using the appropriate Xd values of Philipotts and Schnetzler
(1970). From Table 3 and Fig. 4 it is apparént-that the calcﬁlated order‘of:><ﬂ
increasing enrichments for the alkali and alkaline earth elements - i.e. enrich-
ment in Sr, Ba, K,and Kb in this ordef corresponds to the observed enrichments

analyzed .
in thg&tonalites relative to the Theespruit metadolerite analysis. However,

-the percentages of partial melting of eclogite'or amphibolite required to give

rise to the observed concentrations vary for each element. Whereas the
CeN/YbN ratios of the tonalites indicate over 40 per cent melting of eclogite

df Theespruit metadolerite composition (Table 3), smaller degrees of partial

melting are required for the observed enrichments in alkalis ‘relative to the

Theespruit metadolerite. Thus, observed Rb enrichment factors (1%.2, 319,
38.2) imply less than 5 per ceht melting; observed K enrichment factors

(8.8, 16.4, 22.1) imply betﬁeen 2 and 10 per cent melting; observed Ba
enrichment factors (8.1, 9.4, 16) imply between 5 and 10 per cent melting,

and observed Sr enrichment factors (5.3, 5wy 5.9) imply about 10 pér cent
melting. This discordance may imply higher alkali levels of.the source rocks
relative to the Theespruit»metadolerite, or alternatively a source composition '

more depleted in the light REk, by analogy with modern oceanic tholeiites.

The chemical features of the Kaap Valley granite, in particular
a‘REE pattern intermediate between that of the Nelshoogte tonalite and the -
Theespruit metadolerite (Fig. 8),‘and the high Ca, Fe and lg, and iow
Fe/(Fe +‘Mg) are consistent with a high degree of assimilation of mafic and
ultramafic rocks, as suggested by Viljoéh and Viljoep (19692). However, the

Ba and Rb abundances of a single Kaap Valley granite sample (Goles, 1968}

. exceed those of the 'ancient tonalites', and no fractionation of the biotite

tonalite (Nelshoogte pluton) relative to the hornblende. tonalite (Kaap Vallej
thus

pluton) igLindicated by the available data.
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The Dalmein pluton was previously assigned to a "younger granites"
series, corresponding to the 2.9 - 2.8 b.y. range (Viljoen and Viljoen, 1969d,
e)e However, more feéent U-Pb work by Oosthuyzen (1970) indiéated isotopic
ages of 3190 + 70 m.y. (sphene) and 3290 + 80 m.y. (apatite). The Dalmein -
plutdn intrudes synclinally folded rocks of the lower Onverwacht'Group, and thus
is structurally distinct from the adjacentfancient tonalites'(Theespruit and
Stolzburg plutons) which are emplaced in anticlinal position. The two
Dalmain pluton samples have higher lithophile element enrichment levels, higher
Fe, Hn,.Cu and Fe/(Fe + lig), and lower Ca, Mg, Ni, Cr;.qnd Co compared to the
'ancient tonalites'. Also, the lower K/Rb and Sr/Ba ratios, higher Rb/Sr, and
lack of positive Eu aﬁomalies in the Dalmein pluton rocks are explicable in
terms of separation of plagioclase from tonalite magmas. Alternatively, partial
melting of ecologite (about 30 percent) of Theespruit metadolerite composition
can be invoked to explain the REE data (Table 3), but further crystal

fractionation is indicated by the observed enrichment of K, Rb, and Ba

- far above levels calculated for this extent of partial melting (Fig. 4).

The higher REE, U, Th, Nb, Ef, and Zr levels in the Dalmein pluton samples are
attributable to higher zircon conteant. _It is likely that the Dalmein trondh-
jemite represents a late, relatively fractionated member of the 'ancient

tonalite' series.

The Bosmankop pluton (3130 + 30 m.y.) is intruded into the
Stolzburg pluton which is a member of the 'ancient tonalité' suite, samples of
which from Lekkerloopspruit were dated at as 3170 + 20 m.y. (Oosthuyzen, 1970).

The chemical data indicate very high enrichment of light REE (CeN/Y‘bﬁ = 64.5)

.and very high U, Th, 2r, Hf, Nb, Y, Rb, and Ba, suggesting either low

degrees (about 10 per cent) of partial melting (Table 3) or extreme magmatic
fractionation. However the mechanism of segregation and extraction of %ery

snall proportions of liquid from the source rocks is difficult to envisage.
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or is strong magmatic fractionation consistent with the K/Rb . — (197),
the Sr/Ba value (0.84), the high Sr levei, and the lack of a negative Eu
anomaly in the Bosmankop pluton sample. It must be.tentativeiy assuméd
that migration of liquids resulting from incipient fusion was possible
under the prevailing condifions. The apparent lack of plagioclase
fractionation and the extensive equilibration with garnet suggested by

the REE data imply that pressures exceeded 9 kb, and thus derivation from

levels deeper than 27 km.(see Green and Ringwood, 1968).

(c) ~ Origin of the Nelspruit migmatite and Hood granite.

Viljoen and Viljoen (1969e) considered the Nelsprﬁit
migmatites to be anateétic and/or metasomatic derivatives of the
'ancient tonalites', and presénted field evidence for.a transifion
upwards from the tonalites into the migmatite, which‘in turn grades
upwards into the homogeneous Hood granite. Both the migmatite and the
granite yield isotopic ages of about 3 b.y. (3075 + 100 m.y., U-Pb age,
Oosthuyzen, 1970; 2992 + TO m.y., Sr187/86 = 0.,7052 + 0.0019,-de Gasparis,
1967), but older ages were also recorded (3160.1 50 mey., U~Pb age,'
Oosthuyzen, 1970), possibly corresponding to components of the
'ancient tonalites'rincorporated in the migmatite. The initial

Sr87/é6 ratios of the Nelspruit migmatite, Hood granite, and Lochiel

' granite (0.7054, Davies, 1971) are not inbonsistent with a mode of

origin involving partial melting of the. 'ancient tonalites', bearing

in mind the low Rb/%r ratios in the latter. liajor element data
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(Viljoen and Viljoen, 1969e) show that the average Fa/K values

for the Melspruit migmatite (Na,0 = 4.37%; K0 = 3.57T%) fall

K

between the averages of the 'ancient tonalites' (N2.0 = 5.38%;

o0 = 1.92%) and the Hood granite (Na,0 = 3.76%; X,0 = 4.97%).
Likewise the average Rb level (105 ppm) and Sr level (278 ppm) of
the Nelspruit migmatite are intermediate between the averages of the

‘ancient tonalites' (Rb = 52 ppm; Sr = 498 ppm) and the Hood granite

"(Rb = 189 ppm; Sr = 134 ppm).

Hotwithstandinz the above considerations, REL data do
not permit a derivation of the Helspruit migmaﬁite sample solely
by.pdrtial melting of the 'ancient tohalites', because of the marked
depletion of the latter in the heavy REE - a characteristic not inherited
by the migmatite. It would be difficult to explain this featqre,
except if partial melting of mafic source rocks with almost flat REE
curves and not in equilibrium with garnet has also contributed significantly
to the migmatite. For this reason, Nelspruit migmatites probably represent
the product of 00mbined melting of the 'ancient tonalites' and‘of mafic
rocks of the Onverwacht Group, which abound as inclﬁsions in thé tonalites,
As suggested by the negative Eu anomaly in the migmatite, tﬁe partial melting
was accompanied by marked precipitation of plagioclase. On the other
hand, aé shown by the highly fractionated REE curves of one of the two
Hoodlgranite samples {114), in other instances the 'ancient tﬁnalites'
could be almost the sole contributors of partial melt at that stages
Further trace element studies of the Nelspruit migmatite and Hood

granite are necessary to document and elucidate the significance of

their chemical heterogeneity.
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A comparison between the chemistry of the 'ancient tonaliteé' and
the Helspruit-Hood suite (Fig. 4) indicates a general increase in the abundance
of alkali and high-valency cations (Fig. 4). There are some variations in the
orders of enrichment in lithophile elements relative to the Theespruit

metadolerite, which are as follows (in order of increasing enrichment):

(1) Helshoogte tonalite (average of 3): Y, REE, Zr, Nb, Hf, Li, Sr, U,
Th, Ba, K, Rb, |

(2) Nelspruit migmatite: _Y,.Sr, Li, Bf, Zr, REE, b, Th, K, U, Ba, Rb.
(3) Hood granite (average of 2): Y, Zr, Hf, Sr, Li, REE, Nb,-Th, U, Ba,

K, Rb.

Thus, there is an increase in the ratio between total REE and 2r; a
general decrease in Th/U ratio, and a general decrease in the relative

importance of Sr upon anatexis.

The Nelspruit migmatite sample (108) has higher Si and lower Al
in comparisén to analyses presented by Viljoen and Viljoen (1969e), and és
shown by the high Ba, Rb, Cs, Zr and Hf, and low K/Cs and Sr, represents a
relatively differentiated end-member of the migmatite complei. This
conclusion is corroborétedrby the pronounced negative Eu anomaly,_and low Ca

and Al, all pointing to fractionation of platioclase (Table,Z, Fig. 8).

It is pertinent to compare the chemistry of the Nelgpruit migmatite-
Hood granite series with that of the Bosmanskop pluton. The Nelspruit-Hood
analyses show lesser enrichment in total REE, Sr, Ba, Th,and U, and greater
enrichment in Li. Fe/(Fe + Hg) and the order of depletion in férromagnesian
elements are similar in both groups, as follovs (in order of increasing depletiod
: lin, Pe, Co and Sc, Mg, Cu, Ni. The high contents of large-radius high-
valency elements, REE (553 ppm), Sr.(1263 ppm% and Ba (1500 ppm) in the

Bosmanskop pluton suggest that phases enriched in these elements were selectively

melted at crustal levels at-which the magma has equilibrated. It is difficult,’

‘however, to envisage a process by which partial melting of the 'ancient

tonalites'.could result in the observed two-fold increase in Sr, considering



i "
N

23.

the low plagioclase content of the Bosmanskop sample. No such problem
exists with reépeqt to the lelspruit-Hood series, which are depleted in Sr
relative to the Helshoogte tonalite, thus being coﬂsistently with partial
melting of the latter. The latter process must have therefore taken place
at depths at which élagioclase iz stable, i.e. at lesé than 15 kb (Lambert

and Vyllie, 1974).

Hunter (1974) pointed out that the Lochiel granite analyses plot

near the eutectic minimum which corresponds to the 7 kb (pH 0 = pload) on

2
the Q-Ab-Or ternary. Thus, minimum and maximum limits of approximately 20 km
and 45 kn, respectively, can be placed on the depth at which anatexis of the

'ancient tonalites' has taken place.

The high Fe/(Fe + Mg),values for the Nelspruit-Hood series relative
to those of.the 'sncient tonalites' can be understood in terms of separation of
residual - Mg -rich phase. Formation of basic upper-amphibolite to
granulite facies assemblages can thus be expected to occur upon granite
formation. It is pertinent in this regard to note the occurrence of plegioclase~
diopside'granulites reported from the 'ancient gneiss complex' in Swaziland by
Hunter (1970), some of which could conceivably represent residues of partiél

melting processes.

(d) The Barberton granite-greenstone system, the 'ancient gneiss complex

and the source of the Fig Tree Group.

HEunter (1970) and Barker and Peterman (1974) suggested that the
amphibolite-faciea 'ancient gneiss cqmplex' of Swaziland anfedates the granite-
greenstone system of the Bafberton Mountain Land, and formed a source terrain
for the sediments of the Fig Tree Group. Condie et al. (1970) supported
this conclusion, citing the occurrence of K-feldspar in, and the high K and
Rb levels of, greywackes of the Fig Tree Group, as c¢ompared to the low K

and Rb in the 'ancient tonalites' (Rb/Sr = 0.08, 0.10).
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A comparison between the average 'ancient tcnalite', the Theesprﬁit
metadolerite and two average gre&wackeé from the Fig Tree Group (cited from
Condie et al., 1970, and Wildeman and Condie, 1973)(Table 4), indicates that
the greywackes have Si, Ti, Pe, Mg, Sr, and heavy REE abundances intermediate
between thosé of the 'anc&ent tonalites' and the ThéeSpruit metadolerite.
The K, Rb, Ba, Zr, light REE, Rb/Sr, and Ni values in the greywackes are
higher, and Al, Na, K/Rb, and Sr/Ba values are iower than in the tonalites
and the dolerite. These relations can be interpretgd in terms of sediment
derivation from a tonalite—mafié-ultramafic provenance, if it‘is considered
that the occurrence of detrital-K—feldspar in the greywackes and the excess
alkalis result from‘(1) demudation of late members of the ‘ancient tonalite'
plutonic suite, such as the Délmein and Bosmanskop plutons, and (2) adsorftion
of K and Rb from sea watér onto. clay minerals., .Thé low Na and Sr in the
greywackes may have resﬁlted from leachiﬁg, whereas the high Zr and light REE
contents may be atfributed to mechanical éoncentration of heavy minerals duping
sedimentations The high Ni contents probably represent conﬁribution from
ultramafic rocks (Condie et al., 1970). Thus, although derivation of the Fig
Tree Group sediments from the 'ancient gneiss complex' is a possibility, the
chemical data are not inqonsistent with derivation from 'ancient tonaliteé'
and Onverwacht Group rocké. It has been suggested that the 'ancient gneiss
complex' represents the deeply eroded coeval high—-grade roots of the grénite-

greenstone terrain. (Anhaeusser,.1973; Glikson and Lambert, 1975 - ).

If this is correct, the chemical differénces between the tonalites of the

'ancient gneiss complex' and the tonalites of the Barberton région coﬁld be
due to large-scale metamorphic differentiation processes resulting in a
vertically zoned crust (Glikson, 1975 '_) rather than being attributed to
chemical differences betﬁeen rocké of différent ages, |

(e) On the tectonic significance of Archaean acid magmatism

The preceding considerations suggest that the acid volcanic rocks
of the Onverwacht Group and the ‘ancient tonalites' (both pre- 3.2 b.y. old)

can both be regarded as products of partial melting and fractional
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crystallization of mafic to ultramafic source rocks or magmas. In contrast,
the Melspruit migmatite~llood granite series (ca 3 b.y. old) is intérpreted in
terms of intfa—crustal anatexis of sialic rocks, including the 'ancient
tonalites's Thus a secular_transformation from ensimatic to ensialic igneous
activity is reflected by the data, in agreement with the Archaean models of>
inhaeusser (1973) and Glikson (1968, 1970, 1972).

The bimodal volcanic suite of the upper Cnverwacht Group can be
compared to ocean-crust type assemblages such as the Spilite-keratoﬁhyre
association of Alpine geosynclines (Steinmann, 1927). MNa-rich dacitic to
rhyolitic volcanic rocks shbwing considerable depletioq_in K, Rb, Cs, U, and
Th abound in island arcs of the southwest Facific (e.g. Gill, 1970; Taylor
et al., 1969a). However, these examples consitute members of a high-il
andesite-rich calcalkaline association distinct from the Cnverwacht Group.
Furthermore, with few exceptions (Gale, 1973), no peri dotitic and high-ig
volcanics analogous to the lowér Cnverwacht Group are known from post—
_Afchaean systems.

Aindesitic volcanics, which are scarce in botﬁ the bnverwacht
Group and the Kalgoorlié System of Western Australia (Hallberg, 1972), are
apparently more common in Canadian. greenstone belts (Baragar-and Goodwin,
1969)« This difference has been interpreted in terms of different H0
partial pressure in a mafic source by Barker and Feterman (1974), who
suggested that low degfees of parfial melting of a wet subduct;d
"~ lithospheric slab were succeeded by total melting, accounting for the
 bimodal-vo1canic suité. However, and andesite gap does nbt necessérily

fcllow from the experimental work of Green (1972).‘ Also, progressiﬁe
partial melting should result in acid to basic volcanic cycles, in
contrast to field observations, One poSsible-interpretation of bimodal
suites is that mantle melting episodes were followed by low degrees

of partial meltihg of subsiding mafic cruste Such é dual origin would
imply near-concomitant mantle and crustal melting episodes, which could
berhaps be explained by rising thermal gradients associated with

mentle fusion events, Little crustal
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.melting of acid materiai is suggested,_because.of the depleted composition
of the acid volcanics with respect to incompatible lithophile eleménts.A
An aglternative explanation resides in fractional crystallization at depfhs
at which gérnet is stable; i.e. - deeper than 27 km (Gréen, 1972 ). Thus,
extensive and consistent gravity settling of the dense garnet from intermediate
melts could have produced predominantly acid magmas - a conclusion supported
bj the REE data. IMurther detailed trace element studies of the Onverwacht
Group are required to asses;Z:érious models.

The large volumes of intermedia%e to acid magma represented in
the 'ancient tonalites' are not 1ikely‘to have formed through fractional

related

crystallization of basic magmna, as no 5eneticallyl¢ " basic intrusions are’
knovn to have developed at that stage. As suggested by the chemical data,
it is highly unlikely that the tonalites are the products of ensialic anatexis,
nor db recent observations from experimental‘petrology permit direct derivation
of intermediate or acid liquids from the mantle, except at very shallow levéls

(¥icholls and Ringwood; 1972). Thus the two-stage melting model of Ringwood and

Green (1966) implying active crustal circulation and partial melting of mafic

crust, appears to be the most likely mechanism for the genesis -of the 'ancient

" tonalites'. Decreasing éegrees of melting of mafic crust with time mey account

for the increasing differentiation shown by the Nelshoogte-Dalmein-Bosmanskop

plutonic series. It is thus reasonable to compare thg Archgean acid igneous

" rocks with possible analogues in island arcs, where acid nnpks depleted in

alkali and large-radius high-valency cations have been described. by se&eral
workers (Taylor et al., 1969a; Gill, 1970; Delong 1974). However, island
arc volcanics do not as a rule display strong KEE fractionation (Jake; and
Gill, 1970; Taylor gt.al., 1969a)f Furthermore, island arc calcalkaline
suites are typically very depleted in Ni, Cr,and Co (Taylor gj_al., 1969b;
Delong, 1974; Gill, 1970), in contrast to the Archaeaﬁ rocks; Because of

the high alumina contents of orogenic calcalkaline volcanics (A1203 = 16-18%),

Aas contrasted to Archaean volcanics (A1203 = 13—15%). the latter must have
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equilibrated either under low pressures, at which plagioclase is stable.

on thé liquidus, or under high pressures at ﬁhich alunina-rich pyroxene'

is formed. The fractionation of garnet, suggested by the REE data,

supports the latter alternative. The lower limit of the stability field of
aluminous pyroxene will depend on H20 pressure. The high Vi, Cn,and Co of

the Archaean volcenics militate against crystal fractionation of olivine under
hydrogs conditions, and relatively dry conditions are therefore implied. If
this is correct, Green and Ringwood's (1967) stability range for plaéioclase
(0 - 15 xm) and'aluminous pyroxene (over 30 km) in dry mafic magmas may be .
significant for explaining the lbw;u4t contents of the Archaean volcanics.
Ve tentatively conclude that Archaean acid magmas equilibrated under deep
crustal and upper mantle pressures ahd low HZO pressures (pH20 4 pload). Under
such conditions extensive fractionation of garnet and quartz would have taken
place, whereby garnet settled gravitatiyely and quartz phenocrysts were carried

upward and were partly resorbed.

The major anaéectic eventiabout 3 b.y. ago whiéh gave rise to the
Helspruit migmétite has appareﬁtly involved en upward migration of eutectic
melts enriched in lithophile elements (Viljoen and Viljoen;'1969e); Acéumulation
of these melts at highér crustal levels and in the roof zones of the plutonic
complexes gave rise to the Hood and Lochiel granites.; The chemical data~are"
consistent with this interpretation; the negat ive Eu anomaly of the
Nelspruit migmatite sanmple sighifies the onset of more differentiated acid
plutonism; akin to that characterisfic of the.Proterozoic. A younger
igneous phase dated as about 2.6 b.y. is represented by the IHpageni granite
(2550 + 90 m.y.,.‘.»‘rf'/’g'6 0.7065 £ 0.0016; dé Gasparis, 1967) and Hbabanevgranite

(2550 + 70 m.y.; Allsopp et al., 1962), and it will be 1nterest1ng to see how

analyses of these rocks compare with those in the present study.
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CONCLUSIONS

Reconnaissance gnalyses of acid igneous rocks reported in thié
study show that each_vélcanic and plutonic suite iﬁ the ﬁarberton Kountain
Land displays a unique set‘of trace element characteristics which afford
both its chemical classification and an insight into its likely mode of
origin,as follows: "

(1)  Acid volcanic rocks associated with the Onverwacht Group

may have forméd by partial melting of basic source rocks, but more

rlikely by fractional cfystallization of basic magma under high
pressures at which garnet waé stable (over 27 km) and at waning
stages of basic-ultrabasic volcanic cycles.

(2) Tonalitic plutons emplaced intq the lower Onverwacht Gréup‘

formeg by partial melting of basic and ultrabasic volcanics, under

high pressures at which plagioclase was unstdble (over 40 k) o

(3) The Dalmein and Bosmanskop plutons, as late members of the

.'ancient tonalite' suite, probably formed by decfeasing degrees of
"partial melting of basic source rocks. .

(4) The Nelspruit migﬁatite and ﬁood granite probably formed by

partial melting of 'ancient tonalites'! and included basic- |

ultrabasic xenoléfgf at intermediate crugtal levels (20-45 km).

(5) The chemicailﬁ‘do not lend support to uniformitarian

correlations between Ar@haean granite-greenstone systems and

modgfn arc-trench systems;“éxcept in vexry broad terms, but

roflact - a generai evolu%ioﬁary trénd from simatic crust to

sialic crust in the Archaean,
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hbl‘o 1. Petrographic susawy

Specinen Ne, Geological untt Petrogrephic Texture Kinerslegy® Notes |
definition
A Volcenic and hypabydeal rocks
13325007 Theesprult Fermstion setadolerite Subophi tic Albite, Actlu"h,@p\dou. chlorite | Eptdote Vs younger than eaphibole
sphene leucoxens, opaques, quartr
13325028 Intercalations In Retaporphyry Blastoporphyritic  [1bits (zoned), Quartz, ¥hite sice Shearod netanorphosed acld
Theesprult Forsaties Serictte—quartz-albite | Alteced phenocrysts Khlorite, toursalime, zirces, porphyry or tuff
schist of albite and recely jopagues, carbonate
of quartz
13132503 Intercalation in Sericite-quartz follsted, alcre- Sericite, Quartz, ulbﬂo)tmn"n, Re prisary texture retalned
Thessprait Foraation sicrocrystalliee schist| crystalline ‘paques
13325037 Intorcaletion in Sericitemquartz schist | follated, sicre- Sericite, Quartz, aldite zircon Ro prisery texture retalned, Korg
Thessprutt Forsation crystalling te recrystallized than 73325034
fine gratned
73325018 Toas 1 Theesprult Albite porphyry Pecphyritic, Albite, Quartz, Chlorite, cerbonate carborate alteration
Fersation alcrocrystalline 1ircon, opaquer
— groundaasg
73325090 Tons 1 Komat! Fermction Albite porphyry Porphyritic Albite, Quertz Chlerite, spatite, Orthoclase Ydentified by XRD, but mot
groundasss of opaques, zircon seon 1n thin section
albite nicrolaths
13325098 Part of the Kiddle Merker Albite mete- Perphyritic Albite, Quartz, Sertcite, Chlorite, Pseudonorphs of chlorite after
. ssphibole scid por- Iircon, spatite, epaques, carbonate porphyritic smphibole, The albite s
phyry heavily sericitized
73325100 Port of the Niddle Morker Albitewenphibele Porphyritic, zomed |[Plagloclase (clouded centres and clear | minor wicrociine by XRD
porphyry plagieciase pheno~ [zoned albite riss), Quertz, smphibels,
crysts, Asphibole |[chlorits (ferruginous), sericite,
phenccrysts partly |sphene, xircon, spatite, spidote,
altered by chlorite |biotite, opaques, carbonate
8. Plutonic rocks
13325100 Theespruit pluton Treadhjealte Hypidiomorphic Oltgoclase Albite, Quartz, Nicrocline, | XRO detected orthoclase, and suggests
unogut ~granuler, anphibole, blotite, chlorite, epldote, | the ssphibole is a hastingsite
veskly gnelesose 2ircon, sphens, apatite, sericite,
opaques
13325117 Kelshoogte pluton Tonnlite Kypidienorphic Oligoclase, Albite, Quartz, sicrecline | Allanite is rlmeed by epidote.
' granular to sericite, chlorite, opidote, sphene, Epldote replaces chlorite, Blotite
s1ightly parphys spetite, 2llanite, zircon, blotite, relics occur vithin chiorite
ritic . acciculer puphibole
73325118 “ Halshoogte plutea Ton-lite Hypidismorphic Ol1goclass, Quertz, microcline bletite | Chlorite alters blotite, and Vs
orenvler chlorite epidete, sphens, 2ircom, cosronly taterleaved vith it,
- apatite, allenite Kefeldspar forms granuler riss
- ° sround plagloclass
73325104 Dalnein pluten Trondhjonite Hypidiesorphic Albite, Quartz, Microciine, sertcits, |Plagloclase is clouded end zoned,
groauler chlorite, epidote, sphene, epatite, biotite Vs tnterlewvod with and altered
1ircon, opagues, eephibole, rutile by chlortte, The chlorite Yncludes
(tnclustens tn chlorite) both sluainovs and ferruglinous
verletios
13325105 Dalsetn pleton Trondhjenite Hyptdiomorphtc Albite, Quartz, Nicrocline, chlerits Ferrosa chlorite i3 risasd by
oranelar (both alusinous wd ferroen), alusinous chlorite, Rutile Aeedles
sericite blotite, sphene, spatite, i chlorite, exsolved upoa elterations
allenttes, opaques, rutile (Inclusions | of bletite
in chlerite)
13325108 Neleprult siguetite . Mmatitic Xonoserphlc granmulsr | Albite, Quartz, Kicroc)ina, Orthoclass, |Chlorite e elteration product of
' granite : chlorite, blotite, chlorite, suscovite, [blotite
‘ - blotite, chlorite, spidote, zlrcom,
opaques, rutile (taclustons Im chlerite)
73325109 Hood gronits Grinite Xenonorphic Albite, Quartz, Microcline, chlorite Chlortte a3 alteration product of
gromlor (forcoan), soricite, spidote, sphene, blotite, Eptdote replaces chlorite
epagues, rullle {faclustons 1o chlorite)
. Cormpnbo ke
73325114 Need grantte Ar-nite hypldiomarphlc Albite, Quartz, Ricrocline, secicits, A Chlorite a1 alterstion product of
i grewlar sphens, chlorite, epidote, bietite, bletite, pldote replaces chlortts
opagues, allanite, rutile
7335115 Bostamskop pluten ot mi hypidiosorphic Albite, Microcline, blotite, chlorite Aephibole replaces chlorite, and Vs
Gronite
. oranuler hastingsite, sphene, epldote, spatite, in turn replaced by epidote,
N sericite, zircor, carbonate, epaques Chlor|teesuscovite fntergravths.
atlmite :
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Table 2.

Kajor element, trace element and rare earth element data and raties for volcanic and granitic rocks
from the Barberton Mountain Land, and average granites,

,



i . | Table 2a p. 1

Volcanic and hypabyssal rocks

Theespruit  Theesprutt fa Lover Onverwacht . Niddle Marker:
_ fm. tuff Sericite schists - quart? keratophyre quart” keratophyres

I Average _ Average  Average Theespruft

4
§ granite Tow-Ca high-Ca meta- : s
i " {NHockolds  granite  granite dolerite 5029 5034 5037 - 5078 5090 5008 . - 5100
;:i 1954, (Turekian and : ' '
3 Taylor Wedepohl 1961)
; 1966)
;
i }or
3 elements _ .
| 10, 7208 -T.25 6719  50.74 434 79.28  80.33 B4 M35 6179 67,49
M0, 037 . 020 056 075 0.12 020 0.2 0.2 031 0.50 0,50
"1203 13.86 13,59 5.4 15,20 1.3 1260 1246 e 15.02 16.02 15,99
0.86 | 332 0.0 048 0.4 0.41 0.2 0.7  0.86
w leo 1.87 1.8 3,09 7,718 292 019 0.2 1.6 1.7 219 2.4
: Mo 0.06 0.05 0.07  0.16 0.03 - 0.01 0.8  0.02 0.03 0.0
| a0 052 0.2 1.56 .21 3.06 085 05 1.3 1M 1.5 1.18
| lao 1.33 0.1 3.5 8.3 03 ° 011 0.0 0.5 0.2 0.78  3.03
a0 3.08 3,48 3.8 3.88 321 0 0.2 .00 6.48 5.0  5.39
Io 5,46 5.04 .00 0,07 0.5 A0 3.9 0.0 237 140 1.56
NI 2 s 0.06 008 003 - - C0.05 0.0 0.19 0,19
£ T T Tl
S0, 0.02 ’ 0.01 - 0.0l . - BT s
: 'Loss . ‘ N 281 1.98  1.80 . 1.62 1.1 213 1.26
P Mot 09,40 99,34 08.97 100,73 99,84 9953 99,79  100.1% 100,07 99.35 99,0
i total tron as Fe0 ' . '
{ e
orna . 3 . . y 2
; ‘_ g ' . 48,01 643 6M7 28,2 .72 . 2540  21.38
o . - 043 336 A3 /5 1.0 115 851 9.3
’ 'b' .« E . 3.7 28.6 0.95 1,81 60.87 5538 - 40.62 46,20
M v " 2%.5 013 - 036 005 2.4  0.78 21 13.97
- a 501 815 1M 1.8 1.8 420 039
5 Hy e 18 2.2 1.37 .7 5.30 6.60 ~  6.05
3-'1 _ . 13.4 = - - - - - B
i .y . 5.9 0.6 0.03 053 . 0.6 035 - 1.45 - 1.26
g \1.." - 0.16 0.10 - - - -
i '1 | ' 14, 02 - 039 02 040 05 098 0.6
C ap | o ‘ 0.15 0.20 007 . - 0.2 019 - 0.6 046
?' | M.-3.9 B : o R
T e tdexy 480 8.6 90 - 9.3 9.2 8.5 . 16,9
londmcauon Tndex: S A | 15.9 10.1 12 9.3 1.4 10.3
: Weralkalinity: 0.42 0.51 70336 20733 ) 0.8 058 048

Plag, &n 4?2 0.4 2
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Ferfomag- !
% nesian
% elerents
§ Fe(*/Fel* :
. ¥ 0.82 0.87 0.M  0.59 _052 029 055 0.5  0.63 0.66 0.73
?'Cu 10 10 30 114 108 - 3 2 5 2% 5 10
Sc 5 7 14 39 7 6 5 S 5 5 7
i 'v 20 4 88 %0 14 13 12 20 25 # 52
3 " Co 1 1 S 1Y) 13 3 5 8 18 12 1
f lm 0.5 4.5 1.5 129 39 4 13 19 16 6 7
= 30 LV 24 5 15 9 12 b 3 6 b
i o Cr 4 4.1 22 200 1 " 6 13 20 10 10
j Izn 40 39 60 81 62 13 12 0. 40 70 100
Ni/Co 0.5 4.5 2.1 2.1 3.0 1.3 2.6 2.4 2.0 0.5 0.6
lcu/m 0.50 0.22 0.3%  0.47 .71 0.28 0.7 0.25 0.2 0.12  0.19
YN A0 0.8 59 1.9 0.4 3.2 0.9 1.0 1.6 © 6.8 7.4
N 0.2 - 0.09 0.5 0.8 0.8 1.00  1.07 0.65  0.80 0.24  0.19
pofee 045 1 0.68  0.64 3.5 028 216 1.6 0.83 0.6 0.7
3.03/u/r.ggeo_ 1280 20 00,1 80 170 370 50 60 0 50
“|Alkall,
elenents
and
larqe-
2 éd‘us
high-
. valenc
& elenents
iocs 5 & 2 ’ 0.19 =~ 0.6 1.6 - 0.11 2.1 0.66
: 'BRb 150 170 110 1.1 3.6 14,4 101 LS A5 83.2 26.6
{5 60 a0 420 18 . 170 1300 . 460 69 290 1300, 540
igsr 25 100 MO 106.5 R»A, T2 7.4 128,17  92.6 399.5  706.8
! .Th 7 . 1 8.5 0.3 14 18 17 5.0 6.2 k.1 A1
i 4.8 3. 3 0.08 3.2 1.8 2.6 15 1 1.2 1.0
"Zr 180 175 - 140 5 20 170 120 17 15 150 170
WA 3.9 23 - 12 5.3 b4 1.6 3 3.1 32 3.2
2.5 V&) 2 81 12 9.7 9.3

|~'b 3 2 20

20
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Table 2a p. 3

¢ Wkall
E rge-
: v
. hichly
barged
§ xR 302 246 228 528 193 285 320 369 802 268 . 486
T flcs 9083 10458 12533 - 202 1B 20231 - 178821 - S533 19618
! !Th. 2655 2460 2000 1874 326 1880 190 ¥ NN 2634 3158
g o 13044 §55 1262 1426 22188 12450 1106 14050 9683 12048
;"/Sr - 0.5 1.7 0.5  0.01 1,00 1159 14.22 0.8 0.2 0.1 0.0
%ics " 30 %) 55 - 126 307 63 - m 20 0
i /3 4 4.9 3.8 16.3 1.2 0.9 4.5 15,3 11.8 30.1 20.3
Dsefia 007 0.12. 1.0b 5.9 013 0.0 0,015 1.6 3.2 0.3 1.3
l/u 35 5.6 2.8 3.9 WA 12 6.5 3.3 b4 3.4 5.1
I/Hf 45 5 61 v 53 3 15 57 34 v 53
11
E re
rth
elements
' 2% 55 5 3.3 88 12 2.0 18 18 3 36
e 46 . 9 81 83 9 20 12 non " 63
Q 4,6 8.8 1.1 1.2 16 2.6 0.51 2.9 3.6 1.4 7.4
gL 18 1] 3 5.0 b 1.0 1.5 9.2 1 2 2%
3 10 88 1.7 6.4 1.7 0.5 101 2a a3 A1
! 1.6 1.8 1.4 0.7 0.85 0.4 0.5 042 05+ 1.2 1.2
- 210 8.8 21 - 3.5 1.8 088 1.2 . 1.6 2.9 3.5
' i 0.05 - 1.6 14 0.8 0.5 027 08 017 0.2 0.4 0.3
i p 0.5 1.2 6.3 2.9 3.5 1.8 1.3 0.8 1.6 1.5 1.6
‘o 0,07 2.0 1.8 0.67 0. 037 0.3 0.0 0.3 0.3 0.5
Er 0.2 5.0 35 2.0 200 11 1.2 0.2 0.87 0.46 0.4
' 0.06 5.0 3.5 2.0 1.9 1.2 1.5 0.4 0.82 015 0.9
TREE 995 B2 022 . 30 264 60 2 67 1 147 142
’ 50 %0 3 73 27 1 5.7 12 9.9 8.8 8.8
i !N/Yb 1 20 58 20 156 20,0 n 6
. aLREE/ HREE 1.9 2 7.8 3.0 190 12 5. A
B 13.7 128 1.7 % 10 1.3 nw 21 189
Pogm 3 2.5 25 1.1 1.8 15 1.3 21 2.0 19 18
/o | 0.5 0.9 139 0% 0.9 1.08 1.0

3
;.

1|
B
z:

E

1.2
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Plutontc rocks

lable 2b p, 1

— -
N

s [

31.6

; "Ancient .\tonahtas' Dalmefn pluton i Hal- Hood Granite.
i : kop spruft ;
‘f I pluton migma-
4 tite
z'l ' Kamp Valley Theespruit lelshoogte pluton S Lochial"
3 ' granite  pluton 5117 5118 5104 5105 5115 5108 5109 5114 granite
; 5106 '
1
: elzments . &
;_ lwz 64,84 70.63 68.93 10,63 69.72  70.57 65,75 75,99  72.35. 68.89 71,32
SN0, 0,49 0.2 030 0.31 032 035  0.68 021 0. 0.66 0,32
;§I1203 15,44 14,98 16,21 15.29 15.02 1452 14,92 1240 15.22 1457 14,34
6,0, 1.80 0.39 0.7  0.73 1.2 1.45 2.33 0.36 0.33 0.80  0.59
!;ie_o 2,44 1.26 1.58 1.5 1.0 1.00 1.6 1.66 0.64 212 1.1
1 o 0.04 0.3 0.3  0.03 0.05 0.06 . 0.08 0.05 0,02 0,05 0.08
g #g0 2.60 1.06 1.2 1.06 0.95 0.97  1.14 0.64  0.39 0.62  0.57
I:iO 4,25 2.3 3.69 3,34 172 2,06 2,29 118 0,98 239 1.33
. ta0 89 5.37 5.16 4,95 4,72 4,74 4,75 3.61 5.2 4,05 3.9
' !70 1.53 1,55 0.62 . 1,15 3.46 2.9 4,67 2.9  3.68 3.85 5,95
B0 0.18 0.06 0.09 0,09 018 018 037 0.2  0.03 0.3 0.31
_Ez - . - - - 2 ~ - - - -
®, 0.01 0.01 . - - 0.01 - . 0.01 -
Loss  1.10 0.7 1.29- 0.8 1.08 . 1.00 0.85 1.0 0.77 1.15  0.69
~1libtal 98,76 99.87  99.95 99.51 99,83  99.46 100,08  99.72 99,38
: IPY
i e '
i Q 26.80 26.63 . 2844 2458  26.7%  15.83 39.48° - 25.31 24,66 -
! - 9.35 312 686 20 1152 2.8 N6 297 B.6
3 46.37 M2 R 10,55  40.57 - 4074 30,82 4453 34.88
' 11.60 1797 16.12 747 0,05 569 57 AT - 10.40
N O 0.31. 0.57 0.05 0.83 0.28 - 1.11 0.97 -
| i | 4,38 506 WM 208 262 1.6 L1315 3.82
im 10.58 112 1.07 1.78 2.3 3.8 0.8  0.48 1.18
| , | .
{ " i y ) | . _
e 0.47 0.58  0.59 0.62  0.67 1.3 040 0.2 1.2
*!, : 015 . 0.2 0.2 0.43 0.3 0.89 0.05  0.07 0.65
' ‘fferentiation 1ndex:82.52 74.62\-.]].& 85.90 8,83 84,36 87.95 91.80 - 82.710
= gpltdification fndex: 11.0 131 M6 831 8.7 1.9 6.9 3.8 5.4
; Bralkalinity: 0.70 0.56  0.61 077" 0.6  0.86 0.7 0,82  0.7%
ag. An 20 28.9 15,5 18,2 - 12.2  15.8 9.6 - 2.0



Table 2b p, 2

é'erron:iag-
> neslan
R lenents
: Ie0*7FeO* _ -
. g0 0.61 0.60 0.65 0.67 0.69 0.70 0.76 0.75 " 0.70 0.82 0.80
l ‘ | 5 8 12 8 10 11 A 3 15
RS 5 5 5 5 5 8 5 10 . 5
T8 2 36 K3 30 30 v 1 10 34
) lo g 8 9 6 9 10 5 6 10
| el 13 1 8 I 6 3 3 1
2 12 10 14 1 18 7 22 13 3 44
15 2% val 10 10 8 ” 3 25
; lln 47 46 45 48 70 101 64 3 8
LN /Co 2.3 1.6 1.2 1.3 0.7 0.6 0.6 0.5 |
gtu/m 0.20 0.2 _ 0.39 0.6 033 .03 . " 0.44
v/ 14 2.8 2.8 3.1 5.0 8.2 " = 3.1
; r/v 0.62 0.66 0.67 0.33 0.33 0.16 . 0.3 0.73
- W Jer 1.4 0.54 0.52 0.8 0.6 0.75 . 1 1.6
o> /L1 /Mg 180 130 220 1 310 100 50 550 80
' 0.62 0.66 0.67- 0.33 0.33 0.33 0.16 5 " 0.73
I]ka"
elements
rge-
l_ dius
high-
alenc
Tenents ‘
CCs 1.1 1.0 1.1 2.2 2.9 b4 4.5 3.0 6.7
f.:.b 4 421 16.8 330 1208 1031 196.2 18,8 141.6 168.1 22
. Ba 822 290 146 170 700 540 - 1500 890 360 910 500
| ISr 530 573.3 626.5  563.5 3.2 5231 12634 1M1 488 WA 12
| . : .
e 3.6 1.1 0.77 1.3 12 4l 14 2.4 12
f l; 0.56 0.33 0.42 2.8 2.4 5 7. 18 2.8
| 100 55 5 . 120 n 190 350 310 6 130
a'f 3.1 2.5 2.1 5.2 2.6 9.1 6.2 1.8 1.5
B D 6 a2 3.9, 15 15 22 32 20 2

el



Table .2b p. 3

elenent;
Iﬂ_._
Terge-
radius
elanents "
t’/Rb 268 306 306 m 238 26 197 201 276 190 168
_xfcs 7567 5148 614 13053 8385 8809 5459 1011 4769
l«/rn 3572 A678 12396 393 2026 1885 1756 12126 2663
K/ 22031 15563 22126 10256 11580 7752 6640 16075 142
l?b/Sr 0.08 0.07 0.3 0.06 0.5  0.20 0.6 0.69 0,29 038 1.5
Ab/Cs 2 17 2 55 35 54 26 v %
ta/m; 9.6 6.9 8.7 4.8 5.8 5.2 .6 15 2.5 5.4 2.5
Se/la 1,25 1.97 529 331 0.60  0.96 0.8 019 1.3 0.49 0.2
_(h/u 8.4 33 1.8 2.6 5.7 A2 3.8 1.3 43
8 e 18 2 5 18 B 38 50 36 2
1
pzrth
la 15 13 17 .9 2 52 12 82 6.2 65
Ie 330 25 15 2 08 58 210 80 16 160
Pr 2.5 21 172 21 98 1.4 16
4 10 7.h 55 6.3 34 % 8 o b1 49
#n 2.1 1.3 1.9 1.0, 6. 6.7 14 5,2 1.0° 8.1
= 0.8 0.54 0.51- 048 1.7 1.6 3.9 0.81. 0.3 1.6
; 'd 1.2 1.2 0.67 44 A5 49 87 0.8 - A4
) 0.4 046 0416  0.08 05+ 052 1.2 0.69 0.7 0.56
l,-' 0.77 0.77  0.49 . 2.9 2.9 5.1 3.8 0.90 2.8
Ho 0.15 015  0.12 0.49 050 0.9 1.1 0.19 0.64
I 0.39 0.38  0.24 1.2. 14 20 3.1 0.8 1.3
Yo 1.2 0.28 0.5 0.4 - 0.9 1. 0.95 3.2 0.65 0.80
REE 15111 53 3 " k181 53 181 32 30
.' | 5.1 0 52 18 22 32 2 6.7 16
IeN/mH 2.4 128 200 6.7 149 545 63 74 310
LREE/ HREE 1 0 2 7.6 22 9.9 8.5 28
2/ 6 28 0o 57 4 135 13 9.5 8.81
'd/Yb 5.3 L8 2.8 5 A1 1 15 1.4 5.5
fufeue 1.8 165 0.9 0.9 0.8 05 115 0.8

"-“""-

- v v—rw e——u- e

i S .l %
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Table 3:

Earichment in Ce, Yb, K, Rb, Ba, and Sr upon partial melting of eclogite and aaphibolite,
and resulting Ce”/YbN (N - chondrite normalized) ratios assuming Theesprult dolerite
conposition and oceanic tholeiite composition*. Partition coefficients are from Schnetzler
anc¢ Phillipots (1970) and Phillipots and. Schnet?ler (1970). The calculations are described
in the appendix.



Fter o s i e e i G

é i . Table 3 p. 1

. ce,‘/vbg Cey/Tby

' Percent partial Ce - Yb (Theespruit (oceante

-: I melting enrichnent  enrichment  dolerite)  tholeiite) = Rb K Ba Sr

: : ~enrlichment

l (1) Eclogiter* |

a 11 336 0039 8w 86 e 39 287 10.3
*' i 3.28 0.039 no 8 215 265 2.4 05
l 51 - .07 oo 38 T 1.9 15 135 7.5

102 wm 0,083 32 - 64 8.7 8.6 8.2 5.6
| 201 231 0.0 W RS R 3.7

, |

0 199 0,05 18 36 3.2 32 34 2.8
. W LB 0.062 woo® 2.6 24 . 2.4 2.2
' (2) Amphibolltex»* _ ‘

' 11 2 wh L2 Cas 1 208 3.2 0.56
3 51 7.9 3.8 1.0 - . 2.08 578 197  2.98 0.57
. 102 58 3.3 0.87 5 w61 188 270 058

201 s 28 om 146 328 om0 0.61
*. 301 2.8 2.2 - 0.63 R 28 1.5 1.96 0.64"

O e

‘- - ) -*“

* Theespreuit dolerite: Ce 10,  Oceanic tholefite: CeN-S; Yb,,=10

#** Assuming 2 1:1 ratio between melted garnet and melted clinopyroxene,

=10; Yb

**% Assuaing a 1:3 ratio between zelted amphibole and melted b'lagloclase.

R e T S

o

aren

. et U ELVLS M A

ARl o b dad DL T

- pe

-Ml-“" "'.- -‘- ..h- - . -



3

. i .

Table 4:  Comparisons between average greywacke of the Fig Tree Group (Condie et al., 1970) and possible
source compositions. :



Table & p. 1 -

el

.

- S

;4
' l 4 - Theespruit " Average of 3 Average Sheba ) Avirage Belvue Rd.
® metadoleri te Nelshoogte tonalites formation greywacke formation greyvacke’
l S0, 50, 4 - 69.1 66.2 5.5
no, © 0.5 0.28 0.52 0.55
l A0 15,20 15.5 10,02 12.9
FeO (total) 10.0 2.01 1.01 6.56
. Hg0 1.2 1.1 4,50 R
¥ a0 8.13 3.13 1.97 3.18
' b0 3.88 5.16 1,80 X
K0 _ 0.07 1.10 1.58 2.8
Fe0/Fe0 o g0 0,59 0.64 0.61 0.60
' Mo 129 15 290 160
R 1.1 31.3 54 90
: l Ba 18 202 319 826
s 106.5 587 98 354
l 2 53 76.6 134 184
© la 3.3 10 20 26
' l Ce 8.3 20 46 55
Sl 5 6.4 18 22
= S 1.7 1.2 3.2 51
. fu 0.7 0,52 0.81 1.04
Gd 2.1 1.02 3.1 3.7
b 0.43 0.13 0.45 0.52
Dy 2.9 0.67 2.9 3.0
Ho 0.67 0,14 0,60 0.62
Er 2.0 0.34 1.85 1.58
B () 2.0 0.26 1.63 1.60
REE " 30 B 98 19
Rb/Sr 0.01 0.05 - 0.64 0.27
X/Rb 528 294 706 204
Sr/Ba 5.9 0.33 10,56

-— ree—

- —
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3.19



Eizure captions

Fig. 1 - (a) Geological sketch map of the Barberton Mountain icnd (after

Figo 2 -

Figo 3 -

Hgo4"

Figo 5=

Anhseusser et al., 1969; Anhaeusser, 1973). showing location of

granite samples studied. (b) Sample locality map for volcaniec
rocks studied. Location of the area is marked by the black rectangle

in Fig. 1(a).

An-Ab-Or data plots. Open circles - sericite schists; solid circles -
quartz keratophyres; crosses - ancienf tonalites; oblique crosses =
Dalmein pluton; quartered circle - Bosmanskop pluton; circled
oblique cross - Nelspruit migmatite; half-solid circles - Hood

granite. The petrochemical classification is after 0'Connor (1965).

Q-Ab-Or data plots. 'Symbols'as for Fig. 2.

Enrichment and depletion relations in average and individual Archgaan
acid igneous rocks relative to the Theespruit dolerite composition
(see‘Table 2). SS - sericite schists; QK - quartz keratophyres;

KT - Kaap Valley fonalite; AT - ancient tonalites (Nelshoogte and
Theespruit plu?ons); DT - Dalmein trondhjemite; BG - Bosmanskop
granite; NM - Nelspruit migmatite; HG - Hood granite; LG - Lochiel
granite.

Relations befween FeO+Mg0 and Fe0/(Fe0+Mg0) (total iron ﬁs Fe0)

in acid igneous rocks of the Barberton Mountain Tand nosn (iaka Bowm
this paper and from Viljoen and Viljoen, 1969 a,c,e). Solid circles-
quartz keratophyres; crosses - hornblende tonalites (Kaap Valley
pluton); biotite tonalites (;ncluding Nelshoogte pluton) - circled
crossés; oblique crosses - Dalmein pluton; quartered circle =
Bosmanskop pluton; circied obliﬁue crosses -4Ne1§pruit migmatite;

semi-go0lid circles - Hood granite.
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Ni-ig and Cr-lig relations in the analyzed samples, compared
with variation curves for calcalkaline suites of high Ni/hg and.
Cr/ftig ratios from Crater Lake (curve 1) and the Scottish Highlands

(curve 2) (IMockolds and Allen, 1953).

Relations between ferromagnesian trace elements, FeO and g0

in the analyzed samples

Chondrite-normalized rare earth element data for acid igneous

rocks of the Barberton lountain Land area.
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