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ABSTRACT 

The Archaean Francistown Granite-Greenstone Complex in NE Botswana is an integral part of the 
southwestern margin of the Zimbabwe Craton. It includes a suite of geochemically diverse 
Neoarchaean granitoids and mafic dominated-supracrustal assemblages. All the supracrustal rocks 
and mafic intrusions have undergone greenschist to lower amphibolite facies metamorphism, but 
most mafic intrusions have preserved original igneous textures. The Francistown Granite­
Greenstone Complex likely represents an arc complex that developed along an active continental 
margin in the Neoarchaean. 

This thesis presents new geological, geochemical and geochronological data with which to evaluate 
the crustal evolution of the NE Botswana, and with which to formulate a geodynamic model for 
better understanding of the Archaean crustal growth flanking the southwestern margin of the 
Zimbabwe Craton. 

The Francistown Granite-Greenstone Complex comprises two main granite-greenstone terrains 
that have been assumed to date to be age-equivalents: (1) The Tati granite-greenstone terrain is 
dominated by tonalite-trondhjemite granitoids with subordinate quartz monzonite, trondhjemite, 
monzogranite, metagabbros and sanukitoid diorite, all spatially associated with mafic volcanics that 
are intercalated with minor felsic lavas; (2) The Vumba granite-greenstone terrain is composed of 
tonalite, granodiorite, quartz monzonite and granite plutonism associated with mafic and felsic lavas 
as well as subordinate ultramafic rocks. 

More than 200 rock samples collected from the Francistown Granite-Greenstone Complex were 
evaluated in this study. One hundred and twenty of these samples were collected from rocks within 
the Vumba granite-greenstone area and the remainder sampled from the Tati granite-greenstone 
terrain. Major and trace element data from the volcanics and various plutonic rocks from the 
Francistown Granite-Greenstone Complex are presented, as are Nd, Sr and Pb isotope data for a 
selection of samples. These radiogenic isotope ratios are commonly used in geochemistry as 
petrogenetic tracers, yielding information about time-integrated elemental fractionation through 
processes of melting, magma mixing, crystallization, metamorphism, and metasomatism. U-Pb 
zircon SHRIMP data from selected rock units, as well as limited 0 isotope data from the gabbro, 
diorite and granitoids, are also presented. Geochronologic data constrain the sequence of 
magmatic events. Oxygen isotopes provide a way to distinguish between rocks formed in 
equilibrium with the mantle and those which formed from melting of continental crust, or through a 
combination of both. 

The Archaean rocks of the Francistown Granite-Greenstone Complex in NE Botswana record a 
magmatic evolutionary history of -100 Ma. The new U-Pb dates on magmatic zircons from the 
volcanic and plutonic rocks reveal that the Francistown Granite-Greenstone Complex formed 
between 2740 and 2640 Ma, and that there is a time gap of -40 Ma between the formation of the 
Tati and the Vumba greenstone belts. The Tati greenstone belt formed at -2740 Ma whilst 
development of the Vumba greenstone belt occurred circa 2700 Ma. Subsequent magmatism of 
granitoids in the two greenstone belts displays contrasting spectra of emplacement ages. 
Geochemical analyses of the mafic lavas in the Tati and Vumba greenstone belts show the 
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presence of both calc-alkaline and tholeiitic series. Various tectonic models applied to deduce the 
environment of deposition for the mafic lavas best reflect back-arc settings. The associated 
contemporaneous felsic lavas exhibit calc-alkaline affinities and Archaean adakites geochemical 
characteristics, consistent with a subduction zone setting. The greenstone belts of the Francistown 
Granite-Greenstone Complex appear to represent ancient subduction back-arc basin settings 
similar to those of modern subduction zone back-arc marginal basins in the western Pacific Ocean. 
REE modelling indicates that the mafic lavas of the Tati and Vumba greenstone belts formed 
through partial melting of a spinel lherzolite source. The felsic components require mafic sources 
and partial melting under high pressure conditions with a garnet bearing restite to explain their 
origin. REE modelling and HFSE ratios reveal that the mafic and ultramafic intrusions have a 
common origin with the mafic lavas. Petrographic analysis of the mafic intrusions reveals cumulate 
and doleritic textures; this is consistent with the intrusions as feeders to the mafic lavas. The 
samples with doleritic texture exhibit similar geochemical characteristics to those of the mafic lavas, 
providing further evidence that they are cogenetic. 

The granitoids in the Francistown Granite-Greenstone Complex display geochemical affinity with 
volcanic arc granites. They are calc-alkaline, metaluminous to weakly peraluminous and I-type in 
nature. The Vumba granitoids exhibit coherent linear trends on Harker diagrams, which is 
suggestive of a common petrogenetic bond. Moreover, the tonalite, granodiorite and quartz 
monzonite in the Vumba terrain are penecontemporaneous. However, the quartz monzonite 
displays distinct geochemical characteristics from those of the tonalite and granodiorite units, in that 
it contains high Mg#, Ni, Cr and positive initial ENd values. This implies involvement of a mantle 
component in the genesis of the quartz monzonite. However, oxygen isotope analyses of quartz 
from the quartz monzonite yield non-mantle values. REE modelling indicates that the origin of the 
quartz monzonite cannot be explained by partial melting of a mafic source alone. It requires a 
mixture of mantle and mafic crustal components. The tonalite and granodiorite display geochemical 
features of adakites, and REE modelling indicates that their origin can be explained by partial 
melting a mafic source with a garnetiferous amphibolite restite containing about 10% modal garnet. 
The monzogranite, which marked the final magmatic event in the Vumba terrain, is texturally and 
compositionally heterogeneous, and possesses geochemical characteristics of both the quartz 
monzonite and the tonalite-granodiorite. These observations can be explained by partial melting a 
pre-existing crust comprising a quartz monzonite-tonalite-granodiorite composition. 

By contrasts, the granitoids in the Tati granite-greenstone terrain do not show any coherent linear 
trends on Harker diagrams. They exhibit four episodes of granitoid magmatism of which three 
episodes involved tonalite-trondhjemite magmatism. The first episode, which is coeval with the 
deposition of supracrustal rocks in the greenstone belt, generated voluminous tonalite-trondhjemite 
plutons. These are confined to the northeastern margin of the greenstone belt. Petrogenetic 
analysis of these tonalite-trondhjemites indicates that they were formed by partial melting a mafic 
source at high pressure leaving an eclogitic restite. Nd isotope data reveals that their source was a 
juvenile crust less than 200 Ma. The second episode of magmatism which occurred at -2715 Ma 
generated high-Mg diorite, trondhjemite and monzogranite rocks. Although the three rock units are 
coeval and spatially associated, they are not co-genetic. Petrogenetic analyses indicate that the 
diorite was generated from a heterogeneously enriched spinel lherzolite source, whereas 
monzogranite and trondhjemite are products of partially melted hydrous basaltic crust outside 
stability fields of garnet. Oxygen isotope data support a crustal origin for the trondhjemite and 
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monzogranite and a non-mantle origin for the diorite that can be explained by involvement of 
metasomatic fluids. Nonetheless, the three rock units are believed to be linked to a common heat 
source. The third episode of magmatism generated tonalite-trondhjemite dykes that intruded the 
mafic intrusions. On the basis of REE modelling these felsic dykes were generated from a partial 
melt of a mafic source within the stability field of garnet and with a residue containing less than 10% 
modal garnet. The final episode of granitoid magmatism in the Tati granite-greenstone terrain took 
place -2670 Ma ago, and produced a large volume of tonalite-trondhjemite plutons confined to the 
southwestern margin of the greenstone belt. REE modelling indicates partial melting of a mafic 
source (leaving a residue with > 25% modal garnet) for the origin of these tonalite-trondhjemite 
plutons. The tonalite-trondhjemite displays positive ENd values that are consistent with a source 
with less than 200 Ma. 

Based on petrological, geochronological, geochemical and isotopic data of all the studied rocks in 
the Tati and Vumba granite-greenstone terrains, petrogenetic models and tectonomagmatic 
environments for each rock unit has been established. Integration of the petrogenetic models and 
information on tectonomagmatic environments, coupled with geochronological data, was vital for 
the construction of the geodynamic models for the Tati and Vumba granite-greenstone terrains. 

Geochronological data from this study clearly dismiss the notion that the Vumba and Tati granite­
greenstone terrains are contemporaneous, even though they both suggest a subduction tectonic 
setting for their origins. The new results, in conjunction with previously published data from the 
Vumba granite-greenstone terrain, reveal distinct differences in the magmatic histories of the Tati 
and Vumba terrains. Also evident from this study is that the two terrains do not share a late tectonic 
history. Nevertheless, the ranges of Sr, Nd and Pb isotopic data from the mafic lavas of the two 
greenstone belts, overlap such that they cannot be distinguished on the basis of isotopic 
composition. It appears that the Tati and Vumba mafic lavas were derived from similar or perhaps 
identical mantle source material. However, the subtle differences in Nd isotopic composition that do 
exist between the Tati and Vumba mafic lavas, appear to reflect varying proportions of crustal 
involvement during their formation. These observations argue for a tectonic setting along a similar 
evolving convergent continental margin. This work therefore reveals that the Francistown Granite­
Greenstone Complex has a more complex crustal growth history along the southwest margin of the 
Zimbabwe Craton than previously envisaged. 
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Sample ZBT43. 

Fig. 3.6: Photomicrograph under cross-polars of a felsic volcanic rock from the Tati greenstone 
belt, displaying acicular muscovite and anhedral tabular biotite in a preferred orientation. 
FVO=2.3mm. Sample ZBT45 

Fig. 3.7: Photomicrograph under cross-polars of a thin section from the Selkirk gabbro, illustrating 
the degree of (hydrothermal) alteration. FOV=2.3 mm. Sample ZBT63. 

Fig. 3.8: Photomicrograph under cross-polars of a thin section from the Selkirk gabbro, illustrating 
the degree of carbonitisation in local areas. FOV=2.3 mm. Sample ZBT69. 

Fig. 3.9: Photomicrograph under cross-polars of a thin section from the Selkirk gabbro illustrating 
the doleritic texture constituted by partially altered plagioclase thin blades and clinopyroxene. 
FOV=2.3 mm. Sample ZBT71. 

Fig. 3.10: Photomicrograph under cross-polars of a thin section from the Selkirk gabbro, 
illustrating a granular texture dominated by clinopyroxene and clinoamphibole. FOV=2.3 mm. 
Sample ZBT74. 

Fig. 3.11: Photomicrograph under cross-polars of a thin section from the Phoenix gabbro 
illustrating the sub-ophitic texture. FOV=2.3 mm. Sample ZBT39. 

Fig. 3.12: Photomicrograph under cross-polars of a thin section from the Phoenix gabbro, 
illustrating a cumulus texture dominated by plagioclase. FOV=2.3 mm. Sample ZBT81 

Fig. 3.13: Photomicrograph under cross-polars of a thin section from the diorite unit, illustrating a 
granular texture dominated by plagioclase. FOV=2.3 mm. Sample ZBT21. 

Fig. 3.14: Photomicrograph under cross-polars of a thin section from the diorite unit, illustrating a 
pyroxene dominated granular texture. FOV=2.3 mm. Sample ZBT24. 

Fig. 3.15: Photomicrograph under cross-polars of a thin section from the quartz monzonite unit, 
illustrating a porphyritic texture defined by feldspar Phenocryst within fine grains of recrystallised 
quartz and feldspars. FOV = 2.3 mm. Sample ZBT1. 

Fig.3.16: A field photograph of a monzogranite outcrop in the Tati granite-greenstone terrain, 
illustrating its field appearance. 

Fig.3.17: Photomicrograph of a thin section from the monzogranite under plain polarized light, 
showing a granophyric texture with highly altered alkali feldspars. FOV=2.3 mm. Sample ZBT6. 
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Fig. 3.18: Photomicrograph under cross-polars of a thin section from the same trondhjemite unit, 
showing a characteristic texture of biotite (aggregates) in this unit. FOV = 2.3 mm. Sample ZBT 
12. 

Fig. 3.19: Geologic map showing foliation trends in the tonalite-trondhjemite plutons in the Tati 
granite-greenstone terrain. 

Fig. 3.20: Field photograph of the banded tonalite-trondhjemite gneiss from the Tati pluton, 
illustrating its banding and foliation. 

Fig. 3.21: Photomicrograph under cross-polars of a thin section from the Tati pluton tonalite­
trondhjemite, illustrating deformation and annealing textures. FOV = 2.3 mm. Sample ZBT32. 

Fig. 3.22: Photomicrograph under cross-polars of a thin section from Sekukwe Pluton illustrating a 
rim of myrmekite between feldspars and quartz grains which is a unique feature of this pluton. 
FOV = 1.5 mm. 

Fig. 4.1: Geologic map showing the sample localities for U-Pb zircon dating. 

Fig. 4.2: CL images of some zircons extracted from the paragneiss sample GEOZB-1 a, to 
illustrate the quality of the zircons and analysed spots. Note the ubiquitous mantle (envelope) of 
clear zircon overgrowth on anhedral metamict (altered) cores. No metamict core was analysed in 
this study. 

Fig. 4.3: U-Pb concordia plot of SHRIMP data for zircons from the paragneiss unit sample 
GEOZB-1 a within the Tati granite-greenstone terrain. Only the overgrowths of the zircons were 
analysed. 

Fig. 4.4: CL images of all the zircon grains from the Matsiloje Pluton sample GEOZB-2a showing 
the quality of zircons and the analysed spots. Note that zircon grain #8 has a good magmatic-like 
zoning that records an date of 2911 ± 5.5 Ma. Also note the overgrowths around structureless 
cores in some grains. 

Fig. 4.5: U-Pb concordia plot of SHRIMP data for zircons from the Matsiloje Pluton sample 
GEOZB-2a, which is a tonalite-trondhjemite granitoid in the eastern Tati greenstone belt. 

Fig. 4.6: CL images of some zircon grains extracted from the Sekukwe pluton sample GEOZB-4 
showing euhedral to subhedral prismatic habit and good magmatic zoning. White circles denote 
analysed spots. 

Fig. 4.7: U-Pb concordia plot of SHRIMP data for zircons from the (a) Sekukwe Pluton sample 
GEOZB-4, which is a tonalite-trondhjemite granitoid in the northeastern Tati greenstone belt. Red 
ellipses represent concordant analyses while the blue ellipses show discordant data. (b) Weighted 
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average mean 207Pb/206Pb date for 9 concordant data plots. Confidence limit for error ellipses is 
10. 

Fig. 4.8: CL images of some of the zircons extracted from leucosome sample GEOZB-7 A in the 
Tati Pluton. Note some multi-domain grains (e.g. #2, 4) with euhedral and oscillatory zoned 
centers mantled by overgrowths. Numbers refer to the spots at which the analyses were taken. 

Fig. 4.9: (a) U-Pb concordia plot of SHRIMP data for zircons from the leucosome sample GEOZB-
7A from the Tati Pluton, which is a tonalite-trondhjemite unit in the southwestern Tati greenstone 
belt. (b) Plot of enlarged area in the box. Blue ellipses represent a young zircon population, 
whereas red ellipses are for the older zircon population. Unfilled error ellipses were excluded in 
the calculation of the dates. Confidence limit for error ellipses is 10. 

Fig. 4.10a: CL images for some zircons extracted from the samples GEOZB-7B from the Tati 
Pluton. Note the magmatic-like zoning and the analysed spots (white circles) indicated by white 
arrows. 

Fig. 4.10b: CL images of some selected zircons from the sample GEOZB-7C to illustrate their 
quality and some analysed spots (black circles). Note the euhedral centers with magmatic zoning 
and very altered metamorphic rims. 

Fig. 4.11: U-Pb concordia plot of SHRIMP data for zircons from the (a) Melanosome sample 
GEOZB-7B (only low-U analyses plotted) and (b) Tonalite-trondhjemite sample GEOZB-7C from 
the Tati Pluton. The discordant analyses are represented here by unfilled error ellipses that are 
not included in the calculated 207Pb/206Pb date. (c) Inset illustrates the weighted average mean 
207Pb/206Pb date. Confidence limit for error ellipses is 10. 

Fig. 4.12: CL images of zircons from the Tlhalogang pluton sample ZBT-27 illustrating the quality 
of zircons and analysed spots (black circles). Note that most of the analysed spots are on the rim 
of the grains. 

Fig. 4.13: U-Pb concordia plot of SHRIMP data for (a) all analyses of zircons from sample ZBT-27 
from Tlhalogang Pluton, (b) concordant analyses (red ellipses) used in the calculation of 
207Pb/206Pb date. Blue ellipses correspond to discordant data for another zircon population. 
Unfilled ellipses represent analyses excluded from the calculation of the dates. Confidence limit for 
error ellipses is 10. 

Fig. 4.14: CL images of zircons from the andesitic lavas (sample GEOZB-3a) that overly the mafic 
lavas of the Lady Mary Formation in the Tati greenstone belt. Note the well-developed oscillatory 
zoning indicating magmatic origin. Also note lack of metamorphic rims or overgrowths. Analysed 
spots are denoted by white circles. 

Fig. 4.15: U-Pb concordia plot of SHRIMP data for zircons from the (a) Andesite sample GEOZB-
3a from the Tati greenstone belt: (b) weighted average 207Pb/206Pb dates. 
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Fig. 4.16: CL images of zircons from the dacitic lavas (sample GEOZB-8a) intercalated with the 
mafic lavas of the Lady Mary Formation in the Tati greenstone belt. Note the oscillatory zoning 
indicative of a magmatic origin. 

Fig. 4.17: U-Pb concordia plot of SHRIMP data for zircons from the Dacite sample GEOZB-8a 
from thin lenses intercalated with tholeiitic basalt in the Tati greenstone belt. 

Fig. 4.18: CL images of zircons from the dacitic lavas (sample ZB98-169) intercalated with the 
mafic lavas of the Vumba Mixed Volcanic formation in the Vumba greenstone belt showing 
subhedral and equant habit. The zircons show well-developed oscillatory zoning, indicative of a 
magmatic origin. Note the absence of metamorphic rims. 

Fig. 4.19: U-Pb concordia plot of SHRIMP data for zircons from the Dacite sample ZB98-169 of 
felsic lenses interbedded with tholeiitic basalt in the Vumba greenstone belt. Gray ellipses 
represent discordant analyses while the red ones stand for concordant analyses that were used 
for the calculation of the dacite age. Inset shows only the concordant analyses. Confidence limit 
for error ellipses is 10. 

Fig. 4.20: A field photograph showing dioritic xenoliths within a trondhjemite unit. This indicates 
that the trondhjemite intruded the diorite unit, and should therefore record a younger age than the 
diorite. 

Fig. 4.21: CL images of zircons from the trondhjemite (sample ZBT-15). Note the non-metamict 
quality of zircons and the absence of inherited cores. Also note the oscillatory zoning, indicative of 
a magmatic origin. Analysed spots are denoted by white circles. 

Fig. 4.22: (a) U-Pb concordia plot of SHRIMP data of zircons from the trondhjemite unit sample 
ZBT -15. The discordant analyses #17.1 and 19.1 (represented here by unfilled error ellipses) were 
not included in the calculated 207Pb/2o6Pb date. (b) Weighted average mean 207Pb/2o6Pb date for 
the concordant analyses. Confidence limit for error ellipses is 10. 

Fig. 4.23: CL images of zircons from the diorite (sample ZBT-19). Note the anhedral habit of 
zircons and complex zoning, indicative of an igneous origin. Analysed spots are denoted by white 
circles and in some areas the circles are black. 

Fig. 4.24: (a) U-Pb concordia plot of all SHRIMP data for zircons from the diorite sample ZBT-19 
flanking the Tati granite-greenstone terrane; (b) Concordia plot for near-concordant analyses used 
to calculate weighted mean 207Pb/2o6Pb age of ZBT -19. Unfilled error ellipse excluded in weighted 
mean age. Confidence limit for error ellipses is 10. 

Fig. 4.25: CL images of representative zircons from the tonalite-trondhjemite dyke that cuts the 
Phoenix gabbro (sample ZBT-36). Note the oscillatory zoning indicative of magmatic origin despite 
the intense alteration. Also note lack of inheritance and metamorphic rims. 

Fig. 4.26: U-Pb concordia plot of SHRIMP data for zircons from the tonalite-trondhjemite dyke 
sample ZBT-36; (a) all the 26 analyses were included on the discordia line regression; (b) only 9 
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concordant and near-concordant analyses (blue ellipses) were included on the discordia 
regression line. Confidence limit for error ellipses is 10. 

Fig. 4.27: CL images of a subset of zircons from the monzogranite sample GEOZB-9. Note the 
clarity of the zircons and complex zoning, indicative of magmatic origin. Also note the lack of 
inherited cores and metamorphic overgrowth. Analysed spots are denoted by black circles. 

Fig. 4.28: (a) U-Pb concordia plot of all SHRIMP data for zircons from the Monzogranite sample 
GEOZB-9; (b) Weighted average mean 207Pb/206Pb age calculated from near concordant 
analyses. Confidence limit for error ellipses is 10. 

Fig. 4.29: CL images of zircons from the leucosome sample GEOZB-5 collected from the 
migmatised Shashe gneiss within the Limpopo-Shashe Belt. Note the oscillatory zoning in most 
grains, indicative of magmatic origin. The analysed spots are illustrated by white circles. 

Fig. 4.30: U-Pb concordia plot of SHRIMP data for zircons from the leucosome (partial melt) 
sample GEOZB-5, in the Limpopo-Shashe Belt; (a) Plot of all the analyses, (b) Plot of only near­
concordant analyses that were included in the calculation of the weighted mean 207Pb/206Pb date. 
Unfilled ellipses represent discordant analyses excluded from the calculation of the 207Pb/206Pb 
date. Confidence limit for error ellipses is 10. 

Fig. 4.31: Plots of U-Pb SHRIMP data for zircons from the granitic augen gneiss sample GEOZB-
6, sampled within the Limpopo-Shashe Belt near the collision zone. (a) Concordia plot of all the 
analyses showing intercept ages; (b) Weighted average mean 207Pb/206Pb age calculated from 
near concordant analyses. Confidence limit for error ellipses is 10. 

Fig. 4.32: A schematic diagram of U-Pb zircon ages from the Francistown Granite-Greenstone 
Complex illustrating the sequence of magmatic and deformation events for the Tati and Vumba 
granite-greenstone terrains. 

Fig. 4.33: A field photograph of a migmatised gneiss near Sebina village hosting amphibolitic 
xenoliths containing inherited zircons that are dated at -2733 Ma. The age of the gneiss is 
unknown. 

Fig. 4.34: A field photograph showing a hybrid rock composed of trondhjemite and diorite 
components. The picture was taken at the foot of a hill of trondhjemite, near the margin with the 
diorite, about 3 km north of the Francistown city centre. 

Fig. 4.35: A field photograph of a paragneiss unit in the Francistown Granite-Greenstone 
Complex. It was taken near Matshelagabedi village to illustrate the state of deformation of the 
paragneiss unit. Note that the S2 migmatitic foliation has been folded. 

Fig. 4.36: Geological map showing the U-Pb zircon ages of rock units in the Francistown Granite­
Greenstone Complex. 
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Fig. 5.1: Chemical classification of mafic rocks and felsic lavas from the Tati greenstone belt: (a) 
Chemical classification using the total alkalis versus silica (T AS) diagram of Le Maitre et al. 
(1989); (b) Chemical classification using the immobile trace element ratios (ZrlTi and NblY) 
diagram of Winchester and Floyd (1977). 

Fig. 5.2: Chemical classification for the mafic lavas from the greenstone belts of the Francistown 
Granite-Greenstone Complex. (a) Plot of total alkalis versus Si02 (after Le maitre et aI., 1989); (b) 
Discrimination diagram for tholeiitic versus calc-alkaline magma series, from Miyashiro (1974). 
The Vumba mafic lava composition is displayed in the background for comparison. 

Fig. 5.3: Plot of the mafic lavas from the Tati greenstone belt of the Francistown Granite­
Greenstone Complex on a K20 versus Si02 diagram, with fields taken from Pecerillo and Taylor 
(1976), and Gill (1981). The Vumba mafic lavas composition is displayed in the background for 
comparison. 

Fig. 5.4: Plots of major elements (wt.%) versus Mg# (atomic Mg/[Mg+Fe2+]) for the mafic lavas 
from the Tati greenstone belt of the Francistown Granite-Greenstone Complex. The field for the 
mafic lavas from the Vumba greenstone belt is shown for comparison. 

Fig. 5.5: Geochemical classification of the felsic lavas from the greenstone belts of the 
Francistown Granite-Greenstone Complex. (a) Chemical classification of felsic lavas, using total 
alkalis versus silica diagram of Le Maitre et al. (1989); (b) K20 versus Si02 classification diagram, 
with subdivisions of Le Maitre et al. (1989). 

Fig. 5.6: Plot of major elements versus Si02 wt.% for the felsic lavas from the Tati greenstone belt 
of the Francistown Granite-Greenstone Complex. 

Fig. 5.7: Plots of major elements (wt.%) versus Mg# (atomic Mg/[Mg + Fe2+]) for the gabbro unit 
from the Tati granite-greenstone terrain of the Francistown Granite-Greenstone Complex. Fields 
for serpentinite and metapyroxenite from the Vumba greenstone belt are presented for 
comparison. 

Fig. 5.8: Plot of K20 vs. Si02 for the diorite unit from the Francistown Granite-Greenstone 
Complex, with subdivisions based on K20 contents from Gill (1981). 

Fig. 5.9: Plots of major elements (wt.%) versus Mg# (atomic Mg/[Mg + Fe2+]) for the diorite unit 
from the Tati granite-greenstone terrain of the Francistown Granite-Greenstone Complex. N -
Northern outcrop sample; SE-southeastern outcrop samples. 

Fig. 5.10: Geochemical classification of the granitoids from the Tati granite-greenstone terrain. 

Fig. 5.11: Harker variation diagrams for the granitoids from the Tati granite-greenstone terrain. 

Fig.5.12: (a-b) Plot of K20 versus Si02 for granitoids from the Vumba and Tati terranes. 
Subdivisions are based on K20 content from Le Maitre (1989). (c-d) Plot of Na20-K20-CaO 
diagram with evolution trends (constructed after Hawkesworth and Luas, 1994). 
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Fig. 5.13: Comparison of major elements based parameters for the granitoids from the Vumba 
and the Tati granite-greenstone terrains. (a) Plot of A/CNK (Mol% A1203/[Na20 + K20 + CaO]) 
versus Si02. 

Fig. 6.1: Loss on ignition (LOI) versus Nb/Cepm (a) and Th/Cepm (b) for the Tati mafic lavas, 
indicating that TH-Nb-Ce inter-element ratios do not correlate with alteration and metamorphism. 
The fields for Vumba mafic lavas are also shown. Pm = primitive mantle normalized. 

Fig. 6.2: Variation diagrams of selected compatible trace elements versus Mg# for the mafic 
metavolcanic samples from the Francistown Granite-Greenstone Complex. 

Fig. 6.3: Variation diagrams of selected incompatible trace elements versus Mg# for the mafic 
metavolcanic samples from the Francistown Granite-Greenstone Complex. 

Fig. 6.4: Chondrite-normalized REE patterns for the mafic lavas from the greenstone belts of the 
Francistown Granite-Greenstone Complex (normalizing values after Sun and McDonough, 1989). 

Fig. 6.5: Primitive mantle-normalized multi-element diagrams for the Tati mafic lavas (normalizing 
values after Sun and McDonough, 1989). (a) and (c) Sub-groups 1 & 3 mafic lavas with negative 
Nb anomalies; (b) Sub-group 2 mafic lavas show no negative Nb anomalies. 

Fig. 6.7: Variation diagrams of selected compatible trace elements versus Si02 wt.% for felsic 
lavas from the Tati greenstone belt. 

Fig. 6.8: Variation diagrams of selected incompatible trace elements versus Si02 wt.% for felsic 
lavas from the Tati greenstone belt. 

Fig. 6.9: Chondrite-normalized REE patterns for the felsic lavas from the Tati greenstone belt of 
the Francistown Granite-Greenstone Complex (normalizing values are from Sun and McDonough, 
1989). 

Fig. 6.10: (a) Primitive mantle-normalized multi-element plots for felsic lavas from the Tati 
greenstone belt (normalizing values are from Sun and McDonough, 1989). 

Fig. 6.11: Variation diagrams of selected compatible trace elements versus Mg# for Phoenix and 
Selkirk Gabbro intrusions from the Tati granite-greenstone terrane. Fields of serpentinite, 
metapyroxenite from the Vumba granite-greenstone terrane as well as the mafic lavas are shown 
for comparison. 

Fig. 6.12: Variation diagrams of selected incompatible trace elements versus Mg# for Phoenix and 
Selkirk Gabbro intrusions from the Tati granite-greenstone terrane. Fields of serpentinite, 
metapyroxenite from the Vumba granite-greenstone terrane as well as the mafic lavas are shown 
for comparison. 
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Fig. 6.13: Chondrite-normalized REE patterns for the gabbro intrusions in the Tati granite­
greenstone terrane (normalizing values are from Sun and McDonough, 1989). (a) Selkirk Gabbro 
REE plot showing two sub-groups. (b) Phoenix Gabbro REE plots. 

Fig. 6.14: Primitive mantle-normalized multi-element plots for the gabbro intrusions from the Tati 
granite-greenstone terrain (normalizing values are from Sun and McDonough, 1989). (a) Selkirk 
Gabbro profiles defining two sub-groups. (b) Phoenix Gabbro profiles. Dashed lines highlight the 
significant anomalies. 

Fig. 6.15: Variation diagrams of selected compatible trace elements versus Mg# for the diorite 
from the Tati granite-greenstone terrain. 

Fig. 6.16: Variation diagrams of selected incompatible trace elements versus Mg# for the diorite 
from the Tati granite-greenstone terrain. 

Fig. 6.17: Chondrite-normalized REE patterns for the diorite from the Tati granite-greenstone 
terrain (normalizing values are from Sun and McDonough, 1989). 

Fig. 6.18: Primitive mantle-normalized multi-element plots for the diorite from the Tati granite­
greenstone terrane (normalizing values are from Sun and McDonough, 1989). (a) Sub-group 1 
diorite profiles showing negative Nb, Sr, P, Hf and Ti anomalies. (b) Sub-group 2 diorite profiles 
exhibits negative Nb, P, Hf, Ti, positive Eu, Sr anomalies, and Th depletion with respect to LREE. 

Fig. 6.19: Variation diagrams of selected compatible trace elements versus Si02 wt. % for the 
granitoids from the Tati granite-greenstone terrain. Fields for the Vumba granitoids are also 
shown. 

Fig.6.20: Variation diagrams of selected incompatible trace elements versus Si02 wt.% for the granitoids 
from the Tati granite-greenstone terrane. Fields for the Vumba granitoids are also shown. 

Fig. 6.21: Chondrite-normalized REE patterns for the granitoids from the Tati granite-greenstone 
terrane (normalizing values are from Sun and McDonough, 1989). 

Fig. 6.22: Chondrite-normalized REE patterns for the granitoids from the Vumba granite­
greenstone terrane (normalizing values are from Sun and McDonough, 1989) presented for 
comparison with the Tati granitoids. 

Fig. 6.23: Primitive mantle-normalized multi-element diagrams for the Tati granitoids (normalizing 
values are from Sun and McDonough, 1989). (a) Quartz monzonite profiles; (b) Monzogranite 
profiles; (c) Phoenix felsic dykes profiles; (d) Trondhjemite profiles; (e) Tati Pluton profiles; (n 
Sekukwe Pluton profiles. 

Fig. 6.24: Primitive mantle-normalized multi-element diagrams for the Vumba granitoids 
(normalizing values are from Sun and McDonough, 1989) presented for comparison with the Tati 
granitoids. 
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Fig. 7.1: Trace element discrimination diagrams for the mafic lavas from the Francistown Granite­
Greenstone Complex. (a) Ti-V diagram of Shervais (1982). (b) TilV-Zr diagram of Gribble et al. 
(1996). (c) Cr-Y diagram of Pearce (1983). (d) Th-Hf-Ta diagram of Wood (1980). (e) ThNb-TaNb 
diagram of Pearce (1982). (D ZrN-Zr diagram of Pearce (1983). BAB = back-arc basalt; MORB = 
mid ocean ridge basalt; VAB = volcanic arc basalt; WPB = within plate basalt. 

Fig. 7.2: Trace element discrimination diagrams for the felsic lavas from the greenstone belts of 
the Francistown Granite-Greenstone Complex. (a) Nb-Y and (b) Ta-Yb discrimination diagrams of 
Pearce et al. (1984). (c) Hf-Ta-Rb discrimination diagram of Harris et al. (1986). WPG = within 
plate granites; ORG = ocean ridge granites; VAG = volcanic arc granites; syn-COLG = syn­
collision granites; post-COLG = post-collision granites. 

Fig. 7.3: Trace element discrimination diagrams for granitoids from the Francistown Granite­
Greenstone Complex. (a-b) Nb-Y and (c-d) Ta-Yb diagrams of Pearce et al. (1984). (e-D Hf-Ta-Rb 
diagram of Harris et al. (1986). WPG = within plate granites; VAG = volcanic arc granites; syn­
COLG = syn-collision granites; post-COLG = post-collision granites. 

Fig. 8.1: Variations in Sr and Nd isotope compositions in the mafic lavas from the Tati and Vumba 
greenstone belts. 

Fig. 8.2: Variations in Sr and Nd isotope compositions in the felsic lavas from the Tati and Vumba 
greenstone belts. Shaded areas represent compositions of mafic lavas included for comparison. 

Fig. 8.3: Variations in Sr and Nd isotope compositions in the serpentinite, metapyroxenite, gabbro 
and diorite from the Francistown Granite-Greenstone Complex. Shaded areas represent 
compositions of mafic lavas included for comparison. 

Fig. 8.4: Variation plots of 207Pbl2o4Pb and 2osPbl204Pb versus 206Pbl2o4Pb composition for whole­
rock samples of igneous rocks from the Francistown Granite-Greenstone Complex. 

Fig. 9.1: Th/Nb versus La/Nb for the mafic lavas from the T ati greenstone belt. Ocean island 
basalt (OIB) and mid-ocean ridge basalt (MORB) fields are from Elliot et al. (1997). 

Fig. 9.2: ThNb versus TaNb log-log diagram (after Pearce, 1983) for mafic lavas from the Tati 
greenstone belt. Mid-ocean ridge basalt (MORB) field is from Elliot et al. (1997). Shaded area 
represents basalts from the Sea of Japan (after Pouclet et aI., 1994). Inset is a vector diagram 
illustrating effects of sUbduction (s), crustal assimilation (c), mantle (m) and fractionation (D. 
Abbreviations: TH-Tholeiite; CA-calc alkaline. 

Fig. 9.3: Th/Nb versus La/Nb for the mafic lavas from the Vumba greenstone belt. Ocean island 
basalt (OIB) and mid-ocean ridge basalt (MORB) fields are from Elliot et al. (1997). 

Fig. 9.4: ThlYb versus TaNb log-log diagram (after Pearce, 1983) for mafic lavas from the Tati 
greenstone belt. Mid-ocean ridge basalt (MORB) field is from Elliot et al. (1997). Shaded area 
represents basalts from the Sea of Japan (after Pouclet et aI., 1994). Inset is a vector diagram 
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illustrating effects of subduction (s), crustal assimilation (c), mantle (m) and fractionation (D. 
Abbreviations: TH-Tholeiite; CA-calc alkaline. 

Fig. 9.5: Plot of ENd (t) versus ThN/NbN (chondrite normalizing values are from Wood et aI., 1979) 
for mafic lavas from the Tati and Vumba greenstone belts to illustrate probable sources of 
contamination. The diagram is after Sandeman et al. (2006). 

Fig. 9.6: Ni against Zr log-log diagram for the (a) Tati mafic lavas and the (b) Vumba mafic lavas. 
Theoretical Rayleigh fractionation vectors modelled for crystallization of individual minerals and 
mineral assemblages are indicated. 

Fig: 9.7: Plot of mafic lavas from the Tati greenstone belt on diagrams: (a) La/Sm versus La, (b) 
SmNb versus Sm and (c) SmNb versus La/Sm showing melt curves obtained using the non­
modal batch melting equation of Shaw (2006). Black, blue and magenta coloured curves 
correspond to DMM, PM and mantle source similar to the Phoenix gabbro composition, 
respectively. The ticks on each curve correspond to degrees of partial melting for a given source 
mantle. Depleted mid ocean ridge basalt mantle (DMM) source composition is from McKenzie and 
O'Nions (1991). Primitive mantle (PM) composition is from Sun and McDonough (1989). 

Fig. 9.8: Plot of mafic lavas from the Vumba greenstone belt on diagrams: (a) La/Sm versus La, 
(b) SmNb versus Sm and (c) SmNb versus La/Sm showing melt curves obtained using non­
modal batch melting equation of Shaw (2006). Black and blue coloured melting curves correspond 
to DMM and PM sources, respectively. The ticks on each curve correspond to degrees of partial 
melting for a given source mantle. Depleted mid ocean ridge basalt mantle (DMM) source 
composition is from McKenzie and O'Nions (1991). Primitive mantle (PM) composition is from Sun 
and McDonough (1989). 

Fig. 9.9: Plot of the mafic lavas from (a) Tati and (b) Vumba greenstone belts on the Ce/Nb versus 
Th/Nb diagram (after Saunders et aI., 1988), which shows the various mantle components as 
follows: depleted MORB mantle (DMM)-source of mid ocean ridge basalt; residual slab component 
(RSC); and subduction derived component (SDC). The following fields are shown for comparison: 
normal ocean ridge basalt (N-MORB), enriched mid ocean ridge basalt (E-MORB), ocean island 
basalt (OIB), primordial mantle (PM), Broken Ridge Ocean Plateau (BROP), Back Arc Basin 
Basalts (BABB)from Marianas Trough, Iceland plume basalts, basalts from the Sea of Japan and 
Marianas arc basalts. The fields were adopted from Kerrich et al. (1999), Polat et aI., 1999 and 
Sandeman et al. (2006). 

Fig. 9.10: Plots of REE patterns of adakites from the (a) Tati and (b) Vumba greenstone belts 
compared with the average Cenozoic adakites (from Drummond et aI., 1996) and Neoarchaean 
adakites from the Wawa and Birch-Uchi greenstone belts in Superior province. The data for the 
Birch-Uchi and Wawa greenstone belts are from Hollings and Kerrich, 2000; Polat and Kerrich, 
2001, respectively. 

Fig. 9.11: Plots of REE patterns of ad a kites from the (a) Tati and (b) Vumba greenstone belts 
compared with the Neoarchaean adakites from the Wutai greenstone belt in North China Craton. 
The data for the Wutai greenstone belts are from Wang et al. (2004). 
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Fig. 9.12: Chondrite normalized (Sun and McDonough, 1989) REE patterns for the (a) Tati and (b) 
Vumba felsic lavas compared with fields defined by 10% batch melting of a low-K tholeiitic basalt 
source. The calculated patterns for batch melting are for potential sources containing amphibolite, 
garnet (5%) amphibolite, garnet (25%) amphibolite and eclogite residues (modelled after Martin, 
1987). PM=partial melting. 

Fig. 9.13: Chondrite-normalized YbN versus (LaNb)N diagram modified after Drummond and 
Defant (1990). Felsic lavas data from the Tati and the Vumba greenstone belts are superimposed 
on the melting curves. The three partial melting curves are displayed and assume a MORB source 
having YbN = 12.5 and (LaNb)N = 1. The partial melting curves represent 10% garnet amphibolite, 
25% garnet amphibolite and eclogite restite. Percent partial melt values are indicated on each of 
the curves. 

Fig. 10.1: Plot of (a) SrN versus Y and (b) CrN versus Y for the granitoids from the Tati granite­
greenstone terrain. The fields for granitoids from the Vumba granite-greenstone terrain are also 
shown. Boundary fields for adakites and island arcs are from Drummond and Defant (1990). 

Fig. 10.2: Chondrite normalized (Sun and McDonough, 1989) REE patterns for the Tati granitoids 
compared with fields defined by various degree (%) batch melting of a low-K tholeiitic basalt 
source. The calculated patterns for batch melting are for potential mafic sources containing 
amphibolite, garnet (5%) amphibolite, garnet (25%) amphibolite and eclogite residues (modelled 
after Martin, 1987). PM=partial melting. 

Fig. 10.3: Chondrite-normalized YbN versus (LaNb)N diagram modified after Drummond and 
Defant (1990). Granitoids data from the Tati granite-greenstone terrain are superimposed on the 
melting curves. The five partial melting curves are displayed and assume a MORB source having 
YbN = 12.5 and (LaNb)N = 1. The partial melting curves represent 10% garnet amphibolite, 25% 
garnet amphibolite and eclogite restites. 10 and 25% degrees of partial melting are indicated on 
each of the curves. 

Fig. 10.4: Chondrite normalized (Sun and McDonough, 1989) REE patterns for the Vumba 
granitoids compared with fields defined by 10% batch melting of a low-K tholeiitic basalt source. 
The calculated patterns for batch melting are for potential mafic sources containing amphibolite, 
garnet (5%) amphibolite, garnet (25%) amphibolite and eclogite residues (modelled after Martin, 
1987). PM=partial melting. 

Fig. 10.5: Chondrite-normalized YbN versus (LaNb)N diagram modified after Drummond and 
Defant (1990). Granitoids data from the Vumba granite-greenstone terrain are superimposed on 
the melting curves. The three partial melting curves displayed assume a MORB source having 
YbN = 12.5 and (LaNb)N = 1. The partial melting curves represent 10% garnet amphibolite, 25% 
garnet amphibolite and eclogite restites. Percent partial melt values are indicated on each of the 
curves. 

Fig. 10.6: Plot of epsilon values versus crystallization age for the granitoids from the Tati granite­
greenstone terrain. 
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Fig. 10.7: Plot of epsilon values versus crystallization ages for plutonic and volcanic rocks from 
the Vumba granite-greenstone terrain. 

Fig. 10.8: Initial ENd versus crystallization age diagram for (a) monzogranite and (b) tonalite­
trondhjemite samples from the Tati granite-greenstone terrain. DM and CHUR denote depleted 
mantle (after DePaolo, 1981) and chondritic uniform reservoir (after DePaolo and Wassenburg, 
1976) , respectively. 

Fig. 10.9: Initial ENd versus crystallization age diagram for granitoids samples from the Vumba 
granite-greenstone terrain. DM and CHUR denote depleted mantle (after DePaolo, 1981) and 
chondritic uniform reservoir (after DePaolo and Wassenburg, 1976), respectively. 

Fig. 11.1: Plot of ThlYb versus Yb ppm for the sanukitoid diorite subgroups. 

Fig. 11.2: Plot of sanukitoid diorite from the Tati greenstone belt on diagrams: (a) SmlYb versus 
Sm and (b) SmlYb versus La/Sm showing melting curves obtained using non-modal batch melting 
equation of Shaw (2006). Theoretical melting curves correspond to DMM (depleted mid ocean 
ridge basalt mantle) and PM (primitive mantle) sources. 

Fig. 12.1: Plot of HFSE for the mafic rocks and felsic lavas from the Tati granite-greenstone 
terrain 

Fig. 12.2: Plot of HFSEs for the ultramafic -mafic rocks and felsic lavas from the Vumba granite­
greenstone terrain 

Fig. 12.3: ENd versus crystallization age diagram for tonalite and felsic lavas samples from the 
Vumba granite-greenstone terrain. DM and CHUR denote depleted mantle (after DePaolo, 1981) 
and chondritic uniform reservoir (after DePaolo and Wassenburg, 1976), respectively. 

Fig. 12.4: Schematic diagram illustrating the proposed geodynamic model for the Tati granite­
greenstone terrain. 

Fig. 12.5: Schematic diagram illustrating the proposed geodynamic model for the Vumba granite­
greenstone terrain. 
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Introduction ... 

1.0 Background of study 

CHAPTER 1 

Introduction 

............... .zibisani Bagai 

Despite numerous studies on the composition and structure of Archaean crust, many 

contentious issues remain. Some of the contentious issues include the mechanisms of initial 

extraction of primitive crust from the mantle and the processes by which this crust was 

converted into the first continental crust (Puchtel et aI., 1995), the mechanism and rate of 

formation of cratonic lithospheric mantle keels underlying the Archaean crust, genetic 

relationship between the cratonic lithospheric keels and their overlying crustal sections (Davis et 

aI., 2003), the volatile content of the mantle during the Archaean (Burke, 1997; de Wit, 1998), 

the temperature of the Archaean mantle (Abbott et aI., 1994), the nature of the atmosphere 

(Burke, 1997), the amount and effects of more radioactive heat production (de Wit, 1998), the 

formation of first oceans and the nature of their depth (de Wit and Hynes, 1995), type of tectonic 

regime during the Archaean (Hamilton, 1998; de Wit, 1998), and rate of crustal accumulation 

and recycling (e.g. Puchtel et aI., 1995; Bowring and Williams, 1999). Recently, geochemical 

studies on ancient detrital zircons have unraveled evidence of existence of at least some 

continental crust and surface water on the Earth by 4.4 Ga ago (e.g. Wilde et aI., 2001; Mojzsis 

et aI., 2001) less than 200 Ma since the formation of Earth (4.6 Ga). This is consistent with the 

initial epsilon Nd (ENd) values as high as +3.5 in 3.8 to 4.0 Ga rocks from the Acasta gneiss and 

Greenland (Table 1.1). These high positive epsilon Nd values suggest that melt extraction from 

the mantle had occurred for a significant period prior to 4.0 Ga. Indeed crustal evolution has a 

long and complex geologic history. 

To date the oldest known exposures of ancient continental crust on Earth are the 4.03 Ga 

granitoid gneisses (Goodwin, 1996; Bowring and Williams, 1999; Mojzsis et aI., 2001; Wilde et 

aI., 2001). Granite-greenstone terrains are among the most ancient fragments of the Archaean 

Earth's crust which constitute about 7.5% of the aerial extent of present continental crust (de Wit 

and Ashwal, 1997). The current knowledge on the early Earth's evolution and Archaean 

tectonics has emanated from the investigations of Archaean granite-greenstone terranes (e.g. 

Sande man et aI., 2004). These ancient crustal fragments provide direct evidence for the 

processes and results of early Earth evolution (Bowring and Williams, 1999). Several models 
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have been proposed for the origin of Archaean granite-greenstone terranes, however, such 

models have generated extensive debate regarding the extent to which modern tectonics are 

applicable to early Earth history. Proposed models range from oceanic to continental basins, 

island arcs to marginal basins, ocean ridge to plume-related oceanic plateaus, and accretionary 

to vertical tectonics (e.g. de Wit and Ashwal, 1997; Hamilton, 1998; Smithies et aI., 2005; 

Condie,2005a). 

In Archaean terranes, mafic and felsic lavas are invariably found in close association with 

granitoids of tonalite-trondhjemite-granodiorite (TTG) composition. However, the temporal and 

genetic relationship between the lavas and TTGs has been one of the contentious issues in 

discussions about Archaean crustal growth. The area in NE Botswana has a classic example of 

an Archaean granite-greenstone complex, and is therefore a good site for studying Archaean 

crustal growth processes. 

T bl 11 S a e .. ummar)' ta e 0 epsi on va ues recor e bl f d d f rom some 0 teo est f h Id k k nown roc son E h art . 

Rock Location Age (Ga) ENd (T) Reference 

Tonalitic gneiss Acasta gneiss 4.0 3.5 Bowring and Housh, 1995 
Amphibolitic gneiss Acasta gneiss 4.0 -4.8 Bowring and Housh, 1995 
Granitic gneiss Acasta gneiss 3.94 3.6 Bowring and Housh, 1995 
Pillow basalt Greenland 3.81 2.6 Blichert-Toft et al. (1999) 
Pillow basalt Greenland 3.81 3.0 Frei and Jensen (2003) 
Pillow basalt Greenland 3.81 2.5 Frei and Jensen (2003) 

The thermal regime of the Archaean mantle has been the subject of extensive debate. Most of 

the data on Archaean mantle temperature have come from Archaean komatiite studies (e.g. 

Nisbet and Fowler, 1983; McKenzie, 1984; Nisbet et aI., 1993). Komatiites are extrusive 

ultramafic rocks found in Archaean greenstone belts and have been used to calculate the 

highest magma eruption temperatures in the Archaean (Nisbet et aI., 1993). 

Some workers have argued that komatiites were generated at hotspots hence cannot be used to 

calculate normal Archaean mantle temperature (e.g. Campbell et aI., 1989; Abbott et aI., 1994). 

However, Parman et al. (2004) presented a model demonstrating the possible generation of 

komatiites in Archaean subduction zones. These authors suggest that the melting regime during 

the Archaean was higher than the Phanerozoic by 100°C, and it took place at greater depth. 

This debate on Archaean thermal regime is complicated by the uncertainty of the water content 
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of the Archaean mantle. There is the contention that high volatile content in the upper mantle 

would lower its potential temperature (e.g. Smith and Lewis, 1999). 

The debate about Archaean tectonics and geodynamics is centered around two principal 

schools of thought. One school of thought strongly believes that modern type plate tectonics 

only started in the Proterozoic era, and prior to that mantle plume processes dominated (e.g. 

Hamilton, 1998; Goodwin, 1996; Park, 1997; Stern, 2002; Condie, 2005b). The other school 

contends that there is substantial geological evidence to support the existence of modern type 

of plate tectonics during the Archaean (e.g. Kroner, 1991; Windley, 1995; Condie, 1997; 

Percival, 1997; de Wit, 1998; Windley, 1998; Komiya et aI., 1999; Kampunzu et aI., 2003; 

Manya, 2004; Srivastava et aI., 2004; Wang et aI., 2004; Martin et aI., 2005; Smithies et aI., 

2005; Sandeman et aI., 2006). However, these latter workers acknowledge that the rate of plate 

tectonic processes during the Archaean may have been different from modern plate tectonic 

processes, perhaps due to high heat production in the upper mantle emanating from high 

abundance of radiogenic elements at that time. Thus, according to these workers the 

differences between Archaean and modern plate tectonics occurring are largely differences of 

degree not of style. On the other hand the critics of plate tectonics in early Earth argue that high 

heat production during the Archaean implies that Archaean lithosphere must have been hotter, 

less rigid and more buoyant, preventing plate tectonics in the modern style (e.g. Hamilton, 1998; 

Condie,2005b). 

Other important gray areas about the Archaean Earth include the volume of water at the surface 

and the effects of high heat produced by abundant radioactive elements (Burke, 1998; Abbott et 

aI., 1994). The rate of radiogenic heat production at the end of Archaean was 1.6 to 2.8 times 

the present day heat production rate (Pollack, 1997). Whilst the high content of radioactive 

elements during early Earth history generated more heat in the mantle, the responses to that 

heat are still a contentious issue. According to Abbott et al. (1994) there are five processes that 

are responsible for controlling the heat flow from the interior of the Earth. The processes include 

radioactive heat production, the transport of heat across the core-mantle boundary, heat 

transport by convection in the mantle, crustal formation, and the conductive cooling of the 

lithosphere. The first two processes add heat to the mantle while the remaining three processes 

remove it. Despite the uncertainty of the effects of high heat production, some studies (Nisbet 

and Fowler, 1983; Davies, 1993; Karsten et aI., 1996) envisage that high heat production 

Chapter L ....... 1- 3 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Introduction ... ....... .libisani Bagai 

caused more vigorous mantle convection, faster spreading rates along mid-ocean ridges and 

greater volumetric production of oceanic lithosphere. 

1.1 Cratons 

Most Archaean crust is preserved within cratons. Archaean cratons are defined as pre-2.5 Ga 

complex fragments of continental lithosphere that has attained and maintained long-term 

stability (Bleeker, 2003). Most cratons are bounded by rift margins or Proterozoic collision belts 

which led to some workers to suggest that they are fragments of larger ancestral landmasses 

(e.g. Williams et aI., 1991) called supercratons. For instance the Kaapvaal craton is proposed to 

have been connected to the Pilbara craton of Western Australia in a Vaalbara supercraton 

(Cheney, 1996) whereas the Zimbabwe craton is identified as a Slave-like craton which was 

prossibly a nearest neighbour to the Slave craton in the Neoarchaean supercraton termed 

Sclavia (Bleeker, 2003). One of the defining features of Archaean cratons is the presence of a 

thick lithospheric mantle keel, termed tectosphere, which commonly extends to the diamond 

stability field (Wyman and Kerrich, 2002). The tectosphere is characterised by high P-wave 

velocities, low geothermal gradient and chemically depleted composition (Davis et aI., 2003). 

Thus long term stability of a craton is commonly attributed to the insulating effects of a thick, 

non-convecting, relatively cool and compositionally depleted and buoyant mantle keel beneath 

(Ballard and Pollack, 1987). It has been realized that lithospheric mantle keel thickness can vary 

by upto 200 km within and between cratons (e.g. Fouch et aI., 2004; de Wit et aI., 2004; Jones 

et aI., 2003). The presence of mantle keels helps to preserve ancient continental crust such as 

Archaean granite-greenstone terrains. However, the timing and mechanism of development of 

lithospheric keels that characterise cratons is still a matter of debate (e.g. King, 2006). Most 

proposed models in development of cratonic keels implicate the formation of greenstone belts 

as the cause of depleted buoyant residue that subsequently ascend diapirically to form 

Archaean cratonic roots (e.g. Wyman and Kerrich, 2002; Parman et aI., 2004; Manikyamba et 

aI., 2004). Alternative models imply that the lithospheric keel attachment to the base of crustal 

lithosphere was synchronous with crust formation. These are models which envisage 

voluminous mantle plume activity to generate an ocean plateau-like crust floating on a depleted, 

buoyant and unsubductable subcontinental lithospheric mantle. Thus studies of ancient 

greenstone belts and their host cratons are essential in understanding the early Earth processes 

such as cratonisation, origin and evolution of the Archaean continent. Diamond studies have 
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shown that formation of diamond in Archaean cratonic mantle is episodic, and that episodicity 

applies to the formation and stabilization of the cratonic mantle (e.g. Shirey et aI., 2003). 

The geological record has revealed that cratons are the hosts of the Archaean granite­

greenstone terrains and the debates on the origin and evolution of the cratons mirror those of 

granite-greenstone terrains. For instance there is great variation in the postulated rates of 

formation and evolution of individual cratons and greenstone belts. For example U-Pb 

geochronology has revealed that the Superior craton of Canada formed within time span of 500 

Ma, with the majority of crustal formation including its famous greenstone belt, the Abitibi belt, in 

less than 100 Ma. In contrast, the Kaapvaal craton of Southern Africa developed over a longer 

period spanning about 1000 Ma (de Wit et aI., 1992) with its Barberton greenstone belt 

documenting a polyphase tectonic evolutionary history spanning about 500 Ma (de Ronde and 

de Wit, 1994). 

The southern Africa Archaean continental crust is made up of the Kaapvaal and the Zimbabwe 

cratons which are joined along the Limpopo orogenic belt. The two cratons collided along the 

Limpopo orogeny in the Neoarchaean (de Wit et aI., 1992), but still share little tectonic history. 

Some workers argue that the two cratons appear radically different and probably did not collide 

until 2.0 Ga, which is the age of a high-grade metamorphic event in the Limpopo belt (Holzer et 

aI., 1998). These authors contend that there is no evidence of shared tectonic history prior to 2.0 

Ga. Some of the arguments raised are that the Transvaal Supergroup and the Bushveld 

Complex have no expression in the Zimbabwe craton and, vice versa, the craton-wide ca. 2600 

Ma Chilimanzi Suite and 2574 Ma Great Dyke do not cross the high-grade Limpopo orogenic 

belt into the Kaapvaal craton. 

1.1.1 Kaapvaal Craton evolution 

The Kaapvaal craton which formed and stabilized between 3.7 and 2.7 Ga, is an aggregate of 

crustal blocks welded by accretionary processes (de Wit et aI., 1992; Carlson et aI., 1996; Smith 

et aI., 2004). These crustal blocks have been labeled the Swaziland, Witwatersrand, Kimberley, 

Pietersburg and Kalahari blocks (see Fig. 1.1). The oldest rock formation dates occur in the 

Swaziland block which is in the southeastern block of the Kaapvaal craton. This southeastern 

portion of the Kaapvaal craton formed the nucleus of the craton, and it hosts the c.3.7 Ga 

Ancient Gneiss Complex and the famous Barberton Greenstone belt. Recent studies have 
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indicated different amalgamation periods between the blocks. The Swaziland and the 

Witwatersrand blocks were joined at c.3.23 Ga (de Ronde and de Wit, 1994) and by c.3 Ga this 

eastern block was already stabilized to support the deposition of the extensive sedimentary 

basins such as the Witwatersrand Supergroup in the centre of the craton and the Pongola 

Supergroup in the southeast. The collision time between the eastern block (merged Swaziland 

and Witwatersrand blocks) and the western Kimberley block falls between 2.92 and 2.76 Ga (de 

Wit and Tinker, 2004). These two blocks amalgamated along shallow west-dipping thrust zones 

(de Wit and Tinker, 2004), not along the Colesberg magnetic lineament as proposed elsewhere 

(e.g. Schmitz et aI., 2004). The collision between the northern Pietersburg block and the eastern 

block occurred between 2.93 and 2.88 Ga (de Wit et aI., 1992). Silver et al. (2004) suggest that 

the collisions of both the Kimberley and Pietersburg blocks with the eastern block imparted 

some mechanical anisotropy to the mantle that were subsequently reactivated by younger 

Neoarchaean collision events resulting in some of the major magmatic events experienced by 

the craton. Such an example is the Ventersdorp magmatic event. The crust beneath the central 

Kaapvaal Craton is thinner (de Wit and Tinker, 2004), like crust that has been severely extended 

subsequent to accretion (e.g. Mortimer et aI., 2002). Ventersdorp tectonism at ca. 2.7 Ga 

caused Significant extension of the Kaapvaal crust. Seismic data from the central and western 

blocks of the Kaapvaal Craton exhibit earlier tectonic structures, indicative of compressional 

tectonism, preserved below the Moho (de Wit and Tinker, 2004). This has been interpreted as 

an indication of involvement of mantle material in accretion processes. 

Seismic studies have revealed that the Kaapvaal craton is underlain by a thick (250 to 300km) 

lithospheric mantle keel (James et aI., 2001; Stankiewicz et aI., 2002; Fouch et aI., 2004). 

However, the mechanism of the formation of this mantle keel is still a matter of debate. The 

ideas emerging from this debate include the following models which are not mutually exclusive: 

(1) Depleted mantle residues that formed in response to komatiite formation in Archaean 

subduction environment (Parman et aI., 2004), (2) A two-step lithospheric mantle keel creation 

model as suggested by diamond researchers (e.g. Richardson et aI., 1984; Shirey et aI., 2003, 

2004). The first step was mantle depletion below early continental nuclei due to high degree 

melting events that occurred in the Mesoarchaean. This step is associated with the oldest 

harzburgitic diamond formation. The second step involves subduction-accretion events that took 

place in the Neoarchaean resulting in amalgamation of cratonic blocks and further depletion of 
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1.1.2 Zimbabwe Craton evolution 

The Zimbabwe craton has a long and complex geotectonic evolutionary history with a time span 

of at least 1000 Ma (Dirks and Jelsma, 2002; Jelsma and Dirks, 2002). Unlike the Kaapvaal very 

little is known about the Zimbabwe craton's lithospheric mantle, whose seismic thickness varies 

between 225 and 250 km (Silver et aL, 2004). Re-Os studies have established that some of its 

lithospheric mantle was separated from the asthenosphere at least 3.8 Ga ago (Nagler et aL, 

1997). Previous studies have established that the evolution of Zimbabwe craton involved 

successive accretion and magmatic phases (e.g. Wilson et aL, 1995; Jelsma and Dirks, 2002; 

Dirks and Jelsma, 2002; Hofmann et aL, 2003; Prendergast, 2004) each encompassed the 

deposition of volcano-sedimentary sequence and the emplacement of granitoids (Hofmann et 

aL, 2003). The early cratonic nuclei (the Tokwe block) in the central Zimbabwe craton formed 

between 3.57 and 3.35 Ga through lateral accretion of greenstones of the Sebakwean Group 

and tonalitic to trondhjemitic gneiss complexes (Wilson et aL, 1995; Dirks and Jelsma, 2002). 

These gneisses and the Sebakwean greenstones were intruded by the 3.38 Ga Mushandike 

granite and 3.35 Ga Mont d'Or' granite, which possibly marked the stabilization of a Sebakwe 

proto-craton. Some workers (e.g. Kusky, 1998; Horstwood et aL, 1999) interpret the sporadic 

Mesoarchaean U-Pb zircon dates within the Zimbabwe craton as evidence for an extensive old 

crustal block underlying a large area of the craton. Alternatively, Jelsma et al. (1996) considered 

them as older crustal nuclei against which newly formed crust accreted. However, it is also 

possible that the sporadic Mesoarchaean ages represent isolated continental fragments which 

were subsequently accreted. 

The stabilization of the Sebakwe proto-craton was followed by clastic sedimentation along the 

western and southern margins between 3.10 and 2.95 Ga (Dirks and Jelsma, 2002). The 

stratigraphy comprises a transgressive sequence of conglomerates, sandstones, siltstones, 

shales, chert and ironstone. Detrital zircons from these sedimentary units give dates ranging 

between 3.81 and 3.06 Ga (Dodson et aL, 1988; Dirks and Jelsma, 2002), which implies the 

existence of older crust than the Tokwe block but not necessarily preserved in Zimbabwe. A 

comprehensive geochronological spatial data base from Jelsma and Dirks (2002) demonstrates 

that magmatism started along the western margin of the Sebakwe proto-craton and produced 

the 2.90 to 2.88 Ga Belingwean Supergroup greenstones (Wilson et aI., 1995) followed by the 

Lower Bulawayan Supergroup greenstones between 2.83 and 2.79 Ga. Tonalite-trondhjemite­

granodiorite (TTG) granitoids aged between 2.98 and 2.75 Ga intruded the proto-craton and 
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Lower Bulawayan greenstones, and have been interpreted as the plutonic equivalents of the 

Belingwean Supergroup and Lower Bulawayan Supergroup felsic volcanics (Wilson et at., 1995; 

Jelsma et aI., 1996). These intrusions have been named the Chingezi suite (Wilson et aI., 1995). 

The most voluminous greenstone successions in the Zimbabwe craton were formed between 

2.75 and 2.65 Ga (e.g. Jelsma and Dirks, 2002). These greenstone successions are sub-divided 

into c.2.75 Ga Upper Bulawayan and the c.2.65 Ga Shamvaian volcano-sedimentary 

greenstone belt sequences (Jelsma et aI., 1996; Hofmann et aI., 2003). Notably, there are two 

distinctly different greenstone successions recognized within the Upper Bulawayan Group 

(Wilson, 1981; Jelsma and Dirks, 2002). The first succession has been associated with rift or 

back-arc settings and is confined to the eastern part of the craton. Examples of such greenstone 

successions are the Belingwe, Filabusi, Shangani, Shurugwi and Gweru all located in the central 

to eastern part of the Zimbabwe craton (Fig. 1.1). In the Belingwe area, the Upper Bulawayan 

succession is located between the 3.57 to 3.35 Ga proto-craton and c.2.9 to 2.8 Ga Lower 

Greenstone crustal segments trending north-northeast to south-southwest. Here a basal 

sedimentary succession is overlain by thick pile of ultramafic and mafic volcanics which have 

been dated at 2.69 Ga. However, the contact between the sedimentary succession and the 

volcanic pile is a high-strain zone and has been interpreted differently by different workers. For 

instance Blenkinsop et al. (1993) interpreted it as conformable but accommodating layer parallel 

slip during deformation of the belt. On the other hand Kusky and Kidd (1992) described it as a 

detachment surface that accommodated obduction of an oceanic plateau. 

The second type of greenstone succession of the Upper Bulawayan Supergroup comprises a 

chain of greenstone belts along a -700 km long northeast-southwest trend, which have been 

interpreted as a calc-alkaline volcanic arc that developed in the northwestern margin of the 3.57 

to 2.75 Ga continent between 2.72 Ga and 2.68 Ga (Jelsma and Dirks, 2002). This 700 km long 

chain of greenstone belts extends from the Vumba greenstone belt in Botswana in the 

southwestern to the Mount Darwin greenstone belt in Zimbabwe in the northeastern of the 

craton (Fig. 1.1). These greenstone successions comprise on average 35% andesite, 15% 

rhyodacite, 30% basalt, 2% komatiites and 18% sedimentary rocks (Jelsma and Dirks, 2002). 

Both types of greenstone belts are associated with felsic intrusions ranging in age from 2.72 to 

2.68 Ga which has been referred to as the Sesombi suites (Wilson et aI., 1995). A younger 

phase of volcanism between 2.65 and 2.64 Ga is superimposed on the c.2.7 Ga Upper 
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8ulawayan Group and it has been interpreted as a late subduction-related magmatic event 

(Jelsma and Dirks, 2002). This event has been reported in the NE part of the craton (Harare 

greenstone belt), where felsic volcanism has been dated at 2.65 Ga (Jelsma et aI., 1996) and is 

associated with the emplacement of late-tectonic tonalites and granodiorites dated at 2.65 Ga 

(Wilson et aI., 1995). In contrast, in the southwestern part of the craton (Vumba greenstone belt) 

only late-tectonic monzogranite was emplaced at 2.65 Ga (8agai et aI., 2002). 

Pan-cratonic emplacement of granodiorites and monzogranites of the Wedza and Chilimanzi 

suites occurred at c.2.6 Ga (Dirks and Jelsma, 2002). Nevertheless, these magmatic events are 

absent in the southwestern margin of the Zimbabwe craton. Jelsma and Dirks (2002) interpreted 

the Chilimanzi suite as crustal melts induced by overthickening caused by accretion. However, 

Kampunzu et al. (2003) suggest that crustal melting was initiated by lithospheric delamination or 

subduction slab break-off. It is the Chilimanzi suite which marked the final stabilization of the 

Zimbabwe craton. The Great Dyke was intruded into this stabilized craton at 2.58 Ga 

(Horstwood et aI., 1999) and its emplacement is believed to be controlled by a conjugate fault 

set related to the north-northwest to south-southeast crustal shortening during the Limpopo 

orogeny (Silver et aI., 2004). It is suggested that the Great Dyke was emplaced through a pre­

existing inherited zone of rheological weakness in the lithospheric mantle that possessed a 

north-northeast to south-southwest orientation, which was reactivated during the collision 

between the Limpopo Central and Northern Marginal Zones (Silver et aI., 2004). 

The structural deformation history of the Zimbabwe craton is complex, as reflected by 

preponderance of thrust faults, recumbent folding and shear zones bounding low strain zones 

(e.g. Dirks and Jelsma, 2002). Thrust zones have significant implications for reconstructing the 

stratigraphy of the greenstone successions of the craton. They prompt the suggestion that some 

greenstone sequences are allochthonous and may have formed in unrelated tectonomagmatic 

environments. Anastomosing layer-parallel shear zones associated with east-west trending 

lineation (e.g. Dirks and Jelsma, 2002) are a common feature in the Zimbabwe craton. Dirks and 

Jelsma (2002) noted that the distribution of the main shear zones centred on the greenstone 

sequences tends to define a blocky pattern of bounded nappes that trend northeast and 

northwest and to lesser extent north and south. These blocks of nappes are arranged in an 

overlapping "fish-scale" like morphology with east dipping thrusts migrating westward (Fig. 1.2). 

It is believed that these patterns that are also parallel to the orientation of subduction related 
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et ai., 2005). To date no single tectonic model for their evolution exists (Burke, 1997; Hofmann 

et ai., 2003). Instead, geoscientists agree to disagree on a single model for the origin of 

greenstone belts and granite-greenstone terrains. There is now a growing realization that some 

of the greenstone belts are composites of different terranes (Burke, 1997). The controversies 

are partly caused by structural complexities, which obliterate the nature of granite-greenstone 

contacts, complicating tectonic interpretations. In addition, the petrogenetic relationships 

between volcanic and plutonic components, which are often found in close spatial association in 

Archaean granite-greenstone terranes, have not yet been clarified satisfactorily. This study 

attempts to determine the petrogenetic relationship between such a diversity of igneous rocks 

found closely associated in space within the Francistown Granite-Greenstone Complex. 

Understanding the mechanism and details of the various petrogenetic processes that were 

involved in the formation of Archaean granite-greenstone complexes would provide better 

inSight into the evolution of the cratons and the original recycling of continents during early Earth 

history. The area in northeastern Botswana has rock assemblage of Archaean age that offer an 

opportunity to evaluate the tectonic processes occurring on the margins of the Zimbabwe 

Craton. Essentially, greenstone belts contain some of the oldest preserved mafic lavas derived 

from the Earth's mantle, and therefore provide a window into Archaean mantle compositions and 

mantle-crust evolutionary processes (Vennemann and Smith, 1999). 

1.3 Justification of the study 

This study sets out to examine the geochemistry of the Neoarchaean Francistown Granite­

Greenstone Complex (FGGC) in northeastern Botswana that constitutes the southwestern 

margin of the Zimbabwe craton. To date there has been only limited and fragmented work on 

the Francistown Granite-Greenstone Complex, and in general these studies have been 

restricted to specific areas or selected rock units in a specific area of the complex. Examples of 

such recent work include the study of major and trace element geochemistry of plutonic rocks 

from Francistown by Kampunzu et al. (2003), the study of Sr and Nd isotope systematics of 

Francistown plutonic rocks by Zhai et al. (2006), U-Pb single zircon geochronology of granitoids 

in the Vumba granite-greenstone terrane by Bagai et ai. (2002), the geochronological and 

geochemical investigation of the Vumba granite-greenstone terrane by Bagai (2000), and the 

structural architecture of Archaean terranes in northeastern Botswana by McCourt et al. (2004). 

In contrast, this study has been designed to obtain an overall synthesis of a large area of the 
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Francistown Granite-Greenstone Complex. The study has generated a wide range of new types 

of data, not acquired in previous studies. 

Despite several detailed studies in the Francistown Granite-Greenstone Complex, the overall 

structure and geodynamic evolution of the complex are still poorly understood. For instance the 

extent and nature of petrogenetic relationships between the greenstone volcanics, the 

voluminous TTG type granitoids, mafic intrusions and the post-kinematic high-K granite suite of 

the Francistown Granite-Greenstone Complex, are poorly documented and analysed. The focus 

of this study is on the geodynamic and petrogenetic aspects engaging geochemical, isotope, 

petrological, geochronological data and field observations of the main rock assemblages of the 

Francistown Granite-Greenstone Complex. 

The Zimbabwe craton, being a granite-greenstone composite type of craton, means the 

understanding of its origin from initial discrete terranes to a stable craton rests on among other 

factors understanding the crustal development of its constituent granite-greenstone terranes. 

The present study area is located along the craton margin contiguous to the Limpopo-Shashe 

orogenic belt, which renders it a good site to investigate the geotectonic relationship between 

the Archaean orogenic belt and the Zimbabwe craton. The results should enhance our 

knowledge on the Neoarchaean geology, crustal growth and cratonisation processes of the 

southwestern section of the Zimbabwe craton. From an economic perspective, it is worth 

mentioning that granite-greenstone terranes of the world host major ore deposits such as Au, 

Cu, Ni, PGE and Cr (Evans, 1993; Herrington, 1995; Herrington et aI., 1997). Currently, two Cu­

Ni deposits and one gold deposit are being mined in the study area. According to Whalen et al. 

(2004), Archaean low-AI TTGs, like the TTGs around the Francistown area (e.g. Kampunzu et 

aI., 2003), have been documented to form small synvolcanic intrusions that underlie over 90% of 

known Precambrian volcanogenic massive sulfide deposits and have been linked genetically 

either as heat source and/or metal source to volcanogenic massive sulphides formation. 

1.4 Objectives of the study 

The primary objective of this study is to reconstruct a well-constrained geodynamic evolution 

model for the Neoarchaean Francistown Granite-Greenstone Complex. In order to achieve this, 

the most important issue to be resolved is the chronological sequence of magmatic events that 

produced the various rock assemblages of the Francistown Granite-Greenstone Complex and 
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establish the petrogenetic implications of the temporal relationships. This is attempted through 

U-Pb dating of zircons using the sensitive high-resolution ion microprobe (SHRIMP). A second 

objective is to test field relationships against petrogenetic relationship. The third objective is to 

determine possible constraints that can be placed on the sources of the parental melts of the 

various magmatic rocks within the Francistown Granite-Greenstone Complex. 

1.5 Methodology 

Field observations, geochronological, petrological, isotope systematics and geochemical 

analyses of diverse magmatic rocks of the Francistown Granite-Greenstone Complex were 

integrated to reconstruct the geodynamic evolution model for the complex. However, integrating 

different types of data from a wide variety of rocks is far from trivial. Different analytical 

approaches were employed in this study to achieve the project objectives. 

1.5.1 Analyses 

Petrography: Provides significant textural features and modal composition of rocks that can 

give insight into the magmatic evolutionary history and post crystallization history. In this study, 

80 samples were thin sectioned and petrographically examined under the microscope. 

Geochronology: Yields significant information on the age profile of the complex by constraining 

the period of magmatic events and the sequence in which they occurred, thus unraveling the 

magmatic evolutionary history of the igneous complex. Published geochronological data on 

Francistown Granite-Greenstone Complex were compiled and combined with the new age data 

generated in this study. The sensitive high resolution ion microprobe (SHRIMP) technique was 

used to date the zircons separated from 16 samples obtained from a variety of rock units within 

the Tati granite-greenstone terrain and surrounding areas. 

Bulk rock geochemistry: Constitutes major and trace element data. Major element data yield 

information on petrological processes that played a role in the magmatic history such as 

assimilation and fractional crystallization. Studying the distribution of certain trace elements in 

igneous rocks can yield important clues about the rock's origin and evolution. Trace elements do 

not give rise to characteristic minerals, but their behaviour can be modelled to provide historical 

information about the source magma as well as tectono-magmatic environment. Major element 

data was generated for all the samples using XRF spectrometry .. Trace element analyses on a 
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subset of representative samples were completed using ICP-MS. A major challenge with the 

geochemical study of Archaean volcanic sequences is to account for the effects of post­

magmatic alteration on the primary composition of the volcanic rocks, otherwise the 

interpretation based on chemical parameters may be quite invalid. In order to mitigate against 

secondary alteration effects, various geochemical criteria were undertaken to test and detect the 

type and degree of alteration prior to any interpretation. 

Isotope geochemistry: Three radiogenic isotope systems and one stable light isotope system 

were employed. Radiogenic isotopes of Sr, Nd and Pb were analysed in whole-rock samples 

using a Finnigan-MAT261 thermal ionization mass spectrometer (TIMS) in the Radiogenic 

Isotope Facility in the Department of Geological Sciences, University of Cape Town. Oxygen 

stable isotope data was measured in quartz mineral separates from granitoids, whole-rock for 

some granitoids, and pyroxene mineral in case of gabbroic and dioritic rocks using a Thermo 

Finnigan Delta PlusXP mass spectrometer housed in the Archaeology Department, University of 

Cape Town. Radiogenic isotope ratios are commonly used in geochemistry as petrogenetic 

tracers, yielding information on time-integrated elemental fractionation through processes of 

melting, crystallization, metamorphism, metasomatism, and contamination (Davidson et aI., 

2007). Radiogenic isotopic ratios of Sr, Nd and Pb are not fractionated by processes of melting 

and crystallization (Dickin, 2005) and have thus become a commonly used tool for fingerprinting 

source contributions in magma suites. Nd is a rare earth element (REE) which may be more 

resistant to disturbances resulting from fluid-rock interactions and low-grade metamorphism, 

compared with Sr. Pb isotopes are useful in investigating intracrustal processes. Oxygen 

isotopes provide a way of distinguishing between rocks formed in equilibrium with the mantle 

and those which formed from the continental crust (Criss, 1999). Therefore, they are a valuable 

indicator of surface processes and a useful tracer of rocks that have been emplaced in the 

Earth's crust. 
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CHAPTER 2 

Geological Setting and Sampling 

2.0 Introduction 

The geological framework of northeastern Botswana is dominated by Archaean crust that forms 

part of the Zimbabwe craton and the Limpopo orogenic belt (e.g. McCourt et aI., 2004; Carney et 

aI., 1994). The Zimbabwe craton is an oval NE trending (Fig. 2.1a) Archaean granitoid-greenstone 

terrain, c. 800 km long and up to 500 km wide (Prendergast, 2004; Jelsma and Dirks, 2000) largely 

confined to Zimbabwe with extension into NE Botswana (Key et aI., 1976; Blenkinsop et aI., 1997; 

Jelsma and Dirks, 2002). According to Carney et al. (1994) the sector of the Zimbabwe craton in 

Botswana occupies an area of about 60000 km2, about 15% of the entire craton. 

2.1 Geology of NE Botswana 

The geology of the northeastern Botswana is composed of distinct Archaean crustal complexes that 

were amalgamated during the Neoarchaean in response to accretionary processes (McCourt et aI., 

2004). The complexes include the Francistown Granite-Greenstone Complex, the Matsitama­

Motloutse Complex and the Phikwe Complex (Fig. 2.1). The Francistown Granite-Greenstone 

Complex is regarded as a continental-margin (volcanic arc) that developed between 2.75 and 2.60 

Ga (Kampunzu et aI., 2003; Bagai et aI., 2002). This complex constitutes the southwestern margin 

of the Zimbabwe craton in Botswana (Fig. 2.1). The metamorphic assemblages in the supracrustal 

rocks of the Francistown Granite-Greenstone Complex are predominantly at greenschist facies 

(McCourt et aI., 2004; Coward and James, 1974). The Matsitama-Motloutse Complex is an 

accretionary assemblage, characterised by continental margin-type supracrustal rocks, and is in 

thrust contact with the Francistown Granite-Greenstone Complex along the Shashe shear zone 

(Fig. 2.1). According to McCourt et al. (2004) the supracrustal assemblage of the Matsitama­

Motloutse Complex is younger than 2661 and older than 2647 Ma. Based on detrital zircon ages 

from the metasedimentary rocks that dominate the Matsitama-Motloutse Complex, it is suggested 

that the sediments were derived from the Francistown Granite-Greenstone Complex and its 
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2.1.1 Geological setting of the Francistown Granite-Greenstone Complex 

The Francistown Granite-Greenstone Complex is a composite granitoid-greenstone terrane 

comprising three individual greenstone belts associated with voluminous granitoid suites, minor 

mafic intrusions and wide distribution of gneisses. The greenstone terrains comprise metavolcanic 

and metasedimentary sequences at lower greenschist to lower amphibolite facies metamorphism 

(Key et ai., 1976; Carney et ai., 1994; McCourt et ai., 2004). They also contain serpentinite and rare 

metapyroxenite. These greenstone sequences have been correlated to the Upper Bulawayan 

greenstone successions in Zimbabwe (e.g. Key et ai., 1976). 

The supracrustal rocks in the Francistown Granite-Greenstone Complex have been divided into 

three greenstone sequences, identified as the Maitengwe, the Vumba and the Tati greenstone belts 

(Fig. 2.1 b; Key et ai., 1976; Carney et ai., 1994). The Maitengwe greenstone belt forms a tiny 

sequence underlain predominantly by banded ironstones in which magnetite-cummingtonite layers 

alternate with chert (Litherland, 1975). This banded iron formation is overlain by the Maitengwe 

Ultramafic Formation which comprises ultramafic schist associated with amphibolite, serpentinite 

and marble (Litherland, 1975; Carney et ai., 1994). In terms of aerial size, the Maitengwe 

greenstone sequence covers small area of about 100 km2 and it has been omitted from the current 

study. The focus is on the Tati and Vumba greenstone sequences that cover about 2100 km2 and 

1100 km2, respectively. The two greenstone sequences display several lithological similarities 

which caused some workers to suggest that the two volcanic successions may be dismembered 

parts of an originally consanguineous supracrustal sequence (e.g. Litherland, 1975; Key, 1976). So 

far there is no tangible evidence to substantiate the above suggestion. A schematic stratigraphic 

column of the Tati and Vumba greenstone sequences is presented in Fig.2.2. 

The Tati greenstone sequence has an overall length of about 70 km with a general northwest trend 

and has a maximum width of 30 km. It is subdivided from base to top into Lady-Mary, Penhalonga 

and Selkirk Formations (Key, 1976; Johnson, 1986; Carney et ai., 1994). The Lady-Mary Formation 

is dominated by mafic lavas intercalated with minor felsic lavas and chemical sedimentary rocks. 

Minor ultramafic schist and concordant serpentinite horizons are recognizable in the southeastern 

part of the unit (Johnson, 1986). Pillow structures are preserved locally, which suggest that at least 

part of the formation is extrusive and was deposited under water (Fig. 2.3). The overlying 
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Penhalonga Formation predominately comprises andesitic lavas interbedded with metasediments. 

In most areas this formation comprises a uniform thickness of intermediate volcanics associated 

with shallow water sedimentary rocks. By contrast, the central area of the Penhalonga Formation 

consists of a thicker succession (-10 000 m) of interlayered andesitic lavas and interbedded fine­

grained metasediments (Key, 1976). The existence of the Selkirk Formation is controversial. 

According to Key (1976) the Selkirk Formation occurs as a thick wedge-shaped formation 

dominated by a felsic succession at the top of the Tati belt sequence. However, mapping and 

petrographic study by Siegfried (1999) suggested that much of the area that Key (1976) believe is 

underlain by Selkirk Formation is actually underlain by tonalite-trondhjemite gneiss. This view is 

supported by this study because no outcrop of a felsic volcanic rock was observed during the field 

work in that specific area, except a few low-lying outcrops of granitoids resembling the tonalite­

trondhjemite from the Sekukwe Pluton. Similar observations were made by Jackson (1981) who 

concluded that there seem to be no Selkirk Formation. 

The geology of the Vumba greenstone belt has been described by several previous workers (e.g. 

Litherland, 1975; Rammlmair, 1986; Mosigi, 1987; Ludtke et aI., 1989; Carney et aI., 1994; Bagai, 

2000). The Vumba greenstone sequence is subdivided in chronological order into the Sebina 

Ultramafic Formation, Vumba Mixed Volcanic Formation, Vumba Lower Felsic Formation, Vumba 

Lower Mafic Formation, Vumba Upper Felsic Formation and Vumba Upper Mafic Formation 

(Litherland, 1975; Carney et aI., 1994; Fig. 2.2). The basal Sebina Ultramafic Formation contains 

poorly exposed talc-chlorite schist intercalated with amphibolite (Litherland, 1975). The widely 

distributed overlying Vumba Mixed Volcanic Formation predominately comprises mafic lavas, minor 

ultramafic schist and intrusives, felsic lavas, pyroclastics and metasediments. This formation hosts 

the serpentinite and metapyroxenite units that form rows of kopjes in the Vumba area. Litherland 

(1975) described these rows of kopjes of ultramafic rocks as syn-tectonic sills. Rammlmair (1986) 

remapped these rows of kopjes and interpreted them as flows at the base of volcanic sequence, i.e. 

an integral part of the Vumba volcanic sequence. In contrast, Ludtke et al. (1989) interpreted the 

ultramafic kopje rows as dykes and compared them to the Mashaba Complex in Zimbabwe. The 

Lower Vumba Felsic Formation contains felsic lavas, minor mafic lavas, chemical sediments and 

argillites (Litherland, 1975). The overlying Lower Vumba Mafic Formation is dominated by mafic 

lavas with minor felsic lavas, whereas the Upper Vumba Felsic Formation contains subordinate 
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The Maitengwe greenstone sequence is intruded by tonalitic and quartz monzonitic plutons 

(Litherland, 1975). In the Tati terrain the greenstone sequence has been intruded by quartz 

monzonite, monzogranite, trondhjemite, tonalite-trondhjemite, diorite and gabbro suites. The spatial 

relations of the quartz monzonite and tonalite-trondhjemite in the Tati terrain caused previous 

workers (Key, 1976; Litherland, 1975) to suggest that the latter has intruded the former to form ring­

complexes. The monzogranite tends to occur in the form of dykes, and it cuts the rest of the 

granitoid types. Trondhjemite forms massive linear kopjes parallel to the trend of the Tati 

greenstone belt. It intrudes the top sequence of the Tati greenstone belt and the diorite unit. Lack of 

pervasive northwest-southeast solid state fabrics, in the trondhjemite led previous workers (e.g. 

Kampunzu et aI., 2004; Key, 1976) to suggest that it post-dates the southwestern tonalite­

trondhjemite plutons which are characterised by a strong NW-SE fabric. The tonalite-trondhjemite 

unit lying southwest of the Tati greenstone belt includes the Tati Pluton and its satellites, the Airport 

and South Tati Tonalite-Trondhjemite (Fig. 2.4). These are mainly foliated to banded grey gneisses 

with the main fabric trending parallel to the trend of the Tati belt. The tonalite-trondhjemite unit 

exposed in the northeast of the Tati belt includes the Sekukwe, the Mphoeng and the Matsiloje 

Plutons (Fig. 2.4). According to Kampunzu et al. (2003) metamorphism is of low grade in the 

northeastern tonalite-trondhjemite unit, as evidenced by local preservation of igneous foliation. 

The diorite and gabbro intrusions are confined to the Tati area. Additionally, the dioritic rocks 

outcrop around the city of Francistown in the form of low kopjes (Fig. 2.4). The field age relationship 

with the neighbouring tonalite-trondhjemite unit of the Sekukwe pluton is unexposed. The gabbro 

forms two separate intrusions, which have been named the Selkirk and Phoenix gabbros. These 

gabbros are mineralized with Ni-Cu sulphides and are currently being mined for these commodities. 

The mineralization at Phoenix and Selkirk gabbros occurs largely in the form of massive and 

disseminated sulphides, respectively (Johnson, 1986). It is suggested that the massive sulphides in 

the Phoenix gabbro were generated from magmatic disseminated sulphides in the host rock by a 

heating event linked to the granitiC to pegmatitic dykes that have intruded the gabbro (Johnson, 

1986). It is probable that the dykes are related to the trondhjemite unit which intruded the central 

part of the Tati greenstone belt sequence. The age relationship between the gabbro and diorite is 

yet to be established. Key (1976) presumed that the gabbro intrusions are penecontemporaneous 

with the lavas of the Penhalonga Formation, which would imply that they are actually older than the 
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tonalite-trondhjemite unit. In contrast, Kampunzu et al. (2003) contend that the gabbros and diorite 

are younger than the tonalite-trondhjemite unit. Recently, Zhai et al. (2006) using Sm-Nd isochron 

dates argued that the tonalite-trondhjemite, diorite and the gabbro units are contemporaneous. 

However, the large errors associated with the Sm-Nd isochron dates (Zhai et ai., 2006) render this 

data inconclusive. The geochronology of the Tati and Vumba terrains is discussed in the following 

chapter with the presentation of new U-Pb zircon dates. 

Plutonism in the Vumba granite-greenstone terrain comprises quartz monzonitic, tonalitic, 

granodioritic and monzogranitic granitoids. The quartz monzonite forms a cluster of kopjes named 

the Kalakamati quartz monzonite, which display a strong foliation defined by biotite and hornblende. 

The tonalite unit occurs in the form of clusters of kopjes on the western to northern part of the 

Vumba belt and it has been named Maebe tonalite (8agai et ai., 2002). Its limit on the western 

contact is poorly defined due to the Kalahari cover. Unlike the quartz monzonite, the tonalite unit 

displays a weak foliation. The granodiorite unit comprises isolated bodies, which vary in dimension 

from pluton to stock size. The plutons of granodiorite include the Kalakamati and the Mashawe that 

have circular and oval shapes, respectively. The Kalakamati pluton intrudes the quartz monzonite 

unit and is therefore younger. The Mashawe pluton is conspicuously foliated whereas the 

Kalakamati pluton exhibits a weak foliation. The Vumba stock forms one kopje intruding the 

volcanic sequence of the Vumba greenstone belt. Some previous studies (Litherland, 1975) 

identified both the Sechele and the Vumba stocks as granite and equated them to the post­

kinematic Domboshaba Granite (Fig. 2.4). However, it emerged during the fieldwork conducted for 

this study that the Vumba and Sechele stock are both foliated and the foliation attitude is similar to 

that recorded in the Kalakamati pluton. Additionally, petrographic analyses (8agai, 2000), revealed 

that the stocks are granodioritic in composition. Monzogranite in the Vumba area is represented by 

the Domboshaba Granite which is a texturally heterogeneous intrusion. It intrudes the Kalakamati 

quartz monzonite and the granodiorite of the Kalakamati pluton. The Domboshaba Granite is made 

up of two phases that previous workers referred to as inner and outer granite (Litherland, 1975). 

The inner granite phase is coarse-grained and pink in colour whereas the outer granite is medium­

grained and light pink. The contact between the two sections of the granite is gradational. 
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2.2 Sampling 

Exposure in the Francistown Granite-Greenstone Complex in general is very poor and most of the 

contacts between different rock units are unexposed. Sampling was conducted randomly, therefore, 

and obvious signs of alteration and/or veining were avoided, Additionally, sampling close to 

geological contacts was avoided as a precautionary measure against sampling non-representative 

samples. A global position system (GPS) was used during sampling to record the coordinates of 

each sample position, Sampling was conducted only in the Tati granite-greenstone terrane. 

Samples from the Vumba area were obtained from a previous study (Bagai, 2000). Because 

geochemical sampling of plutonic rocks in the Tati area was conducted previously (Kampunzu et 

aI., 2003), only representative sampling in this area was undertaken for the current investigation, 

Table 2,1 gives a summary of sampled units, while Fig. 2.5 shows the general localities of the 

samples. The coordinates of the sample positions are presented in Appendix A. A summary of the 

samples gathered from the Vumba granite-greenstone terrain is presented in Table 2,2 and the 

general localities are shown in Fig. 2.6, 

T bl 21 S a e .. f II td'thTf 't ummary 0 samp es co ec e In e a I granl e-greens one erraln, 
Rock units No. of samples Sample numbers 
Quartz Monzonite 5 Z8T1 to Z8T5 
Monzogranite 4 Z8T6 to Z8T9 
Trondhjemite 7 Z8T10 to Z8T16 
Diorite 10 Z8T17 to Z8T26 
Tonalite-trondhjemite (Tati Pluton) 7 Z8T28 to Z8T34 
Gabbro-Phoenix Mine : Tonalitic dyke 2 Z8T35 to Z8T36 

: Gabbro 4 Z8T37 to Z8T40 & Z8T81 
Lady-Marry Formation : Felsic lavas 5 Z8T41 to Z8T45 

: Mafic lavas 17 Z8T46 to Z8T62 
Gabbro (Selkirk MineJ 14 Z8T63 to Z8T76 
Tonalite-trondhjemite (Sekukwe Pluton) 4 Z8T77 to Z8T80 
TOTAL 80 
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Table 2.2: Summary of samples collected previously in the Vumba granite-greenstone terrain 
(Bagai,2000). 
Rock Units No. of Sample numbers 

Samples 
Quartz Monzonite 7 ZBV82-88 
Monzogranite (Oomboshaba) 9 ZBV69-77 
Granodiorite: Vumba stock 1 ZBV78 

: Sechele stock 3 ZBV79 -81 
: Kalakamati Pluton 3 ZBV20, ZBV96-97 
: Mashawe Pluton 5 ZBV89-92 & ZBV95 

Tonalite (Maebe) 22 ZBV09-10, ZBV93-94 & ZBV131-149 
Vumba Mixed Volcanic: Felsic lavas 11 ZBV53, ZBV160 -168 

: Mafic lavas 19 ZBV13, ZBV23, ZBV197-199, ZBV200-217 
: Serpentinite 6 ZBV02, ZBV05-06, ZBV08, ZBV191-192 
: Metapyroxenite 6 ZBV39, ZBV43, ZBV193-196 

Vumba Lower Felsic Formation: Felsic lavas 8 ZBV169-178 
Vumba Lower Mafic Formation: Mafic lavas 6 ZBV183-188 
Vumba Upper Felsic Formation: Felsic lavas 9 ZBV153 -159, ZBV218-219 
Vumba Upper Mafic Formation: Mafic lavas 4 ZBV179-182 
Porphyritic quartz diorite 4 ZBV44, ZBV150-152 
TOTAL 120 

Chapter 2 .... . ........... 2-11 

Univ
ers

ity
 of

 C
ap

e T
ow

n



h i.", !aYol' 
_ Antle,,,. 
_ \bt," t.,., 
:::::J ~1' L ... ~,lLm.n " 
_ ".hbro 
_ \t. '">"~".ml c 
_ T,,,,, Jl1jo,,,, .. 

1m -= = 

()omit ",,,n ro nllc 
1 "",\nc_ T,.>II<lhj .. mnc 

D,ool, 
!I<:'l"'n" n LL~ 

r"",lt""'''' , , 

• (ny 

• VL lt.~< 

_ %.,'700' 
o Rep",« nl"\L\·c 

"'.mrle 
toe.lily 

N 
o 

ZIMBABWE 

,. " 

Univ
ers

ity
 of

 C
ap

e T
ow

n



"~'" ", •• , Ufu"'< 

-• -~ ,"--­-.-" ... 

· ... 

""'-,.-.~"""' ...... -',-n '_r_T ... ·. _ 
,~'" ,,-'>>-u ..... ,_ 
".JJ ,~"-,,,_ ._ ... 
'"",'J ,~'"" ... __ ._n 

."~I 9>" .. 

_ ...... "0 ,", 

~ ~­----_ ......... --.... c. 

,,~-­-----....... , .... - .... -
..... ¥~ -. .... ~ 

Fig, 2.6: Geolo;lC rrO!!' on:! ~e,;)' 5.1""4> 'I'g 1oca1l>C! " tt>c 'i . rrt.. ;I""":' -;I""""t"," I. nd" 19"'...Iogy ..-.o" '>e:1. I.". 
Utl"9' iW>l, \975) 

< 13 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Petrography .... 

3.0 Introduction 

CHAPTER 3 

Petrog raphy 

.. ........................ Zibisani Bagai 

A summary of the main petrographic features of the rock units within the Francistown Granite­

Greenstone Complex is presented in the following sections. Detailed petrographic descriptions of 

all samples from the Tati granite-greenstone terrain are presented in section A of appendix 8. The 

International Union of Geological Sciences (lUGS) nomenclature (Le Maitre et aI., 2002) is followed 

throughout in allocating rock names. Modal mineralogy was determined by visual estimate, and 

modal contents should be taken as approximations. A summary of petrographic descriptions for 

samples from the Vumba granite-greenstone terrain are from a previous study (8agai, 2000) and 

are included for comparison purpose. 

3.1 Mafic lavas 

The mafic lavas within the Francistown Granite-Greenstone Complex have been variably deformed 

at low to medium grade metamorphism. This has generally overprinted the primary mineralogy and 

textures. 

3.1.1 Tati mafic lavas 

In hand specimen the mafic lavas from the Tati greenstone belt generally have a fine- to medium­

grained basaltic appearance. They are massive to foliated aphanitic lavas with grey to greenish­

grey colour. The mafic lavas show various types of textures including granular, granoblastic, 

porphyroblastic and schistose, and textures do not correlate with geographic location. The primary 

mineralogy has been overprinted under upper greenschist to lower amphibolite facies conditions, 

reflected by the prevalence of clinoamphibole, chlorite and epidote ± biotite ± muscovite ± calcite 

paragenesis. The samples that show porphyroblastic textures contain anhedral clinoamphibole 

porphyroblasts poikilitically enclosing fine xenomorphic quartz crystals set in a matrix composed of 

recrystallised plagioclase, hornblende and sporadic quartz. Plagioclase lacks twinning. The modal 

abundances of amphibole and plagioclase are on the order of 80% and 20%, respectively. Fe-Ti 
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oxides are a common accessory phase with an even distribution. Many of the relatively coarse­

grained samples exhibit prismatic, skeletal and anhedral clinoamphibole grains that have 

pseudomorphed augitic clinopyroxenes, These grains are clouded with tiny inclusions of quartz 

(Fig. 3.1), and they are locally associated with a mosaic of simple twinned plagioclase laths, 

secondary calcite and relatively high proportion of Fe-Ti oxides, Locally, plagioclase laths show a 

range of crystal sizes, and are partially to wholly enclosed within the clinoamphibole. This 

resembles an inherited sub-ophitic to ophitic texture (Fig. 3,2). Plagioclase composition varies from 

laboradoritic to bytownitic, Quartz is an accessory mineral. 

Schistose samples are fine-grained with the major constituent mineral assemblage aligned in a 

preferred orientation (Fig, 3.3), Clinoamphibole occurs in high modal proportions of (-80%), with 

lesser untwinned plagioclase (-10%) and quartz (10%), Fe-Ti oxides «5%) are commonly 

associated with the clinoamphibole, Samples that display fine granular texture contain primary 

igneous augitic clinopyroxene, plagioclase and Fe-Ti oxides with clinopyroxene altered to a variable 

degree to clinoamphibole. Plagioclase feldspars form thin blades with simple twinning and random 

orientation (Fig, 3.4), 

3.1.2 Vumba mafic lavas 

The mafic lavas in the Vumba greenstone belt were previously described by Bagai (2000). They 

vary significantly in terms of grain size and mineralogical composition, Fine grained mafic lavas are 

the most prevalent and exhibit a variety of recrystallisation textures essentially comprising quartz, 

plagioclase and hornblende meeting at triple point junctions with interfacial angles of around 120°. 

This type of mafic volcanic rock is characterized by polygonal equigranoblastic, porphyroblastic and 

schistose textures. Most plagioclase crystals which have been examined for their An content 

yielded andesinic to labradoritic composition, Fe-Ti oxides and sphene are the common accessory 

phases. The medium grained mafic lavas are sparsely distributed and they possess ubiquitous 

skeletal augite poikilitically enclosing plagioclase crystals associated with hornblende and sporadic 

quartz. The texture resembles an inherited sub-ophitic and ophitic texture, Augite locally alters to 

hornblende while plagioclase is mildly sericitised, The modal content of plagioclase ranges between 

30 and 35%, whereas the mafic phases (hornblende and augite) vary from 60 to 65%. Calcite 

occurs as a secondary mineral. Sphene and Fe-Ti oxides occur in accessory proportions. 
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3.2 Felsic lavas 

Felsic lavas exposed in the Tati area if"e varia~ly deformed under conditions of low to medium 

grade metamorphism, 

3.2,' Tati Felsic lavas 

In hand specimen the felsic la~as if"e aphamtic. massive and Ii]ht grey, They show unll'lmned 

fekJsparS rl terlocked with quartz grains In a polygonal grarKJ!:lastc texture (Fig, 35) in thin seclkln 

The modai estimate of combined fekJspar and ~uartz is about 80010, Acicular to tabular b'iGlite and 

hornblende crystals constitute the mafK: phases and show a preferred orientation, locally there IS 

abundant x (;ular musco~ lte defining foliatkln together '.'lith anhedral tabular bkltite (Fig, 3,6), 

BKltite (-10%) is more abundant than hornblende (-3%), MU5CO'IIte (-5%) and cabte i-2%) occur 

as secondary phases, EpkJote and Fe-oxk:1e constitute accessory phases, 

Fog, 3.5: "hoi."T K:r,,] ro ph :a,c" unb voss·r<l'''s 01 a fd~c 'dcc,'i c ,oct Irom U..., TJ) green s:"..., be t ,~;c",,;'g ~ 
~ Y\f' .. 1 g,,," oh lcsl;c le,Ure SbUe delre' J wKH y "!loce<! U iillb ), FVO • 2.3'rm Sa"-~ Ie ZBT ~3 
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Fig, 3,S: Po,:o rrtc '""rapn :.ken JrOOr cross-po ", rs c;.f. foi iocoo 'elf>: vJ carh rcd trom II", Tati g'e oosb ne 1:6: 
oi", " ji1g ""'Gl lar " " 00' 'e ,..-,j .nhe,h l '. oc lar h'otlje in • r<etf;" fd or .. n:aton FVO=2.3n'11, Sa<llple Z3T 45 

3.2.2 Vumba felsic lavas 

The Vumba greenstone belt fels K:: vokanic rocks appear to be more pale-coloured than the Tati belt 

counterparts in hand specimen Under the microscope th€y display t ..... o types of textures ranging 

I'om fne equlgranoblastk; to pJrphyrobiastk;, They ,..-e characte ri zed by fine qu[O"tz and feldspar 

crystals assooa~ed variably with biotite and muscovite, In some instances fragmented or skele:al 

hornblende dominates o ~e' the mk;as PO'phyrob las~K: textures are defined by relatively coarse 

grains of qua-tz that form aggregates within the groundmass of quartz and feldspars MK:as [()(j 

iO'Tlphiboie make ~p 5to 10% 01 the -ock Calcite is present as a seco:xfary p'lase and Fe-Ti oxides 

are accessory minerals, 

3.3 Vumba serpentinite and metapyroxenite 

The serpentiniles [O"e fine to medium g·ained. massive, pale grey-green to block in fresh h[()(j 

specimen Pr imary texture and mineralogy have been obl;tera~ed by metamorphism, Nonetheless, 

some th in sectOns of se'pentinlte samples p'ese' ved subhedral and fine rounded divine crys tals 

pseudomorphed by serpentine Other mine'als in a5so:;iation '",; th the serpentine are tremoiite, 

chlorite. magne'ite and cakite. The state 01 altera:ion precludes any detai led petrographic analysis 

3_0 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Petrog raphy ............... .. ......... • •. Zibisani 8agai 

Metapyroxenite samples are greenish grey, massive, medium-grained and homogeneous in hand 

specimen. In thin section, they exhibit augite and diopside crystals intermingled with anhedral 

scarce plagioclase. Coarse clinopyroxene crystals are skeletal and altered to actinolite. Fine 

crystals of clinopyroxene display chaotic distribution while coarse crystals show a preferred 

orientation. Locally, plagioclase crystals are poikilitically enclosed within the coarse clinopyroxenes. 

Carbonate and quartz occurs as common secondary phases. 

3.4 Metagabbros 

The Selkirk and Phoenix metagabbros are densely mineralized in places with pyrite, phyrrhotite and 

chalcopyrite. Both the gabbro intrusions have been deformed to greenschist facies metamorphism 

but most samples display remnant igneous textures. On the basis of these textures, the gabbros 

have been classified as meta-gabbros (metamorphosed but original igneous textures preserved). 

3.4.1 Selkirk metagabbro 

The Selkirk metagabbro is medium to fine-grained, massive and pale green to grayish green in 

colour. Fourteen thin sections from the Selkirk metagabbro were petrographically investigated. 

Despite being fresh looking in hand specimen, most of the thin sections revealed that the gabbro is 

mildly to extensively hydrothermally altered, which is possibly linked to its mineralization (Fig. 3.7). 

The state of the alteration restricts detailed petrographic analysis of the unit. Phases commonly 

observed within the altered domains are plagioclase and clinopyroxene with minor quartz and 

secondary epidote, chlorite, calcite, tremolite, serpentine and abundance of opaque minerals. In 

some samples the alteration is too extensive to identify individual phases. Furthermore, locally the 

metagabbro is thoroughly carbonated as reflected by the presence of up to 50% secondary calcite 

(Fig. 3.8). Despite the alteration, the Selkirk metagabbro exhibits locally preserved doleritic (Fig. 

3.9) and granular textures (Fig. 3.10). The granular texture is dominated by clinoamphibole grains 

which have pseudomorphed primary clinopyroxene. Replacement of original pyroxene crystals by 

amphiboles without any change in original igneous textures is suggestive of isochemical changes. 

Previous investigations (e.g. Johnson, 1986) described some troctolitic gabbro within the Selkirk 

metagabbro, but this has not been confirmed by this study. 
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Fig. 3,9; POOtc..-n u Dg' <V1 taIo:f·1 U[I(!;J, CfO"'-r. cj"" of " Ir. n ,cctiC<l 'ro :r, tt", Se ~ i'" rne lilg'll""o iJj ,bli1g ti l<) 
'; (l;J<oi; lexlu'e co"lituled bf piTli "'! ,Jlwec rJ ilg OJ.;lJSe thio b"", es ",'d cI ' 10pjrO);c·1e F::JV~ 2 3 m,-,. S'lmpie 
Z3T71 

Fig, 3.10; FI'olcm c'oty"r-'1 laI<e.1lJ,de, (fos.->", ,,, cs 01 a 11i·1 SOC(M1 from~)!; Seikrl: rnelilgoooro lu>lr~lo:; 1", 
,rdl'u ~ b lure ,; c..-n 'n le,; b~' cli cen-ro,erc ard d , o;mpt-iWc FO'-.'~2 3 mm. S.Jrrr.1e ZBn4 

C~-J ",_ , ; -~ 

Univ
ers

ity
 of

 C
ap

e T
ow

n



3.4.2 Phoenix metaga bbro 

Sampl€s of gabbrexc roc~ from the Phoenix mine are medium-grained. massi~e. homoqeneoos ao:J 

dark grey in hand sp-eojrnen. They mostty display cumulate textu re com;;-osed of euhedral to 

subhedral pagiDdases and xenomor;Jh k; augltic clinopyroxene which has been partialty to 

conlpe~ety re~loced by clinoCO'TIphitde Plagioclase exhiMs albi~e, Carlsboo artd combined albite· 

Carlsbad twinn ing WIth variable grain sizes that rooge from O.5rnm to 4mm in length The 

conlpJsitiM of pa-:Julase ranges fronllabradoritk: to bytownitk: Altered clinopyroxene gra in sizes 

vary between 1 mrn and 4mrn long and up to 3nlm wide The gabbro has been varlabty 

anlphibolit ;sed and it conlmonly displays the folkJwing assemblages 11 the alteration;xocluct: 

hornljende, ch kxite, e~idote and cab te, In spite of the alteration, v irnary rnagrnatk: textures such 

as ophltic and sub-op'l itk: textures are rec[)]nizable (F~, 3,11) where clinopyroxel1€ who lty to 

partia l:y enclose piagioclase laths The Phoenix metagabbro is cornpJsitwalty leocogabbrok: (Fig 

3 12i to melagabbrcic. Leuco-:Jabbro is dominated by plagiDdase .... hile melagabbro cootains 

prevalent al~ered clinopyroxene, Primary cllnoamphloole OCCLrS sp<Xooically within the 

clinopyroxene dominated sam~es Quartz, secoodow-y musco,; te calcite, epdote and chlorite are 

present in accessory amount. Opaque minerals are cornmon in the Phoenix gabbro 

Fig. 3.1 1. F, ol""'ncg~'" laken u,:je r crDss-rdiVS c.I a \"1 ;, secl",' Ir(>"11 to e F'tueI1, meti\g.JttJro nJSlrat;c" Ihe 
SliJ-o/i lk; le,ILr e FOli=n mr1. s """,-, ZBT39 
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Fig. 3.12: ~r.otrn,.:ro\r"ph laken unoor cros,-p ~ ,",' cl a 11 n .>eet'" ' fro·,' tne p~ < ITe leye bbro ~'-'S\'al" 9 Ir e 
cum..l" ,",I.Jr" oomnat"'-1 by ri'T~ 'SIl. FO"=2.3 ·,'m Semple ZBT81 

3.5 Diorite 

The diorile is medium-gr~ned, homogeneous. massive and grey with a s;otted a;pearance 

imparted by the granular te ~ture of amp'1iboleipyroxene and p,agkxJase. There are two types of 

diorite in the Tati granite-greenstone terrain The first ty~ e includes samp!es whd1 are composed of 

~agkxJ ase , equant orth-:J~yroxene , prismatic cliro~yroxene , ctinoam p'1 ilxlle and quartz as 

essential phases. The dlstr it·ubon of these essent iat p'1ases is uneven, and some sam;les being 

dominated by pagbclase (F ~. 313) aM others pyroxene (Fig. 3.14) On average the modal 

pro;ortklns 01 plagioclase, orth-:Jpyroxene, clinopyroxene, am;hibole and quartz are 55(K, 8%, 

30%, 5% aM 2%, res;ectivel,. The p'1ases dis;lay SffiXlth aM regular grain contacts. Loc alt y, 

Crrl opyroxene crystals exhib it mild alteration to clinoamp'1ibole. F1agkxJase a;pears euhedral to 

subhed'al II1th atbite, Cartsbad and combined albite-Car;sbad twiming. Orth-:J;yroxene is equant 

(06 mm) and sub rounded with a thin atteratlon rim around the margin. The secorxf type of d;or ite 

encompasses sam~es that are devoKl of ortho~yro~ene but dominated by cJinopyroxene aM 

cinoilrllp'1ibde which make up to 55% of the rock. Proporlklns of ct:no~yroxene to c t~ oamphibo!e 

are vanable with clinoam p'1 ibole be:flg p-edominant and pseudomorp'1ing the dinopyroxene ~ 

most areas F1agkxJase and quartz constitute 43% and 2%, respective ly. The mineral assemblage 

shows a general prefeTed orien tatbn. 
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Petrography ..................... . .................. .libisani Bagai 

3.6 Granitoids 

3.6.1 Quartz monzonite 

Quartz monzonite forms the least common granitoid in the Francistown Granite-Greenstone 

Complex. In the field it appears medium-grained, grey, foliated and homogeneous with conspicuous 

white feldspars, black hornblende, biotite and scarce quartz. This unit occurs contiguous to the 

tonalite-trondhjemite suite in the Tati granite-greenstone terrain. The samples display a 

microgranoblastic to granoblastic polygonal texture and have on average 45% alkali feldspars, 20% 

plagioclase, 15% quartz and 25% mafic phases. Feldspars and quartz are interlocked, commonly 

displaying straight contact boundaries, indicative of recrystallisation. Petrographically, it is a biotite­

hornblende quartz monzonite gneiss. Alkali feldspars occur as anhedral orthoclase, microcline and 

perthite, with variable grain-size from 0.1 mm to 2.5mm. Plagioclase forms mildly sericitised 

subhedral, multiple twinned, laths with a similar grain size to the alkali feldspar. Phenocryst-like 

feldspars are characteristic and cause the rock porphyritic (Fig. 3.15). The mafic phases are 

hornblende, biotite and epidote with the average proportions of 15%, 8% and 2%, respectively. 

These mafic phases tend to show uneven distribution as reflected in local aggregates of 

hornblende, biotite and epidote. Hornblende locally displays a poikilitic texture riddled with quartz 

inclusions. Quartz forms fine weakly strained grains despite conspicuous foliation, which is 

consistent with recrystallisation. Memyrkite is ubiquitous in the quartz monzonite. Accessory 

phases include apatite, muscovite, zircon and sphene. 

Quartz monzonite in the Vumba granite-greenstone terrain displays a similar field appearance to 

the quartz monzonite outcropping in the Tati terrain, forming a relatively large single body that has 

been mapped as the Kalakamati Monzonite (Litherland, 1975: Fig.2.4). It has a medium to coarse 

grained texture, composed of the following mineral assemblage: perthitic microcline, plagioclase, 

quartz, hornblende and biotite. The average modal proportions are 50%, 20%, 10%, 15% and 5%, 

respectively. Hornblende occurs as anhedral skeletal crystals poikilitically enclosing fine grains of 

quartz. Biotite displays fine- to medium-sized grains with anhedral habits. Myrmekite and 

microperthite textures are common in the Kalakamati Monzonite. Apatite, zircon and Fe-Ti oxide 

are ubiquitous accessory phases. 
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Fig_ 3.15: P~olc.<~cro7~t 1* .• ' Jlxiff o;o88-pJi"'8 ot ~ ~"s.er.ti:<1 tr~m the ~ilrI' m:<17o,ite lIlH i~ ,t'~I":J Ih . 
I'Jrphyr ti--c 1.'tlJ'e oot.-.ed by te~8!W rt "fncryot in a In":ri, ~t t". gloo8 ~t r~cry8l(J 1 oed ~...t, <>:1" t&l8ptH, FOI.-' = 
2 . 31~m. Silrnple ZBTt 

3.6,2 Monwgranite 

The granite sUite outcrops as intrusions of ~ariable size and as dykes, generally trending east·west 

in the Froocistown Grantte·Greenstone Complex It IS more common and more widely distributed 

thoo the quartz monzonite. The granite in the Tati terrain has pinkish red colour. spotted with silyer 

grey quat1z aggregates in the fiekj (F~, 315), It is medium-grained, homogeneous and massi~e, 

with sporad~ green tint possibiy chlOrite, The feld spars are extensi~ely ser~itlsed despite fresh 

lookng har.d specimens, The rock is grooular with common granophyr~ texture (F'] 317) 

CompOSitionally, It is a hornblende I1Ulzogroo ite composed of about 50% ot1hoclase, Hfl, 

pla-g ioclase 35% quartz and 5% hornblende wh~h has completely altered to chlorite ~nd Fe-Ti 

oxides, Fekjspar and qua-tz grain Sizes range between 1 mm and 25 mm wh ile fine amorphws 

aggregates of cho-ile and Fe-Ti modes occur along their boundaries. Some quat1z grains are 

fractured and strained with undulatory extlnctOn, 

In the Vumba terrain the I1Ulzogranite exhibits two different facies, one medium to coarse grained, 

massi~e, granular R'Jd pink i'l coloLX, while the other IS medium \0 f;ne grained and pale phk Both 

~re monzogra1ite and composed of ser~it lsed pla-glOClase, quartz w,th Jndulose extinction and 

muociine whk:h commonly OCCur as mi:;ropet1hite Too coarser gra1ile contains klwer modal 

,. __ . J-" 

Univ
ers

ity
 of

 C
ap

e T
ow

n



content 01 chbnbsed D()ble as the mafi: phase. whereas Ihe fmer granite h~s b01l'I chlonllsed 

D()jlle anti h:mblende, Grano~yr~ textures are common 10 thIS um! Zircon, a;>al~e, muscovile 

and Fe-Tr oxides are the common accessory phases In both loc>l'S 

Fig.3 16 ' A le1J ;,!'ot:;.g'a~ cf a morZ:>(jralllle o<J:()J,,>' . , to; Ta ll ·;ra" le-gret>1s\:)r')e leITJo ll i ~'tratr1. it! fie~ 

a~ararce 

f'ig,3,17 , Ff'o~crogra,:~ Of a In", ~"n fr"," tn. m".,zt)·;r<r> i\e "mer ~ain ~lanLe~ I",nt ~1g g'J'I""I,I,C 
le,Llfe "'th I, .. nly s.llenll:! elkal ~SW'S FO'l:13 rm; S,."pi.e lETG 
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3,6.3 Trondhjemite 

The trondhjemite unit is dull grey m3ssi~e, hoo1OQeneous and medium-grained, Conspicuous 

minerals in 3 h3nd specimen IIlclude cream to white feldspars biotite 3M smoky quartz wnich, 

makes it ,;sualty different frool other granib ds in t'le 3re3 Texturalty, it is grarlular witn a I'oide 

~ariatioo of grain size from 1 mm to 4mm, It is compositionally a muscovite-bkltite trOlldnjemite with 

~ariable amou~t of second3ry cabte The rock cont3ins about 35% ~3gklcl3se, 10% alkali 

feldsp3r 35% quartz, 10"/, biotite, 7% musco,;te 3M up to 3% calcite Epidote 3M Fe-Ti oxdes 

are accessory phases, Hornblende is absent. Biotite 3M musco~ite form very ft~e a~hedral crystals 

« 0.1 mm) randomly irx luded wlth l ~ fe l ds~ars or aggregates of biotite with irregular sna;;-e IFig 

318) Plagioclase forms subnedral, Iwinned grainS wh K:1 ha~e sligntly altered to sericite and 

epidote The coolpositloo of the ~agklclase is oi(Joclase Alkali feldsp3rs occur ma ~lly as 

ortho:::i3se, sporad,::: microcline am r3re ;;-ert'lite Quartz is present as anhedral clear gram With 

sutured ooumarlE's In bcal ~aces quartz forms segregates of equant grains witn fine sericitised 

fedspar fil ling interstitial spaces. Quartz grains are nighly strained and cracked. wit'l wavy 

extinction, indicating mlkJ deformation 

Fig. 3.1 S PIl-:.ltGIri<:rO(lfiipll Iii'"" U']O:; l' cros>-cdu', ·ct a 111;" >ccl e" frerr, the Iren cfll"rrjl" L>1, sllOwn ; c:hara' I~~ ;>I" 
te,)Jre of bi0li~ (aql e(lilIesl-n this un I FeV = 2,3 1001. Scm",,, Z8T 12, 
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3.6.4 Tonalite 

Tonalite forms the Maebe granitoid in the Vumba granite-greenstone terrain (Fig.2.5). It is medium­

grained with medium-grey colour. Both in hand specimen and thin section it displays conspicuous 

preferred orientation of mafic phases. The Maebe tonalite consists of sericitised plagioclase, fine 

microcline, quartz, biotite and hornblende as essential phases. The modal abundance of 

hornblende and biotite is about 10% with hornblende being the most abundant. In most instances, 

anhedral coarse quartz grains are set in a mosaic of fine equant quartz that has completely 

recrystallised. Zircon, apatite, Fe-Ti oxides and epidote are the accessory phases. It is 

compositionally, biotite-hornblende tonalite. 

3.6.5 Granodiorite 

Granodiorite bodies are distributed within the Vumba granite-greenstone terrain in a range of sizes 

from large plutons (e.g. Mashawe pluton) to numerous small stocks (e.g. Vumba and Sechele 

stocks, Fig. 2.5). The granodiorites exhibit some variations in terms of texture and mineral features 

from one body to another. The Mashawe pluton is leucocratic, medium-grained, light grey and well­

foliated. Samples from this pluton consist mainly of mildly sericitised plagioclase, perthitic alkali­

feldspar and abundant anhedral strained quartz that is characterized by serrated grain boundaries. 

Biotite is the only mafic phase present and its modal proportion is less than 5%. The Mashawe 

pluton is compositionally a leucocratic biotite granodiorite. 

The Kalakamati pluton is medium-grey, medium-grained and displays weak foliation. The samples 

from this pluton mostly exhibit a porphyritic texture both in hand specimen and thin section. 

Phenocrysts of alkali-feldspar, which constitute 4 to 6% of the rock by volume, poikilitically enclose 

quartz, biotite and plagioclase. Myrmekitic texture is a common feature. Locally chloritised biotite 

and hornblende comprise the mafic phases. Their modal proportion ranges between 5% and 10%. 

Accessory phases include zircon, apatite and Fe-Ti oxides. 

The stock size bodies are variably and weakly foliated, homogeneous and pale grey in colour. The 

Vumba and Sechele stocks are massive and are equated with the Domboshaba granite in age. 

This implies that they are younger than the Mashawe and the Kalakamati granodiorites. The 
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Vumba stock is mainly composed of sericitised plagioclase, aggregates of quartz, alkali-feldspar, 

biotite and scarce hornblende. The Sechele stock is a porphyritic granodiorite containing alkali­

feldspar phenocrysts which poikilitically enclose fine crystals of plagioclase, biotite and quartz. 

Hornblende is rare. Zircon, apatite and Fe-Ti oxide are common accessory minerals in both the 

stock bodies. 

3.6.6 Massive and gneissose tonalite-trondhjemite 

The tonalite-trondhjemite (TT) intrusions flanking the Tati greenstone belt in the southwestern and 

western margins are foliated to banded grey gneisses. Unlike the southwestern tonalite­

trondhjemite intrusions, the western TT is non-banded and its foliation trends NE-SW, in contrast to 

the NW-SE foliation in the southwest TT (Fig.3.19). The intensity of the tectonic fabric increases 

towards the boundary with the Limpopo-Shashe belt. The banding is at centimeter scale and is 

defined by alternating well-foliated biotite-rich bands and granular quartz-feldspar bands (Fig. 3.20). 

The quartz-feldspar bands are composed of plagioclase, alkali feldspar, quartz and minor biotite 

with secondary muscovite and accessory zircon and Fe-Ti oxides. The proportions of alkali feldspar 

and plagioclase are variable resulting in granitic to tonalitic composition. The leucocratic bands of 

the banded gneisses exhibit recrystallisation and annealing textures (Fig. 3.21) under the 

microscope. The common mineral assemblage for the biotite-rich (melanocratic) layers of the 

banded gneisses is biotite, plagioclase, alkali feldspar and quartz. Their modal abundances are 

25%,35%, 10% and 30% respectively. The heterogeneous gneisses display a granular texture with 

the following essential minerals; Plagioclase, alkali feldspar, biotite and quartz. Plagioclase forms 

about 40% of the rock, and shows a wide range of grain size (0.5 - 2 mm). The alkali feldspar 

proportion varies between 15 and 20%, and it occurs mainly as orthoclase and sporadic microcline. 

Biotite exhibits anhedral habit and fine grain size ranging from 0.2 to 0.8 mm. Its modal content 

ranges from 5 to 8%. Quartz grain sizes range from 0.08 mm to 2 mm and they are highly strained 

and locally stretched in a preferred direction. The proportion of quartz is about 30%. Myrmekitic 

texture is ubiquitous. Common accessory phases include muscovite, calcite and epidote. 
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CHAPTER 4 

GEOCHRONOLOGY 

4.0 Introduction 

Poor exposure and hence the absence of definitive field relationships render the chronological order 

of geological events in the Francistown Granite-Greenstone Complex and Limpopo-Shashe area 

speculative and controversial. In this study new U-Pb zircon dates for volcanic, plutonic and 

metasedimentary rocks from the Francistown Granite-Greenstone Complex and the Limpopo­

Shashe orogeny (c.f. McCourt et aI., 2004) were determined on 16 samples in order to establish an 

absolute time frame for the volcanic and plutonic magmatic activities, as well as major deformation 

events, within the Neoarchaean Francistown Granite-Greenstone Complex. This provides the first 

detailed geochronological framework for the crustal development of the Francistown Granite­

Greenstone Complex. Sampled rock units and localities of the geochronology samples are indicated 

in Figure 4.1. Petrological descriptions, sampling rationale and dates for these samples are 

discussed below. This chapter concludes by combining the U-Pb zircon ages from this study with 

the recently published U-Pb zircon ages from the contiguous Vumba terrain, which forms part of the 

Francistown Granite-Greenstone Complex. The combined data from the two terranes of the 

Francistown Granite-Greenstone Complex are collectively evaluated and discussed in the context of 

a geochronological magmatic history of the Complex. 

4.1 Background 

U-Pb zircon geochronology has, over the past two decades, revolutionized the investigation of 

Archaean geology (Blake et aI., 2004), which is mostly characterised by polymetamorphism and a 

complex geotectonic evolutionary history. This emanates from the fact that zircon is a refractory 

mineral whose internal structure and U-Pb signatures are rarely entirely perturbed even at highest 

grades of metamorphism (Cavosie et aI., 2005; Jamal, 2005; Gribble and Hall, 1992). For instance, 

no known rocks on Earth are older than the 4.0 Ga Acasta gneiss in Canada, yet evidence of older 

rocks (4403 ± 8 Ma) is provided by detrital zircon grains in metasedimentary rocks from Western 
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Australia (Cavosie et aI., 2005; Condie, 2005a; Wilde et aI., 2001). Additionally, zircon has a high 

blocking temperature of 750°C to 800 °C (Heaman and Ludden, 1991), which renders it useful for 

recording magmatic and high-grade metamorphic events. With the application of the Scanning High 

Resolution lon-Microprobe (SHRIMP) technique, it is possible to unravel the geological history of 

complex zircon grains, since a number of analyses can be made on a single zircon crystal. Zircon 

grains from Archaean terranes often possess complex structures due to multiple thermal events that 

can cause growth and/or recrystallisation of the zircon grains (e.g. Bowring and Williams, 1999). 

However, with the high resolution of the SHRIMP technique, a record of multi-stage thermal history 

of a rock unit preserved in the micron-scale zonation of individual zircon grains can be revealed. 

The disadvantage of the SHRIMP technique is that it is very expensive and time consuming. 

Numerous previous studies have revealed the power of zircon U-Pb geochronology in exposing the 

ages and rates of ancient geological processes in areas with poorly exposed rocks and structural 

complexities (e.g. Bowring and Williams, 1999). Many stUdies have applied zircon U-Pb 

geochronology, amongst other things, to unravel the duration of Archaean granite-greenstone 

development (e.g. Ellington and Armstrong, 2004; Mapeo et aI., 2004), the rate of basin evolution 

(e.g. Ayer et aI., 2002) and Archaean mafic-felsic volcanic successions, for resolving fundamental 

questions about geotectonic evolution. Furthermore, zircon U-Pb geochronology can be coupled 

with other geological studies to provide insights into the rates of geological processes and secular 

changes over the course of Earth history. For instance, zircon U-Pb geochronology has been 

coupled with paleomagnetic stUdies to investigate continental drift rates in the Archaean (e.g. Blake 

et aI., 2004). Additionally, zircon geochronology has been coupled with isotopic data to distinguish 

terrains of continental recycling from terrains of juvenile mantle origin in studies of crustal evolution 

in many Archaean granite-greenstone terrains (e.g. Kapyaho et aI., 2006). 

The mineral zircon contains U and Th whose presence is attributed to isomorphous replacement of 

Zr+4 by U+4 and Th+4 (Faure, 1986). Pb is excluded from zircon during crystallization because of its 

large radius and low charge. Hence, zircon contains very little Pb at the time of formation and has 

very high U/Pb and Th/Pb ratios. Uranium has two radioactive isotopes, U238 and U235 that decay 

naturally to give rise to 206Pb and 207Pb, respectively (Faure, 1998). Thus, radioactive decay of U to 

Pb gives rise to two independent geochronometers that should give concordant dates in situations 
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where zircon remained closed to U and all its daughter isotopes. In most cases the two U-Pb dates 

obtained for a single zircon do not agree precisely and this gives rise to discordance with respect to 

concordia curve. A concordia curve (Wetherill, 1956), represents the locus of present day 206Pb/238U 

and 207Pb/235U ratios for closed U-Pb systems of all ages and has been widely used as a reference 

in studies of U-Pb systems in zircon (e.g. Stacey and Kramer, 1975). Analyses of cogenetic zircon 

grains that have remained closed to U and all its daughters should plot on the concordia curve. 

Such analyses are said to be concordant. However, in most cases zircon crystals lose varying 

proportions of their radiogenic Pb subsequent to their crystallization due to factors such as 

metamorphism, alteration and metamictization (radiation damage due to U and Th decay). As a 

result, zircon grains commonly record discordant dates that plot as collinear data points off the 

concordia curve. Discordia often occurs thereafter, as a result of polyphase tectono-magmatic 

events particularly in polyphase terranes such as Archaean granite-greenstone complexes. This 

emanates from a mixture of analyses on inherited, overgrowth and magmatic zircon grains. A 

regression line through the collinear data points of zircon analyses intercept the concordia curve. 

The collinearity of the zircon analyses near the upper intercept is usually interpreted to indicate an 

initial concordance followed by Pb loss, in which case the upper intercept provides the date of 

primary zircon crystallization. The existence of discordance in zircon populations is common and 

allows multiple geochronological interpretations. For instance, more than one zircon populations can 

occur in a sample resulting in more than one upper intersection with the concordia curve. 

It is worth-mentioning that the age of zircon is not necessarily identical to the age of the host rock, 

because zircon is a refractory mineral with the potential to survive high temperatures during partial 

melting of protoliths of the host rocks (e.g. Rubatto and Herman, 2003). This phenomenon is called 

zircon inheritance. Inheritance is generally reflected in the variation of 207Pb/2o6Pb dates from 

different grains within a zircon population of the same sample. Generally, inherited zircon grains 

have cores that represent zircon fragments around which later zircon has nucleated and grown. 

Often such zircon grains display structureless cores. Magmatic zircon grains are commonly 

euhedrally zoned, an indication that they crystallized from a melt. However, magmatic zircon grains 

can develop overgrowths, or recrystallize due to subsequent thermal events. Therefore, the 

interpretation of zircon dates requires the distinction between magmatic, overgrowths, recrystallised 

and inherited zircon (xenocryst). Overgrowths are commonly recognized by an unconformable 
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relationship to the magmatic zoning because it usually follows a period of partial resorption. 

Recrystallisation is an in situ process that modifies the structure and chemistry of magmatic zircon 

grains. Thus, close examination of the morphology and internal structures of individual zircon grains 

can enable the distinction between different types of zircon grains (e.g. Pidgeon, 1992; Bowring and 

Williams, 1999). However, recrystallised zircon grains at times can be difficult to distinguish from 

magmatic zircon grains using structural features alone. Therefore, it warrants other criteria. The 

Th/U ratio is often used as a geochemical tool to distinguish between magmatically derived and 

metamorphically grown zircon (e.g. Bowring and Williams, 1999; Katongo et aI., 2004; Davis et aI., 

2004). For instance igneous zircon grains from a wide range of rock types have present day Th/U 

ratios that typically vary from 0.2 to 1.0, whereas both subsolidus zircon overgrowths and new 

zircon grains grown under metamorphic conditions commonly possess distinctly lower Th/U values 

that range between 0.1 and « 0.05 (Maas et aI., 1992; Bowring and Williams, 1999). The 

examination of the external morphology and internal structure of zircon cannot be achieved by 

conventional petrographic method because there is little geological information revealed and the 

internal structure of zircon is barely visible in thin section. Instead cathodoluminescence (CL) 

imaging technique better reveals the complex and varied internal zonation of zircon grains 

necessary for the distinction between magmatic and non-magmatic zircon types. CL imaging has 

been applied in this study to aid the selection of areas for U-Th-Pb isotopic analyses using SHRIMP, 

in addition to highlighting the internal structures of zircon crystals for chronologic interpretation. 

Results of U-Pb zircon isotopic analyses from this study are presented in Tables 4.1 to 4.10. CL 

images of zircon populations and the concordia diagrams are depicted in Figs. 4.2 to 4.30. 

4.2 Zircon mineral separation 

The zircon separation was conducted at the Council for Geosciences in Pretoria by the author. 

Zircon minerals were liberated from rock samples by conventional crushing and mineral separation 

techniques. Firstly, samples were pulverized in two stages to a final grain size in the 10 to 200 

micron range using a jaw crusher followed by a disk mill. The sample powders were then passed 

over a Wilfley Table to obtain heavy mineral concentrates. At this stage the sample sizes were 

reduced by 90 to 95%. The dry heavy mineral separates were spread on a clean white A4 sheet of 

paper and then a hand magnet covered with plastic transparent paper was hovered above the 

sample to remove most magnetic particles, such as magnetite and iron particles from the steel 
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crushing plates. The next stage involved transfer of the sample concentrates to a Frantz Isodynamic 

separator to remove micas, amphiboles, pyroxenes, garnets, etc. from the concentrates. The Frantz 

side tilt was set at 5 degrees and the current adjusted gradually from 0.1 to 0.5 Am. Further mineral 

separation was accomplished first with the heavy liquid bromoform, to remove feldspars and quartz, 

followed by the heavy liquid methylene iodide, to remove apatite. For most felsic igneous rocks, a 

relatively pure concentrate of zircon grains was obtained at this stage. A final Frantz separation was 

performed to isolate zircon grains based on slight differences in paramagnetism by gradually 

reducing the side tilt in 2 degree increments to zero degrees at 1.8 Am. Most often the best quality 

zircon grains devoid of fractures, inclusions, alteration and other imperfections were found in the 

least magnetic Frantz (i.e. non-magnetic at a degree side tilt) split. In certain samples zircon grains 

could not be separated perfectly from other minerals, and therefore the zircon grains had to be 

hand-picked under a binocular microscope. During all stages of mineral separation, stringent 

cleaning procedures were adopted to ensure that there was minimal chance for cross-sample 

laboratory contamination. The zircon concentrates were sent to the Australian National University 

geochronology laboratory for analyses. 

4.3 Analytical technique: U-Pb SHRIMP Geochronology 

The zircon grains were analysed using the SHRIMP II (Sensitive High Mass Resolution Ion 

Microprobe) at the Research School of Earth Science (RSES) of the Australian National University 

(ANU) by Dr. Richard Armstrong. Firstly, the zircon grains were mounted in epoxy together with the 

zircon standard AS3 (Duluth Complex gabbroic anorthosite) and the RSES standard SL 13. The 

grains were then sectioned approximately in half, and polished. Microphotographs were taken under 

both transmitted and reflected light to help identify fractures and inclusions, as well as to guide ion 

probing. Cathodoluminescence imaging on a SEM (Scanning Electron Microscope) was carried out 

prior to the analyses to aid in the selection of the best target areas for the analyses. The mount 

surface was cleaned, and gold-coated to facilitate an electrical potential of the mount as required for 

fixed and optimal extraction of secondary electrons (e.g. Claoue-Long, et aI., 1995). The zircon 

grains were analysed for U-Th-Pb using the SHRIMP II. Detailed procedure for the analysis of 

zircon grains using SHRIMP are described in Compston et al. (1984). A 2-4 nA primary beam of 

negative oxygen ions was focused on a probe spot 15-30 ~m diameter. The sputtered secondary 

electrons were analysed at mass resolution of 5500 to eliminate all significant isobaric interference. 
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The SHRIMP data have been reduced as described by Compton et aI., (1992) and Williams and 

Claesson (1987). U-Pb in the unknowns were normalized to a 206*Pb/238U value of 0.1859 

(equivalent to an age of 1099 Ma) for AS3. The determination U and Th concentration was made 

relative to those measured in the SL 13 standard (572 Ma). 

Dates were calculated using the radiometric 207Pb/206Pb ratios, with the correction for common Pb 

made using the measured 204Pb and the appropriate common Pb composition assuming the model 

of Cumming and Richards (1975). U/Pb dates for zircon rims were calculated from their radiogenic 

206*Pb/238U ratios, with a correction for common Pb made using the measured 207Pb/206Pb and 

238U/206Pb based on the concordance procedure following T era and Wasserburg (1972) and as 

described in Compston et al. (1992). Uncertainties in the isotopic ratios and dates in the data tables 

(and in the error bars in the plotted data) are reported at 95% confidence limits, with all statistical 

analyses and calculations done using the software IsoplotlEx (Ludwig, 2003). 

4.4 U-Pb zircon analyses 

4.4.1 Paragneiss: Sample GEOZB-1a 

This sample is from a widespread paragneiss unit underlying the eastern part of the Francistown 

Granite-Greenstone Complex. Previous workers (e.g. Litherland, 1975; Key, 1976; Carney et aI., 

1994) have suggested that the paragneiss unit post-dates the widely distributed tonalite­

trondhjemite plutons within the Francistown Granite-Greenstone Complex. However, these workers 

indicated that the precursor of the paragneiss was part of the greenstone supracrustal sequences, 

which they presumed pre-dated the emplacement of the tonalite-trondhjemite plutons. This is rather 

paradoxical. According to Litherland (1975) and Key (1976) a regional tectonothermal event that 

reached the upper amphibolite facies converted part of the greenstone successions into the 

paragneiss unit. Their argument is that this thermal event affected the tonalite-trondhjemite, tonalite 

and granodiorite units in the Francistown Granite-Greenstone Complex, therefore the thermal event 

is younger. By selecting a sample from this unit I aimed at obtaining both the age of the 

tectonothermal event and the protolith or provenance of the protolith. The sample selected for U-Pb 

geochronology was sampled about 20 km east of the city of Francistown within Matshelagabedi 

village (Fig. 4.1). It is a medium to coarse-grained felsic non-banded gneiss composed of 65% 

feldspar and 20% quartz that form a granoblastic texture with 5% biotite as the mafic constituent. 
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Table 4.1: U-Th-Pb isotopic compositions of zircon grains from the paragneiss unit sample GEOZB-1 a. 

Concentration 

206Pb* (ppm 
(1) 

207Pb' 
Grain Spot % U(ppm) Th(ppm) TWU 

206Pb fOOPb' 
c 

1.1 3.11 749 95 0.13 211 0.1709 
2.1 6.37 2011 607 0.30 284 0.1119 
2.2 1.72 1320 136 0.10 251 0.145 
3.1 0.67 848 79 0.09 151 0.1373 
4.1 1.61 819 117 0.14 190 0.158 
5.1 6.20 756 107 0.14 165 0.165 
6.1 1.45 1596 85 0.05 246 0.0943 
7.1 3.91 704 185 0.26 178 0.1744 
8.1 5.52 1099 94 0.09 191 0.1407 
9.1 0.70 841 111 0.13 208 0.1605 
10.1 0.00 773 78 0.10 217 0.1711 
11.1 1.80 818 110 0.13 232 0.1656 
12.1 2.27 72JJ 233 0.32 172 0.1768 
13.1 4.61 1517 290 0.19 215 0.1314 
14.1 2.35 1161 63 0.05 198 0.1389 

Uncertainties in ages are reported at the 2 sigma confidence level. 

% 206Pbc denotes the percentage of 206Pb that is common Pb. 

206Pb* indicates the portion of radiogenic Pb. 

(1) Common Pb corrected using measured 204Pb 

Chapter 4 ...... 

Radiogenic ratios 

(1) (1) 
207Pb' 206 • 

Pb 

±% AJ ±% f38u 
2.3 7.47 2.6 0.317 
7.3 2.37 7.4 0.154 
1.6 4.36 2.4 0.2178 
0.77 3.888 1.3 0.2054 
1.4 5.79 1.8 0.2657 
5.3 5.42 5.4 0.2384 
1.9 2.295 2.3 0.1765 
3 6.81 3.2 0.2833 
5 3.71 5.1 0.1912 

0.73 6.346 1.3 0.2867 
0.9 7.65 1.4 0.3245 
1.7 7.4 2 0.3241 
1.8 6.52 2.2 0.2676 
4.6 2.85 4.8 0.1575 
2.2 3.705 2.4 0.1935 

........... .4-10 

kJe[MaJ 

(1) (1) % 
206Pbf38U 207ptj06Pb Discor· 

±% AtJe AtJe dant 

1.2 1775 ±18 2566 ±39 31 
1.2 923 ±10 1830 ±130 50 
1.8 1270 ±20 2288 ±28 44 
1.1 1204 ±12 2193 ±13 45 
1.1 1519 ±14 2434 ±24 38 
1.2 1378 ±15 2507 ±89 45 
1.2 1048 ±12 1514 ±36 31 
1.1 1608 ±16 2600 ±5O 38 
1.1 1128 ±12 2235 ±86 50 
1.1 1625 ±15 2461 ±12 34 
1.1 1811 ±17 2568 ±15 29 
1.1 1810 ±17 2514 ±29 28 
1.3 1529 ±18 2623 ±29 42 
1.1 943.1 ±9.9 2117 ±81 55 
1.1 1140 ±11 2213 ±38 48 
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4.4.2 Tonalite-trondhjemite plutonism NE Tati greenstone belt 

Samples GEOZB-2a and GEOZB-4 

........... Zibisani 8agai 

Two samples, GEOZB-2a and GEOZB-4, were collected from the Matsiloje and the Sekukwe 

plutons, respectively. These plutons form the major constituents of the tonalite-trondhjemite units 

flanking the northeastern and eastern sections of the Tati greenstone belt. The Sekukwe and 

Matsiloje plutons are presumed to be coeval and time-equivalents of the tonalite-trondhjemite 

plutons outcropping along the southwestern and western side of the Tati greenstone belt (e.g. Key, 

1976; Kampunzu et aI., 2003; Zhai et aI., 2006). The two samples selected for U-Pb zircon 

geochronology were processed in order to constrain the age of the plutonic activity along the 

northeastern part of the Tati greenstone belt and to test correlations with the already dated 

plutonism in the Vumba terrain. 

Sample GEOZB-2a, from the Matsiloje pluton, is a medium-grained, pale-grey, homogeneous, 

weakly foliated biotite tonalite-trondhjemite. Zircon grains extracted from this sample were 

fragmented, extremely altered and metamict. Small grains generally display subhedral and prismatic 

habit. Most of the grains display a relatively bright cathodoluminescence (representative of lower U, 

Th and less alteration) core, surrounded by structureless and highly altered dark brown overgrowths 

(Fig. 4.4). In some cases the alteration can be seen to break up and disrupt the original zoning 

patterns. Six analyses were carried out on 6 different zircon grains. The concentrations of U and Th 

in these grains range from 275 to 1865 ppm and 72 to 958 ppm, respectively, resulting in Th/U 

ratios in the range of 0.12 to 0.55 (Table 4.2). This broad range of Th/U ratio suggests that the 

zircon grains are a mixture of non-magmatic and magmatic origins. There is only one analysis 

(#8.2), which yielded a relatively higher Th/U ratio (0.55), comparable with that of magmatic zircon 

grains. Additionally, the zircon grain #8 exhibit oscillatory zoning, which is indicative of a magmatic 

origin. No accurate magmatic date could be obtained from these zircon grains due to the combined 

problems of severe alteration and possible inheritance. Analyses of the low-U cores are also 

discordant and appear to be heterogeneous. Analysis # 8.2 (Table 4.2) gave a near-concordant 

minimum 207Pbl2o6Pb date of 2911 ± 5.5 Ma, and analysis # 9.3 a near-concordant minimum date of 

2647 ± 30 Ma. The date of 2911 ± 5.5 Ma is interpreted as an inherited age from the protolith to the 

Matsiloje tonalite-trondhjemite rather than of emplacement. The date of 2647 ± 30 Ma is interpreted 

as a metamorphic age. Nonetheless, linear regression of all the six analyses on a concordia 
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Sample GEOZB-4 was collected from the Sel;ukwe pluton {see Ffg 41) This IS a large massive, 

~dium-gralned, leuc;ocra tK;, horr.::;.geneous, granular trondhjemite/tonalite intrusion. The sample 

yielded 31 zircon gra ns that are brown, and vary In for:-n from elol)]ate forms with 101)] pyramida: 

temnations kJ mre stubby grains Most grainS show gCJ()(j magmatic zon ing (Ffg, 4,6) but there is 

a range in cathodOlUminescence brightness reflecting the broad ral)]e in U and Th concentrahons 

TleaSured The zircon grains yielded a wide range of U and Th concentrations that ~<Yy from 81 to 

1735 ppm am 29 to 1071 pp:-n, respectively (Table 4,2), As a result Th/U ratiOS vary broad ly 

between 013 and 0.79 indicating both signatures of non-:-nagmatic and magmat~ zircon grai ns, 

Some zircon grains are clearly altered am metamict as they are h~ h in common Pb and discordant. 

A total of 44 analyses were done on 30 grains am the results are presented in Table 4,2, 

Regression of all the data gives an upper intercept date of 2732 ± 24 Ma (MSWD = 2'3: F~, 4.7a). 

However, a group of analyses plot along the concordia and gi'<'e a we~hted mean ,(iPb/"fPb date 

of 2732.7 ± 4.4 Ma iMSIND = 1.06: Fig. 4.7b) , Wh K;h is interpreted as the best estimate of magmatic 

age of the Sekukwe tonalite-trondhjemite puton A few an al yses (grains # 22,1, 31 _1) gi~e a near 

concordant x"Pb/x'f'b date of 2673 ± 4,5 Ma, but a ron -magmatic zircon Th;U ratio, This date is 

therefore Interpreted as the age of me ta~phlSm 
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Table 4.2: U-Th-Pb isotopic compositions of zircon grains from samples of the NE tonalite-trondhjemite plutons in the Tati granite-greenstone 
terrane. 

Concentration Radiogenic ratios Age [MaJ 
206 pb* \1/ (1/ \1/ (1) (1) 

Grain % U (ppm) Th (ppm) ThJU 
207Pb 207Pb 206Pb 206PbJ238U 207 PbJ206Pb (ppm) Spot 206 pbc J206Pb ±% J235U ±% J238 U ±% Age Age 

GEOZB-2a: Matsiloje Pluton 
6.2 0.15 1068 130 0.12 213 0.12185 0.46 3.899 0.95 0.2320 0.83 1,345 ±10 1,983.5 ±8.2 
7.3 3.06 1865 958 0.51 307 0.1010 3.7 2.584 3.8 0.1856 0.88 1,097.7 ± 8.9 1,642 ±69 
8.2 0.19 335 185 0.55 155 0.21070 0.34 15.63 0.98 0.5381 0.92 2,776 ±21 2,911.0 ± 5.5 
9.3 2.32 272 86 0.32 107 0.1794 1.8 11.10 2.0 0.4487 0.97 2,389 ±19 2,647 ±30 
10.2 1.73 598 72 0.12 133 0.1517 1.7 5.32 1.9 0.2544 0.94 1,461 ±12 2,366 ±29 
13.2 0.20 1043 143 0.14 235 0.14284 0.36 5.155 0.91 0.2618 0.83 1,499 ±11 2,261.9 ±6.2 

GEOZB-4: Sekukwe Pluton 
1.1 0.08 81 34 0.42 36.6 0.1897 0.60 13.78 1.3 0.5271 1.1 2,729 ±24 2,739.3 ± 9.9 
1.2 0.01 108 49 0.45 49.0 0.19003 0.41 13.73 1.1 0.5267 10 2,728 ±22 2,734.3 ± 8.2 
2.1 0.68 735 240 0.33 241 0.16172 0.58 8.437 1.0 0.3784 0.85 2,069 ±15 2,473.7 ± 9.8 
3.1 0.20 134 66 0.49 55.3 0.19127 0.51 12.65 1.1 0.4798 1.0 2,526 ±21 2,753.1 ± 8.4 
3.2 0.D7 140 61 0.44 63.2 0.18927 0.37 13.67 1.0 0.5259 0.94 2,724 ±21 2,729.5 ± 6.8 
4.1 0.37 928 694 0.75 264 0.16816 0.40 7.642 0.92 0.3296 0.83 1,836 ±13 2,539.5 ± 6.8 
4.2 0.21 882 525 0.59 303 0.17723 0.27 9.729 0.85 0.3985 0.80 2,162 ±15 2,625.5 ±4.8 
5.1 0.44 811 223 0.28 222 0.17219 0.45 7.523 0.96 0.3169 0.85 1,774 ±13 2,579.1 ± 7.5 
6.1 0.51 1022 474 0.46 334 0.16976 0.43 8.854 0.94 0.3783 0.83 2,068 ±15 2,555.2 ± 7.2 
7.1 0.54 967 476 0.49 301 0.16620 0.46 8.270 0.95 0.3609 0.84 1,986 ±14 2,519.8 ±7.7 
8.1 0.47 578 243 0.42 156 0.17046 0.55 7.371 1.0 0.3136 0.90 1,759 ±14 2,562.1 ± 9.2 
9.1 0.17 146 61 0.42 65.3 0.18897 0.43 13.58 1.1 0.5212 0.98 2,704 ±22 2,733.2 ± 7.1 
9.2 0.02 166 64 0.39 73.5 0.18933 0.33 13.43 0.99 0.5162 0.92 2,683 ±20 2,730.9 ± 6.0 
10.1 0.03 113 43 0.38 50.0 0.18800 0.44 13.32 1.1 0.5138 1.0 2,673 ±22 2,724.8 ±7.2 
10.2 -- 147 55 0.38 68.4 0.18935 0.34 14.12 1.0 0.5427 0.94 2,795 ±21 2,730.8 ±5.9 
11.1 0.33 178 84 0.47 57.7 0.1867 0.57 9.67 1.1 0.3756 0.98 2,056 ±17 2,713.1 ±9.4 
11.2 0.51 230 37 0.16 92.5 0.1824 0.62 11.70 1.1 0.4653 0.97 2,463 ±20 2,675 ±10 
12.1 0.39 926 314 0.34 343 0.17513 0.35 10.362 0.90 0.4291 0.83 2,302 ±16 2,607.3 ± 5.8 
12.2 0.58 653 140 0.21 223 0.17193 0.48 9.348 0.97 0.3949 0.81 2,146 ±15 2,573.9 ± 9.0 

Uncertainties in ages are reported at the 2 sigma confidence level. % 206Pbc denotes the percentage of 206Pb that is common Pb. 206Pb* indicates the portion of radiogenic 

Pb. 
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Table 4.2: Continued 

Concentration Radioqenic ratios Age [MaJ 

206Pb* (1 ) (1 ) PI (1) (1) % 
Grain % U (ppm) Th (ppm) ThJU 

207Pb 207Pb 206pb' 206PbJ238U 207 PbJ206Pb Discor-(ppm) 
Spot 206pbc J206Pb ±% J235U ±% J238 U ±% Age Age dant 

13.1 1.46 650 169 0.26 180 0.1689 1.7 7.40 1.9 0.3176 0.88 1,778 ±14 2,547 ±29 30 
13.2 0.80 793 275 0.35 197 0.1626 0.66 6.392 1.1 0.2857 0.80 1,620 ±12 2,480 ±12 35 
14.1 0.80 355 281 0.79 112 0.1786 0.74 8.96 1.2 0.3640 0.93 2,001 ±16 2,640 ±12 24 
14.2 0.15 173 91 0.53 61.3 0.1871 0.54 10.64 1.1 0.4125 0.99 2,226 ±19 2,716.6 ± 8.8 18 
14.3 0.87 216 92 0.42 81.1 0.1836 0.90 10.92 1.4 0.4330 0.90 2,319 ±18 2,679 ±17 13 
15.1 0.18 313 57 0.18 113 0.18000 0.44 10.47 1.0 0.4219 0.91 2,269 ±17 2,652.9 ± 7.2 14 
15.2 2.82 533 102 0.19 194 0.1779 2.2 10.02 2.7 0.4099 0.93 2,214 ±17 2,633 ±37 16 
16.1 1.43 154 40 0.26 60.4 0.1843 1.4 11.41 1.7 0.4488 1.0 2,390 ±21 2,692 ±23 11 
17.1 3.54 1427 873 0.61 381 0.1474 3.0 6.09 3.1 0.2997 0.87 1,690 ±13 2,316 ±51 27 
18.1 0.03 195 122 0.63 77.4 0.19020 0.38 12.14 1.0 0.4630 0.96 2,453 ±20 2,743.9 ± 6.3 11 
19.1 1.90 417 162 0.39 139 0.1766 1.4 9.19 1.9 0.3787 1.0 2,070 ±18 2,616 ±27 21 
20.1 1.56 1580 1071 0.68 462 0.1518 1.3 6.98 1.6 0.3341 0.80 1,858 ±13 2,363 ±24 21 
21.1 1.86 631 84 0.13 170 0.1753 1.4 7.39 1.8 0.3068 0.83 1,725 ±13 2,604 ±26 34 
22.1 -- 178 29 0.16 76.5 0.18303 0.32 12.55 0.97 0.4988 0.91 2,609 ±19 2,675.3 ± 5.5 2 
23.1 1.80 832 301 0.36 225 0.1603 1.4 6.80 1.8 0.3084 0.82 1,733 ±12 2,455 ±27 29 
25.1 3.74 485 124 0.26 202 0.1796 2.7 11.38 3.2 0.4617 0.88 2,447 ±18 2,642 ±51 7 
26.1 0.71 1059 496 0.47 273 0.15116 0.62 6.200 1.1 0.2980 0.80 1,681 ±12 2,359 ±11 29 
26.2 1.94 362 127 0.35 111 0.1699 1.5 8.09 1.9 0.3466 0.87 1,918 ±14 2,557 ±25 25 
27.1 1.35 821 349 0.42 297 0.1715 1.0 9.77 1.4 0.4140 0.82 2,233 ±15 2,572 ±17 13 
28.1 0.15 527 340 0.65 221 0.18470 0.23 12.40 0.86 0.4877 0.82 2,561 ±17 2,695.5 ± 3.8 5 
28.2 0.83 755 363 0.48 176 0.1545 0.82 5.717 1.2 0.2690 0.82 1,536 ±11 2,396 ±14 36 
29.1 0.01 159 104 0.65 73.0 0.18839 0.35 13.79 1.0 0.5327 0.94 2,753 ±21 2,728.2 ± 5.7 -1 
29.2 -- 124 58 0.46 56.3 0.19074 0.40 13.77 1.1 0.5262 0.98 2,725 ±22 2,748.5 ± 6.6 1 
30.1 0.76 1735 603 0.35 568 0.16253 0.58 8448 1.0 0.3774 0.79 2,064 ±14 2,482.2 ± 9.8 17 
31.1 0.01 350 74 0.21 149 0.18204 0.24 12.38 0.89 0.4940 0.85 2,588 +18 2,671.6 + 4.0 3 
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4.4.3 Tonalite-trondhjemite plutonism SW Tati greenstone belt: 

Samples GEOZB-7A, GEOZB-7B, GEOZB-7C and ZBTF-27. 

The Tlhalogang and Tati plutons are the main bodies of the tonalite-trondhjemite units flanking the 

western and southwestern part of the Tati greenstone belt, respectively (Fig. 4.1). These plutons 

display a penetrative deformational fabric that has been linked to the collision with the Limpopo­

Shashe belt (e.g. McCourt et aI., 2004; Kampunzu et aI., 2003). However, the deformation fabric in 

the Tlhalogang pluton is different from the trend in the Limpopo-Shashe belt. The Tlhalogang pluton 

displays a deformation fabric trending SW - NE direction, while the deformation fabric for the Tati 

pluton trends NW-SE parallel to the trend of the Tati greenstone belt. The Tati pluton is an oval­

shaped heterogeneous intrusive body with local banding on centimeter scale defined by alternating 

well-foliated biotite-rich (melanocratic) bands and granular quartz-feldspar rich (Ieucocratic) bands. 

The leucocratic bands (leucosome) are represented by sample GEOZB-7 A, which is a medium­

grained granular granite with low modal proportion of biotite. 

Zircon grains extracted from sample GEOZB-7 A were variable in shape and size (100 - 300 IJm 

length). They display subhedral to anhedral habit and dark pink to red colour. Some grains are 

chunky whereas others tend to be more prismatic and they all have pronounced oscillatory zoning 

suggesting magmatic origin (Fig. 4.8). The central parts of the grains generally comprise bright 

cathodoluminescence (low U) areas surrounded by dark cathodoluminescence growth. Thirty-five 

analyses of 27 zircon grains were obtained from this sample (Table 4.3). Twenty-three analyses 

were of the cores while the remaining analyses were of the rims overgrowths. The dark 

cathodoluminescence areas are metamict and produced discordant data. In some cases the outer 

zones appear to cross-cut the inner growth zones and it is tempting on the basis of this evidence to 

suggest that these are inherited cores surrounded by later magmatic or metamorphic origin. In other 

cases the rims and cores appear to be part of a continuous, albeit changing growth phase. The 

cores of the grains contain between 60 and 600 ppm U and have relatively high Th/U ratios of >0.4. 

In contrast, the rims contain between 800 to 2415 ppm U and have low Th/U ratios mostly less than 

0.15 (Table 4.3), which suggests a metamorphic origin. Regression of all data gives an upper 

intercept date of 2668 ± 24 Ma with a large MSWD of 34 (Fig. 4.9a). The oldest group (N=14) of 

concordant and near-concordant data is interpreted as a magmatic age of 2670 ± 10 Ma (MSWD = 

1.5). This is interpreted as the magmatic age of the protolith to the leucosome. The 14 analyses that 
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Sample GEOZB-7B was taken from a melanocratic band in the Tati Pluton and it is a biotite-rich 

tonalite. This sample yielded poor quality zircon grains that are highly metamict (particularly at the 

tips), subhedral to anhedral, prismatic and pale brown to colorless. The zircon grains have variable 

size from 100 to 300 ~m long and have poorly preserved concentric zoning (Fig. 4.1 Oa). Some 

grains display structureless cores surrounded with thick overgrowth. Sixteen analyses from 15 

zircon grains were obtained from this sample. The observed U concentrations are between 66 and 

6595 ppm (Table 4.3). The Th/U ratios vary from 0.05 to 1.09 with many grains exhibiting a Th/U 

ratio of more than 0.5. Analyses of the high-U rims are characterised by low Th/U ratios and they 

are highly discordant and scattered. This is indicative of metamorphic disturbance. Nevertheless, 

analyses of the low-U areas, which might include inherited cores, show a short discordia trend with 

an upper intercept date of 2684 ± 22 Ma (MSWD = 0.45; Fig. 4.11 a). The low-U areas have Th/U 

ratios more than 0.5. Therefore, the date of 2684 ± 22 Ma is interpreted to be the magmatic age of 

the pluton. Noteworthy is the observation that this age is within margin of error of the age of 2670 ± 

10 Ma recorded in the leucosome sample, which was interpreted as the magmatic age of the pluton. 

Sample GEOZB-7C was collected from the grey gneiss (non-banded) section of the Tati pluton. It is 

a medium-grained foliated grey tonalite/trondhjemite with xenomorphic feldspars, quartz and biotite 

as essential phases. This sample yielded zircon grains that are brown, euhedral to subhedral with 

some crystals showing chisel-shaped terminations. Cathodoluminescence imaging shows central 

areas are weakly zoned and these are surrounded by stronger oscillatory zoned margin (Fig. 4.10b). 

Some structural cores are seen in a few grains through cathodoluminescence imaging, but no firm 

evidence of inheritance is seen in the analytical data. If there is inheritance then these xenocrysts 

are probably not much older than the magmatic population of zircon grains. Twenty-nine analyses of 

22 zircon grains were obtained from this sample. The grains contain Th/U ratios between 0.47 and 

1.33, which is typical for magmatic zircon grains. The data shows some discordance, especially on 

high-U margins, but a weighted mean 207Pb/2o6Pb date on a group of data straddling the concordia 

gives 2672.9 ± 2.8 Ma (MSWD = 1.3; Fig. 4.11 b-c), which is interpreted to be the magmatic age of 

the Tati pluton. This age is within error of the ages of 2670 ± 10 Ma and 2684 ± 22 Ma obtained 

from samples GEOZB-7 A and GEOZB-7B, respectively. These two samples are from highly 

deformed section characterised by strong foliation and metamorphic banding. Therefore, 

geochronological data reveal that the Tati pluton was emplaced around 2670 Ma and subsequently 
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affected by a metarrmphic event around 2640 Ma resulting !n partial melting of some sections of the 

pluton pi¥tK:ularly to ..... i¥ds the margin with the Limpopo-Shasile belt 

Fig. 4.10.: CL i"",,?-,' t:< sorn" ' " '''' [1aio, etlrocl",j frun lhe ",o~es GEOlB-7B 'rom the Tall P,utoo , ~ote Ihe 
010(0)010-11 <" ' ''''' ''9 and ,he ..,,~,ed soot, (.m," ',<c,Ie'i "rtc,,"~ "1 while arroNS The r:Hg11a:c a-;;e ~t 1'>8 pu\:::<) 
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Sample ZBT-27 

The Tlhalogang pluton, from which sample ZBT-27 was collected, forms a large semi-circular and 

homogeneous body located 2 km northwest of the Tati pluton (Fig. 4.1). The selected sample for U­

Pb geochronology is medium grained, strongly foliated, light-grey tonalite with anhedral quartz, 

feldspars and biotite. The sample yielded mostly metamict zircon grains that are generally subhedral 

and brown with diffuse oscillatory zoning suggesting magmatic origin. Most grains are prismatic and 

elongated (~ 200 ~m in length). Representative zircon grains from sample ZBT-27 are shown in 

Fig. 4.12. Lack of sharply defined zoning is probably a result of the alteration seen in these zircon 

grains. Rare bright cathodoluminescence patches cross-cutting the original zoning were also 

observed. These are likely metamorphic in origin. 

Forty analyses from 26 zircon grains were obtained from this sample. The zircon grains yielded 

broad ranges in U (76-1643 ppm) and Th (15-3096 ppm) concentrations. Th/U ratios vary from 0.10 

to 1.88 suggesting that the zircon grains are of mixed origin. Most of the data are highly discordant 

(indicative of Pb-Ioss) and the zircon grains have elevated common Pb, suggesting significant 

alteration. For the calculation of a date only a small group of data for zircon grains with the least 

discordance was used. These analyses give a weighted mean 207Pb/206Pb date of 2651.1 ± 3.4 Ma 

(MSWD = 1.13; Fig. 4.13). All these analyses were measured from the rims of a few subhedral to 

euhedral grains, which are most likely recrystallised zircon grains hence, recording a metamorphic 

age. In view of the state of deformation of rocks of the Tlhalogang pluton and lack of another zircon 

population dated younger than the 2651.1 ± 3.4 Ma, I interpret this date to be a metamorphic age. 

Analyses from cores of the zircon grains give a range in apparent dates with the two most near­

concordant analyses giving minimum 207Pbf2o6Pb dates of 2739 ± 7.2 Ma and 2718 ± 12 Ma (see 

analyses #4.2 and #6.1, Table 4.3). These dates are interpreted to be magmatic ages from zircon 

grains that survived the deformation event. The dates are similar to the age of the Sekukwe Pluton 

described earlier. Based on the above arguments the 207Pb/2o6Pb date of 2739 ± 7.2 Ma is 

interpreted as the magmatic emplacement age of the Tlhalogang tonalite-trondhjemite pluton. This 

interpretation is tested in section 4.4.5, where zircon grains from a trondhjemite that intrude the 

Tlhalogang pluton (Fig. 4.1) are analysed. The zircon analyses from this trondhjemite give a 

magmatic age of around 2715 Ma, which is consistent with my interpretation here. 
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Table 4.3: U-Th-Pb isotopic compositions and age calculation of zircon grains from samples of the Tati and Tlhalogang tonalite-trondhjemite 

plutons. 

Concentration Radiogenic ratios Age [Mal 

206Pb* \1) \1T (1) (1 ) (1 ) 
Grain % U (ppm) Th (ppm) Th/U 

207Pb' 207Pb 206Pb' 
206Pb/238U 207PbP06Pb (ppm) 

Spot 206Pb
c 

,206Pb' ±% I235U ±% I238U ±% Age Age 

GEOZB·7a: Tati Pluton: Leucosome 
1.1c 0.01 118 61 0.52 47.2 0.18060 0.52 11.55 1.5 0.4638 1.4 2,456 ±29 2,658.4 ± 8.6 
1.2r 0.21 2376 364 0.15 319 0.08284 0.47 1.779 1.4 0.1557 1.3 933 ±11 1,265.5 ± 9.2 
1.3c 0.01 141 74 0.53 62.4 0.18210 0.38 12.97 0.96 0.5164 0.89 2,684 ±19 2,672.1 ± 6.3 
2.1c 0.40 60 23 0.39 23.6 0.1772 0.94 11.17 1.8 0.4572 1.6 2,427 ±32 2,627 ± 16 
2.2r 4.27 1533 239 0.16 327 0.1125 8.3 3.69 8.4 0.2378 1.6 1,375 ±20 1,840 ±150 
3.1r 0.57 949 467 0.49 183 0.1395 0.76 4.295 1.5 0.2233 1.3 1,299 ±15 2,221 ± 13 
4.1c 0.06 151 49 0.32 56.9 0.18026 0.49 10.91 1.5 0.4389 1.4 2,346 ±27 2,655.3 ± 8.2 
5.1c 0.23 158 86 0.54 55.1 0.1747 0.93 9.75 1.8 0.4050 1.5 2,192 ±28 2,603 ± 16 
6.1c 0.39 118 74 0.63 48.1 0.1805 0.68 11.80 1.6 0.4743 1.4 2,502 ±29 2,657 ± 11 
7.1c -- 163 143 0.88 62.9 0.18131 0.45 11.24 1.5 0.4498 1.5 2,394 ±30 2,664.9 ± 7.5 
8.1c 0.00 61 19 0.31 25.9 0.1790 0.68 12.23 1.7 0.4955 1.5 2,595 ±33 2,643 ± 11 
8.2r 0.26 2412 180 0.07 383 0.11350 0.54 2.887 1.4 0.1845 1.2 1,091 ±13 1,856.2 ± 9.7 
9.1c 0.00 119 62 0.52 49.0 0.18261 0.50 12.11 1.5 0.4809 1.4 2,531 ±30 2,676.7 ± 8.2 
9.3c 0.01 99 43 0.43 44.4 0.17860 0.46 12.80 1.0 0.5198 0.94 2,698 ±21 2,640.0 ± 7.6 
10.1c 0.19 59 19 0.33 23.9 0.1827 0.82 11.94 1.8 0.4741 1.6 2,502 ±32 2,677 ± 14 
11.1 r 0.07 898 100 0.11 209 0.14898 0.38 5.565 1.3 0.2709 1.3 1,545 ±17 2,334.3 ± 6.4 
12.1c 0.01 145 50 0.34 60.6 0.18305 0.45 12.30 1.4 0.4875 1.4 2,560 ±29 2,680.7 ± 7.4 
13.1c 0.25 244 164 0.67 107 0.17828 0.52 12.58 1.5 0.5117 1.4 2,664 ±31 2,636.9 ± 8.6 
14.1r 0.46 187 56 0.30 60.1 0.1681 0.65 8.64 1.5 0.3727 1.4 2,042 ±24 2,539 ± 11 
14.2r 0.17 149 50 0.34 66.3 0.17813 0.45 12.71 1.0 0.5177 0.92 2,689 ±20 2,635.5 ± 7.5 
15.1c 0.02 311 132 0.42 128 0.18138 0.43 11.98 1.4 0.4790 1.3 2,523 ±28 2,665.5 ± 7.1 
15.2c 0.14 611 361 0.59 204 0.16939 0.26 9.082 0.78 0.3889 0.73 2,118 ±13 2,551.6 ± 4.3 
16.1c 0.06 160 119 0.74 67.7 0.1822 0.62 12.37 1.5 0.4926 1.4 2,582 ±29 2,673 ± 10 
17.2r 0.51 1070 34 0.03 194 0.1361 0.79 3.931 1.3 0.2095 1.1 1,226 ±12 2,178 ±14 
18.1c -- 61 20 0.32 26.7 0.1823 0.62 12.84 1.3 0.5110 1.1 2,661 ±24 2,673 ±10 
19.1c 2.40 505 278 0.55 183 0.1618 1.9 9.18 2.0 0.4114 0.76 2,221 ±14 2,474 ±32 

Uncertainties in ages are reported at the 2 sigma confidence level. % 206Pbc denotes the percentage of 206Pb that is common Pb. 206Pb* indicates the portion of radiogenic 
Pb. (1) Common Pb corrected using measured 204Pb. 
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Table 4,3: Continued 

Concentration Radiogenic ratios Age [Mal 
206Pb* (1) (1) PI (1) (1 ) % 

Grain % U (ppm) Th (ppm) Th/U 
207Pb 207Pb' 206Pb' 

206Pb/238U 207Pb/206Pb Discor-(ppm) Spot 206Pb
c 

1206Pb' ±% I235U ±% I238U ±% Age Age dant 

21.1 r 0.45 1560 54 0.03 308 0.12453 0.54 3.930 0.89 0.2289 0.70 1,328.6 ± 8.4 2,022.1 ± 9.6 34 
21.2c 0.27 175 68 0.39 74.0 0.18095 0.44 12.26 0.96 0.4914 0.85 2,577 ±18 2,661.6 ± 7.3 3 
22.1 r 0.14 944 71 0.08 171 0.13371 0.43 3.876 0.83 0.2102 0.71 1,230.0 ± 8.0 2,147.3 ± 7.5 43 
23.1c -- 271 246 0.91 119 0.18051 0.29 12.75 0.84 0.5121 0.79 2,666 ±17 2,657.6 ± 4.8 0 
24.1r 0.19 295 69 0.23 122 0.17287 0.33 11.458 0.84 0.4807 0.78 2,530 ±16 2,585.6 ± 5.6 2 
25.1r 0.31 1999 227 0.11 329 0.10832 0.47 2.848 0.84 0.1907 0.70 1,125.0 ± 7.2 1,771.3 ± 8.6 36 
26.1c 0.22 243 104 0.43 105 0.18034 0.39 12.46 0.90 0.5012 0.81 2,619 ±17 2,656.0 ± 6.5 1 
26.2r 0.28 291 119 0.41 127 0.17857 0.36 12.45 0.86 0.5058 0.78 2,639 ±17 2,639.6 ± 6.1 0 
27.1c 1.37 146 122 0.84 21.4 0.1632 1.6 3.793 1.8 0.1685 0.94 1,004.0 ±8.7 2,489 ±26 60 
27.2c 0.86 118 37 0.31 46.8 0.1790 0.86 11.31 1.3 0.4582 0.92 2,432 ±19 2,643 ±14 8 

GEOZB-7b: Tati Pluton: Melanosome 
1.1 0.84 2221 111 0.05 630 0.14218 0.3 6.404 0.79 0.3268 0.73 1823 ±12 2253.1 ± 5.2 19 
2.1 2.15 3230 271 0.08 1170 0.1486 1.1 8.39 1.3 0.4099 0.76 2214 ±14 2328 ±18 5 
2.2 0.32 6595 1271 0.19 1880 0.15236 0.24 6.932 0.76 0.3301 0.72 1839 ±12 2372.2 ± 4.1 22 
3.1 5.78 686 319 0.47 248 0.1546 1.2 8.33 1.7 0.3923 1.2 2134 ±22 2391 ±20 11 
4.1 1.12 1630 200 0.12 386 0.14417 0.28 5.412 1 0.2723 0.99 1552 ±14 2277.9 ± 4.9 32 
4.2 0.09 189 71 0.37 79.6 0.18199 0.42 12.26 1.2 0.4886 1.1 2565 ±24 2671.1 ± 6.9 4 
5.1 0.10 103 55 0.54 44.4 0.1814 0.57 12.54 1.4 0.5016 1.2 2621 ±27 2665.4 ± 9.4 2 
6.1 1.15 643 343 0.53 236 0.15864 0.47 9.23 1.1 0.4222 1 2270 ±20 2441.2 ± 7.9 7 
7.1 0.70 66 25 0.38 27.1 0.1797 1.1 11.79 2 0.4758 1.7 2509 ±35 2650 ±18 5 
8.1 0.05 578 112 0.19 226 0.17777 0.27 11.16 1.1 0.4554 1 2419 ±21 2632.2 ± 4.4 8 
10.1 0.13 788 15 0.02 306 0.17804 0.31 11.08 1.1 0.4514 1 2402 ±20 2634.7 ± 5.2 9 
11.1 0.40 2655 907 0.34 782 0.15341 0.22 7.226 1 0.3416 0.99 1895 ±16 2384.3 ± 3.8 21 
12.1 4.11 642 699 1.09 235 0.164 1.2 9.24 1.6 0.4087 1.1 2209 ±21 2497 ±20 12 
13.1 0.06 687 568 0.83 219 0.16902 0.43 8.651 1.1 0.3712 1 2035 ±18 2547.9 ± 7.2 20 
14.1 1.62 263 187 0.71 108 0.1786 0.78 11.53 1.4 0.4682 1.1 2476 ±23 2640 ±13 6 
15.1 0.18 148 98 0.67 60.1 0.1796 0.59 11.73 1.3 0.4736 1.2 2499 ±24 2649.2 ± 9.8 6 
15.2 0.11 522 234 0.45 181 0.16826 0.3 9.36 1.1 0.4036 1.1 2185 ±20 2540.4 ± 5.1 14 
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Table 4 3' Continued , , 

Concentration Radiogenic ratios Age [MaJ 
206pb* \1) \1) 20~1) • (1 ) (1 ) % 

Grain 207
Pb 

207
Pb 
. 

% U (ppm) Th (ppm) Th/U (ppm) 
Pb 206 pb/238U 207 Pb/206Pb Discor-

Spot 206
pbc ,206Pb ±% I235U ±% I238U ±% Age Age dant 

GEOZB-7c: Tati Pluton: Tonalite-Trondhjemite 
1.2 0.43 522 557 1.07 194 0.17553 0.47 10.42 1.1 0.4305 1.0 2,308 ±20 2,611.1 ± 7.9 12 
2.1 0.05 218 118 0.54 94.7 0.18305 0.27 12.76 0.95 0.5057 0.91 2,638 ±20 2,680.7 ± 4.5 2 
2.2 0.27 504 245 0.49 208 0.17877 0.33 11.81 0.90 0.4791 0.84 2,523 ±18 2,641.5 ±5.4 4 
3.1 0.02 258 179 0.70 117 0.18228 0.25 13.27 1.1 0.5280 1.1 2,733 ±25 2,673.8 ± 4.1 -2 
3.2 0.05 323 236 0.73 142 0.18251 0.35 12.92 1.2 0.5134 1.1 2,671 ±24 2,675.8 ± 5.9 0 
4.1 0.15 623 297 0.48 146 0.13696 0.63 5.132 1.0 0.2717 0.82 1,550 ±11 2,189 ±11 29 
5.1 0.02 567 409 0.72 252 0.18252 0.17 13.01 0.96 0.5169 0.94 2,686 ±21 2,675.9 ± 2.7 0 
6.1 0.39 208 110 0.53 75.2 0.1838 0.71 10.64 1.2 0.4201 0.92 2,261 ±18 2,687 ±12 16 
6.2 2.22 463 422 0.91 184 0.1746 1.6 10.89 1.8 0.4521 0.86 2,405 ±17 2,603 ±27 8 
7.1 0.66 457 277 0.61 130 0.1686 0.60 7.67 2.0 0.3299 1.9 1,838 ±30 2,543.4 ±10.0 28 
8.3 0.22 300 190 0.63 126 0.18144 0.44 12.25 1.2 0.4898 1.1 2,570 ±24 2,666.1 ± 7.3 4 
9.2 0.28 295 180 0.61 124 0.18146 0.48 12.18 1.2 0.4869 1.1 2,557 ±23 2,666.2 ± 7.9 4 
10.2 0.07 347 202 0.58 151 0.18122 0.24 12.63 0.88 0.5055 0.85 2,637 ±18 2,664.0 ± 4.0 1 
11.1 0.05 265 354 1.33 113 0.18237 0.23 12.50 0.89 0.4973 0.85 2,602 ±18 2,674.5 ± 3.9 3 
12.1 0.19 219 130 0.59 95.8 0.18288 0.30 12.81 0.92 0.5079 0.87 2,647 ±19 2,679.1 ± 5.0 1 
13.1 0.04 303 143 0.47 136 0.18211 0.21 13.11 0.87 0.5222 0.84 2,709 ±19 2,672.2 ± 3.5 -1 
13.2 0.01 395 117 0.30 145 0.18192 0.35 10.70 1.1 0.4267 1.1 2,291 ±20 2,670.4 ± 5.8 14 
14.1 0.01 1128 194 0.17 85.4 0.18256 0.23 2.218 0.86 0.08811 0.82 544.3 ± 4.3 2,676.2 ± 3.8 80 
15.1 0.87 1116 623 0.56 282 0.1515 1.6 6.08 1.9 0.2911 1.0 1,647 ±15 2,363 ±26 30 
15.2 0.04 313 297 0.95 135 0.18199 0.45 12.58 1.2 0.5014 1.1 2,620 ±24 2,671.1 ± 7.5 2 
16.1 0.02 208 156 0.75 92.3 0.18312 0.46 13.01 1.2 0.5152 1.2 2,679 ±25 2,681.3 ±7.7 0 
17.1 0.29 339 330 0.97 150 0.18217 0.53 12.85 1.2 0.5117 1.1 2,664 ±24 2,672.7 ± 8.8 0 
18.1 0.12 279 222 0.80 120 0.18092 0.53 12.43 1.2 0.4984 1.1 2,607 ±24 2,661.3 ±8.7 2 
19.1 -- 143 102 0.71 65.8 0.1817 0.57 13.40 1.4 0.5349 1.2 2,762 ±28 2,668.3 ± 9.4 -4 
19.2 0.05 292 158 0.54 98.1 0.1820 0.63 9.80 1.3 0.3908 1.1 2,126 ±20 2,671 ±10 20 
20.1 0.07 597 303 0.51 222 0.17456 0.36 10.42 1.1 0.4331 1.0 2,320 ±20 2,601.9 ± 6.0 11 
20.2 0.37 554 76 0.14 201 0.17446 0.55 10.12 1.2 0.4206 1.0 2,263 ±20 2,600.9 ± 9.2 13 
21.1 0.02 319 241 0.76 140 0.18247 0.41 12.82 1.2 0.5097 1.1 2,655 ±24 2,675.4 ±6.7 1 
21.2 0.00 475 332 0.70 199 0.18075 0.34 12.17 1.1 0.4882 1.1 2,563 ±23 2,659.7 ±5.7 4 
22.1 0.05 259 230 0.89 110 0.18239 0.47 12.43 1.3 0.4944 1.2 2,590 +25 2,674.7 + 7.8 3 

Chapter 4 ... ..... ..4- 30 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Geochronology ... .. ......... Zibisani Bagai 

Table 4.3: Continued 

Concentration Radiogenic ratios Age [Mal 
206pb* (1) (1) (1) (1 ) (1 ) % 

Grain % U(ppm) Th (ppm) ThJU 
207Pb 207pb' 206pb' 

206PbP38U 207 PbJ206Pb Discor· (ppm) 
Spot 206pbc J206Pb ±% J235U ±% J238U ±% Age Age dant 

ZBTF·27: Tlhalogang Pluton 
1.1 0.85 106 15 0.15 41.4 0.1781 1.1 11.11 1.5 0.4523 1.1 2,405 ±22 2,635 ± 17 9 
1.2 0.60 895 1024 1.14 267 0.1633 0.63 7.732 1.1 0.3439 0.85 1,905 ±14 2,490 ± 11 23 
1.3 0.72 203 34 0.17 74.4 0.1767 0.79 10.24 1.3 0.4219 0.90 2,269 ±17 2,622 ± 13 13 
2.1 0.27 502 100 0.20 187 0.1802 0.56 10.73 1.1 0.4318 0.92 2,314 ±18 2,654.9 ± 9.2 13 
2.2 0.23 515 100 0.19 217 0.17994 0.27 12.10 0.87 0.4884 0.82 2,564 ±17 2,652.3 ± 4.4 3 
3.1 0.22 327 170 0.52 129 0.17951 0.41 11.37 1.3 0.4593 1.2 2,436 ±24 2,648.4 ± 6.8 8 
3.2 0.15 563 271 0.48 233 0.17937 0.23 11.86 0.85 0.4803 0.82 2,529 ±17 2,647.1 ± 3.8 4 
4.1c 0.54 135 16 0.12 55.9 0.1817 0.81 12.02 1.3 0.4800 1.1 2,527 ±22 2,668 ± 13 5 
4.2c 0.53 76 21 0.27 33.1 0.1872 0.75 12.88 1.4 0.5026 1.1 2,625 ±23 2,718 ± 12 3 
4.3 0.26 382 72 0.19 163 0.17956 0.32 12.20 0.91 0.4936 0.84 2,586 ±18 2,648.8 ± 5.2 2 
5.1 0.48 632 149 0.24 221 0.17330 0.48 9.675 1.0 0.4049 0.91 2,192 ±17 2,589.7 ± 8.0 15 

6.1c 0.19 196 152 0.77 83.4 0.18964 0.44 12.91 1.1 0.4936 1.0 2,586 ±21 2,739.1 ± 7.2 6 
6.2c 1.09 150 64 0.43 50.2 0.1881 0.91 9.94 1.4 0.3852 0.94 2,100 ±17 2,726 ± 15 23 
7.1 0.06 344 40 0.12 132 0.18234 0.32 11.20 1.0 0.4454 0.95 2,375 ±19 2,674.3 ± 5.3 11 
7.2 -- 320 33 0.10 135 0.17929 0.26 12.09 0.88 0.4897 0.84 2,570 ±18 2,646.3 ± 4.3 3 
8.1 0.47 550 105 0.19 177 0.17474 0.52 8.954 1.1 0.3716 0.92 2,037 ±16 2,603.6 ± 8.6 22 
8.2 0.40 591 106 0.18 224 0.17463 0.37 10.522 0.91 0.4377 0.82 2,340 ±16 2,602.5 ± 6.1 10 
9.1 0.44 468 117 0.25 168 0.17953 0.48 10.29 10 0.4158 0.93 2,242 ±18 2,648.5 ± 7.9 15 
9.2 0.25 549 128 0.23 228 0.17980 0.44 11.93 0.93 0.4817 0.82 2,535 ±17 2,651.1 ± 7.2 4 
10.1 13.09 799 239 0.30 202 0.161 12 5.67 12 0.2556 16 1,467 ±21 2,464 ±210 40 
11.1 0.03 639 242 0.38 204 0.16690 0.35 8.537 0.97 0.3710 0.91 2,034 ±16 2,526.8 ± 5.8 20 
12.1 6.80 502 139 0.28 149 0.1769 5.1 7.85 5.3 0.3220 1.2 1,800 ±19 2,624 ± 85 31 
12.2c 0.85 193 24 0.13 58.3 0.1767 0.93 8.51 1.4 0.3492 1.0 1,931 ±17 2,623 ± 16 26 
12.3 5.48 561 107 0.19 185 0.1780 4.0 8.76 4.7 0.3590 0.98 1,977 ±17 2,634 ± 67 25 
12.4c 0.91 205 31 0.15 55.4 0.1824 0.82 7.77 1.3 0.3106 0.91 1,744 ±14 2,675 ± 14 35 
13.1 0.75 533 172 0.32 165 0.1772 0.66 8.723 1.1 0.3570 0.92 1,968 ±16 2,627 ± 11 25 
14.1 5.86 366 81 0.22 137 0.183 5.6 10.36 5.7 0.4116 1.1 2,222 ±22 2,676 ± 92 17 
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Table 4.3: Continued 

Concentration Radiogenic ratios Age [Ma] 
206pb* (1 J (1 J (1 J (1) (1 ) % 

Grain % U(ppm) Th(ppm) Th/U (ppm) 
207Pb 207pb' 206Pb 206pbP38U 207 Pb/206Pb Discor· 

Spot 206pbc p06Pb 
, 

I235U I238U ±% ±% ±% Age Age dant 

14.2 12.03 536 133 0.25 184 0.174 9.5 8.10 11 0.3412 1.4 1,892 ±22 2,597 ±160 27 
15.1 0.48 1643 3096 1.88 106 0.0576 1.8 0.591 2.0 0.07442 0.99 462.7 ±4.4 515 ± 39 10 
16.1 0.02 378 52 0.14 162 0.18006 0.24 12.41 0.88 0.5005 0.84 2,616 ±18 2,653.5 ± 3.9 1 
16.2 3.11 1212 326 0.27 275 0.1362 3.0 4.77 3.3 0.2548 0.83 1,463 ±11 2,180 ± 52 33 
17.1 0.82 723 198 0.27 265 0.1708 0.63 9.92 1.1 0.4221 0.81 2,270 ±15 2,566 ± 10 12 
181 0.60 935 284 0.30 390 0.18116 0.54 12.01 0.99 0.4813 0.80 2,533 ±17 2,663.5 ± 8.9 5 
19.1 1.06 199 66 0.33 66.4 0.1790 0.88 9.39 1.4 0.3820 0.91 2,086 ±16 2,644 ± 15 21 
20.1 1.94 928 252 0.27 347 0.1785 1.4 10.43 1.8 0.4247 0.81 2,282 ±16 2,639 ± 23 14 
21.1 0.71 331 38 0.12 75.0 0.1821 0.68 6.532 1.2 0.2611 0.86 1,496 ±11 2,672 ± 11 44 
22.1 4.21 1359 299 0.22 237 0.1390 4.0 3.69 4.4 0.1934 0.97 1,140 ±10 2,214 ± 69 49 
23.1 2.44 238 49 0.21 88.4 0.1787 2.2 10.30 2.6 0.4200 0.94 2,260 ±18 2,640 ± 37 14 
24.1c 0.28 419 67 0.16 139 0.18086 0.49 9.548 1.0 0.3836 0.84 2,093 ±15 2,660.8 ± 8.1 21 
25.1 0.47 414 165 0.40 170 0.18115 0.43 11.86 0.96 0.4757 0.83 2,509 ±17 2,663.5 ± 7.1 6 
26.1 2.11 628 291 0.46 240 0.1765 1.6 10.49 1.9 0.4325 0.83 2,317 ±16 2,620 ± 26 12 
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4.4.4 Greenstone lavas: Samples GEOZ8-3a, GEOZ8-8a and Z898-169 

Three samples of lavas were selected from the greenstone sequence of the Francistown Granite­

Greenstone Complex in order to try and constrain the depositional ages of both the Vumba and the 

Tati volcanic rocks. Sample GEOZB-3a was collected from a porphyritic meta-andesite of the 

Penhalonga Formation within the Tati greenstone belt. This formation is interpreted to overlie the 

mafic lava-dominated Lady Mary Formation (e.g. Carney et aI., 1994). Key (1976) suggested that 

the andesitic lavas and mafic lavas in the Tati greenstone belt are co-magmatic, hence coeval. The 

selected sample is porphyritic, pale-green, schistose and fine to medium-grained with rounded 

translucent quartz grains up to 1 cm across, set within a fine grained andesitic matrix. This sample 

produced a large number of fresh zircon grains. The general population of zircon grains is subhedral 

to anhedral with oblate to rounded form (Fig. 4.14). Cathodoluminescence imaging of sectioned 

grains shows very well-developed oscillatory zoning, consistent with an igneous origin. No inherited 

cores were observed. Sixteen analyses were obtained from zircon grains of this sample. 

Concentrations of U and Th in these grains are low with restricted ranges of 103-173 ppm and 43-

94 ppm, respectively (Table 4.4). The Th/U ratios vary from 0.35 to 0.65, wh ich is consistent with a 

magmatic origin for the zircon grains. On a concordia plot (Fig. 4.15a), the data yielded an upper 

intercept date of 2736.8 ± 3.5 Ma (MSWD = 0.80). The data gives a weighted mean 207Pb/2o6Pb 

date of 2737 ± 3.2 Ma (MSWD = 0.80; Fig. 4.15b) that is interpreted as the magmatic age of the 

andesitic lavas. 

Sample GEOZB-8a is a sample from felsic lavas intercalated with the mafic lava-dominated Lady 

Mary Formation in the Tati greenstone belt. It is a massive, homogeneous, whitish-grey rock, with a 

dacitic composition. The sample yielded only 8 zircon grains from which 10 analyses were obtained. 

The contents of U and Th are variable with ranges of 196-899 ppm and 67-395 ppm respectively 

(Table 4.4). Th/U ratios of the zircon grains vary from 0.31 and 0.46, suggests mildly disturbed 

magmatic zircon grains. The zircon grains are small in size (80-180 ~m) and anhedral with rare 

subhedral habits. Cathodoluminescence imaging shows oscillatory zoning suggesting magmatic 

origin. Apart from one analysis, all the data are discordant to different degrees. Regression of all 

data gives an upper intercept date of 2735 ± 30 Ma (MSWD = 12; Fig. 4.15c) that is interpreted to 

be the magmatic age of the felsic lavas. The high uncertainty and MSWD of 12 reflects the scatter 
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of the data about the discordia. This age is similar, within error, with the age of the andesitic lavas 

(2737 + 3.2 Ma) of the Tati greenstone belt. 

Sample Z898-169 was taken from felsic lavas that form lenses interbedded with mafic lavas in the 

Vumba greenstone succession (Fig. 4.1). It is homogeneous, fine-grained, whitish-grey, massive 

and dacitic in composition. The sample was collected from a felsic layer intercalated with the mafic 

lavas of the Vumba Mixed Volcanic Formation, which in turn is suspected to be an extension of the 

Lady Mary Formation of the Tati belt (Key, 1976; Litherland, 1975). Therefore, the U-Pb zircon dates 

from the felsic lavas interlayered with the Lady Mary and the Vumba Mixed Volcanic Formations 

constrain the deposition and would confirm or dismiss the envisaged link between the two 

formations and/or greenstone belts. 

The sample Z898-169 yielded light brown zircon grains that are subhedral to anhedral with strongly 

developed oscillatory compositional zoning in most grains, typical for magmatic zircon. The zircon 

grains are mostly equant with ~;200 IJm diameter (Fig. 4.18). Twenty analyses from 19 zircon grains 

were obtained from this sample. The Th/U ratios vary from 0.23 to 1.05, with many grains having a 

Th/U ratio> 0.5 (Table 4.4). The U concentrations are between 119 and 647 ppm. Analyses of the 

zircon grains produced a mixture of concordant to near-concordant and highly discordant data. The 

highly discordant data display some scatter suggesting significant alteration, hence Pb loss. A 

discordia fitted to all the analyses yielded upper and lower intercept dates of 2695.5 ± 6.6 Ma and 

709 ± 150 Ma respectively (MSWD = 0.97; Fig. 4.19). Ignoring the discordant analyses and 

considering only the concordant and near-concordant data, a weighted mean 207Pb/206Pb date of 

2695.7 ± 5.9 Ma was obtained (MSWD = 0.75; Fig. 4.19 inset). This date of 2695.7 ± 5.9 Ma is 

interpreted as the magmatic age of the felsic lavas in the Vumba greenstone belt. This age is nearly 

40 million years younger than that of the Lady Mary Formation (2735 ± 30 Ma). This does not 

support stratigraphic link between the Vumba Mixed Volcanic and Lady Mary Formations, and 

therefore the suggested correlations between the two greenstone belts are not reliable. 
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Table 4.4: U-Th-Pb isotopic compositions of zircon grains and age calculations from samples of meta-volcanic rocks in the Tati and Vumba 

greenstone belts. 

Concentration Radiogenic ratios Age [Mal 

206Pb* PI PI PI (1 ) (1) 
Grain % U (ppm) Th (ppm) Th/U (ppm) 

207Pb' 207Pb' 206Pb' 206Pb/238U 207Pb/206Pb 
Spot 206Pb

c 
1206Pb' ±% I235U ±% I238U ±% Age Age 

Tati Andesitic lava (GEOlB-3a): Tati greenstone belt 
1.2 -- 160 70 0.44 70.7 0.18970 0.34 13.49 0.84 0.5158 0.77 2,681 ± 17 2,739.6 ±5.7 
2.2 -- 121 47 0.39 54.5 0.18975 0.42 13.71 0.90 0.5239 0.79 2,716 ± 18 2,740.0 ± 7.0 
3.2 0.05 125 53 0.42 56.3 0.18935 0.37 13.71 1.0 0.5253 0.96 2,722 ± 21 2,736.6 ± 6.0 
4.2 0.06 173 92 0.54 75.6 0.19001 0.31 13.34 0.80 0.5092 0.73 2,653 ± 16 2,742.2 ±5.2 
5.2 0.14 105 57 0.54 47.2 0.18831 0.42 13.51 0.92 0.5202 0.82 2,700 ± 18 2,727.4 ± 6.9 
6.2 0.01 103 43 0.41 46.9 0.18846 0.39 13.80 0.90 0.5310 0.81 2,746 ± 18 2,728.8 ±6.4 
8.2 1.04 166 92 0.55 70.9 0.1891 0.82 12.80 1.1 0.4910 0.75 2,575 ± 16 2,734 ±14 
10.2 0.04 116 55 0.48 53.4 0.19020 0.38 14.10 0.88 0.5378 0.80 2,774 ± 18 2,743.9 ± 6.2 
13.2 0.10 65 23 0.35 29.4 0.1906 0.53 13.88 1.1 0.5284 0.93 2,735 ± 21 2,747.2 ± 8.7 
14.2 0.03 130 59 0.45 59.8 0.18871 0.36 13.93 1.0 0.5353 0.98 2,764 ± 22 2,731.0 ± 5.9 
15.2 0.07 115 47 0.41 53.2 0.18924 0.41 14.01 0.91 0.5367 0.81 2,770 ± 18 2,735.6 ±6.7 
16.2 0.02 158 69 0.44 71.2 0.19012 0.33 13.77 0.83 0.5254 0.76 2,722 ± 17 2,743.2 ± 5.4 
17.2 0.36 156 94 0.60 63.7 0.1897 1.4 12.40 6.5 0.474 6.3 2,501 ±130 2,739 ±23 
19.1 -- 161 81 0.50 71.3 0.18875 0.38 13.40 0.85 0.5147 0.76 2,677 ± 17 2,731.3 ±6.2 
20.1 0.09 115 75 0.65 52.0 0.18896 0.38 13.66 0.88 0.5241 0.79 2,717 ± 18 2,733.1 ± 6.3 
21.1 0.20 141 52 0.37 65.5 0.18949 0.40 14.07 0.87 0.5385 0.77 2,777 ± 17 2,737.7 ± 6.6 

Dacite (GEOlB-8a): Tati greenstone belt 
1.1 0.86 378 130 0.34 126 0.1764 0.92 9.32 2.4 0.3833 2.2 2,092 ±39 2,619 ±16 
2.1 0.11 804 47 0.06 164 0.13683 0.44 4.466 1.1 0.2367 1.1 1,370 ±13 2,187.4 ±7.7 
3.1 0.09 544 248 0.46 209 0.17958 0.29 11.07 1.3 0.4473 1.2 2,383 ±24 2,648.8 ± 4.8 
3.2 0.13 353 163 0.46 114 0.17933 0.37 9.27 1.2 0.3749 1.1 2,053 ±19 2,646.5 ± 6.3 
4.1 0.04 376 128 0.34 158 0.18510 0.37 12.47 1.4 0.4886 1.3 2,565 ±28 2,699.0 ±6.2 
5.1 0.09 899 319 0.35 191 0.13912 0.63 4.742 1.2 0.2472 1.1 1.424 ±13 2,216 ±11 
6.1 0.02 323 103 0.32 135 0.18448 0.35 12.34 1.2 0.4852 1.1 2,550 ±23 2,693.6 ± 5.8 
7.1 0.06 404 157 0.39 167 0.18744 0.31 12.40 1.1 0.4800 1.1 2,527 ±23 2,719.7 ± 5.2 
7.2 0.01 196 60 0.31 89.5 0.18735 0.41 13.71 1.2 0.5307 1.2 2,744 ±26 2,719.1 ± 6.8 
8.1 0.43 853 395 0.46 257 0.1654 0.66 7.96 1.4 0.3492 1.2 1,931 ±20 2,511 ±11 

Uncertalnlies In ages are reported at the 2 sigma confidence level. % 20sPbc denotes the percentage of 20sPb that IS common Pb. 2osPb* Indicates the porlion of radiogenic 
Pb. (1) Common Pb corrected using measured 204Pb. 
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Table 4.4: Continued 

Concentration Radiogenic ratios Age [Mal 
206pb* PI , PI PI (1 ) (1 ) % 

Grain % U(ppm) Th (ppm) ThJU 
207Pb 207pb' 206pb' 

206pbF38u 207 PbJ206Pb Discor-
Spot 206Pb 

(ppm) 
F06Pb 

, J235U J238U c ±% ±% ±% Age Age dant 

Dacite (Z898-169): Vumba greenstone belt 
1.1 0.03 119 65 0.54 55.7 0.18558 0.49 13.97 0.98 0.5458 0.84 2808 ± 19 2703.4 ± 8.1 -4 
2.1 0.12 126 70 0.55 58.8 0.18598 0.54 13.87 0.98 0.5409 0.82 2787 ±19 2706.9 ± 8.8 -3 
3.1 0.08 249 261 1.05 111 0.18468 0.39 13.23 0.8 0.5196 0.7 2698 ± 15 2695.4 ± 6.4 0 
4.1 0.09 304 262 0.86 119 0.18467 0.54 11.54 0.88 0.4534 0.69 2410 ± 14 2695.3 ± 8.9 11 
5.1 0.03 491 114 0.23 176 0.17684 0.34 10.195 0.69 0.4181 0.6 2252 ± 11 2623.5 ± 5.6 14 
6.1 -- 257 120 0.47 103 0.18575 0.37 11.914 0.8 0.4652 0.71 2462 ± 14 2704.9 ± 6.1 9 
7.1 0.03 414 311 0.75 169 0.18329 0.31 11.996 0.71 0.4747 0.64 2504 ± 13 2682.8 ± 5.2 7 
8.1 0.11 303 101 0.33 116 0.1831 0.37 11.213 0.77 0.4442 0.67 2369 ± 13 2681.1 ± 6.1 12 
9.1 0.05 266 143 0.54 102 0.18331 0.44 11.252 0.83 0.4452 0.7 2374 ± 14 2683 ± 7.3 12 
10.1 0.04 129 97 0.75 58.1 0.1853 0.74 13.38 1.2 0.5238 0.94 2715 ±21 2701 ±12 -1 
11.1 0.09 174 126 0.72 69.6 0.1876 0.89 12.01 1.2 0.4642 0.79 2458 ± 16 2722 ±15 10 
12.1 0.21 119 84 0.71 47.8 0.1847 0.69 11.89 1.1 0.467 0.92 2470 ± 19 2695 ± 11 8 
13.1 0.09 249 141 0.57 102 0.17973 0.42 11.807 0.82 0.4765 0.7 2512 ± 15 2650.4 ± 7 5 
14.1 0.21 246 181 0.74 90.9 0.181 0.61 10.71 0.93 0.4289 0.71 2301 ± 14 2662 ± 10 14 
15.1 0.05 148 71 0.48 64.2 0.18327 0.46 12.71 0.92 0.5031 0.8 2627 ± 17 2682.7 ± 7.7 2 
16.1 0.07 144 65 0.45 64.5 0.18396 0.46 13.18 0.92 0.5197 0.8 2698 ±18 2688.9 ± 7.6 0 
17.1 0.13 222 110 0.49 94.9 0.18520 0.42 12.66 1.4 0.4960 1.3 2,596 ±28 2,700.0 ±7.0 4 
18.1 0.12 204 113 0.55 89.7 0.1846 0.57 12.99 1.7 0.5102 1.6 2,658 ±35 2,694.6 ±9.4 1 
19.1 0.13 172 71 0.42 74.1 0.18353 0.54 12.71 1.4 0.5022 1.3 2,623 ±29 2,685.0 ±8.9 2 
19.2 0.05 647 216 0.33 251 0.17904 0.24 11.13 1.2 0.4509 1.2 2,399 ±24 2,644.0 ±4.0 9 
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4.4.5 Trondhjemite: Sample ZBT-15 

Sample ZBT -15 was selected from the trondhjemite unit exposed in the vicinity of the city of 

Francistown (Fig. 4.1). Because of the absence of any conspicuous deformation fabric in this unit, it 

is regarded post-tectonic and envisaged to be younger than the greenstone belt and the variably 

deformed tonalite-trondhjemite granitoids flanking the southwestern and northeastern margins of the 

Tati greenstone belt (e.g. Key, 1976; Kampunzu et aI., 2003). It is a dull grey, massive, medium­

grained granular biotite trondhjemite. It contains 30% quartz, 45% plagioclase, 10% microcline, 10% 

biotite and 5% muscovite, with calcite and epidote as minor phases. The trondhjemite unit is 

spatially associated with the diorite unit but their field age relation is unexposed. However, Key 

(1976) reported angular blocks of dioritic composition within the trondhjemite, which suggest that the 

trondhjemite intruded into the diorite. This observation was verified by this study where small dioritic 

xenoliths were observed within the trondhjemite towards the margin with the diorite (Fig. 4.20). By 

selecting a sample from this unit for U-Pb dating, I aimed at resolving the chronological order of 

plutonism in the Tati granite-greenstone terrain and a minimum age of the greenstone belt. 

Zircon grains extracted from sample ZBT-15 form a subhedral population of brown to dark pink 

grains that mostly have ::5200 IJm length. These grains show weakly-zoned to unzoned central area 

surrounded by increasingly more U-enriched outer growth (Fig. 4.21). Seventeen analyses were 

obtained from the zircon population of 20 grains. The zircon grains have Th/U ratios of 0.38 to 0.66 

and U concentrations of between 133 and 292 ppm (Table 4.5), which is consistent with the 

characteristics of magmatic zircon grains. Many grains have apparent cores, however the ages of 

these cores are indistinguishable from that measured for the general magmatic population and thus 

a single date is defined. Linear regression of all the analyses on a concordia diagram (Fig. 4.22a) 

yielded an upper intercept age of 2714.3 ± 2.8 Ma and a lower intercept of 358 ± 140 Ma (MSWD = 
0.62). Apart from two analyses (# 17.1 and 19.1; Table 4.5), all the remaining 15 data plots with a 

few % of discordance gave a weighted mean 207Pbl2o6Pb date of 2715.2 ± 2.7 Ma (MSWD = 0.70; 

Fig. 4.22b), which is interpreted to be the magmatic age of the trondhjemite unit. This age confirms 

that the date 2739 ± 7.2 Ma interpreted as the age of Tlhalogang pluton is appropriate. In Fig. 4.1 a 

small plug of the trondhjemite unit protrudes within the Tlhalogang pluton. The field relationship 

between the trondhjemite unit and the Sekukwe does not allow evaluation of any relative age 
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Table 4.5: U-Th-Pb isotopic compositions of zircon grains and age calculations from Trondhjemite sample ZBTF-15 from the Tati granite­
greenstone terrain. 

Concentration Radiogenic ratios Age [MaJ 
206pb* ~l ) ~l) ~l) (1 ) (1) 

Grain 207Pb 
, 

207Pb 
, 

206Pb 
, 

% U (ppm) Th (ppm) Th/U (ppm) 206Pb/238U 207Pb/206Pb 
Spot 206Pb 1206Pb' ±% I235U ±% ,nsU ±% Age Age c 

Trondhjemite (ZBTF·15) 
1.1 0.01 193 84 0.43 88.0 0.18678 0.30 13.67 0.79 0.5309 0.73 2,745 ±16 2,714.0 ±5.0 
2.1 0.05 225 122 0.54 102 0.18630 0.29 13.56 0.78 0.5278 0.72 2,732 ±16 2,709.8 ±4.9 
3.1 0.05 122 60 0.49 54.8 0.18583 0.39 13.34 0.89 0.5205 0.80 2,701 ±18 2,705.6 ±6.5 
4.1 -- 153 64 0.42 68.4 0.18724 0.34 13.41 0.96 0.5195 0.90 2,697 ±20 2,718.0 ±5.6 
5.1 0.02 147 70 0.47 65.7 0.18757 0.35 13.43 1.1 0.5193 1.0 2,696 ±23 2,720.9 ±5.7 
6.1 0.00 200 75 0.38 90.5 0.18707 0.30 13.60 0.79 0.5271 0.73 2,729 ±16 2,716.6 ±5.0 
7.2 0.02 172 76 0.44 78.6 0.18718 0.37 13.71 0.84 0.5312 0.75 2,747 ±17 2,717.5 ±6.1 
8.2 -- 174 98 0.56 78.8 0.18729 0.32 13.62 0.82 0.5272 0.75 2,730 ±17 2,718.5 ±5.3 
11.2 0.01 159 60 0.38 71.1 0.18747 0.34 13.50 0.83 0.5222 0.76 2,709 ±17 2,720.1 ±5.6 
12.2 0.01 164 93 0.57 72.9 0.18678 0.33 13.34 1.0 0.5179 0.96 2,690 ±21 2,714.0 ±5.5 
13.2 0.01 218 104 0.48 99.8 0.18664 0.29 13.74 0.78 0.5341 0.72 2,759 ±16 2,712.8 ±4.8 
14.2 -- 133 52 0.39 61.0 0.18699 0.40 13.79 0.88 0.5350 0.78 2,762 ±18 2,715.9 ±6.7 
16.1 0.16 177 100 0.56 77.5 0.18588 0.36 13.06 1.5 0.5094 1.5 2,654 ±33 2,706.1 ±5.9 
17.1 0.05 292 194 0.66 121 0.18518 0.26 12.260 0.74 0.4801 0.69 2,528 ±14 2,699.9 ±4.3 
18.1 -- 221 118 0.54 100.0 0.18742 0.28 13.70 0.77 0.5302 0.72 2,742 ±16 2,719.6 ±4.7 
19.1 0.04 194 85 0.44 77.4 0.18483 0.34 11.849 0.82 0.4649 0.74 2,461 ±15 2,696.7 ±5.6 
20.1 0.05 196 94 0.48 91.0 0.18707 0.31 13.96 0.80 0.5414 0.74 2,789 ±17 2,716.6 ±5.1 

Uncertainties in ages are reported at the 2 sigma confidence level. % 206Pbc denotes the percentage of 206Pb that is common Pb. 206Pb* indicates the portion of radiogenic 
Pb. (1) Common Pb corrected using measured 204Pb. 
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4.4.6 Diorite Unit: Sample ZBT-19 

A geochronological sample ZBT-19 collected from a diorite unit north of the city of Francistown (Fig. 

4.1) exhibits grey colour, granular texture and medium grain size. The diorite unit exhibits no 

conspicuous evidence of deformation and is flanked by the trondhjemite unit. However, there is no 

exposed contact to define the age relationship between the two units. Petrographically, it contains 

hornblende, andesine plagioclase, clinopyroxene, minor quartz and secondary chlorite. The diorite, 

like the trondhjemite unit, intruded the volcanic sequence of the Tati greenstone belt. Its age 

relations with the surrounding granitoids have been contentious. Kampunzu et al. (2003) suggested 

that the diorite is relatively younger than the tonalite-trondhjemite units within the Tati granite­

greenstone terrain. Recently, Zhai et al. (2006) presented poorly constrained Sm-Nd ages indicating 

that the diorite and tonalite-trondhjemite units are contemporaneous. The U-Pb date from this 

sample can potentially resolve the uncertainties in these age relationships. 

Zircon grains from the sample ZBT -19 are translucent with mostly anhedral habit. They are variable 

in size up to ca. 400 ~m long. The zircon grains are generally fragmented and show only occasional 

facets. Internally, they show broad oscillatory zoning (Fig. 4.23). Some of the zircon grains exhibit 

post-crystallization recrystallisation and growth as evidenced by bright cathodoluminescence zircon 

growth fillings along microfractures (see grain #6 in Fig. 4.23). However, these infillings are too 

small to analyze. Zircon grains from the diorite sample have moderate U concentrations (61 -405 

ppm) and high Th/U ratios (0.5-1.84), which suggest an igneous origin. Isotopic data was obtained 

from 18 grains (Table 4.6). Apart from two analyses (#8.1 and #13.1; Table 4.6) all data are near 

concordant. Analysis #13.1 has relatively high U and Th contents of 900 and 1670 ppm respectively 

and is grossly discordant with Pb-Ioss indicated at about 1.0 - 1.1 Ga. On a concordia diagram (Fig. 

4.24a) all the analyses define upper and lower intercept dates of 2717.8 ± 7.2 Ma and 1063 ± 62 

Ma, respectively (MSWD = 2.8). The near-concordant analyses give a weighted mean 207Pbl2o6Pb 

date of 2715.9 ± 2.5 Ma (MSWD = 1.13; Fig. 4.24b). This date is interpreted as the magmatic age of 

the diorite. This is within error of the age of the trondhjemite (2714 - 2715 Ma), which in turn implies 

that the diorite and trondhjemite units are contemporaneous, and both are younger than the 

Tlhalogang and Sekukwe plutons, but older than the Tati pluton. 
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Table 4.6: U-Th-Pb isotopic compositions of zircon grains and age calculations from Diorite sample ZBT-19 intruding the Tati greenstone 
belt. 

Concentration Radiogenic ratios Age [Mal 
206pb* (1) 11) (1) (1 ) (1 ) 

Grain 207
Pb 
. 207

Pb 
206

Pb % U (ppm) Th (ppm) Th/U (ppm) 206
pb/

238U 207Pb/206Pb 
Spot 206

pbc 1206
Pb 
. 

I235U I238U ±% ±% ±% Age Age 

Diorite (ZBTF-19) 
1.1 0.03 64 44 0.70 27.9 0.1881 0.61 13.19 1.2 0.5083 1.1 2,649 ±23 2,726 ± 10 
1.2 0.00 76 50 0.66 34.0 0.1870 0.66 13.43 1.4 0.5211 1.3 2,704 ±28 2,716 ±11 
2.1 0.02 280 320 1.14 120 0.18763 0.22 12.90 0.97 0.4986 0.94 2,608 ±20 2,721.5 ± 3.6 
2.2 0.00 330 352 1.07 145 0.1852 0.71 13.02 1.2 0.5100 0.93 2,657 ±20 2,700 ±12 
3.1 0.03 89 42 0.47 39.7 0.18630 0.53 13.36 1.1 0.5202 0.99 2,700 ±22 2,709.7 ± 8.8 
3.2 0.02 276 256 0.93 125 0.18654 0.35 13.60 1.0 0.5286 0.95 2,736 ±21 2,711.9 ± 5.8 
4.1 -- 151 76 0.50 68.9 0.18850 0.29 13.77 0.96 0.5296 0.91 2,740 ±20 2,729.1 ± 4.8 
5.2 0.02 129 73 0.57 57.3 0.18691 0.50 13.38 1.2 0.5191 1.1 2,695 ±24 2,715.1 ± 8.3 
6.1 0.02 201 213 1.06 92.0 0.18715 0.26 13.74 0.92 0.5323 0.88 2,751 ±20 2,717.3 ± 4.3 
7.1 0.04 149 98 0.66 66.9 0.18720 0.31 13.54 0.99 0.5245 0.94 2,718 ±21 2,717.8 ± 5.0 
8.1 0.04 247 160 0.65 104 0.18416 0.25 12.44 0.90 0.4898 0.87 2,570 ±18 2,690.7 ± 4.2 
9.1 0.02 224 142 0.63 104 0.18651 0.24 13.86 0.91 0.5389 0.87 2,779 ±20 2,711.7 ± 3.9 
9.2 0.00 252 144 0.57 113 0.18613 0.36 13.36 1.0 0.5204 0.96 2,701 ±21 2,708.2 ± 5.9 

10.1 0.02 136 78 0.57 61.5 0.18653 0.33 13.59 0.98 0.5286 0.92 2,736 ±21 2,711.8 ± 5.4 
11.2 0.00 287 297 1.03 127 0.18674 0.34 13.29 1.0 0.5161 0.94 2,682 ±21 2,713.6 ± 5.6 
12.1 0.02 104 85 0.82 48.2 0.18755 0.51 13.99 1.1 0.5411 0.97 2,788 ±22 2,720.8 ± 8.5 
13.1 3.70 906 1670 1.84 158 0.0870 6.8 2.35 7.1 0.1955 1.9 1,151 ±20 1,361 ±130 
14.2 0.00 277 181 0.65 120 0.18592 0.37 12.95 1.0 0.5051 0.94 2,636 ±20 2,706.4 ± 6.1 
15.1 -- 61 38 0.62 28.4 0.1878 0.61 14.03 1.3 0.5415 1.1 2,790 ±25 2,723 ± 10 
16.1 0.03 126 84 0.67 56.7 0.18658 0.33 13.52 0.98 0.5255 0.93 2,723 ±21 2,712.2 ± 5.4 
17.1 0.00 405 334 0.83 180 0.18714 0.29 13.34 0.97 0.5169 0.93 2,686 ±20 2,717.2 ±4.7 
18.1 0.00 72 42 0.59 31.7 0.1868 0.67 13.18 1.5 0.5117 1.3 2,664 ±28 2,714 ±11 

Uncertainties in ages are reported at the 2 sigma confidence level. % 206Pbc denotes the percentage of 206Pb that is common Pb. 206Pb* indicates the portion of radiogenic 
Pb. (1) Common Pb corrected using measured 204Pb. 
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4.4.7 Tonalite-trondhjemite dyke at Phoenix mine: Sample lBT-36 

Sample ZBT-36 was collected from tonalite-trondhjemite dykes exposed in the Phoenix mine, 

located 26 Km east of Francistown (Fig. 4.1). These dykes intruded into the gabbro body that is 

mined for Cu-Ni ore. It has been suggested by Johnson (1986), that the dykes, which he 

misidentified as granite dykes, are responsible for the massive sulphides mineralization in this 

gabbro. Another mineralized gabbro body occurs 11 kilometers south of the Phoenix gabbro. This 

gabbro named the Selkirk gabbro (e.g. Key, 1976), exhibits disseminated type of sulphides 

mineralization, but there are no associated tonalite-trondhjemite dykes. Key (1976) suggested that 

the Selkirk gabbro is penecontemporaneous with the volcanic rocks of the Tati greenstone belt. 

Sample ZBT-36 is light-grey, medium-grained, massive, homogenous and granular. Its modal 

composition comprises 10% microcline, 30% quartz, 60% albatic plagioclase and accessory biotite 

and zircon, which is a leucocratic tonalite/trondhjemite. The sample was selected in order to 

constrain the minimum age of the gabbro emplacement, since it is difficult to date gabbros using the 

U-Pb zircon technique. In addition the age of the dykes has the potential to link them with other 

magmatic events in the study area, which would enhance the understanding of the area's magmatic 

history. 

This sample yielded a simple population of zircon grains with signs of various degrees of Pb losses 

(metamict). The zircon grains are generally subhedral with prismatic habit. Despite the alteration 

state of most of the grains, some internal zoning indicative of magmatic origin is still discernable 

(Fig. 4.25). Twenty-six analyses from 23 zircon grains were obtained from the sample ZBT-36. 

Zircon grains from this sample have variable Th/U ratios from 0.005 to 0.53, with many grains 

possessing a Th/U ratio of approximately 0.4 (Table 4.7). The U concentrations range between 176 

and 1351 ppm. The data form a scattered population about a discordia with an upper intercept date 

of 2699 ± 26 Ma with MSWD of 58 indicating large scatter (Fig. 4.26a). When considering only the 

concordant and near-concordant analyses, the upper intercept gives 207Pbf2o6Pb date of 2703.5 ± 

4.1 Ma (MSWD=0.78; Fig. 4.26b), which is interpreted as the magmatic age of the tonalite­

trondhjemite dyke and provide a minimum age for the Phoenix Gabbro. 
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Table 4.7: U-Th-Pb isotopic compositions of zircon grains and age calculations from tonalite-trondhjemite dyke sample ZBT-36 from the 

Phoenix Mine in the Tati terrain. 

Concentration Radiogenic ratios Age [Mal 
206pb* III III III (1 ) (1 ) . . % 

Grain 207Pb 207Pb 206Pb % U (ppm) Th (ppm) Th/U (ppm) 206pb/238U 207 Pb/206Pb Discor-
Spot 206Pb 1206Pb 

. 
I235U 1238U ±% ±% ±% Age Age c 

Tonalite-trondhjemite dyke intruding the Gabbro at Phoenix Mine (ZBT-36) 
1.1 0.23 1351 6 0.005 242 0.0984 0.38 2.822 1.1 0.208 1 1218 ±12 1594 ± 7.2 
1.2 0.05 176 83 0.47 78.9 0.18563 0.49 13.33 1.3 0.5206 1.2 2702 ±26 2703.8 ±8 
2.1 0.04 289 112 0.39 143 0.18609 0.28 14.82 1.1 0.5776 1.1 2939 ±25 2707.9 ± 4.6 
3.1 0.16 810 49 0.06 180 0.1353 0.48 4.831 1.2 0.2589 1.1 1484 ±15 2167.9 ± 8.4 
3.2 0.03 298 120 0.40 127 0.186 0.32 12.69 1.1 0.4949 1.1 2592 ±23 2707.1 ± 5.3 
4.1 0.28 469 175 0.37 146 0.16815 0.58 8.37 1.4 0.3608 1.2 1986 ±21 2539.3 ± 9.8 
5.1 0.04 193 59 0.30 93.2 0.18566 0.43 14.35 1.2 0.5606 1.1 2869 ±26 2704.1 ±7 
6.1 0.98 1067 474 0.44 218 0.1478 0.82 4.811 1.7 0.2361 1.4 1366 ±18 2320 ±14 
7.1 0.09 213 75 0.35 95 0.18498 0.38 13.26 1.4 0.5198 1.4 2698 ±30 2698 ± 6.2 
8.1 0.04 729 288 0.39 272 0.17852 0.33 10.7 1.2 0.4347 1.1 2327 ±22 2639.2 ± 5.4 
9.1 0.00 289 140 0.49 126 0.18573 0.33 13.04 1.1 0.5091 1.1 2653 ±24 2704.7 ± 5.5 
9.2 0.06 566 173 0.31 159 0.16146 0.39 7.262 1.4 0.3262 1.3 1820 ±21 2471 ± 6.6 
10.1 0.08 262 119 0.45 101 0.17915 0.38 11.03 1.2 0.4466 1.1 2380 ±22 2645 ± 6.3 
11.1 0.09 200 61 0.30 80.3 0.18509 0.43 11.93 1.3 0.4676 1.2 2473 ±25 2699 ± 7.1 
12.1 0.08 748 193 0.26 230 0.15954 0.42 7.848 1.2 0.3568 1.2 1967 ±20 2450.8 ±7 
13.1 0.05 347 132 0.38 125 0.17769 0.48 10.28 1.3 0.4194 1.2 2258 ±24 2631.4 ±8 
14.1 0.09 352 88 0.25 122 0.16842 0.35 9.38 1.7 0.404 1.6 2187 ±31 2542 ± 5.8 
15.1 0.02 513 207 0.40 177 0.17456 0.28 9.68 1.1 0.4021 1.1 2179 ±20 2601.8 ±4.7 
16.1 0.27 857 453 0.53 191 0.16814 0.52 5.99 1.2 0.2584 1.1 1481 ±14 2539.2 ± 8.8 
17.1 0.75 667 199 0.30 315 0.1793 0.28 13.5 1.1 0.5459 1.1 2808 ±24 2646.4 ±4.7 
18.1 0.12 226 80 0.36 95.2 0.18607 0.41 12.57 1.4 0.4899 1.3 2570 ±28 2707.6 ± 6.8 
19.1 0.03 288 120 0.42 118 0.18241 0.36 11.97 1.3 0.476 1.3 2510 ±27 2674.9 ± 5.9 
20.1 0.21 223 65 0.29 88.6 0.17954 0.44 11.43 1.4 0.4619 1.3 2448 ±27 2648.4 ± 7.2 
21.1 0.05 258 91 0.35 108 0.18419 0.39 12.4 1.4 0.4885 1.3 2564 ±28 2690.9 ± 6.5 
22.1 0.08 208 104 0.50 81.6 0.17929 0.48 11.28 1.4 0.4562 1.3 2423 ±27 2646.2 ± 7.9 
23.1 0.04 635 249 0.39 202 0.1705 0.64 8.68 1.4 0.3693 1.2 2026 ±21 2563 ±11 

Uncertainties in ages are reported at the 2 sigma confidence level. % 206Pbc denotes the percentage of 206Pb that is common Pb. 206Pb* indicates the portion of radiogenic 
Pb. (1) Common Pb corrected using measured 204Pb. 
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4.4.8 Monzogranite: Samples GEOZ8-9 

The monzogranite generally occurs as undeformed small stocks and dykes intruding the greenstone 

succession and other granitoids in the Tati granite-greenstone terrane. The dykes have a preferred 

direction with an azimuth of about 100°. Noteworthy, is the observation that the monzogranite is 

confined mainly to the NE of the Tati greenstone belt. The monzogranite unit is considered the 

youngest (Key, 1976; Kampunzu et ai., 2003; Zhai et ai., 2006) magmatic event in the Tati granite­

greenstone terrane. Some investigators link it to the craton wide monzogranite of the Chilimanzi 

suite in Zimbabwe, which was emplaced ca 2600 Ma ago (e.g. Kampunzu et ai., 2003). Zhai et al. 

(2006) dated the monzogranite using Sm-Nd method and obtained a poorly constrained age of 2.59 

± 0.40 Ga. Key (1976) considered the monzogranite dykes as different from the monzogranite 

plutons such as the Ramokgwebana and Timbale Granites (Fig. 4.1). He observed that the 

monzogranite dykes have the same strike as the Karoo dolerite dykes and suggested that they may 

be Mesozoic in age. A sample was selected for U-Pb dating from the small stock of the 

monzogranite outcrop in order to establish the true age of this monzogranite unit. 

The sample GEOZ8-9 was collected from a small kopje of monzogranite located 5 Km north of the 

Francistown city centre (Fig. 4.1). The rock is granular, massive, homogenous, medium-grained 

biotite bearing monzogranite. This sample yielded a population of zircon grains that are clear with 

subhedral to anhedral forms. The zircon grains show no obvious overgrowth or evidence of 

inheritance (Fig. 4.27). Generally, the grains are equant and ::;100 ~m in size. Oscillatory zoning is 

conspicuous, which is taken to indicate an igneous origin of these zircon grains. Twenty analyses 

from 18 zircon grains were obtained from this sample. Contents of U and Th range from 157 to 313 

ppm and 80 to 218 ppm, respectively, resulting in Th/U ratios in the range of 0.55 to 0.75, typical for 

magmatic zircon (Table 4.8). All the analyses were close to concordant except analysis #5.1, which 

is significantly discordant. On the concordia diagram, linear regression of all data points yielded an 

upper intercept age of 2719.9 ± 8.4 Ma (MSWD = 1.4; Fig. 4.28a). The near-concordant analyses 

define a population with the weighted mean 207Pbl206Pb date of 2716.1 ± 3.7 Ma (MSWD = 1.18; 

Fig. 4.28b), which is interpreted as the magmatic age of the monzogranite. Within the errors, this 

age is indistinguishable from the ages of the trondhjemite (2715 ± 2.7 Ma) and diorite (2715.9 ± 2.5 

Ma) units within the same area. The fact that the monzogranitic dykes cut the two other units, this 

implies some comagmatic affinity of these rock units. 
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Table 4.8: U-Th-Pb isotopic compositions of zircon grains and age calculations from monzogranite sample GEOZB-9 in the Tati granite­
greenstone terrain 

Concentration Radiogenic ratios Age [Mal 
206pb* (1) (1 ) (1) (1) (1 ) 

Grain % U (ppm) Th (ppm) Th/U 
207pb' 207pb' 206pb' 

206pb/238U 207pbP06Pb (ppm) Spot 206Pb p06Pb' ±% p35U ±% p38U ±% Age Age c 

Monzogranite (GEOZB·9) 
1.1 0.04 198 109 0.55 81.3 0.18823 0.43 12.38 1.4 0.477 1.4 2514 ±28 2726.7 ±7 
1.2 0.07 240 142 0.59 106 0.18749 0.38 13.24 1.4 0.5124 1.3 2667 ±29 2720.3 ± 6.3 
2.1 0.09 224 129 0.58 89.3 0.1867 0.64 11.96 1.5 0.4644 1.3 2459 ±27 2713 ±11 
3.1 0.04 276 172 0.62 114 0.18713 0.34 12.33 1.3 0.478 1.3 2519 ±27 2717.1 ± 5.6 
4.1 0.04 292 201 0.69 117 0.18734 0.43 12.05 1.4 0.4664 1.3 2468 ±27 2718.9 ± 7.2 
5.1 0.05 313 218 0.70 115 0.18527 0.37 10.95 1.3 0.4285 1.3 2299 ±25 2700.7 ± 6.1 
6.1 0.11 204 125 0.61 83.9 0.18703 0.43 12.33 1.4 0.4783 1.3 2520 ±28 2716.2 ± 7.1 
7.1 0.06 179 102 0.57 72.5 0.1861 0.59 12.08 1.5 0.4709 1.4 2487 ±28 2708 ± 9.8 
8.1 0.01 318 204 0.64 130 0.18795 0.36 12.28 1.3 0.4737 1.3 2500 ±27 2724.3 ± 5.9 
9.1 0.10 233 141 0.61 97 0.18597 0.43 12.41 1.4 0.4841 1.3 2545 ±28 2706.8 ± 7.1 
10.1 0.Q7 292 179 0.61 119 0.18786 0.51 12.31 1.4 0.4753 1.3 2507 ±27 2723.5 ± 8.4 
10.2 0.10 157 80 0.51 69.5 0.1861 0.56 13.18 1.8 0.5136 1.7 2672 ±37 2708 ± 9.3 
11.1 0.08 225 134 0.60 88.8 0.1881 0.58 11.93 1.5 0.4601 1.3 2440 ±27 2725.6 ± 9.6 
12.1 0.06 274 175 0.64 113 0.18648 0.37 12.38 1.4 0.4816 1.3 2534 ±27 2711.3 ±6 
13.1 0.04 221 129 0.59 90.1 0.18816 0.41 12.3 1.4 0.4741 1.3 2501 ±28 2726.1 ± 6.8 
14.1 0.05 194 109 0.56 77.4 0.18742 0.50 12.02 1.4 0.465 1.4 2462 ±28 2719.7 ± 8.3 
15.1 0.03 294 187 0.64 122 0.18679 0.39 12.46 1.4 0.4837 1.3 2544 ±27 2714.1 ± 6.5 
16.1 0.00 265 162 0.61 110 0.18543 0.38 12.32 1.4 0.482 1.3 2536 ±27 2702 ± 6.2 
17.1 0.04 262 195 0.75 106 0.18711 0.38 12.12 1.4 0.47 1.3 2483 ±27 2716.9 ± 6.2 
18.1 0.10 229 139 0.60 96.1 0.18538 0.50 12.45 1.4 0.487 1.3 2558 ±28 2701.6 ± 8.3 

Uncertainties in ages are reported at the 2 sigma confidence level. % 206Pbc denotes the percentage of 206Pb that is common Pb. 206Pb* indicates the portion of radiogenic 
Pb. (1) Common Pb corrected using measured 204Pb. 
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4.4.9 Shashe gneiss: Samples GEOZ8-5 and GEOZ8-6 

The Shashe gneiss unit is exposed to the southwestern area of the Tati greenstone belt. It contains 

a variety of lithologies amongst them migmatitic gneiss and granitic augen gneiss (Key, 1976), This 

unit occurs within the Motloutse-Matsitama Complex, which is part of the Limpopo-Shashe orogenic 

belt (McCourt et aI., 2004), The migmatisation is more pronounced towards the Tati granite­

greenstone terrain and it has been interpreted as the transition zone between the Zimbabwe craton 

and the Limpopo-Shashe orogenic belt by Key (1976), He suggests that the Shashe gneiss is older 

than the Tati greenstone belt. In contrast, McCourt et al. (2004) argue that the Tati greenstone belt 

is older and it was the source of the sedimentary rocks within the Motloutse-Matsitama Complex, 

These authors believe the Limpopo-Shashe Belt was accreted to the Tati granite-greenstone terrain 

between 2661 and 2647 Ma, They interpreted the migmatised zone as the Shashe shear zone, 

delineating the contact between the two terrains, The leucosomes in the migmatite occur mostly as 

veins with diffuse and irregular borders with the melanosomes, The leucosome is interpreted to 

have formed during anatexis linked to the collision between the Limpopo-Shashe Belt and 

Francistown Granite-Greenstone Complex, Thus, the ages from the Shashe gneiss and the Tati 

pluton will provide key information on geotectonic relationship between the Limpopo-Shashe 

orogeny and the Francistown Granite-Greenstone Complex, Kampunzu et al. (2003) believe that the 

plutonic rocks in the Tati granite-greenstone terrain and coeval igneous rocks in the Zimbabwe 

craton and Limpopo-Shashe Belt represent a single accretionary system that includes a continental 

magmatic arc within the Zimbabwe craton and an accretionary sedimentary and volcanic/plutonic 

assemblage within the southward-convex Limpopo-Shashe Belt. However, others content that the 

Limpopo-Shashe Belt is due to collision of the Francistown Granite-Greenstone Complex 

(Zimbabwe Craton) with the Kaapvaal Craton around 2650 Ma (e ,g, Percival et ai" 1997), 

Jelsma and Dirks (2002) envisage a northeast to southwest oriented magmatic arc related to 

southeast directed subduction below the proto-Zimbabwe craton for the evolution of the granite­

greenstone terrains along the northwest margin of the Zimbabwe Craton, which include the 

Francistown Granite-Greenstone Complex, This differs with the model of Kampunzu et al. (2003) 

that suggests an Andes-type convergent margin along the southern and southwestern margins of 

the proto-Zimbabwe craton, 
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Sample GEOZB-5 was sampled from a felsic vein (leucosome) of the migmatite. It is a cream-white, 

granular rock with fine quartz crystals sandwiched between medium-grained orthoclase and 

perthite. Biotite, zircon and sphene are the accessory phases. The sample yielded zircon grains that 

are light brown, subhedral, oscillatory zoned and sometimes with radial fracturing presumably 

caused by volume expansion of metamict interiors. Thirty analyses of 19 zircon grains were 

obtained from sample GEOZB-5. Majority of the zircon grains contain 200 to 600 ppm U, although 

grains with higher U contents (1484 ppm) were also present (Table 4.9). The Th/U ratios are 

between 0.05 and 1.21 with many grains having a Th/U ratio of more than 0.5. A group of analyses 

form a near-concordant population with a weighted mean 207Pb/206Pb date of 2629.4 ± 3.2 Ma 

(MSWD = 0.95). Nevertheless, there are a number of analyses which are very discordant. When all 

the analyses are plotted on a concordia diagram, an upper intercept date of 2640 ± 22 Ma is 

obtained (Fig. 4.29). The near-concordant population of zircon grains with weighted mean 

207Pbl206Pb date of 2629.4 ± 3.2 Ma is interpreted to date leucosome formation and partial melting 

of host rock. 
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Table 4.9: U-Th-Pb isotopic compositions of zircon grains and age calculations from leucosome sample GEOZB-5 within the Limpopo­
Shashe Belt 

Concentration Radioqenic ratios Age [Mal 
206pb* (1) (1) (1) (1 ) (1 ) % 

Grain % U(ppm) Th (ppm) ThJU 
207 Pb 207 Pb 206 pb' 206PbJ238U 207 PbJ206Pb Discor-(ppm) 

Spot 206 pbc p06Pb ±% J235U ±% J238U ±% Age Age dant 

1.1 0.02 207 113 0.55 84.3 0.17681 0.29 11.57 0.94 0.4744 0.89 2,503 ±19 2,623.2 ± 4.8 5 
2.1 0.16 503 285 0.57 126 0.15449 0.41 6.217 0.95 0.2919 0.86 1,651 ±12 2,396.1 ± 7.1 31 
3.1 0.04 152 109 0.72 66.8 0.17775 0.37 12.57 1.3 0.5129 1.2 2,669 ±27 2,631.9 ± 6.2 -1 
3.2 0.07 342 89 0.26 108 0.17460 0.54 8.874 1.0 0.3687 0.87 2,023 ±15 2,602.1 ± 8.9 22 
3.3 0.04 208 93 0.45 91.0 0.17686 0.44 12.41 1.1 0.5090 10 2,652 ±22 2,623.7 ± 7.4 -1 
4.1 0.06 248 257 1.04 101 0.17764 0.33 11.63 0.94 0.4748 0.88 2,505 ±18 2,630.9 ±5.4 5 
5.1 0.58 1484 662 045 307 0.15513 0.58 5.120 1.0 0.2395 0.82 1,384 ±10 2,403 ±11 42 
6.1 0.14 874 45 0.05 119 0.09339 0.39 2031 0.99 0.1577 0.91 944.0 ± 8.0 1,495.8 ± 7.5 37 
7.1 0.23 906 121 0.13 161 0.11085 0.37 3.148 0.94 0.2060 0.86 1,207.4 ±9.5 1,813.2 ± 6.9 33 
7.2 0.06 234 207 0.88 98.4 0.17862 0.27 12.03 0.92 0.4884 0.87 2,564 ±19 2,640.0 ± 4.5 3 
7.3 0.04 264 221 0.84 112 0.17694 0.40 12.10 1.0 0.4961 0.97 2,597 ±21 2,624.4 ± 6.6 1 
8.1 0.04 237 163 0.69 98.0 0.17779 0.26 11.81 0.93 0.4819 0.89 2,536 ±19 2,632.3 ± 4.4 4 
8.2 0.12 526 370 0.70 199 0.17058 0.32 10.362 0.94 0.4406 0.89 2,353 ±17 2,563.4 ±5.4 8 
9.1 0.16 829 168 0.20 216 0.14956 0.35 6.249 0.93 0.3031 0.85 1,707 ±13 2,340.7 ± 6.1 27 
10.1 0.07 106 74 0.70 45.6 0.17737 0.39 12.17 1.1 0.4978 1.0 2,604 ±22 2,628.3 ± 6.6 1 
10.2 0.06 99 62 0.62 38.2 0.1790 0.58 11.10 1.2 0.4496 10 2,394 ±20 2,644.0 ± 9.7 9 
10.3 0.01 146 92 0.63 61.2 0.17748 0.53 11.91 1.5 0.4866 1.4 2,556 ±29 2,629.5 ± 8.8 3 
11.1 0.30 829 868 1.05 185 0.15616 0.41 5.569 0.93 0.2587 0.83 1,483 ±11 2,414.2 ± 7.3 39 
12.2 1.42 323 236 073 140 0.1757 1.0 12.03 1.5 0.4973 0.88 2,602 ±19 2,611 ±19 0 
12.3 0.09 685 357 0.52 239 0.16161 0.29 9.036 0.92 0.4055 0.87 2,194 ±16 2,472.6 ± 4.9 11 
13.2 0.06 303 298 0.98 127 0.17700 0.26 11.91 0.90 0.4882 0.86 2,563 ±18 2,624.9 ±4.4 2 
13.3 0.02 260 316 1.21 113 0.1767 0.64 12.28 1.4 0.5041 1.2 2,631 ±26 2,622 ±11 0 
14.1 0.32 122 62 0.51 39.8 0.16640 0.56 8.655 1.1 0.3773 0.96 2,064 ±17 2,521.3 ± 9.6 18 
15.1 0.21 943 265 0.28 188 0.12205 0.45 3.887 1.2 0.2310 1.1 1,340 ±13 1,986.2 ± 8.2 33 
16.1 0.39 1137 111 0.10 197 0.10446 0.54 2.886 0.99 0.2004 0.82 1,177.5 ± 8.9 1,705 ±10 31 
17.1 0.12 201 124 0.62 85.6 0.1784 0.60 12.16 1.1 0.4947 0.91 2,591 ±19 2,637 ±10 2 
17.2 048 323 99 0.30 136 0.1764 0.72 11.81 1.2 0.4855 0.94 2,551 ±20 2,620 ±12 3 
18.2 0.15 708 399 0.56 234 0.16126 0.23 8.552 0.86 0.3847 0.83 2,098 ±15 2,468.7 ± 3.9 15 
18.3 0.03 118 104 0.88 49.7 0.1780 0.58 11.99 1.3 0.4886 1.2 2,565 ±25 2,634.6 ± 9.7 3 
19.1 0.08 593 545 0.92 170 0.15493 0.45 7.122 1.0 0.3334 0.94 1,855 +15 2,401.0 + 7.7 23 

Uncertainties in ages are reported at the 2 sigma confidence level. % 206Pbc denotes the percentage of 206Pb that is common Pb. 206Pb* indicates the portion of radiogenic 

Pb. 
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Granitic augen gneiss (GEOZB-6) 

Sample GEOZB-6 was collected from a granitic augen gneiss outcrop within the Shashe river bed. It 

is medium to coarse-grained, foliated biotite-rich rock with anhedral quartz and alkali feldspars. The 

zircon grains from this sample are light brown in colour. They form a population of mostly euhedral 

to subhedral prismatic zircon grains that vary in length from 180 to 250 ~m. Cathodoluminescence 

imaging of the zircon grains has revealed well-developed oscillatory zoning suggesting a magmatic 

origin. Thirty-five analyses were conducted on 25 zircon grains (Table 4.10). U concentrations of the 

range 58 to 1825 ppm were recorded from the zircon grains of sample GEOZB-6. Th/U ratios 

broadly vary between 0.01 and 1.58 (Table 4.10), which is consistent with a mixed zircon population 

of metamorphic and igneous origins. The data show a wide dispersion along a crude discordia 

indicating significant Pb-Ioss in many of the grains (Fig. 4.31a). Linear regression of all the 

analyses gives an upper intercept of 2639 ± 20 Ma and a lower intercept of 871 ± 72 Ma 

respectively (MSWD = 44; Fig. 4.30a). However, the best date was calculated from the 18 data 

points that plot as a coherent group near the concordia and has a weighted mean 207Pbl2o6Pb date 

of 2630 ± 4.7 Ma (MSWD = 1.4; Fig. 4.30b). This date is considered the magmatic age of the augen 

gneiss and overlaps in age with the leucosome from the migmatite. 

In summary, the granitic augen gneiss and the main deformation fabric in Limpopo-Shashe Belt 

(Motloutse-Matsitama Complex) are syntectonic. The partial melts formed during the orogenic 

deformation possibly date the age of deformation at around 2630 Ma. 
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Table 4.10: U-Th-Pb isotopic compositions of zircon grains and age calculations from augen granitic gneiss sample GEOZB-6 within the 
Limpopo-Shashe Belt 

Concentration 
206pb* (1) 

Grain 207Pb 
. 

% U(ppm) Th (ppm) Th/U (ppm) Spot 206pbc lO6Pb ±% 

GEOZB-6: A~gengneiss 
1.1 0.24 384 111 0.29 126 0.16620 0.44 
1.2 0.14 348 421 1.21 115 0.17809 0.49 
2.1 0.11 84 40 0.48 32.8 0.17715 0.54 
2.2 0.43 1034 28 0.03 246 0.12029 0.50 
2.3 0.06 127 69 0.54 55.2 0.1776 0.70 
3.1 0.34 684 210 0.31 182 0.15454 0.36 
4.1 0.14 192 189 0.98 77.7 0.17905 0.34 
4.2 0.04 214 202 0.94 93.0 0.17795 0.52 
5.1 0.87 901 293 0.33 151 0.1177 1.1 
6.1 1.91 147 151 1.03 56.5 0.1748 1.6 
6.2 2.88 158 152 0.96 71.5 0.1782 2.4 
7.1 0.61 657 189 0.29 120 0.1240 1.1 
8.1 0.10 58 25 0.43 24.1 0.1773 0.57 
8.2 0.85 888 142 0.16 154 0.1338 0.97 
9.1 0.08 489 205 0.42 152 0.16281 0.26 
10.1 0.19 664 174 0.26 176 0.15531 0.28 
11.2 0.02 147 231 1.58 59.8 0.17910 0.34 
11.3 -- 169 166 0.98 71.2 0.1777 0.76 
12.1 0.28 1203 14 0.01 179 0.08554 0.82 

Uncertainties in ages are reported at the 2 sigma confidence level. 

% 206Pbc denotes the percentage of 206Pb that is common Pb. 

206Pb* indicates the portion of radiogenic Pb. 

(1) Common Pb corrected using measured 204Pb 

Chapter4 .................... . 

Radiogenic ratios Age [Mal 
(1) (1) (1) (1 ) % 

207Pb 
. 206Pb 

. 
206pb/238U 207Pb/206Pb Discor-

1235U ±% I238U ±% Age Age dant 

8.728 0.96 0.3809 0.86 2,080 ±15 2,519.8 ± 7.3 17 
9.46 2.4 0.3854 2.3 2,102 ±42 2,635.2 ± 8.1 20 

11.14 1.5 0.4561 1.4 2,422 ±27 2,626.4 ± 8.9 8 
4.566 0.96 0.2753 0.81 1,568 ±11 1,960.5 ± 9.0 20 
12.39 1.5 0.5060 1.3 2,639 ±29 2,630 ±12 0 
6.564 0.99 0.3081 0.92 1,731 ±14 2,396.7 ± 6.2 28 
11.64 0.96 0.4715 0.90 2,490 ±19 2,644.1 ± 5.6 6 
12.40 1.3 0.5052 1.2 2,636 ±26 2,633.8 ± 8.7 0 
3.146 1.4 0.1939 0.83 1,142.6 ± 8.7 1,921 ±20 41 
10.60 1.8 0.4400 0.94 2,351 ±19 2,604 ±26 10 
12.57 2.8 0.5116 1.3 2,663 ±29 2,636 ±40 -1 
3.600 1.4 0.2105 0.84 1,231.7 ±9.4 2,015 ±19 39 
11.80 1.3 0.4827 1.1 2,539 ±23 2,627.4 ± 9.5 3 
3.690 1.3 0.2001 0.83 1,175.7 ± 8.9 2,148 ±17 45 
8.092 0.88 0.3605 0.84 1,984 ±14 2,485.1 ±4.4 20 
6.613 0.87 0.3088 0.82 1,735 ±13 2,405.3 ±4.7 28 
11.72 0.99 0.4746 0.93 2,504 ±19 2,644.5 ±5.7 5 
12.00 1.6 0.4900 1.4 2,571 ±29 2,631 ±13 2 
2.038 1.2 0.1728 0.82 1,027.4 ± 7.8 1,328 ±16 23 
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Table 4,10: Continued 

Concentration Radiogenic ratios Age [Mal 
206pb* (1) (1) . (1) . (1 ) (1 ) % 

Grain % U (ppm) Th (ppm) Th/U 
207

pb
' 207

Pb 
206

Pb 206
pb/

238u 207 Pb/206Pb Discor· (ppm) Spot 206
Pb 1206Pb' ±% p35U ±% 1238U ±% Age Age dant c 

13.1 0.08 647 126 0.19 178 0.15228 0.31 6.714 0.89 0.3198 0.84 1,789 ±13 2,371.7 ± 5.2 25 
14.1 0.03 187 160 0.86 82.6 0.17712 0.43 12.58 1.1 0.5151 0.97 2,678 ±21 2,626.1 ± 7.2 -2 
14.2 0.37 226 247 1.09 92.5 0.1769 0.67 11.56 1.4 0.4741 1.2 2,502 ±25 2,624 ±11 5 
15.1 0.19 846 302 0.36 168 0.12146 0.48 3.867 1.6 0.2309 1.5 1,339 ±18 1,977.8 ± 8.6 32 
16.1 -- 233 194 0.83 101 0.17731 0.26 12.32 0.94 0.5038 0.90 2,630 ±19 2,627.9 ±4.4 0 
17.1 0.05 514 293 0.57 207 0.17135 0.20 11.06 1.0 0.4682 1.0 2,476 ±21 2,570.9 ± 3.3 4 
17.2 0.37 572 371 0.65 256 0.17626 0.47 12.61 1.2 0.5190 1.0 2,695 ±23 2,618.0 ± 7.9 -3 
18.1 1.08 1564 26 0.02 238 0.0887 1.5 2.143 1.7 0.1751 0.81 1,040.4 ± 7.8 1,399 ±28 26 
19.1 0.24 223 101 0.45 97.1 0.17600 0.55 12.28 1.0 0.5063 0.85 2,641 ±19 2,615.2 ±9.4 -1 
19.2 0.00 67 70 1.04 28.6 0.1795 0.90 12.26 1.8 0.4953 1.6 2,593 ±34 2,648 ±15 2 
20.1 0.00 123 67 0.54 52.0 0.1770 0.76 11.98 1.6 0.4910 1.3 2,575 ±29 2,625 ±13 2 
21.1 0.53 461 446 0.97 166 0.1675 0.63 9.65 1.3 0.4177 1.1 2,250 ±21 2,533 ±11 11 
22.1 0.88 623 318 0.51 194 0.1590 0.93 7.86 1.4 0.3587 1.1 1,976 ±18 2,445 ±16 19 
23.1 0.07 317 254 0.80 138 0.17655 0.42 12.31 1.2 0.5057 1.1 2,638 ±24 2,620.7 ± 7.0 -1 
23.2 0.00 180 173 0.96 75.4 0.17730 0.56 11.92 1.3 0.4877 1.2 2,561 ±26 2,627.8 ± 9.2 3 
24.1 0.03 179 195 1.09 74.2 0.17654 0.53 11.72 1.3 0.4817 1.2 2,535 ±26 2,620.6 ± 8.9 3 
25.1 0.45 1825 423 0.23 285 0.12655 0.63 3.160 1.2 0.1811 0.98 1,072.9 ± 9.7 2,051 ±11 48 
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4.5 Discussion 

4.5.1 Introduction 

Collectively, the Tati and Vumba granite-greenstone terrains represent a significant area (-5500 

km2) of the Francistown Granite-Greenstone Complex, which in turn represents a significant region 

(-6050 km2) of the Neoarchaean crustal extension to the SW margin of the Zimbabwe craton. 

However, until recently the geochronology data of the Francistown Granite-Greenstone Complex 

was inadequate to asses the regional timing of volcanism, plutonism and deformation and hence the 

evolution of the Complex. Based on the evaluation of combined new data from this study, and the 

previous data from Bagai et al. (2002), a new, more robust geochronological framework of the 

Francistown Granite-Greenstone Complex is presented below. A summary of U-Pb zircon ages from 

previous studies and the present studies is presented in Table 4.11. 

4.5.2 Geochronological framework 

A schematic summary diagram of all U-Pb zircon ages from the complex is shown in Figure 4.32 to 

illustrate the temporal variation in the occurrence of magmatic activities, and major metamorphic 

events associated with development of the Vumba and Tati granite-greenstone terrains. According 

to the available ages, volcanic and plutonic rocks in the Francistown Granite-Greenstone Complex 

formed between 2740 and 2640 Ma, a time period of over 100 million years. The spectra of rock 

ages in the Tati granite-greenstone terrain reveal clear contrasts with those from the Vumba granite­

greenstone area (e.g. Bagai et aI., 2002). For instance the rocks in the Tati area, specifically the 

felsic volcanic rocks of the Tati greenstone belt formed between 2740 and 2730 Ma, whilst those in 

the Vumba greenstone belt formed between 2700 and 2690 Ma. Similarly, the major granitoid 

intrusions in the Vumba belt are younger (2700-2680 Ma) than those flanking the Tati belt (ca. 2740-

2700 Ma) except the Tati pluton (2670 Ma). Interestingly, the felsic and intermediate volcanic rocks 

in the Tati area are approximately equivalent in age to Tlhalogang and Sekukwe tonalite­

trondhjemite units and may be the extrusive equivalents of these plutonic rocks. In contrast, tonalite 

and granodiorite units in Vumba do not have precise age equivalent extrusive in the Vumba 

greenstone belt. 

The recognition of the close timing relationship between the felsic and volcanic sequences and 

granitoids is becoming common in many granite-greenstone terrains. It has been reported in 
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granite-greenstone terrains hosted by the Slave, Yilgarn, Pilbara and Kaapvaal Cratons (e.g. Ridley 

et aI., 1997). In all these cases geochemical evidence shows that the felsic volcanic rocks are often 

genetically related to the granitoids. For instance in the Barberton Belt (Kaapvaal Craton) there is 

geochemical evidence for genetic relations between felsic sequences and both granitoids intruding 

and flanking the greenstone belt (de Wit et aI., 1987). Felsic lavas that separate the Moodies and 

Fig Tree Groups are interpreted as extrusive equivalents of tonalite-trondhjemite plutons flanking 

the north-eastern margin of the Barberton Greenstone Belt whilst in the southern part of the 

greenstone belt, the Hooggenoeg Formation Dacites are the age equivalents of the Theespruit 

pluton (3460-3470 Ma) (e.g. the Kapapvalley tonalite; de Ronde et aI., 1991). In the Pilbara Craton 

the dacitic to rhyolitic lavas have indistinguishable ages from those of the exposed batholiths, to 

which they are genetically linked (Ridley et aI., 1997). The genetic relationships between the felsic 

volcanic rocks and granitoids that have indistinguishable ages in the Francistown Granite­

Greenstone Complex will be evaluated in the synthesis of geodynamic model chapter. 

The differences in emplacement ages between the two granite-greenstone terrains argue for 

different magmatic evolutionary histories (Table 4.11). Additionally, there is a recognizable 

compositional disparity in the rock assemblages between the Tati and Vumba granite-greenstone 

terrains suggesting different tectonomagmatic environments. For instance, the volcanic sequence in 

the Tati greenstone belt comprise abundant tholeiitic basalt and andesite with minor dacite whereas 

in the Vumba greenstone belt tholeiitic basalt is prevalent intercalated with moderate volume of 

dacite and deficient andesite. The plutonic rock assemblage of the Vumba granite-greenstone 

terrain is composed of tonalite, granodiorite, quartz monzonite and monzogranite (high-K granite) 

plutonism whereas tonalite-trondhjemite, gabbro, diorite, trondhjemite, quartz monzonite and 

monzogranite comprise the plutonic rock assemblage in the Tati granite-greenstone terrain. 
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4.5.2. 1 Magmatism and deformation in the Vumba granite-greenstone terrain 

The -2695 Ma age of the felsic lavas intercalated with the mafic lavas in the Vumba greenstone belt 

determined by this study warrant a review of the interpretation of the previous age of 2733 ± 5 Ma 

(8agai et aI., 2002) recorded from an amphibolitic gneiss xenolith in the Sebina gneiss that was 

interpreted as a minimum age for the deposition of the Vumba greenstone belt. The previous 

interpretation was made on the assumption that the amphibolitic xenolith was part of the mafic lavas 

of the Vumba greenstone belt since it appeared contiguous with the unexposed contact between the 

gneiss and the basal formation of the Vumba greenstone succession (Fig. 4.1). One possibility is 

that the xenolith is not related to the mafic lavas of the Vumba greenstone belt hence the age is for 

a different magmatic event. Another possibility is that the xenolith is part of the Vumba mafic 

volcanism but that the zircon grains are inherited. The later possibility seems more likely and hence 

favoured because it is rare to obtain magmatic zircon grains from mafic rocks. Many zircon grains 

recovered from the ancient mafic lavas elsewhere are inherited and also considered as strong 

evidence of interaction with older continental crust (e.g. Wilson et ai., 1995; Kerrich et ai., 1999). 

However, either interpretation complicates the understanding of the development of the Vumba 

granite-greenstone terrain. The host rock for the xenolith is a tonalitic gneiss, which Key (1976) and 

Litherland (1975) interpreted as paragneiss. A paragneiss normally contains enclaves in the form of 

restite or melanosome, and xenoliths are common features for intrusive rocks but not for 

supracrustal rocks. From the sharp boundary between the xenolith and the host gneiss, we can infer 

it is not an enclave (Fig. 4.33). This observation casts doubt on the interpretation of the gneiss by 

previous workers as a paragneiss. It is possible that the gneiss exposed at Sebina village is a 

migmatised orthogneiss, which intruded into the Vumba volcanic sequence and was then deformed 

together with it. If this re-interpretation is correct, then the 2733 ± 5 Ma zircon date implies that an 

older continental crust or crustal material existed before the deposition of the Vumba greenstone 

belt. It is of course also possible that it is part of a basement to the Vumba succession and that an 

unconformity exists that has not yet been recognized. However, a geochemical investigation on the 

gneiss is now required for verification of its origin. Interestingly, the age of 2733 ± 5 Ma is similar to 

the age of the Sekukwe and Tlhalogang plutons, both tonalite-trondhjemites plutons flanking the NE 

and W Tati greenstone belt, respectively. 
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The earliest dated extrusive igneous rocks in the Vumba granite-greenstone is 2695.9 ± 5.9 Ma 

(Dacite) and 2696 ± 3.2 Ma (quartz porphyritic diorite, a minor intrusion). The quartz porphyritic 

diorite is considered a shallow intrusion equivalent to the dacite. The dacitic lava is intercalated with 

voluminous mafic lavas, which suggests that they are contemporaneous or penecontemporaneous. 

Volcanism in the Vumba terrain is closely followed by tonalitic plutonism, dated at 2690 ± 4 Ma 

(8agai et aI., 2002). However, the ages of the tonalite plutonism and volcanism are the same within 

margin of errors suggesting that the tonalite may be plutonic equivalent of the greenstone volcanics. 

The tonalite flanks the western margin of the Vumba greenstone belt. Subsequent granodioritic 

intrusions occurred at 2686 ± 6 Ma (Mashawe Pluton and related intrusions) within the greenstone 

belt, and farther away from it (e.g. the Kalakamati pluton). Although no absolute U-Pb age is 

available for the quartz monzonite unit, field relations indicate that it is older than the granodiorite 

but younger than mafic lavas. This implies that the quartz monzonite is approximately coeval with 

the tonalite. Thus the period between 2700 and 2680 Ma was a major episode of magmatic events 

that generated more than 90% of the igneous rocks in the Vumba granite-greenstone terrain. It is 

worth mentioning that the tonalite, quartz monzonite and granodiorite display variable deformation 

fabric. The fabric is more strongly developed in the quartz monzonite than in the other granitoids. 

The youngest magmatic event in the Vumba terrain took place at 2647 ± 5 Ma. This is defined by 

monzogranite plutonism which is devoid of any deformation fabric. The absence of deformation 

fabric in the monzogranite confirms that all the pervasive ductile deformation in the Vumba granite­

greenstone terrain ceased prior to ca. 2650 Ma. 

4.5.2.2 Magmatism and deformation in the Tati granite-greenstone terrain 

The magmatic history of the Tati granite-greenstone terrain is more complex and comprises two 

magmatic episodes, both different in age to those recorded in the Vumba terrain. This is the main 

distinction between the two terrains (Fig. 4.32). The first episode of magmatic events in the Tati 

area, comprising both volcanism and plutonism, took place between 2740 Ma and 2730 Ma. So it is 

possible that the Vumba rocks were deposited on rocks that are associated with Magmatism that 

generated the Tati terrain. The volcanism generated mafic through intermediate to felsic lavas, 

during the formation of the Tati greenstone belt. At this time the Vumba greenstone belt did not 

exist. The synvolcanic plutonism produced tonalite-trondhjemite plutons that flank the northeastern 

and western margins of the Tati greenstone belt (hereafter referred to as NE tonalite-trondhjemite 
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and W tonalite-trondhjemite). These plutons include the Sekukwe, Mphoeng and Matsiloje as NE 

tonalite-trondhjemites (Fig. 4.36). The W tonalite-trondhjemite is represented by the Tlhalogang 

pluton. The NE and W tonalite-trondhjemites differ in their state of deformation. Tectonic fabrics in 

the NE tonalite-trondhjemites is not very obvious, whereas the W tonalite-trondhjemite displays a 

very conspicuous foliation that trends NE-SW. In addition, the W tonalite-trondhjemite zircon dating 

records a metamorphic event at 2651 ± 3.4 Ma that possibly dates the formation of the strong NE­

SW tectonic fabric. The new zircon data reveals that the NE tonalite-trondhjemite plutons and the 

associated marginal quartz monzonite, is probably coeval as originally suggested by Key (1976). 

Noteworthy, the NE tonalite-trondhjemite plutonism contain inherited zircon grains (2911 ± 5 Ma; 

sample GEOZB-2a) suggesting involvement of older crustal material in their genesis. 

A subsequent magmatic event occurred between 2720 and 2710 Ma generating diorite, 

trondhjemite and monzogranite intrusions near simultaneously. These three contemporaneous 

intrusive rocks outcrop in close proximity and they display no obvious deformation fabrics. This is 

consistent with the quality of zircon grains extracted from the monzogranite, trondhjemite and 

diorite, which do not exhibit any evidence of metamorphism. Despite, contemporary ages, in the 

field the monzogranite forms dykes that cut diorite and trondhjemite intrusions indicating that it is 

likely penecontemporaneous with the two associated units. The outcrop patterns for the 

trondhjemite and diorite units are linear and run parallel to the trend of Tati greenstone belt but no 

contact between the two is exposed anywhere. However, small xenoliths of dioritic composition can 

be observed in the field, which indicate that the trondhjemite is relatively younger. In some places, 

particularly near the margin with the diorite, the trondhjemite and diorite form a hybrid rock (Fig. 

4.34) that suggests the trondhjemite intruded the diorite while the diorite was still hot. This is 

consistent with the overlapping ages, given the uncertainties difference of 0.7 Ma (see Table 4.11 

and Fig. 4.36). This confirms the comagmatic evolution. The occurrence of diorite and monzogranite 

in temporal association has been reported in some Archaean terranes elsewhere (e.g. Whalen et 

aI., 2004). Moyen et al. (2001) also observed that diorite and monzogranite have a tendency to 

share a unique temporal relationship in all Archaean cratons where the later is emplaced shortly 

following the former. 
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A third episode of magmatic activities in the Tati area was minor, as represented minor tonalite­

trondhjemite dykes intruding the gabbro unit at Phoenix mine. These were emplaced at 2703.5 ± 

4.1 Ma, shortly after the intrusion of the diorite, trondhjemite and monzogranite. These dykes 

constrain the minimum age of the gabbro unit in the Tati terrain. This implies that the gabbro 

magmatism was part of either the second or first episode described above. Noteworthy is the 

observation that the tonalite-trondhjemite dykes possess no obvious deformation fabric yet the 

gabbro has been deformed. This suggests that the gabbro belongs to the first episode of 

magmatism that generated the mafic-felsic volcanic rocks of the Tati greenstone belt, and the first 

tonalite-trondhjemite plutons. This is in line with the suggestion of Key (1976) that the Selkirk 

gabbro, located 11 km south of the Phoenix gabbro, is contemporaneous with the mafic-andesitic 

volcanic sequence in the greenstone belt. The Selkirk gabbro is also deformed. 

A final magmatic episode occurred at about 2673 Ma. This produced a chain of tonalite-trondhjemite 

plutons that mostly flank the southwestern margin of Tati greenstone belt (e.g. Tati pluton and its 

satellites, South Tati, Airport and New Zealand; Fig. 4.36). These tonalite-trondhjemite intrusions 

exhibit a strong deformation fabric and local tectonic banding, features that are absent in the 

tonalite-trondhjemite granitoids that occur elsewhere. This implies the deformation is diachronous 

yet older from N to S towards the Limpopo-Shashe Belt. This trend links the tectonic of the Tati 

granite-greenstone terrain with the Limpopo-Shashe Belt. The presence of deformation fabric that 

gradually intensifies towards the margin with the Limpopo-Shashe Belt further suggests geotectonic 

relationship between the Tati and Limpopo-Shashe Belt. Such trends are observed in the Vumba 

granite-greenstone terrain. 

Geochronological data from this study has revealed that the final amalgamation between the 

Francistown Granite-Greenstone Complex (Zimbabwe Craton) and the Kaapvaal Craton took place 

at 2629.4 ± 3.2 Ma (sample GEOZB-5) resulting in formation of syntectonic granite (granitic augen 

gneiss) within the Limpopo-Shashe Belt and probably deformation of the southwestern plutons of 

the Zimbabwe Craton. However, it is worth mentioning that the deformation of the granitoids in the 

southwestern margin of the Zimbabwe craton could have been caused by Neoarchaean dynamo­

metamorphism of the belt which was not related to the collision with the Kaapvaal craton (Holzer et 

al.,1999). 
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4.5.2.3 Deformation history of the Francistown Granite-Greenstone Complex 

Previous studies reported a regional tectono-thermal event that affected the Francistown Granite­

Greenstone Complex and which converted major part of the supracrustal rocks into high-grade 

paragneiss (e.g. Litherland, 1975; Key, 1976). Furthermore, the studies indicated that this event 

post-dated formation of the greenstone belt rocks and the emplacement of the tonalite-trondhjemite 

plutons in Tati and, tonalite and granodiorite plutons in Vumba in the Francistown Granite­

Greenstone Complex. However, the present study reveals that the tonalite-granodiorite plutonism in 

the Vumba area is younger than the diorite, trondhjemite and monzogranite in the Tati terrain, all 

plutonic rocks that were previously regarded as post high-grade metamorphism in the Francistown 

Granite-Greenstone Complex (e.g. Key, 1976). The new data presented here therefore raises new 

questions about the origin and age of the paragneiss terrane in the Francistown Granite-Greenstone 

Complex. In addition the greenstone sequences are metamorphosed at lower grade (greenschist to 

lower amphibolite) than the paragneiss, despite their relatively older age. Petrography and the 

geochronological data for the older volcanic and plutonic rocks do not show any evidence of a 

metamorphic overprint as might be anticipated for rocks affected by a major tectono-thermal event. 

In this study a paragneiss sample collected within the T ati granite-greenstone terrain with the aim of 

constraining this regional tectono-thermal event yielded a poorly constrained U-Pb zircon date of 

2755 ± 100 Ma, which is interpreted as a metamorphic age since all the analysed spots of the 

zircon grains are from their outer overgrowth rims (e.g. see Fig. 4.2). It is therefore suggested that a 

regional metamorphic event must have been older than any of the plutonism as well as volcanism in 

the Francistown Arc Complex. In view of the severity of this deformation event (see Fig. 4.35 for the 

deformation state of the paragneiss), it is highly likely that it would have caused some zircon 

disturbance in older rocks, which is not the case. Although, the NE and W tonalite-trondhjemites 

yielded zircon grains that show evidence of subsequent disturbance by metamorphic events, the 

ages obtained for the events are clearly different, indicating that they are possibly related to isolated 

events. Additionally, these metamorphic events are younger than the post-kinematic intrusions, 

which argue against them being regional high-grade metamorphic events. Since none of the 

samples analysed for geochronological information has revealed evidence of such an event, it is 

proposed that the deformation event which lead to formation of the paragneiss pre-dated the 

volcanism and plutonism events of the Francistown Granite-Greenstone Complex. Thus, the 
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paragneiss terrane probably constitutes the basement to the Francistown Granite-Greenstone 

Complex. However, this paragneiss unit needs further investigation. 

The volcanic rocks and synvolcanic plutonic rocks in both the Vumba and Tati terrains are deformed 

to various degrees. In the Vumba granite-greenstone terrain the (last) deformation took place 

between 2686 Ma and 2647 Ma. The zircon grains from the Mashawe pluton (granodiorite) and 

Maebe tonalite record metamorphic ages of 2673 ± 6 and 2669 ± 6 Ma, respectively. These ages 

are equivalent, within margins of error, and are similar to the emplacement age (-2670 Ma) of the 

Tati pluton (SW tonalite-trondhjemite) in the Tati granite-greenstone terrain. The minimum age of 

deformation in the Vumba area is constrained by the post-kinematic monzogranite emplacement 

age of 2647 ± 5 Ma. In the Tati granite-greenstone, the diorite, trondhjemite and monzogranite 

plutons, which were all emplaced ca. 2716 Ma, are not deformed, thus providing a minimum age for 

deformation. However, the zircon grains from the Sekukwe Pluton (NE tonalite-trondhjemite) record 

a 2673 ± 4.5 Ma metamorphic age that corresponds to the metamorphic age in the Vumba area and 

the magmatic age of the SW tonalite-trondhjemite plutons. This event is interpreted as local 

metamorphic event confined to the NE of the Tati granite-greenstone terrain and the Vumba area 

because it did not apparently affect the ca. 2716 Ma intrusions. Another record of a local 

metamorphic event dated at 2651.1 ± 3.4 Ma is preserved in the Tlhalogang Pluton (W tonalite­

trondhjemite). This age is within margins of error with the metamorphic age of 2647 ± 30 Ma 

recorded in the Matsiloje pluton. The SW tonalite-trondhjemite records a high-grade metamorphic 

event at 2639.9 ± 7.9 Ma, which resulted in partial melting of this unit. This period is broadly 

syngenetic with the 2630 ± 4.7 Ma migmatisation of the Shashe gneiss that is interpreted to be 

related to orogenesis in the Limpopo-Shashe Belt. This belt is a result of the collision between the 

Francistown Granite-Greenstone Complex (part of Zimbabwe craton) and Kaapvaal Craton. The 

metamorphic event is, therefore, attributed to final collision between the Francistown Granite­

Greenstone Complex and the Kaapvaal craton. This is consistent with the fact that there is an 

increase in degree of deformation towards the Limpopo-Shashe Belt. In spite of the severity of the 

deformation, the impact of the orogeny is not recorded in the 2716 Ma diorite, trondhjemite and 

monzogranite suite that outcrop about 20 km NE of the collision zone. This remains a big enigma in 

the evolution history of the region. It is probable that the SW tonalite-trondhjemite plutons acted as a 

buffer zone, shielding the rest from further deformation. 
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4.5.3 Conclusion 

The Archaean rocks of the Francistown Granite-Greenstone Complex in NE Botswana record a 

mag matic evoiutK)n over a perioo of -100 Ma. The new results in conjunctK)n with previousJy 

published data from the Vumba granite-greenstlne terrain. re'leal dIStinct differences in the 

magmatiC histories of the Tati and Vumba granite-greenstone terra lns_ The new data suggest that 

the two terrains of the Francistown Granite-Greenstone Complex developed indepero:Jently and the 

su pracrustal rocks (greenstone belts) differ in age by at least 30-40 million years after one another 

Also eviJent from this data is that the two terr ains do not share a late tectonic history Thus , the 

previous sLI]gested ccrrelatlon of granltoKJs b€ tween the t'liO terrains (e .g. Bagai et ill , 20]2; 

Kampunzu et ai. 2003; McCourt et ai " 2CD4; Zhai et ai , 2006) is not sup;:<lrted by the 

gecd1ronolo] ical data reported in this study. These differences are summarized in Fig. 4.36. whiGh 

shows the geo09y of the Frandstown Granite-Greenstone Comptex tJgether with the ages of the 

dated units Magmatic events in the Vumba terrain show that it is younger than the Tat l granite­

greenstone terrain. A significant time gap of about 30-40 Ma exists between the initia t magmatIC 
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events of the two granite-greenstone terrains. Only the NE tonalite-trondhjemite plutons in the Tati 

terrain contain inherited zircon grains aged 2911 Ma. This is indicative of involvement of old crustal 

material in their generation. This may also be an indication that the paragneiss terrane acted as 

basement to the Tati terrain. This study therefore indicates that the Francistown Granite-Greenstone 

Complex has a more complex crustal growth history than previously envisaged. 
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CHAPTER 5 

MAJOR ELEMENT GEOCHEMISTRY 

5.0 Introduction 

In this chapter major element data from 80 samples collected from the mafic lavas, felsic lavas, 

gabbro, diorite and granitoids from the Tati granite-greenstone terrain are presented. The samples 

were analyzed using X-ray Fluorescence (XRF) spectrometry technique on fused glass discs in the 

Department of Geological Sciences at the University of Cape Town following the method of Willis 

(1999). Sample preparation, analytical procedures and precision are documented in Appendix A. 

Major element analyses of the 120 samples from the Vumba granite-greenstone terrain, which were 

conducted, in 2000, on fused glass discs at the Department of Geological Sciences at the 

University of Durham, England are shown in the background for comparison, and regional 

evaluation and analysis of the Francistown Granite-Greenstone Complex. These data from the 

Vumba terrain formed part of the MSc project which was completed in year 2000 by the author at 

the University of Durham. 

The whole-rock major element compositions were calculated to 100% on a volatile-free basis 

before plotting. Values of 0.2 and 0.5 were adopted for calculation of Fe203/FeO ratio (e.g. 

Middlemost, 1989) of all the mafic and felsic samples, respectively. Major element compositions in 

Archaean rocks are commonly affected by post-magmatic processes such as supergene alteration, 

metamorphism and hydrothermal alteration. Thin section analyses of the Tati granite-greenstone 

terrain rocks indicate that they have undergone deformation and greenschist to lower amphibolite 

facies metamorphism (see chapter 3). Therefore, the effects of these processes need to be 

evaluated prior to any attempt to classify the rocks using standard major element variation 

diagrams. 
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5.1 Evaluation of major element mobility 

The degree of alteration in ancient rocks is generally measured by the magnitude of the loss on 

ignition (LOI) values recorded by the samples. The samples analyzed in this study have yielded low 

to very high LOI values (0.16 to 10.05 wt. %) suggesting variable degree of alteration and thus 

opportunity for mobility of the elements. A summary of the LOI values recorded by all the analysed 

rock units is presented in Table 5.1. The Selkirk gabbro recorded the highest LOI values with an 

average of 4.95%. This is consistent with the thin section observations presented in chapter 3, 

which reveals a high degree of alteration within the samples of Selkirk Gabbro. The generally high 

values of LOI (Table 5.1) indicate that alteration is significant hence it cannot be ignored in this 

study. On this basis, all samples with LOI values greater than 3% were discarded. This screening 

procedure affected mostly analyses from the Selkirk Gabbro which were reduced from 14 to 8 

analyses. 

Table 5.1: Summary of LOI values for all rock units from the Tati granite-greenstone terrain 
analysed in this study. 

LOI% 
Rock unit Minimum Maximum Average No. of Samele 
Mafic lavas 0.29 3.51 1.21 17 
Felsic lavas 0.92 1.66 1.38 5 
Selkirk Gabbro 2.11 10.05 4.95 14 
Phoenix Gabbro 1.88 2.85 2.36 5 
Diorite 0.21 1.36 0.91 10 
Monzogranite 0.81 2.73 1.30 4 
Trondhjemite 0.75 2.13 1.33 7 
Tonalite-Trondhjemite (Sekukwe Pluton) 0.76 2.16 1.51 4 
Tonalite-Trondhjemite (Tati Pluton) 0.16 0.34 0.31 7 
Quartz monzonite 0.34 0.39 0.37 5 
Tonalite-Trondhjemite dyke 0.61 1.06 0.84 2 

Abbreviations: LOI-loss on ignition. 

Further tests for post-magmatic modification of the major element compositions of volcanic rocks 

from the Tati granite-greenstone belt were carried out on the screened samples using different 

criterion. The major element concentrations of volcanic samples were plotted against the 

Na20/CaO ratio as index of alteration (Fig. A 1 in appendix C). This criterion is used for studying 
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major element mobility of rock samples from greenschist facies metamorphic terrains (Pearce, 

1996). Any correlation between the major element concentration and Na20/CaO ratio would 

suggest mobility of the major element due to metamorphism (Pearce, 1996). Another test adopted 

in this study is the correlation between major elements and LOI as index of alteration (Fig. A2 in 

appendix C). Similarly, any correlation between the major element concentration and the LOI would 

be suggestive of the element mobility due to supergene alteration (Rollinson, 1993).The plots of the 

major element concentrations of the volcanic rocks against LOI values and Na20/CaO ratios do not 

display any obvious correlations suggesting no major disturbance of the major element 

compositions by secondary processes in screened samples. A third test of major element mobility 

in volcanic samples applied in this study is simple the comparison of two classification schemes, 

one involving the major elements (total alkalis and silica; Fig. 5.1 a) and the other based on ratios of 

relatively immobile trace elements (ZrlTi and NblY; Fig. 5.1b). According to this test there are no 

significant disparities between the two independent classification schemes suggesting a minimal 

effect of post-magmatic alteration in the volcanic rocks from the Tati greenstone belt. Thus 

standard variation diagrams may be used to obtain meaningful classification of the volcanic rocks. 

15 (a) 

Trachyte/ 

~ = 10 Foidite Trachydacite 
~ 
$ Rhyolite 
.-
0 ... 
~ 
+ i· 0 5 Dl OJ ... ~ Dl 
~ Q CJJ 

Z CD Dl 
CJJ ;::;: 

'-" it n 
Andesite 

Picro-
basalt Dacite 

0 
40 50 60 70 80 

Si0 2 wt.% 

Chapter 5 ..................... '''''''''''''''' .................... ............. ............................................................... 5- 3 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Major element geochemistry ... 

E:: 0.1 
'i:; 
N 

• 
A 

Mafic lavas 
Felsic lavas 

Rhyolite 

Rhyodacite/Dacite 

• 0.0 1 Andesite/Basalt • .., ... 

0.001 
0.01 

Sub-Alkaline Basalt 

0.1 
NbN 

. ................... .zibisani 8agai 
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Fig. 5.1: Chemical classification of mafic rocks and felsic lavas from the Tati greenstone bell: (a) Chemical 
classification using the total alkalis versus silica (TAS) diagram of Le Maitre et al. (1989); (b) Chemical classification 
using immobile trace element ratios (ZrlTi and NblY) diagram of Winchester and Floyd (1977). 

5.2 Mafic Lavas 

The whole-rock major element data for the mafic lavas from the T ati greenstone belt are presented 

in Table 5.2. The content of Si02 in the mafic lavas from the Tati greenstone belt ranges from 44.83 

to 52.82 wt.%, indicating a basic composition (Table 5.2). The Mg#s (atomic Mg/[Mg+Fe2+] with 

Fe203/FeO = 0.2) vary from 0.43 to 0.67 indicating that they are not primary melts. On a total alkalis 

silica (TAS) diagram of Le Maitre et al. (1989) presented as Fig. 5.2a, the majority of samples plot 

as basalt with a few extending into the field of basaltic andesite. All samples plot as tholeiitic 

basalts on Miyashiro's (1974) discrimination diagram (Fig.5.2b). On Si02 versus K20 diagram 

(Fig.5.3), with subdivisions from Pecerillo and Taylor (1976) and Gill (1981), the mafic lavas from 

the Tati greenstone belt plot as low-K series basalts. The mafic lavas from the Tati greenstone belt 

are therefore interpreted as low-K tholeiitic basalts. The major element compositions of these lavas 

are compared with the composition of the mafic lavas from the Vumba greenstone belt (8agai, 

2000). 

Chapter 5 ..... . ......................................... ~4 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Major element geochemistry .. .... .... ..... .... .. ...... .zibisani Bagai 

Table 5.2: Major element (wt.%) data for mafic lavas from the Tati greenstone belt. LOI = loss on ignition; Mg# = atomic Mg/(Mg + Fe2+) with 
Fe203/FeO = 0.2. 

Sample lBT·46 lBT·47 lBT·48 lBT·49 lBT·50 lBT·51 lBT·52 lBT·53 lBT·54 lBT·55 lBT·56 lBT·57 lBT·58 lBT·59 lBT·60 lBT·61 lBT·62 

Si02 49.40 49.63 49.60 50.11 49.60 48.46 52.77 44.83 50.20 51.96 51.17 48.85 51.99 52.82 47.30 48.49 46.89 

Ti02 0.68 0.68 0.66 0.68 0.70 1.74 0.81 1.04 0.72 1.47 0.75 1.44 0.81 0.81 1.37 1.03 1.01 

AI203 14.92 14.95 14.78 15.33 15.56 13.25 14.80 16.76 14.12 15.82 14.44 15.53 14.95 15.07 14.81 16.12 15.41 

Fe203 10.11 10.30 10.18 10.06 10.49 16.38 10.78 12.53 10.21 10.03 10.68 13.34 10.79 10.55 11.42 12.36 12.64 

MnO 0.18 0.17 0.16 0.17 0.19 0.27 0.18 0.19 0.21 0.21 0.20 0.24 0.18 0.18 0.31 0.17 0.25 
MgO 8.82 8.48 8.61 6.34 6.60 5.88 6.18 8.99 6.29 5.10 6.52 5.80 6.07 5.99 3.63 6.57 7.80 
CaO 12.70 12.44 12.98 13.49 12.96 9.53 10.06 12.54 12.29 11.58 11.41 12.33 10.22 9.98 14.56 11.52 11.51 
Na20 1.68 1.74 1.47 1.00 1.34 2.74 2.64 1.71 1.92 2.00 2.04 1.71 2.85 2.83 1.43 2.15 1.23 

K20 0.13 0.15 0.19 0.16 0.21 0.23 0.19 0.15 0.15 0.15 0.16 0.21 0.19 0.19 0.19 0.14 0.08 

P205 0.06 0.08 0.06 0.06 0.07 0.15 0.09 0.09 0.09 0.14 0.09 0.13 0.09 0.09 0.13 0.09 0.09 

LOI 0.67 0.71 0.63 1.88 1.77 0.52 1.08 0.65 3.05 0.99 2.12 0.45 1.15 0.91 3.57 0.77 2.43 
Total 99.35 99.32 99.33 99.29 99.49 99.15 99.59 99.48 99.24 99.45 99.56 100.03 99.30 99.43 98.73 99.41 99.34 
Mg# 0.67 0.66 0.66 0.60 0.60 0.46 0.57 0.63 0.59 0.54 0.59 0.50 0.57 0.57 0.43 0.54 0.59 
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Ab03 is the only major element which displays a broad positive correlation against Mg# which is 

consistent with the involvement of feldspar during the differentiation of these mafic lavas. CaO and 

Na20 exhibit the scattered, uncorrelated cloud of data in the variation diagrams. 

5.3 Felsic lavas 

This section concentrates on the major element characteristics, classification and major element 

variation diagrams of felsic lavas that are spatially associated with the previously mentioned mafic 

lavas. The whole rock major element data for the felsic volcanic rocks from the Tati greenstone belt 

are presented in Tables 5.3. The silica concentration of the felsic lavas from the Tati belt varies 

between 65 and 70% with the majority of the samples having silica composition between 63 and 68 

wt.% (Table 5.3). The chemical classification of felsic lavas using the total alkalis versus silica 

(TAS) diagram of Le Maitre et al. (1989) is presented in Fig. 5.5a. Figure 5.5b shows K20 versus 

Si02 contents of the felsic lavas compared with the compositional fields of Le Maitre et al. (1989) 

subdivisions which clearly demonstrate that the felsic lavas from the Tati greenstone belt are 

essentially medium-K dacites. 

Table 5.3: Major element (wt.%) data for felsic lavas from the Tati greenstone belt. A/CNK = 
alumina saturation index calculated as Mol% Ab03/(CaO + Na20 + K20). L.O.I= loss on ignition. 

Samples ZBT41 ZBT42 ZBT43 ZBT44 ZBT45 

Si02 67.5 66.2 63.7 63.9 66.3 

Ti02 0.62 0.62 0.58 0.61 0.61 

AI203 16.2 16.2 16.1 15.5 16.0 

Fe203 2.85 3.98 5.86 5.81 5.08 
MnO 0.10 0.11 0.13 0.17 0.11 
MgO 0.82 1.05 1.26 1.54 1.11 
CaO 4.51 3.96 5.49 5.68 4.17 
Na20 2.78 3.43 2.84 2.75 3.11 

K20 2.78 2.37 1.64 1.97 2.06 

P20S 0.15 0.15 0.15 0.16 0.15 
L.O.I 1.56 1.33 1.65 1.74 0.97 
Total 99.8 99.3 99.4 99.9 99.7 
Mg# 0.44 0.42 0.37 0.42 0.37 
AlCNK 1.02 1.05 0.98 0.91 1.07 
K20/Na20 1.00 0.69 0.58 0.72 0.66 
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The alumina saturation indices [mol% Ab03/(Na20 + K20 + CaO)] for the Tati felsic lavas range 

from 0.97 to 1.07, which indicates metaluminous to peraluminous character (Chappell and White, 

1992). According to Chappell and White (1992) igneous rocks with alumina saturation indices (ASI) 

less than 1.1 are derived from igneous or meta-igneous sources (I-type melts), whereas the 

igneous rocks possessing ASI > 1.1 are generated from metasedimentary sources, S-type melts. 

5.4 Gabbro 

Twenty representative samples from the gabbro unit were analysed for their major element 

composition; 5 samples coming from the Phoenix gabbro, and 15 from the Selkirk gabbro of which 

8 were discarded because of high LOI values (> 5%). Results are reported in Table 5.6 whereas 

Fig. 5.7 presents variation diagrams of the major elements versus Mg#. In terms of Si02 content 

the Phoenix gabbro displays a narrow range between 42 and 46 wt.% (Table 5.4) which is 

indicative of an ultrabasic to basic composition. The samples are characterised by high MgO 

content (13.5 to 9.74 wt.%), relatively low FeOtotal abundance and high Mg# (average 0.81), 

indicative of their primitive nature. However, gabbros are often partial cumulates. 

The Selkirk gabbro exhibits a relatively wide variation of Si02 content, 42 to 49 wt.%, which is 

indicative of its ultrabasic to basic composition. In contrast to the Phoenix gabbro, the Selkirk 

gabbro is characterised by low values of Mg# (0.59 to 0.74; Table 5.4), high FeOt abundances 

(13.50 to 8.00 wt.%) and broad variation of MgO content (12.32 to 7.95 wt.%). In Figure 5.9 it is 

clear that the two gabbroic bodies are different in terms of the FeOtotal, Ti02 and to lesser extent 

P205 concentrations, with the Selkirk gabbro having higher values of these elements than the 

Phoenix gabbro. The Selkirk gabbro displays two distinct groups in terms of Ti02 and P205 

contents that show constant Ti02 and P205 with increasing Mg#. Unfortunately, it is not possible to 

evaluate the spatial distribution of these samples because they were collected randomly in a mine 

shaft and there are no locality coordinates. It is worth-mentioning that some previous workers (e.g. 

Key, 1976) reported the presence of both troctolite and gabbro at the Selkirk site. The surface 

expression of the Selkirk gabbro is completely obliterated by the mining activities and this renders 

surface sampling very difficult. 
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Table 5.4: Major element data (wt.%) for the gabbros unit from the Tati granite-greenstone terrain of the Francistown Granite-Greenstone 
Complex. Mg# calculated assuming Fe203/FeO = 0.2. 

Unit Phoenix Selkirk 
Sample ZBT3? ZBT38 ZBT39 ZBT40 ZBT81 ZBT64 ZBT66 ZBT6? ZBT70 ZBT71 ZBT73 ZBT74 ZBT75 

Si02 44.7 44.4 43.4 42.6 45.0 42.1 41.8 42.5 42.7 41.3 47.2 43.9 43.9 
Ti02 0.18 0.17 0.17 0.14 0.19 0.29 0.28 1.09 0.28 0.33 0.99 0.31 0.29 
AI203 18.2 17.8 19.9 20.5 19.2 19.5 19.7 16.3 18.9 20.0 15.5 20.3 19.1 

Fe203 7.50 7.15 6.96 7.14 5.82 10.1 10.1 12.4 9.65 11.0 12.2 8.57 10.2 

MnO 0.11 0.11 0.10 0.10 0.10 0.13 0.13 0.32 0.14 0.24 0.25 0.15 0.13 

MgO 13.0 13.5 12.5 12.7 9.74 9.97 9.56 7.88 10.63 9.70 7.78 9.24 10.28 

CaO 11.0 12.6 12.7 12.1 14.6 12.5 11.1 12.6 11.2 11.3 11.6 11.7 10.8 

Na20 1.31 1.14 1.31 1.13 1.34 0.41 0.65 1.99 0.46 0.70 1.69 0.99 0.66 
K20 0.26 0.21 0.12 0.10 0.16 0.12 0.11 0.12 0.10 0.03 0.16 0.06 0.08 

P205 0.02 0.01 0.02 0.01 0.01 0.03 0.02 0.11 0.02 0.03 0.08 0.02 0.02 

L.O.l 2.7 2.06 2.33 2.85 1.88 3.39 3.90 4.22 4.04 3.90 2.11 3.92 3.70 

Total 99.0 99.2 99.5 99.4 98.1 98.5 97.5 99.5 98.1 98.6 99.6 99.1 99.2 

Mg# 0.80 0.82 0.81 0.81 0.80 0.70 0.69 0.60 0.72 0.67 0.60 0.72 0.70 
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5.5 Diorite 

This section presents major element data from ten samples of a diorite unit that outcrop in the Tati 

granite-greenstone terrain. The diorite unit has intruded both the mafic and felsic lavas in the Tati 

greenstone belt. Whole-rock major element analyses for the dioritic unit are provided in Table 5.5. 

A previous investigation (Kampunzu et aL, 2003) has described the diorite unit in the study area as 

an Archaean sanukitoid. 

Table 5.5 Major element geochemistry (wt.%) of the diorite unit from the Tati granite-greenstone 
terrain. Mg# calculated assuming Fe203/FeO = 0.2. 
Sample ZBT17 ZBT1S ZBT19 ZBT20 ZBT21 ZBT22 ZBT23 ZBT24 ZBT25 ZBT26 

Si02 50.8 50.3 50.8 49.3 50.3 49.0 49.1 49.7 49.4 49.1 

Ti02 0.39 0.37 0.35 0.29 0.29 0.16 0.12 0.16 0.18 0.19 

AI203 15.8 15.7 16.8 16.3 15.5 17.2 18.1 16.5 17.9 17.4 

Fe203 8.04 8.91 8.10 7.91 8.02 7.23 7.59 6.82 6.52 6.70 

MnO 0.15 0.16 0.15 0.14 0.15 0.13 0.13 0.13 0.13 0.13 

MgO 8.62 8.72 7.84 9.29 8.83 8.80 10.7 10.5 9.29 9.39 

CaO 12.6 12.0 12.9 11.9 13.0 13.8 10.8 15.3 14.3 14.0 

Na20 2.04 1.98 2.32 1.93 2.02 1.91 1.49 1.46 1.70 1.51 

K20 0.54 0.43 0.29 0.46 0.32 0.17 0.10 0.05 0.07 0.11 

P205 om 0.06 0.05 0.04 0.03 0.00 0.01 0.01 0.02 0.01 

L.O.! 1.05 1.15 0.80 1.36 0.91 0.71 1.10 0.21 0.70 1.09 

Total 100.1 99.7 100.4 99.0 99.4 99.1 99.3 100.8 100.2 99.6 

Mg# 0.71 0.70 0.69 0.73 0.72 0.74 0.77 0.78 0.77 0.77 

The diorite unit in the Francistown Granite-Greenstone Complex is basic with Si02 content ranging 

between 49 and 51 wt.% (Table 5.5). It is characterized by high MgO contents which range from 

7.9 to 10.87 wt.% as well as high Mg# (0.69 to 0.78; Table 5.5). The values of Mg# of the diorite 

unit from the Francistown Granite-Greenstone Complex are similar to values recorded in the high­

Mg andesites from the Japanese island arc (e.g. Stevenson et aL, 1999). K20 contents of the 

Francistown dioritic unit are very low « 0.55 wt.%). On Figure 5.8 which is a variation diagram of 

K20 plotted versus Si02 with discrimination boundaries from Gill (1981), the diorite samples plot in 

the low-K tholeiite field. On the major element variation diagrams presented in Figure 5.9, the 

diorite unit display linear trends showing broad negative correlations on the plots of Si02, Ti02, 

FeOt, Na20, K20 and P205 versus Mg#, and positive correlations on plots of CaO and AI203 versus 
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5.6 Granitoids 

T wenty·nille samples of different types of granitoids from the T ati granite·greenstolle terrain were 

analyzed and the data are presented in Table 5.6. Geochemical ciassifk:ation of the T ati grooitoids 

based 00 their normative fekJspar comprlsitions is presellted in F~ 5.10 The heterogeneity of the 

Tatl piuton is reflected in the nooTlati~e fedspar proportiollSWlth sampies plotting in the tooallte , 

trondh,03ml te and granite fieKJs The two samples from the felsic dykes that cut the Phoenix gitlbro 

piot in the tOllalite alld trondhjemite fiekJs, suggesting all associatloowlth the tooalile·trondhjemlte 

unit. Samples from the qulrtz mOllzooite unit plot on the border between grallodiorite and Quartz 

monzonite fields, The monzogran ites from the Tatl terrain tellds to sl'oodle the boundary b€tween 

the trondhjemite and granite fields . Harker diagrams f0' the Tati granitoids are presented as Fig 

5.11 I'¥lth fleids for g 'Jnltoids from the \j umba granite-greenstone terrain shown on backgrounds for 

comparison 
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Table 5.6: Major element (wt.%) data for representative samples of granitoids from the Tati granite-greenstone terrain. ASI-aluminum saturation index 
calculated as Mol% Ab03i(CaO + Na20 + K2O). 

l ~ nit Quartz Monzonite Monzogranite Trondhjemite 
Sample ZBTI ZBT2 ZBTJ ZBT4 ZBTS ZBT6 ZBT7 ZBT8 ZBT9 ZBTIO ZBTII ZBTI2 ZBTI3 ZBTl4 ZHTlS ZHTI6 

Si02 62.6 62.70 62.8 63.9 62.7 74.5 72.3 73.9 74.3 73.2 71.5 74.4 74.2 74.8 73.3 73.4 
Ti02 0.60 0.59 0.62 0.60 0.63 0.25 0.25 0.26 0.26 0.27 0.31 0.22 0.27 0.23 0.29 0.29 
AI2O] 17.7 17.59 17.2 16.5 16.80 11.9 12.1 12.1 11.88 12.51 12.4 11.91 11.8 11.83 11.92 12.0 
FczO] 4.18 4.12 4.38 4.25 4.48 4.36 4.41 4.51 4.69 409 4.65 3.68 4.23 3.54 4.57 4.37 
MnO 0.05 0.05 0.06 0.05 0.06 0.09 0.09 0.09 0.10 0.08 0.06 0.05 0.06 0.05 0.06 0.05 
MgO 1.92 1.79 1.89 1.73 1.95 0.10 0.13 0.11 0.06 0.25 0.18 0.11 0.19 0.18 0.20 0.17 
CaO 3.48 3.49 3.64 3.50 3.73 1.47 1.45 1.48 1.54 1.87 2.25 1.70 2.08 1.37 201 1.98 
Na20 4.26 4.18 4.21 4.25 4.29 2.07 1.69 1.85 4.38 3.95 4.35 4.31 4.03 4.69 4.43 4.21 
K20 3.71 3.87 4.14 3.95 3.85 4.27 4.18 4.34 1.78 1.51 1.75 1.88 1.47 1.23 1.79 1.86 

P20S 0.30 0.29 0.32 0.30 0.32 0.02 0.03 O.oJ 0.03 0.04 0.05 0.02 0.03 0.03 0.05 0.04 
L.O.I 0.39 0.38 0.34 0.35 0.37 0.82 2.73 0.81 0.82 1.55 2.13 1.57 1.33 1.20 0.75 0.76 
Total 99.3 9906 99.6 99.4 99.2 99.8 99.3 99.5 99.9 99.4 99.6 99.9 99.7 99.1 99.4 99.1 
Mg# 0.51 0.50 0.49 0.48 0.50 0.05 0.06 0.05 O.oJ 0.12 0.08 0.06 0.08 0.08 0.13 0.08 
ASI 1.02 1.01 0.96 0.94 0.94 0.99 1.06 1.02 1.02 0.95 0.95 0.97 0.99 1.02 0.92 0.95 
K2O/l'lazO 0.87 0.92 0.98 0.93 0.90 2.07 2.47 2.35 0.41 0.38 0.40 0.44 0.36 0.26 0.41 0.44 

Unit Tonalite-Trondhjemite (Tati Puton) Tonalite-Trondhjemite Dyke Tonalite-Trondhjemite (Sekukwe Pluton) 

Sample ZBT28 ZBT29 ZBT30 ZBT31 ZBT32 ZBT33 ZBT34 ZBT3S ZBT36 ZBT77 ZBT78 ZBT79 ZBT80 

SiOz 69.1 71.3 74.6 74.3 71.8 69.7 69.5 72.3 75.7 65.9 71.1 67.8 69.5 
TiOz 0.35 0.27 0.08 0.12 0.29 0.35 0.36 0.20 0.23 0.20 0.14 0.18 0.17 

AlzO] 16.0 15.13 14.16 13.6 15.2 15.62 15.8 14.5 12.6 17.4 15.71 17.3 16.2 

FczO] 2.87 2.49 1.16 1.64 2.60 2.81 2.82 2.26 1.97 1.92 1.54 1.78 1.50 
MnO 0.03 0.02 0.02 0.04 0.03 0.03 0.03 0.03 0.01 0.02 0.02 0.03 0.02 
MgO 0.77 0.55 0.21 0.32 0.53 0.72 0.72 0.79 0.39 0.72 0.51 0.66 0.54 

CaO 3.67 3.23 2.07 1.17 3.31 3.48 3.56 2.85 2.63 3.62 2.87 3.00 3.17 

NazO 4.59 4.34 4.42 3.40 4.69 4.79 4.72 4.07 4.30 5.50 5.42 6.13 5.21 

KzO 1.39 1.14 2.47 4.80 1.05 1.33 1.40 1.49 0.44 1.70 1.04 1.50 1.31 

PzOs 0.13 0.09 0.02 0.01 0.10 0.13 0.12 0.04 0.04 0.07 0.04 0.07 0.05 

L.O.! 0.33 0.48 0.16 0.27 0.31 0.30 0.34 1.06 0.61 2.16 1.29 0.76 1.83 
Total 99.2 99.0 99.3 99.7 99.9 99.3 99.3 99.7 99.0 99.2 99.7 99.3 99.4 

Mg# 0.38 0.33 0.29 0.31 0.31 0.37 0.36 0.44 0.31 0.46 0.43 0.46 0.45 
ASI 1.02 1.06 1.03 1.05 1.02 1.00 1.00 1.08 1.02 1.00 1.03 1.01 1.03 

KzO/NazO 0.30 0.26 0.56 1.41 0.22 0.28 0.30 0.37 0.10 0.31 0.19 0.24 0.25 
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The tonalite-trondhjemite unit, which is the most dominant and widely distributed, forms plutons of 

variable sizes both on the southwestern and northeastern part of the Tati greenstone belt (Fig. 4.1). 

The southwestern tonalite-trondhjemite plutons include the Tati Pluton which is the largest and is 

relatively well exposed. Based on the results from previous studies (e.g. Kampunzu et ai., 2003), 

the Tati pluton is regarded a representative of the tonalite-trondhjemite granitoids flanking the SW 

margin of the Tati greenstone belt. The samples from the Tati pluton show a wide range of Si02 

from 67 to 75 wt.% (Table 5.6) with two samples ZBT30 and ZBT31 having the highest values (74.6 

and 74.3 wt.%, respectively). These two samples were sampled from leucocratic sections of locally 

banded outcrops which is a common feature in the southwestern tonalite-trondhjemite plutons. On 

Harker diagrams involving K20 and CaO (Fig. 5.11 c & d) the two samples deviate from the trends 

defined by other samples from the Tati pluton by having considerably lower CaO and higher K20. 

Nonetheless, the two samples plot with the other samples on variation diagrams involving the rest 

of the major elements (Fig. 5.11). Petrographic analyses (see petrography section) show that the 

two samples are tonalitic and granitic in composition, respectively. 

The Sekukwe pluton is the largest tonalite-trondhjemite body flanking the northeast margin of the 

Tati greenstone belt (Fig. 2.3), and is Si02 rich (70 to 72 wt.%; Table 5.6). The samples display 

negative trends on Harker diagrams that involve CaO, Ab03, Na20 and K20, and they are 

indistinguishable from those of the Tati pluton. On Harker diagrams involving Ti02, FeOt and P205 

(Fig. 5.11 a, b & h), the Sekukwe samples define a distinct group with elevated compositions. 

The trondhjemite unit forms linear kopje outcrops parallel to the trend of the Tati greenstone belt 

located between the Tati and the Sekukwe plutons (Fig. 2.3). In contrast to the tonalite-trondhjemite 

unit, trondhjemite shows a lack of pervasive fabric. The trondhjemite unit is characterised by high 

Si02 abundance with narrow range from 73 to 76 wt.% (Table 5.6). Major elements show coherent 

negative trends on variation diagrams versus Si02. except A1203, Na20 and MgO which display no 

correlation (Fig. 5.11). Although it is clear from the variation diagrams (Fig. 5.11) that this 

trondhjemite unit is chemically distinct from the tonalite-trondhjemite unit, it is noteworthy that its 

Ab03 and FeOt concentrations (Table 5.6) are conspicuously low and high, respectively, in 

comparison with the tonalite-trondhjemite unit. 
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The monzogranite unit in the Tati granite-greenstone terrain mainly crops out in the form of east­

trending dykes and a few kopjes. A relatively large outcrop is the Ramokgwebana Granite which 

occurs along the border between Botswana and Zimbabwe. Its aerial extent in Zimbabwe is 

unknown. Chemically, the monzogranite has high Si02 contents (72 to 75 wt.%; Table 5.6), which is 

similar to the range of silica recorded from the trondhjemite unit. All the analysed samples have 

yielded major element concentrations which are indistinguishable from those of the trondhjemite 

unit except the K20 and Na20 contents (see Fig. 5.11 and Table 5.6). 

There are two samples which were sampled from a felsic dyke cutting the Phoenix gabbro. The 

samples have high Si02 abundance (72.3 to 75.7 wt.%; Table 5.6) and low K20 contents. On 

Harker diagrams the two samples appear to fall on the same trends as the tonalite-trondhjemite 

units (Fig. 5.11). 
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Major element geochemistry ..... . 

5.6.1 Comparison of the Tati and Vumba granitoids' major element chemical 
characteristics 

..... Zibisani Bagai 

Figure 5.12 displays the differences and similarities in major element abundances between the 

granitoids from the Tati and Vumba terranes. Notably, the granitoids from the Vumba terrane 

exhibit coherent variation trends in most Harker diagrams which is a rare feature in the granitoids 

from the Tati granite-greenstone terrane. These variation trends suggest a common evolutionary 

relationship amongst the Vumba granitoids. 

The quartz monzonite units overlap in all the major element contents except in Ab03 and Na20 

where the Tati unit has higher abundances. Moreover, the quartz monzonite samples from the 

Vumba terrane are shoshonitic whereas those from the Tati area straddle the boundary between 

high-K and shoshonitic fields (Fig. 5.12 a-b). Furthermore, the quartz monzonite in the Vumba 

terrane is exclusively metaluminous while the Tati quartz monzonite varies from metaluminous to 

peraluminous (Fig. 5.13). However, the quartz monzonite unit from the two terranes are 

characterised by high Mg# (0.54 to 0.62) values corresponding to values recorded in Archaean 

sanukitoid suites (e.g. Shirey and Hanson, 1984; Stern and Hanson, 1991). Additionally, the quartz 

monzonite unit displays a calc-alkaline evolutionary trend (Fig. 5.12). Monzogranite units from the 

two terranes are distinct in terms of Na20, AI203 and FeOt abundances with the tati monzogranite 

possessing lower Na20, AI203 and higher FeOt than the monzogranite unit from the Vumba area. In 

terms of k-series, the monzogranite unit from the Vumba terrane displays high-K to shoshonitic 

affinity while the Tati monzogranite exhibits high-K character (Fig. 5.12 a-b). Both monzogranite 

units show a calc-alkaline evolutionary trend (5.12 c-d). The granodiorite unit which is confined to 

the Vumba terrane is mainly peraluminous accept the Vumba stock which is metaluminous. The 

latter displays medium-K to high-K affinity and a calc-alkaline to sodic evolutionary trend (Fig. 5.12). 

The Maebe tonalite from the Vumba terrane is medium-K and metaluminous to peraluminous (Fig. 

5.13a) with a sodic evolutionary trend (Fig. 5.12a). 

The trondhjemite unit within the Tati terrane shows mainly metaluminous to sparingly peraluminous 

characteristics (Fig. 5.13) and it is medium-K with a trondhjemitic evolutionary trend (Fig. 5.12 b, d). 

The wide spread tonalite-trondhjemite unit in the Tati area possesses peraluminous character and 

medium-K affinity, with a sodic evolutionary trend except one sample from the felsic section of the 
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5.7 Summary 

The major element geochemistry of the mafic lavas from the Tati greenstone belt indicates that 

these lavas are mainly low-K, Fe-rich quartz tholeiites, However, there are occurrences of the 

sporadic existence of olivine tholeiites in the Tati greenstone belt. The mafic lavas from the Tati belt 

have low Mg# less than 0,68, indicating that they are not primary melts, whereas the lavas from the 

Vumba greenstone belt have Mg# values ranging from 0.48 to 0.78, suggesting a mixture of 

primary and non-primary melts. Chemical classification of the mafic lavas reveal that they vary from 

basalt to andesitic basalt. 

The spatially associated felsic lavas from the Tati and Vumba greenstone belts exhibit calc-alkaline 

affinity and have medium-K affinity. Chemical classification indicates that the felsic lavas associated 

with the mafic lavas from the Tati greenstone belt are essentially dacitic. Moreover, the felsic lavas 

are metaluminous to slightly peraluminous with alumina saturation indices less than 1.1, which 

indicates that they are I-type melts. 

Gabbroic units are represented by two bodies that exhibit compositional differences in terms of 

major elements, particularly FeOt and Ti02. The Phoenix gabbro is characterised by high MgO 

content and high Mg# averaging 0.81, which are all indicators of cumulate rocks, as confirmed also 

by their textures. The Selkirk gabbro has low values of Mg# (0.59 to 0.74) and high FeOt 

abundances. Both gabbroic bodies show a low-K tholeiitic affinity. The diorite unit has high MgO 

abundances as well as high Mg# averaging 0.74, which is comparable to Mg# values recorded in 

high-Mg andesites from the Japanese island arc. It belongs to a low-K tholeiite magma series. 

Granitoids in the Tati granite-greenstone terrain are metaluminous to slightly peraluminous. The 

quartz monzonite and monzogranite are mostly of high-K to slightly shoshonitic composition. Based 

on Na20-K20-CaO diagram with evolution trends after Hawkesworth and Luas (1994) they define a 

calc-alkaline trend. Additionally, the quartz monzonite is AI-rich whereas the monzogranite AI-poor. 

Tonalite-trondhjemite granitoids are high-AI, medium-K and define a sodic evolutionary trend. 

Trondhjemite is low-AI and medium-K in character with a trondhjemitic evolution trend. 
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CHAPTER 6 

Trace element geochemistry 

6.0 Introduction 

This chapter focuses on the description of trace element variations and geochemical characteristics 

of the igneous rocks from the Tati granite-greenstone terrain of the Francistown Granite­

Greenstone Complex, whose major element data has been documented in chapter 5. In this study, 

only the concentrations of a range of trace elements in these various rocks from the Tati granite­

greenstone terrain were determined by inductively coupled plasma mass spectrometry (ICP-MS) 

and X-ray fluorescence spectrometry (XRF). Details of the sample preparation procedures and 

analytical techniques are presented in Appendix B. For comparison, the concentrations of selected 

trace elements were determined by both XRF and ICP-MS techniques. The correlation of trace 

element concentrations that were determined by both techniques, display high correlation 

coefficients (> 0.9), indicative of a good comparison in concentration values obtained by two 

different techniques (See appendix C for the correlation plots). However, Zr, Sc and Nb in some 

samples display poor correlation between the concentration values obtained by XRF and ICP-MS 

analytical methods. For these three elements the XRF concentration values are higher relative to 

the values obtained from ICP-MS analyses. This is probably due to incomplete dissolution of Zr, Sc 

and Nb bearing phases prior to ICP-MS analyses. Therefore, XRF Zr, Sc and Nb data have 

preferentially been used in this chapter, otherwise the concentration values obtained by ICP-MS 

technique were used for plotting the data. ICP-MS trace element data for the mafic metavolcanics, 

felsic metavolcanics, ultramafic intrusives and various felsic granitoids from the Vumba granite­

greenstone terrain from previous study (Bagai, 2000) have been included in the data set for 

regional comparison purpose. Additionally, the data is re-interpreted in the context of the regional 

evolution of the entire Francistown Granite-Greenstone Complex, hence detailed interpretation, 

which was never done in the previous study, is involved. 
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6.1 Trace element mobility evaluation 

Thin section analyses of the volcanic rocks of the Neoarchaean greenstone belts of the 

Francistown Granite-Greenstone Complex have revealed that these greenstone belts experienced 

deformation and greenschist to lower amphibolite facies metamorphism, which could potentially 

result in mobility of some elements. Additionally, the samples of volcanic rocks have yielded 

variable loss on ignition values up to 3.6 wt.% (but most samples have LOI < 2 wt.%) which is an 

indication of alteration processes that could potentially cause mobility of elements. Based on a 

large number of studies in Archaean greenstone belts it has been established that some elements 

are relatively mobile and others less so during alteration and metamorphism, the most vulnerable 

being the large ion lithophile elements (LlLE) such as Ba, K, Rb, Sr and Cs. The high field strength 

elements (HFSE: Nb, Th, Ti, Ta, P, Hf, Zr, V), rare earth elements (REE) and some transition 

metals (Cr, Ni, Co, V) are considered relatively immobile during low grade metamorphism and 

hydrothermal alteration (e.g. Winchester and Floyd, 1977; Jochum et ai., 1991; Pearce, 1996; 

Kerrich et ai., 1999; Polat et ai., 1999; Manya, 2004). Nonetheless, it is imperative to test the 

mobility of trace elements when dealing with Archaean metamorphic terranes such as the 

Francistown Granite-Greenstone Complex in order to distinguish primary distribution of trace 

elements from the alteration-induced distribution. 

In this study the trace element mobility test adopted is the one first used by Cann (1970) where the 

correlation matrix for all the elements that should behave incompatibly during mantle partial melting 

was examined. List of correlation matrices of trace elements determined from both mafic and felsic 

lavas collected from the Tati greenstone belt, gabbro and diorite are presented in Tables C1 to C5 

of Appendix C. These correlation matrices were calculated by the Pearson product-moment 

coefficient of correlation. According to Pearce (1996) and Cann (1970), when the correlation 

coefficient for a pair of elements is high (e.g. >0.7 or < -0.7) the ratio of these elements is unlikely to 

have been changed by post-magmatic alteration processes. If the correlation coefficient is low it 

indicates that at least one of the elements has been disturbed (Rollinson, 1993). In Table C1 which 

presents the correlation coefficient of trace elements determined from the Tati mafic lavas, large ion 

lithophile elements (Rb, Cs, Sr and Ba), Pb, U, Sc, Hf, Nb and LREE (La, Ce, Pr, Nd) exhibit low 

correlation coefficient values (shaded values in Table C1 of Appendix C) indicating that their 

primary abundances probably have been disturbed. HFSE and LREE are expected to behave as 
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immobile elements under low grade metamorphic conditions similar to the ones experienced by the 

Tati greenstone belt. Ratios of REE and HFSE in greenstone volcanic rocks are not affected by 

losses and gain of major elements during secondary processes (Condie, 1994). Thus ratios of 

HFSE and LREE in mafic lavas from the Tati greenstone belt were evaluated in this study by 

plotting the ratios of Nb/Ce and Th/Ce both normalized to primitive mantle versus Lal values (Fig. 

6.1) in order to establish whether the HFSE and LREE abundances are indeed alteration-affected. 

This technique has been applied in many greenstone belt studies (e.g. Kerrich et aI., 1999; Hollings 

and Wyman, 1999; Manya, 2004) and has proved to be effective in distinguishing Th-Nb-LREE 

systematics that have been disturbed by hydrothermal alteration and metamorphism from the Th­

Nb-LREE systematics affected by other petrological processes such as fractional crystallization, 

crustal contamination and heterogeneous source partial melting. As can be seen from Figure 6.1 

the Nb/Cepm and Th/Cepm do not show any correlation with Lal which suggests that the distribution 

of Th-Nb-LREE concentrations in the Tati mafic lavas cannot be attributed to secondary processes 

such as hydrothermal alteration, weathering and metamorphism. Therefore, the low correlation 

coefficients displayed by HFSE and LREE must be due to petrological processes. Table C2 

(Appendix C) list correlation matrices for trace elements calculated from the Tati felsic lavas. 

Correlation matrices for the gabbros are given in Tables C3 and C4 (Appendix C). LlLE except Cs 

in Tati felsic lavas possess high correlation coefficient suggesting non-disturbance of primary 

concentration by secondary processes. Sc, Zr and Nb are trace elements which have recorded low 

correlation coefficients. However, the ratio of Zr/Nb does not reflect any significant correlation with 

Lal as anticipated for rocks which have their Zr and Nb concentrations disturbed by hydrothermal 

alteration orland metamorphism. Therefore, their abundance should be due to igneous processes. 

For these reasons more emphases in this study is placed on REE and HFSE, particularly in 

metavolcanic rocks, gabbro and diorite. LlLE and other elements that show signs of alteration are 

given less attention, and their interpretation is guided by information from the immobile elements. 
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6.2 Mafic lavas 

Twelve samples of mafic lavas from the Tati greenstone belt have been analysed for their trace 

elements abundance and are presented in Table 6.1. 

6.2.1 Compatible trace elements 

Compatible trace element variations in the Tati mafic lavas are illustrated with respect to Mg# in 

Figure 6.2. The variation of trace elements from the Vumba mafic lavas are shown in the 

background for comparison. Vanadium shows similar behaviour in both the Tati and Vumba mafic 

lavas by having a broad range of abundance (128 to 388 ppm; Table 6.1) and defining a good 

negative correlation with Mg# (Fig. 6.2a), However, the samples from the Vumba mafic lavas define 

a better negative trend than the samples from the Tati mafic lavas. Chromium displays a similar 

behaviour in both samples from the two mafic lavas in terms of concentration range (41 - 460 ppm 

for Tati, Table 6.1) and positive correlation with Mg#, except sample ZBT61 , which plot as an outlier 

in the variation diagram (Fig. 6.2b). The mafic lavas from the two greenstone belts exhibit 

overlapping Ni concentration ranges (Tati: Ni = 46 - 167 ppm, Table 6.1; Vumba: Ni = 35 - 264 

ppm, Table B5 in Appendix B) with samples from the Vumba greenstone belt recording the 

broadest and highest values (Fig. 6.2c). Ni concentrations in the mafic lavas from the Tati 

greenstone belt define a mild positive correlation with Mg# similar to the Vumba mafic lavas. 

Similarly Co displays a great overlap in terms of its abundances in the mafic lavas from the two 

greenstone belts (Tati: Co = 35 - 58 ppm, Table 6.1). The Co abundance in the Tati mafic lavas 

shows a scattered relationship with the Mg# whereas in the Vumba samples it defines a decreasing 

trend with increasing Mg#. The Tati mafic lavas possess relatively higher abundance of Sc (37 - 52 

ppm; Table 6.1) which defines a broad and steep negative trend against the Mg# (Fig. 6.2e) whilst 

mafic lavas from the Vumba greenstone belt have recorded restricted Sc abundance which displays 

a shallow poor negative trend versus Mg# (Fig. 6.2e). However, the trace element mobility test 

suggests that Sc has been slightly disturbed by secondary processes in the mafic lavas from the 

Tati greenstone belt. In summary, variation diagrams for the mafic lavas involving compatible 

elements versus Mg# as an index of differentiation indicate depletion of Cr and Ni accompanied by 

enrichment of V, Co and Sc. This qualitatively suggests the dominance of olivine fractionation over 

pyroxene. The trends will be dealt with quantitatively later in the petrogenesis chapter. 
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Table 6.1: Trace element analyses of the mafic lavas from the Tati greenstone belt. Zr* = XRF 
determined value. 
Sample lBT·45 lBT·48 lBT·50 lBT·51 lBT·53 lBT·54 lBT·55 lBT·57 lBT·58 lBT·50 lBT·51 lBT·52 
Sc' 42.9 41.5 44.0 51.8 41.4 34.9 47.5 47.2 37.1 46.5 45.0 39.0 
V 165 210 219 388 267 178 315 247 221 293 262 256 
Cr 460 404 433 41.3 315 125 215 166 106 228 245 262 
Co 35.0 44.6 48.8 47.3 49.9 39.8 54.3 40.0 46.5 57.8 43.5 44.9 
Ni 112 147 160 46.5 169 57.5 87.9 69.7 61.4 87.8 78.9 145 
Cu 16.2 66.0 72.7 94.6 86.3 12.9 95.6 89.6 41.9 117 59.4 44.4 

Rb 0.70 350 1.82 202 1.67 1.27 0.51 0.56 0.86 1.50 1.34 1.13 
Sr 92.4 90.6 72.5 170 168 124 122 86.3 127 118 137 141 
Cs 0.10 0.41 0.10 0.05 0.28 0.23 0.06 0.04 0.16 0.24 0.13 0.06 
Ba 230 438 73.6 79.7 34.1 14.4 40.9 32.7 230 34.5 19.8 21.8 

Y 13.5 14.7 15.7 34.9 18.9 14.3 24.3 16.1 16.9 24.4 19.4 19.7 
lr* 530 52.0 54.1 113 64.7 79.3 102 92.0 87.6 88.1 57.2 60.3 
Nb' 1.94 1.43 1.91 4.64 2.46 309 4.68 419 2.81 391 1.80 2.45 
Hf 0.68 0.74 0.86 1.56 0.43 1.41 1.33 0.68 204 1.22 0.77 1.38 
Ta 0.07 0.08 0.13 0.28 0.12 0.02 0.24 0.13 0.21 0.17 0.06 0.05 

Pb 2.51 259 2.23 1.55 1.14 393 328 2.53 4.99 4.83 7.18 18.6 
Th 1.11 1.12 1.21 0.60 0.29 2.71 1.30 0.82 306 1.12 0.32 0.20 
U 0.21 0.25 0.26 0.13 0.07 0.76 0.35 0.23 0.87 0.32 0.09 0.06 

La 4.20 4.13 4.27 4.71 3.29 9.40 7.77 4.72 10.2 7.20 302 2.57 
Ce 8.89 9.56 9.79 14.0 9.00 19.6 18.7 11.6 21.4 16.9 8.30 7.47 
Pr 1.25 1.25 1.30 2.23 1.37 2.29 2.52 1.56 2.54 2.27 1.29 1.18 
Nd 6.10 608 6.34 12.5 7.50 10.2 12.2 7.63 11.2 11.2 7.04 6.58 
Sm 170 1.71 179 4.10 2.40 2.36 334 2.11 2.66 313 2.23 2.14 
Eu 0.63 0.62 0.63 1.33 0.85 0.69 1.16 0.74 0.83 104 0.87 0.82 
Gd 2.19 2.27 2.39 5.61 3.23 2.69 4.17 2.69 307 387 3.05 3.07 
Tb 0.37 0.38 0.41 0.93 0.53 0.43 0.68 0.45 0.49 0.65 0.52 0.51 
Oy 2.48 2.73 2.88 6.31 3.59 270 4.68 307 3.20 4.42 3.57 3.59 
Ho 0.53 0.58 0.60 1.33 0.76 0.57 0.98 0.64 0.67 0.94 0.75 0.77 
Er 1.57 1.72 1.79 3.90 2.21 1.66 2.84 1.88 1.91 2.80 2.24 2.25 
Tm 0.23 0.25 0.26 0.55 0.32 0.24 0.40 0.27 0.28 0.40 0.32 0.33 
Yb 1.54 1.67 1.76 3.68 2.07 1.58 2.63 1.79 1.82 2.67 2.12 2.14 
Lu 0.23 0.25 0.26 0.54 0.30 0.23 0.37 0.26 0.26 0.40 0.30 0.32 
IREE 31.9 33.2 34.5 61.7 37.4 54.6 62.4 39.4 60.6 58.0 35.6 33.7 

Th/Nb 0.57 0.78 0.63 0.13 0.12 0.88 0.28 0.20 109 0.29 0.18 0.08 
Ce/Nb 4.58 6.69 5.12 3.02 3.66 6.35 3.99 276 7.63 4.33 4.61 3.05 
Th/La 0.27 0.27 0.28 013 0.09 0.29 0.17 0.17 0.30 0.15 0.11 0.08 
CelYb 5.78 5.72 5.58 381 4.35 12.4 7.11 6.48 11.7 6.34 3.91 3.50 
ThlYb 073 0.67 0.69 0.16 0.14 1.71 0.50 0.46 1.68 0.42 0.15 0.09 
lr/Nb 27.3 36.3 28.3 24.3 26.3 25.6 21.7 21.9 31.2 22.5 31.8 24.6 
lr/Hf 77.6 70.4 62.9 72.3 150 56.2 76.4 136 430 72.0 74.0 43.8 
ThlTa 15.1 13.4 9.11 2.13 2.47 145 5.53 6.21 14.4 6.44 5.10 3.89 
TalYb 0.05 0.05 0.08 0.08 0.06 001 0.09 0.07 0.12 0.06 0.03 0.02 
TalNb 0.04 0.06 0.07 0.06 0.05 001 0.05 0.03 0.08 0.04 0.03 0.02 
Th/Ce 0.13 012 0.12 0.04 0.03 0.14 0.07 0.07 0.14 007 0.04 0.03 
LalNb 2.17 2.89 2.23 102 1.34 304 1.66 1.13 3.64 1.84 1.68 1.05 

Chapter .. ... 6-6 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Fig. 6 2: · ..... ka""" (til9r~n~ 0' :w care ~iib~a ~""" """,~II. ''''''SOl'' I.t;~ 10' Ihe rnolic nlej3..oI(:Moc 5!lT(I ~"'I 
~om !he F,AI\CI5;:.<11'1 G,alll&-Grc'C'llsIOflC ~Icx o2ICy fiold '''1'' ...... 1 ;,wwa ..... ple$. 

6.2.2 Incompatible trace elements 

incompatible trace e~menl variation In the mafic lavas from the Tilt l greenslcf1e beH is shown In 

Figure 6 J with respect to Mg#, The HFS elements (Nb, Zr, Y and Th) show simi la" b eh~vl our to 

" 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Trace element geochemistry ....... "",,. ... .. ...... ...... ............ ...... ...... . ............ . ............. .... ................ ... .zibisani Bagai 

those of the Vumba mafic lavas, all displaying overlapping ranges in abundances and showing 

decreasing trends with increasing Mg# (Fig. 6.3A a-d). However, there are a few outliers from the 

Tati samples in all the variation diagrams involving Nb, Zr, Y and Th. The Hf concentration shows a 

scattered relationship with Mg# (Fig. 6.3Ae) in the samples from the Tati mafic lavas whereas in the 

samples from the Vumba greenstone belt it exhibits a negative correlation. A variation diagram 

involving La (LREE representative) shows a scattered correlation against Mg# (Fig. 6.3AD for the 

mafic lavas. HFSE enrichment accompanies the depletion of Cr and Ni in the mafic lavas of both 

the greenstone belts. 

The incompatible trace elements versus Zr display positive correlations with the Vumba samples 

showing tight correlations (Fig. 38). 

6.2.2.1 Rare earth element (REE) patterns 

The REE characteristics of the Tati mafic lavas can be divided into sub-groups in which each sub­

group has distinct and relatively uniform characteristics. This is readily apparent on the chondrite­

normalized REE patterns for the mafic lavas presented in Figure 6.4. The mafic lavas from the Tati 

greenstone belt display three sub-groups of REE patterns like the mafic lavas from Vumba 

greenstone belt. However, the three sub-groups observed in the Tati mafic lavas resemble the two 

common sub-groups in the Vumba mafic lavas, presumably reflecting similar petrogenetic 

processes. 

Sub-group 1 of the mafic lavas of the Tati greenstone belt displays mild enrichment in the light REE 

relative to the heavy REE hence fractionated REE patterns (LalYbN = 2.2-1.7). Additionally, the 

sub-group exhibits variable negative Eu anomalies (Eu/Eu* = 1.0 - 0.8) and overall REE 

abundances that range from 31.9 to 62.4 ppm (Table 6.1). This sub-group compares with the sub­

group 1 of the mafic lavas of the Vumba greenstone belt, which exhibits fractionated REE profiles 

(LalYbN = 2.8 - 1.6; Fig. 6.4d) with variable Eu anomalies (Eu/Eu* = 1.1 - 0.8). Their overall REE 

abundances vary between 30.4 and 72.7ppm. 
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group 2 mafic lavas resembles the sub-group 2 mafic lavas of the Vumba greenstone belt in the 

sense that they are both characterised by non-fractionated REE profiles with no to minor negative 

Eu anomalies (Eu/Eu* = 1.0 - 0.9; Fig. 6.4b,e). Furthermore, REE analyses of the Tati mafic lavas 

revealed a third less common sub-group (sub-group 3) which is characterised by prominent LREE 

enrichment and negative Eu anomalies. Though this sub-group resembles the sub-group 1, it 

possesses significant enrichment in LREE contents (Fig. 6.4c). The third sub-group from the 

Vumba mafic lavas exhibits flat REE patterns (LaNbN = 1.3) with prominent positive Eu anomalies 

(Eu/Eu* = 1.22 - 1.18) and low overall REE abundances (l:REE = 12.8 - 13.9). 

6.2.2.2 Multi-element profiles 

The three distinct sub-groups within the Tati mafic lavas are also apparent on the primitive mantle­

normalized multi-element profiles presented in Figure 6.5. Samples of the sub-group 1 mafic lavas 

display multi-element profiles with variable enrichment in large ion lithophile elements (LlLE), flat 

REE, negative Nb, Ta, Hf, Sr, variable Ti, P and prominent positive Pb anomalies (Fig. 6.5a). 

Additionally, the profiles reflect Th enrichment with respect to light REE. In comparison, the sub­

group 1 mafic lavas of the Vumba greenstone belt exhibits multi-element profiles with negative Nb, 

Ta, P, Ti and variable Sr anomalies (Fig. 6.5a). Moreover, the profiles reflect variable LlLE 

enrichment as well as Th enrichment with respect to LREE. 

Sub-group 2 Tati mafic lavas exhibits similar multi-element profiles to those of sub-group 1 but lack 

LlLE enrichment, prominent Nb negative anomalies and Th enrichment with respect to LREE (Fig. 

6.5b). The multi-element profiles of the sub-group 2 show prominent negative Hf, P and variable 

generally positive Sr anomalies. The multi-element profiles for the sub-group 3 mafic lavas 

resemble those of sub-group 1 to a large extent except they possess positive Zr anomalies and 

negative Ti & P anomalies. In comparison, the sub-group 1 mafic lavas of the Vumba belt 

resembles sub-group 3 of Tati mafic lavas in terms of multi-element profiles. It is worth mentioning 

that the Zr and Nb analyses for sample ZBT-53 by XRF and ICP-MS do not agree, which makes 

the Hf and Ta negative anomalies suspect (Fig. 6.5b). 
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The sub-group 2 samples from both belts are comparable except that Vumba samples display a 

mixture of positive and negative Sr, P and Ti anomalies. The obvious difference is that the Tati sub­

group is devoid of any Ti anomaly. The Vumba sub-group 3 profiles are comparable with those of 

sub-group 1 to some extent despite incomparable REE patterns. The profiles show negative Nb, P 

and Ti anomalies and Th enrichment with respect to LREE. 

All the mafic lavas from the Vumba and Tati greenstone belts show a strong positive Pb anomaly, 

probably indicative of crustal contamination. However, it should be noted that modern arc volcanics 

that display no evidence of crustal contamination could also show large positive Pb anomalies due 

to subduction contamination. 

6.3 Felsic lavas 

Five representative samples of felsic lavas from the Tati greenstone belt have been analysed for 

trace element abundances and are compared to trace element analyses of 15 samples of felsic 

lavas from the Vumba greenstone belt available from a previous study (8agai, 2000). The trace 

element analyses for the felsic lavas from the Tati belt are presented in Table 6.2. 

6.3.1 Compatible trace elements 

Compatible trace element variation within the felsic lavas from the Tati and the Vumba greenstone 

belts are presented in Figure 6.7 versus Si02 wt.% as index of differentiation. The compatible trace 

elements display scattered relationships with Si02 wt.% except V contents in the Vumba samples 

that show a negative trend, in line with amphibole fractionation. Nevertheless, the felsic lavas from 

the Tati greenstone belt are distinct from the Vumba felsic lavas in terms of compatible trace 

element abundances. Low Sc, high Cr, Ni, V and Co (Table 6.2) abundances characterise the Tati 

felsic lavas. Sample Z8T 41 is an outlier in terms of V (49.6 ppm), Ni (14.8 ppm) and Co (3.55 ppm) 

concentrations which are much lower than in other samples. The Vumba felsic lavas possess lower 

abundances and broader ranges of V, Cr, Ni and Co than the Tati felsic lavas. It is worth-noting that 

the Ni contents in the Tati felsic and mafic lavas partially overlap. 
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Table 6.2: Trace element analyses of the felsic lavas from the Tati greenstone belt. Zr* = XRF 
determined value. 
Sample ZBT·41 ZBT·42 ZBT-43 ZBT-44 ZBT-4S 

Se* 16.8 17.8 15.8 14.7 14,5 
V 49.6 93.6 91.8 95.2 93.2 
Cr 102 105 104 97.3 105 
Co 3,55 14.8 13.4 14.6 11.7 
Ni 14.8 52.7 60.8 62.9 44.2 
Cu 22,6 28.9 13.7 16.5 3.52 

Rb 26.9 47.3 41.1 49.4 51.9 
Sr 50,0 134 179 126 95.5 
Cs 0.94 1.20 1.08 1.66 1.43 
Ba 176 346 283 345 392 

Y 5.20 11.1 12.3 13.1 11.5 
Zr* 173 172 166 172 166 
Nb* 6.45 6.44 5.85 6.01 6.30 
Hf 1,88 3.52 3.14 2,64 3.12 
Ta 0.09 0.48 0.48 0.51 0,50 

Pb 4.26 7,27 9.45 8.20 7.10 
Th 3,18 6,34 6.18 6.36 6.12 
U 0,63 1,22 1.21 1.40 1.35 

La 10,2 20.9 19.1 20.6 17,6 
Ce 18.7 40,8 37.2 39.3 34,2 
Pr 2.05 4.36 3,98 4,12 3,60 
Nd 8.08 16.8 15,5 16,0 14,0 
Sm 1,51 3,14 2,96 2.99 2,56 
Eu 0.48 0,93 0.84 0.88 0,67 
Gd 1.41 2.78 2.57 2,81 2.52 
Tb 0,20 0,39 0.38 0.41 0,37 
Oy 1,09 2,36 2.38 2.46 2,29 
Ho 0.21 0.45 0.46 0.49 0.44 
Er 0.60 1.22 1,27 1.42 1.23 
Tm 0,08 0,17 0,18 0.20 0.17 
Yb 0,55 1,15 1.19 1.34 1,16 
Lu 0,08 0,16 0.17 0.18 0,17 
IREE 45.19 95,64 88.21 93.16 81,01 

Th/Nb 0.49 0.98 1.06 1,06 0,97 
La/Nb 1.58 3.25 3.27 3.43 2,80 
Ce/Nb 2.90 6.33 6.35 6,53 5.43 
Ce/Pb 4,38 5.61 3,93 4.79 4,81 
Th/Yb 5.82 5,53 5.21 4,76 5.28 
Th/La 0.31 0,30 0.32 0.31 0,35 
Zr/Nb 26.9 26,8 28.4 28.5 26.3 
Zr/Hf 92,2 49.0 52,8 65.1 53.1 
Ta/Hf 0,05 0,14 0,15 0.19 0.16 
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6.3.2 Incompatible trace elements 

Incompat~le Ira-ce elements variations In the fel sic lavas are presented in Ffgure 6.7 Ba. a large 
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6.3.2.1 Rare earth element (REE) pattern 

Chondnte normalized REO: data lor the lelsk; la~as Irom the t .... o greenstcre belts are presented in 

Figure 5.8. The Tali lelsk: la,.as display Irc;:tlonated REE patterns I:LaNblj = 12.6 · 10.3: La·'Sm" = 

4.34 - 4.07: GdlYbr. '" 2.08 ·1 .70) with neglfg il)e rJegali,.e to 110 o:U ooomalies (EulEu' = 1.0·0.9) 

except Sall1lle ZBT 41, which has a pronounced Ilegative allornaly ·:Eu/O:u· = 0.8: Ffg. 68) The 

overall REE abundances range from 45.210 95 6 pprn. In cornparison, felsk; la,.as from the Vumba 

greenstone belt is ch CW"c;:terised by fract>onated REE pctterns with ~arial)e Eu iWlOrnal,€s (F~. 6.8). 

Additionally, the Vurnba felsic lavas display a Ixoad rooge of overall REE abundooces. Overall the 

two felsic lavas we comparable in terms of REo: dwa-cteristics 
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6.3.2.2 Multi-element profiles 

On IX"imiti~e nEntle oormalized multlelemellt plots, the feisic la ~as from the T ati greenstone belt are 

chara-cterised by negative Nb. Ta, Ti. Sm, P, Sr, Ba and posi tive Zr iY10malies (Fig. 6,9) LlLE in the 

multielement pot 0/ the Tatl felsk: l a~as show coherent p.,l11wns indk;atin-g that their primary 

abund 2nee has been IX"eserved. This is cOllsistellt with the resu Its 01 the tra-ce elemellt nXlbi li ty test 
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presented in section B 1 Fel siC lavas from the Vumba greenstone belts exhibi t prOmtnent negati~e 

Nb, P and Ti 3l0malies (Fig, 610). Additionally ttle nlultlelement pots of the felsic la~as show 

negattl'e Sm anomal ies, fXjsit i~e Zr, Hf anomalies aM variable negative and fXjs itive Sr anomal~s 

Notably, the felsic lavas from the Vumba area fXjssess a deeper Ti trOcJ;jh than the ir Tati 

counterpart . Large Kln litr.:;.phi le elements (LlLE) display chootK: patterns most likely due to 

alteration, Nooetheiess, the multtelernent plots are LlLE·enrk;hed 
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6,4 Gabbros 

A tolal of eie~en representatl'le samples from the Phoenix (5) and Selklr~ (6) gabbro intrus Klns 

..... ere 3latysed for a ra!)]e of trace elements, The analyses are reported in Table 6,3, The gabbro 

intrusions are compared with anaiyses of mafk; la'las fro(n the Tati greenstooe belt am sivnpies of 

ultramafk; intrusives from the Vumba greenstone be lt 
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Table 6.3: Trace element analyses of the Phoenix and Selkirk Gabbro intrusions from the Tati 
granite-greenstone terrane. Zr* = XRF determined value. N.d. = not detected. 

Unit Phoenix· Gabbro Selkirk· Gabbro 
Sample l8T·37 l8T·38 l8T·39 l8T·40 l8T·81 l8T·63 l8T·67 l8T·71 l8T·72 l8T·73 l8T·75 
Sc' 17A 24.8 17.9 12.7 32.19 39.0 405 19.3 15.5 39.0 19.1 
V· 70.3 96.2 68.3 45.7 119 267 376 115 88.6 272 102 
Cr' 755 1336 670 214 897 319 355 1051 578 321 1025 
Co' 77.2 67.6 63.2 79.8 52.8 52.8 34.7 83.5 32.2 39A 57.6 
Ni 795 603 568 983 502 158 233 720 404 158 677 
Cu 98.6 184 97.3 438 251 34.9 22A 173 25.2 46.2 896 

Rb 5.87 6.62 3.59 3.00 3.84 1.13 1.96 0.41 5.04 2.82 1.69 
Sr 73.4 77.4 93.5 97.8 91.8 141 108 99.6 106 136 88.4 
Cs 0.59 0.69 0.44 0.43 0.40 0.06 0.09 0.06 0.20 0.07 0.12 
8a 18.3 24.0 14.8 12.6 15.9 22.8 35.3 10.8 72.9 46.7 26.5 

Y 2.97 3.81 3.49 2.64 4.09 20.8 19.9 7.00 5.26 19.5 5.32 
lr' 8.15 8.81 10.2 8.00 10.72 60.3 33.21 18.5 6.59 37.8 5.94 
Nb 0.23 0.29 0.30 0.22 0.21 2.45 2.48 073 0.53 2.25 0.43 
Hf 0.15 0.18 0.19 0.15 0.18 138 0.87 0.33 0.18 1.18 0.20 
Ta n.d. 0.01 0.01 n.d. 0.15 0.05 0.03 n.d. n.d. 0.04 0.13 

Pb 2.05 2.14 2.02 2.15 1.60 18.6 21.7 38.2 118 20.4 24.5 
Th 0.05 0.05 0.06 0.04 0.06 0.20 0.22 0.11 0.09 0.19 om 
U 0.02 0.02 0.02 0.01 0.02 0.06 0.06 0.07 0.Q3 0.06 0.Q3 

La 0.51 0.47 0.50 0.45 0.47 2.57 3.10 136 0.95 2.58 1.05 
Ce 1.33 1.25 132 1.19 1.21 7.47 8.87 3.36 2.35 7.46 2.41 
Pr 0.19 0.18 0.18 0.16 0.19 1.18 1.35 0.48 0.35 1.17 0.33 
Nd 1.00 1.08 1.11 0.95 105 6.58 7.57 2.56 1.85 6.68 1.76 
Sm 0.32 0.39 0.39 0.30 0.34 2.14 2.47 0.77 0.58 2.15 0.60 
Eu 0.20 0.21 0.20 0.18 0.18 0.82 0.88 0.37 0.30 0.78 0.29 
Gd 0.47 0.53 0.52 0.40 0.48 3.07 3.28 1.08 0.79 3.02 0.83 
Tb 0.08 0.10 0.09 007 0.09 0.51 0.58 0.18 0.14 051 0.15 
Dy 0.55 0.67 0.62 0.50 0.57 3.59 3.83 1.30 0.96 3.57 0.97 
Ho 0.12 0.15 0.13 0.10 0.12 0.77 0.81 0.26 0.21 0.75 0.22 
Er 0.33 OA2 OA1 0.30 0.37 2.25 2.37 0.81 0.57 2.22 0.64 
Tm 0.05 007 0.06 0.04 0.05 0.33 0.34 0.12 0.09 0.32 0.09 
Yb 0.36 OA3 OAO 0.30 0.36 2.14 2.21 0.80 0.57 2.16 0.63 
Lu 0.06 0.07 0.06 0.04 0.05 0.32 0.32 0.12 0.08 0.31 0.09 
rREE 5.59 6.00 5.99 5.00 5.56 33.7 38.0 13.6 9.79 33.7 10.1 

Th/Nb 0.21 0.18 0.19 0.18 0.28 0.08 0.09 0.16 0.16 0.08 0.17 
ThlYb 0.14 0.12 0.14 0.13 0.16 0.09 0.10 0.14 0.16 0.09 0.11 
lr/Nb 35.1 30.5 33.9 35.8 52.2 24.6 13.4 25.2 12.4 16.8 14.0 
lrlYb 22.8 20.5 25.6 26.7 29.5 28.2 15.1 23.0 11.6 17.5 9.49 
lr/Hf 52.8 47.7 526 53.4 58.3 43.8 38.4 56.5 36.0 32.0 30.1 
Th/La 0.10 0.11 0.11 0.09 0.12 0.08 007 0.08 0.09 om 007 
lrlY 2.74 2.31 2.91 3.02 2.62 2.90 1.67 2.64 1.25 1.94 1.12 
Ce/Nb 5.74 4.33 4.41 5.33 5.91 3.05 3.57 4.58 4A1 3.32 5.67 
SrlY 24.69 20.30 26.77 36.99 22.42 6.81 5.44 14.23 20.19 6.99 16.60 
Sr/Ce 5505 61.92 70.62 82.30 75.69 18.94 12.21 29.62 45.22 18.26 36.66 
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6.4.1 Compatible trace elements 

Compatible trace element abundances for the two gabbro intrusions are shown in Figure 6.10 

where the fields for serpentinite, metapyroxenite and the mafic lavas are indicated in the 

background for comparison. The Phoenix gabbro is characterised by high and variable 

concentrations of the compatible trace elements (e.g. Ni = 568 to 983 ppm; Cr = 214 to 1336 ppm: 

Table 6.3). Sc and V abundances in the Phoenix gabbro and serpentinite overlap and are lower 

than the concentrations recorded from the metapyroxenite and the collective mafic lavas of the Tati 

and Vumba greenstone belts (Fig. 6.10). However, the concentrations of Cr, Co and Ni in the 

Phoenix gabbro are lower than in the serpentinite but higher than in the mafic lavas. The 

serpentinite samples possess very high concentrations of Cr, which suggests the prevalence of 

phases like chromite in their composition. 

The Selkirk gabbro is characterised by variable concentrations of compatible trace elements that 

define two groups (Fig. 6.10). One group, comprising samples with relatively low Mg#, displays 

compatible trace element abundances that are indistinguishable from the mafic lavas whereas the 

second group, which comprises higher Mg# samples, possesses compatible trace element 

concentrations similar to the Phoenix gabbro. 

6.4.2 Incompatible trace elements 

In terms of incompatible trace element abundances, the Selkirk gabbro still maintains the two 

groups (Fig. 6.11) where group 1 exhibits higher abundances than group 2. Additionally, group 2 

Selkirk gabbro shows overlapping incompatible trace element contents with the Phoenix gabbro 

and serpentinite. The incompatible trace element abundances in the Phoenix gabbro are low, with 

very narrow ranges (Table 6.3) comparable with those of the serpentinite (Fig. 6.11). 
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6.4.2.1 Rare earth element (REE) patterns 

Chondrite normalized REE plots for the Phoenix and Selkirk gabbros are presented in Figure 6.12. 

The Selkirk gabbro REE patterns maintain the two groups that were revealed by the compatible 

and incompatible trace element distributions (Fig. 6.12a). One group, the relatively low Mg# 

samples, is characterised by slightly LREE depleted REE patterns (LalYbN = 0.95 - 0.81; La/SmN = 
0.79 - 0.76), negligible negative Eu (Eu/Eu* = 0.98 - 0.94) anomalies. Additionally, this group has 

higher total REE abundances (l:REE = 38.0 - 33.7) than the second group (l:REE = 13.6 - 9.79). 

The second group which is composed of high Mg# samples, possesses generally flat REE patterns 

(LalYbN = 1.14 - 1.13) with prominent positive Eu (Eu/Eu* = 1.35 -1.25) anomalies. The Phoenix 

gabbro displays REE patterns that are flat to slightly LREE depleted (LalYbN = 1.01 - 0.74; La/SmN 

= 1.00 - 0.77) with prominent positive Eu (Eu/Eu* = 1.64 - 1.28) anomalies consistent with 

significant plagioclase enrichment and low total REE abundances (l:REE = 6.00 - 5.00; Table 6.3, 

Fig. 6.12b). The REE patterns for the serpentinite and meta pyroxenite are presented in Figure 6.12 

for comparison. However, the REE patterns of these ultramafic intrusives are flat with no Eu 

anomalies, except one sample of the serpentinite that has a negative Eu anomaly. 

6.4.2.2 Multi-element profiles 

Primitive mantle normalized multielement plots for the two gabbroic intrusions are presented in 

Figure 6.13. Two sub-groups of gabbros can be identified from the Selkirk samples that correspond 

to the two sub-groups already revealed by REE patterns. The first group which correspond to sub­

group 1 of the REE patterns is characterised by weak negative Nb (Nb/Lapm = 0.86-0.80), and Th, 

positive Sr, and P, variable Zr and Hf anomalies (Fig .6.13a). The second sub-group displays 

prominent negative Nb (Nb/Lapm = 0.54-0.39), and Th, positive Sr, negative P, Zr, Hf and Ti 

anomalies. Both groups show similar coherent negative Rb anomalies. The REE abundances in the 

second group are almost equivalent to the composition of the primitive mantle whereas the first 

group possesses REE abundances that are about 4 times the primitive mantle composition. 

Primitive mantle normalized multi-element plots for the Phoenix gabbro exhibit conspicuous 

negative Th, Nb (Nb/Lapm = 0.59-0.43), positive Sr, negative P, Hf, positive Eu and negative Ti 

anomalies. Additionally, the Phoenix gabbro is depleted in HFSE and REE, and highly enriched in 

large ion lithophile elements (LlLE) compared to the Selkirk gabbro. Furthermore, the HFSE and 

REE abundances of the Phoenix gabbro are lower than the primitive mantle composition. The multi-
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6.5 Diorite 
Ten representative samples of the diorite unit from the Tati granite-greenstone terrain were 

analyzed for a range of trace elements and the results are recorded in Table 6.4. 

6.5.1. Compatible trace elements 

Compatible trace element abundance variations within the diorite are presented in Figure 6.14. 

Fields for the Phoenix and Selkirk gabbro intrusions are indicated in the background for comparison 

purpose. Sc displays uniform distribution against Mg# except sample ZBT-23 which is an outlier 

with very low content (Sc = 28.7 ppm). V and Co show concentration ranges that vary negatively 

with the increase in Mg# (Table 6.4; Fig. 6.14b, d). However, samples ZBT-19 and ZBT-23 are 

outliers in the variation diagram of Co versus Mg#. Cr and Ni in the diorite exhibit broad 

concentration ranges (Table 6.4) that widely increase with increasing Mg# (Fig. 6.14c, e). The 

concentration of the compatible elements in the diorite rarely overlaps the concentration fields of 

the gabbro intrusions within the same area. 

6.5.2. Incompatible trace elements 

The diorite samples exhibit a wide range of incompatible trace element abundances (Fig. 6.15), 

which comprise two sub-groups, one exhibiting higher abundances of incompatible trace elements 

and the other having low contents similar to the Phoenix gabbro. Samples ZBT17 to ZBT21 

possess higher concentration of Th, Zr, Y and La than samples ZBT22 to ZBT24 which are 

characterised by low abundances of the same elements (Table 6.4). The sub-group with low 

incompatible element content corresponds to samples with higher Mg# (Mg#;::: 0.74). 
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Table 6.4: Trace element analyses of the diorite from the Tati granite-greenstone terrain. Zr* = XRF 
determined value. N.d. = not detected. 

Sample ZBT·17 ZBT·18 ZBT·19 ZBT·20 ZBT·21 ZBT·22 ZBT·23 ZBT·24 ZBT·25 ZBT·26 
Se' 53.6 49,8 47,5 45.0 507 52,2 28,7 47,0 47,1 48,8 
V* 164 169 152 140 148 118 69.5 120 114 106 
Cr' 61,1 126 117 137 96,5 45.3 174 186 168 232 
Co' 49,9 52.4 45,5 49,6 51.2 50,8 52,8 47,1 45,0 47,0 
Ni' 140 145 131 168 143 92 204 188 122 134 
Cu 134 102 127 129 133 113 151 127 40,5 34.3 

Rb 21,6 9,85 5.45 18.3 106 4,93 2.28 0,86 1,06 3.15 
Sr 165 158 182 206 158 203 181 167 207 185 
Cs 1,22 0,66 0.59 0,80 0,51 0,23 0,21 0,21 0,10 0,13 
Ba 92.5 68,5 56,6 72.3 48.3 33.6 26.4 22,14 28.2 70,0 

Y 7,99 8.49 7,82 6,81 7.26 4,03 1,88 3.78 3.01 3,27 
Nb 1,50 1,28 1.44 0,68 0,97 0,06 0,13 0,01 1,07 0,14 
Z(* 36,9 37,5 38.2 26,9 33,6 7.42 6,13 5,84 7.2 911 
Hf 0,68 0,58 0,74 0.44 0.55 0,14 0,09 0,13 0,14 0,17 
Ta 0,10 0,07 0,07 0,22 0,03 n,d n.d n.d 0.25 n.d 

Pb 2,15 2,97 2,30 2,00 2.43 1,61 1,70 1,91 0.73 1.21 
Th 0,94 0,90 0,97 0,59 0,69 0,06 0,10 0,02 0,08 0,12 
U 0.27 0,26 0,27 0,17 0,20 0,02 0,03 0,01 0,03 003 

La 4,26 4,63 4,50 3.91 3,68 1,17 1,06 0,87 0,96 1,12 
Ce 9.26 10.3 9,78 8.34 7,98 2,64 2,00 2,01 2,10 2.42 
Pr 1,16 1.26 1,18 1,01 0,97 0.34 0.21 0,29 0,28 0.31 
Nd 5,16 5.71 5,24 4,57 4.45 1.83 1,01 1,55 1.41 1,59 
Sm 1.26 1.33 1,21 1,09 1,05 0.51 0,21 0.47 0.41 0.42 
Eu 047 0,51 0,52 0.45 0.45 0.34 0.24 0,30 0,29 0.28 
Gd 1.34 1,53 1.36 1,24 1.22 0,67 0,25 0,63 0,51 0.57 
Tb 0,22 0,23 0,22 0,20 0,20 0,10 0,04 0,10 0,08 0,09 
Oy 1.47 1,62 1,47 1,25 1.34 0,73 0.32 0.71 0.55 0,60 
Ho 0.30 0,34 0.31 0.27 0.28 0,16 007 015 0,12 0,13 
Er 0,92 102 0,90 0,80 0,82 0.49 0,23 0.45 0.35 0.40 
Tm 0,13 0,15 0,14 0,12 0,13 0,07 0,04 0,07 0,05 0,05 
Yb 0,89 1.00 0,92 0,80 0,86 0.49 0.29 0.47 0.35 0.39 
Lu 0,14 0,15 0,15 0,12 0,13 0,07 0,04 0,07 006 0,06 
rREE 27,0 29,8 27,9 24.2 23,6 9,62 6,02 8,14 7.53 8.44 

Th/Nb 0,63 0,70 0,67 0,88 0,71 0,96 0,81 2,14 0,07 0,85 
ThlYb 1,06 0,90 1,05 0,74 0.80 012 0.36 0,05 0.22 0.30 
Zr/Nb 24.5 29,3 26.4 39,6 34.7 119 48,1 551 6.73 65,8 
ZrlYb 41,6 37,5 41,5 33.5 39,0 15,1 21.4 12,6 20,7 23,2 
Zr/Hf 54,1 64,7 51,9 61,7 60,7 54.4 70,0 43.6 51,2 54,0 
Th/La 0.22 0,19 0.22 0,15 0,19 005 0,10 0,03 0,08 0,10 
Zr/Cr 0,60 0.30 0.33 0.20 0.35 0,16 0,04 0,03 0,04 0,04 
ZrlY 4,62 4.42 4,88 3,95 4,62 1,84 3.25 1,55 2.39 2.79 
La/Nb 2,83 3,61 3.12 5,75 3,81 18,79 8,31 82,09 0,90 8,12 
Sr/Ce 17.8 15,4 18,6 24.7 19,8 76,9 90.4 83.0 98.4 76,2 
SrlY 20,6 18,6 23.3 30.2 21,7 50.5 95,9 44.2 68,6 56.4 
Ce/Pb 4.30 3.45 4,25 4,17 3.28 1,64 1,17 1,05 2,87 2,01 
Th/Ce 0,10 0,09 0,10 0,07 0,09 002 0,05 0,01 0,04 0,05 
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6.5.2,1 Rare earth element (REE) patterns 

The two $ub-groops within the dlonte samp'es are readily apparent in their chDndnte-normaliled 

REE patterns presented as F~ure 6,16, The higher Mg# sub·group exhibits sl~ht:y fractonated 

REE patterns (LaNbN = 1.93·1 26) with prominent e<Jsiti~e Eu anomalies iEu.lEu· =1 ,94·166) and 

o'ieraillull REE abundances (LR:::E = 9,62·6,02, Tabe 64) The other subil~ouP dsplay REE 

patterns which are characterISed by LREE efmchment (LaNbN = 3.28-2,88). mooost positi'le Eu 

anomalies (ElIIEu' = 1 22-1,09) and reiati'.-ely high o'leia ll RE:: abundances iLREE = 29,8-23,6: 

Table 6 4) It is worth noting tllat the sub-group of the dk)rite with non-fractionated R::E pattern, is 

remarkab;e similar to the Phoenix Gabbm, sub-group 2 8f the Selkirk Gabbro and the sub-group 3 

of the Vumba maf~ la~as in terms 01 ther REE patterns whk:ll are generally Ilat with prominent 

positi'le Eu arlOfllalies and overall low REE abundances, 
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6, 5.2.2 Mu lti·elemenl profiles 

Primiti~e mantle·normalized multl·element profiles of ttle two sub-groups of the dbnte sampes are 

presented In Figure 6,17 Ttle 10'11 Mg# sub·group exhibits multi·e'ement profiles that are 

rrDderately fractionated with vanable LlLE, Th and _REE Additionally, ths sub-group's mult~ 

element profiles ernibit prominent neQati~e Nb, mild Ti, P and HI anomalies, but have prO"Tl lnent 

positive Sr and Pb anomalies (F~, 6,17a) The multi-element profi'&s of the ottler sub·group are 

dlaractensed by Th depletkln With respec t to lREE, prominent negati~e Nb, p. Hf and ,i 

anomalies, but ha~e prominent pos i ti~e Sr and Eu anomalies ind K;ati~e of plagioclase aGCUmulation 

(F~ 6,17b), 
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6.6 Granitoids 

Trace element analyses from 29 representative samples of granitoids from the Tali granite­

greenstone terrane were ana lysed for a range of trace elements and the analyl K:a l data are 

re tJOrted in Table 6.5 

6.6.1 Compatib le trace elements 

The corn~atible trace element ~ari ab:Jns I'.ithin the Tati granitoids are shown in Figure 6.18 with 

backgrounds of the griO'l itd ds from the Vumba granite-greenstone terrain shown for comparison 

purpose It evk:1ent from the variatkln diagrams that the T ati granitoids possess klwer abundances 

of corrpatible trace elements than the granitok:1s outcroPeing in the neighb:xJrlng Vumba terrane 

(F ~. 6.18). The quartz roonzDnl te un it In;he Tati area st)(l'WS relativety higher Ni (270 - 24.4 p~m), 

Cr (300 - 26.7 ;>pm) V (52 2 - 55.0 ppm) am Co (12.6 - 11.3 p~m) concentra;klns (Table 6,5) 

than the rest of the grani:ok:1s in that area, Howe~er. i: can be seen from Figure 6,18 that the 
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abundances of compatible trace element concentrations are much lower than the abundances 

recorded in the quartz monzonite unit of the Vumba granite-greenstone terrain. 

The samples of monzogranite unit from the T ati granite-greenstone terrain do not compare with the 

monzogranite of the Vumba granite-greenstone terrain in terms of the compatible trace element 

abundances. Contrary, they possess very low contents of V (2.33 - 1.93 ppm), Cr (12.4 - 6.59 

ppm), Co (1.18 - 1.02 ppm), Ni (3.75 - 3.01 ppm) and Sc (10.4 - 9.94 ppm). The monzogranite 

from the Vumba terrain is characterised by variable Cr, high Sc, V and low Co concentrations. 

The trondhjemite unit is indistinguishable from the tati monzogranite in terms of the compatible 

trace element abundances (Fig. 6.18 and Table 6.5). The two units are in turn distinct from the rest 

of the granitoids in the Tati terrain by exhibiting high Sc concentrations (Fig. 6.18). 
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Table 6.5: Trace element analyses of granitoids from the Tati granite-greenstone terrain. Sc* = 
XRF determined value; b.d.! = below detection limit. 

Unit Quartz monzonite Monzogranite Trondhjemite 

Sample ZBT·1 ZBT·2 ZBT·3 ZBT·4 ZBT·5 ZBT·6 ZBT·7 ZBT·S ZBT·9 ZBT·10 ZBT·11 ZBT·12 ZBT·13 ZBT·14 ZBT·15 ZBT·16 

SC * 6.92 6.81 7.32 6.68 7.11 10.3 9.94 10.4 10.2 10.8 14.2 8.97 10.3 8.73 9.28 9.64 
V 56.0 55.0 55.7 56.8 62.2 1.93 2.33 208 206 2.88 3.06 1.96 3.63 3.38 3.09 3.52 
Cr 32.8 26.7 26.9 27.3 30.0 6.59 7.67 6.96 12.4 6.12 5.52 11.0 7.36 7.51 12.1 6.90 
Co 11.3 11.4 11.5 11.7 12.6 1.15 1.10 1.18 1.02 1.33 1.49 0.84 1.44 1.04 1.51 1.52 
Ni 24.9 24.6 24.4 24.8 27.0 3.01 3.63 3.20 3.75 3.20 2.93 3.41 3.98 3.69 3.71 3.56 
Cu 21.7 31.2 39.2 27.7 34.2 5.51 6.01 6.91 12.2 2.84 307 1.12 7.96 2.92 3.33 3.89 

Rb 201 208 205 212 209 52.3 45.9 48.0 43.9 41.2 51.5 36.9 45.7 34.8 43.5 43.0 
Sr 570 580 577 586 622 99.7 96.6 95.1 95.9 83.5 99.3 102 94.9 64.0 113 112 
Cs 130 12.8 11.7 14.8 12.0 0.43 0.38 0.41 0.37 0.37 0.41 0.24 0.39 0.40 0.30 0.29 
Ba 1091 1005 1001 1014 1045 750 777 804 802 685 615 1041 561 593 1057 983 

Y 13.1 13.9 14.0 14.0 14.1 36.4 32.9 33.0 33.9 30.4 28.6 36.6 27.6 32.9 32.3 35.9 
Zr* 254 249 257 245 238 326 311 307 316 284 271 319 265 301 290 253 
Nb * 9.93 10.0 10.5 10.1 10.1 136 13.2 12.5 13.5 12.0 14.5 13.4 11.4 136 12.6 12.1 
Hf 5.13 5.65 6.14 6.04 5.47 7.53 6.42 6.44 6.93 5.95 5.66 7.51 5.64 6.96 4.58 5.28 
Ta 0.47 0.80 0.78 0.96 0.73 0.92 0.85 0.85 0.53 0.81 0.85 0.70 0.78 0.86 0.57 0.85 

Pb 46.9 47.7 48.2 46.6 45.2 3.82 4.64 4.92 4.31 4.02 4.04 4.99 4.16 4.76 4.90 5.66 
Th 46.5 45.4 47.0 41.7 41.8 11.3 9.16 9.49 10.1 9.19 9.57 12.0 8.67 11.3 10.8 10.9 
U 7.66 16.9 9.16 15.3 17.2 3.20 2.63 2.71 2.94 2.33 2.12 3.32 2.17 2.69 2.37 2.46 

La 73.9 68.3 73.7 72.4 68.5 36.1 28.3 30.2 392 34.0 34.9 21.6 30.5 58.0 35.7 48.4 
Ce 148 136 145 142 136 73.1 57.2 61.0 82.2 68.4 71.9 47.7 61.3 111 73.9 95.6 
Pr 14.7 14.1 14.8 14.6 14.3 7.92 6.26 6.67 8.79 7.78 8.01 5.53 6.75 11.4 7.89 10.5 
Nd 54.5 52.6 55.3 54.3 53.2 31.6 25.4 26.7 35.3 31.3 32.0 24.0 27.1 42.2 31.7 40.6 
Sm 8.19 7.88 8.13 8.03 7.91 6.14 504 5.21 7.21 5.98 6.11 5.46 5.24 7.04 6.26 7.12 
Eu 1.79 1.66 1.66 168 1.68 1.16 0.99 103 1.41 1.23 1.43 1.03 1.04 1.16 1.41 1.27 
Gd 5.77 5.24 5.27 5.29 5.16 6.30 5.33 5.40 7.11 5.78 5.81 6.02 5.09 6.43 6.28 6.60 
Tb 0.68 0.60 0.62 0.60 0.60 0.98 0.87 0.87 1.07 0.90 0.87 100 0.78 0.98 0.97 0.99 
Dy 2.90 3.10 3.19 3.16 3.10 6.59 5.91 5.89 6.39 5.78 5.62 6.42 5.13 6.33 6.01 6.59 
Ho 0.50 0.53 0.53 0.53 0.51 1.36 1.25 1.23 1.33 1.18 1.12 1.40 106 1.27 1.26 1.36 
Er 1.35 1.26 1.40 1.33 1.29 4.12 3.75 3.74 3.96 3.48 3.25 4.28 3.24 3.79 377 4.02 
Tm 0.17 0.18 0.19 0.19 0.18 0.61 0.57 0.57 0.60 0.52 0.48 0.67 0.48 0.57 0.56 0.59 
Yb 1.12 1.19 1.20 1.19 1.16 4.24 3.89 3.89 406 3.60 3.27 4.44 3.37 3.91 3.76 4.08 
Lu 0.16 0.16 0.17 0.17 0.16 0.64 0.59 0.59 0.62 0.55 0.51 0.67 0.51 0.59 0.56 0.60 
LREE 313 293 311 305 294 181 145 153 199 170 175 130 152 255 180 228 

Zr/Hf 49.4 44.1 41.9 40.5 43.4 43.3 48.5 47.7 45.6 47.7 47.9 42.4 47.0 43.2 63.3 48.0 
SrlY 43.7 41.8 41.1 41.7 44.1 2.74 2.94 2.89 2.83 2.75 347 2.80 3.44 1.94 3.50 3.11 
Ba/Rb 5.44 4.84 4.89 4.77 5.00 14.4 16.9 16.8 18.3 16.6 119 28.2 12.3 17.1 24.3 22.9 
Th/Nb 4.68 4.52 4.46 4.14 4.12 0.83 069 0.76 0.75 077 0.66 0.90 0.76 0.83 0.86 0.90 
Ce/Pb 3.15 2.85 3.01 3.05 3.01 19.1 12.3 12.4 19.1 17.0 17.8 9.57 14.7 23.3 15.1 16.9 
Th/La 0.63 0.67 0.64 0.58 0.61 0.31 0.32 0.31 0.26 0.27 0.27 0.56 0.28 0.19 0.30 0.22 
Zr/Nb 25.5 24.8 24.4 24.3 23.5 23.9 23.6 24.5 23.5 23.8 18.8 23.8 23.2 22.2 23.0 21.0 
Ta/Hf 0.092 0.09 0.14 0.13 0.16 0.13 0.12 0.13 0.13 0.08 0.14 0.15 0.09 0.14 0.12 0.12 
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Table 6.5: Continued 

Unit Tonalite-Trondhjemite (Tati pluton) 
Felsic dykes- Tonalite-Trondhjemite 

Phoenix (Sekukwe Pluton) 
Sample ZBT·28 ZBT·29 ZBT-30 ZBT-31 ZBT-32 ZBT-33 ZBT-34 ZBT-35 ZBT-36 ZBT-77 ZBT-78 ZBT-79 ZBT-80 

SC * 3.60 2.76 2.14 2.86 3.49 3.43 3.67 3.82 3.67 3.49 2.79 3.44 3.36 
V 22.6 12.3 7.10 4.56 9.86 19.0 17.2 14.0 11.9 18.2 13.2 15.0 14.2 
Cr 10.2 8.96 7.32 6.28 6.31 10.3 15.0 10.4 13.3 8.40 13.6 8.39 8.26 
Co 5.26 3.08 1.14 1.31 3.17 4.86 3.92 2.89 7.47 3.34 2.52 3.00 2.73 
Ni 7.15 4.15 3.77 3.36 3.62 6.50 5.56 6.13 68.2 5.24 5.01 5.57 6.50 
Cu 37.8 7.84 13.4 2.70 8.79 3.42 5.98 7.95 1078 16.2 1.09 11.5 10.0 

Rb 55.0 42.0 45.6 139 69.9 69.9 42.8 40.2 11.0 51.9 33.9 38.3 42.0 
Sr 305 284 204 108 264 266 151 133 119 397 381 484 414 
Cs 1.73 1.38 0.46 1.77 3.58 3.43 1.63 1.12 0.53 0.61 0.70 0.44 0.54 
Ba 484 414 1606 1086 266 465 219 497 273 328 332 481 271 

Y 3.98 3.15 1.77 6.26 3.56 4.35 2.24 8.77 12.9 2.80 1.63 2.99 2.16 
Zr* 292 222 55.4 83.2 234 295 287 149 202 110 88.0 105 102 
Nb * 5.31 3.28 2.11 10.2 2.86 5.62 6.26 6.93 4.66 1.84 b.d.! 0.83 1.27 
Hf 4.48 4.20 1.41 2.47 4.37 5.16 3.22 2.78 5.30 2.03 1.73 1.86 2.09 
Ta 0.35 0.17 0.06 1.00 0.14 0.50 0.30 0.80 0.46 0.08 0.05 0.09 0.05 

Pb 12.3 13.0 24.2 30.2 14.6 12.9 9.15 17.7 13.0 7.74 8.44 12.8 8.28 
Th 3.02 9.62 3.26 9.82 9.37 3.32 1.27 18.6 13.1 0.61 0.39 1.02 1.85 
U 1.84 0.85 1.16 4.00 0.99 2.54 1.62 6.31 3.05 0.46 0.59 0.55 0.36 

La 11.1 29.7 9.30 20.8 28.6 12.3 4.59 28.9 25.2 2.15 2.41 5.42 11.9 
Ce 19.9 49.2 16.4 39.7 48.3 22.6 10.1 47.4 47.3 3.90 4.41 9.65 23.7 
Pr 2.04 4.57 1.67 4.12 4.62 2.28 0.81 4.31 4.96 0.45 0.47 1.11 2.55 
Nd 7.65 16.3 5.97 15.2 16.5 8.46 3.09 14.8 19.4 2.07 2.06 4.58 10.0 
Sm 1.26 2.35 0.74 2.58 2.32 1.42 0.62 2.54 3.51 0.56 0.51 0.79 1.45 
Eu 0.61 0.75 0.46 0.47 0.68 0.59 0.30 0.63 0.81 0.35 0.37 0.38 0.41 
Gd 1.04 1.72 0.63 1.94 1.48 1.11 0.55 2.26 2.96 0.66 0.46 0.82 0.84 
Tb 0.14 0.19 0.08 0.24 0.16 0.14 0.08 0.32 0.41 0.09 0.06 0.10 0.09 
Oy 0.72 0.72 0.38 1.27 0.77 0.79 0.43 1.71 2.48 0.50 0.32 0.55 0.47 
Ho 0.14 0.12 0.06 0.21 0.13 0.15 0.08 0.31 0.47 0.10 0.06 0.10 0.08 
Er 0.40 0.35 0.16 0.56 0.33 0.43 0.24 0.88 1.30 0.30 0.18 0.30 0.22 
Tm 0.05 0.05 0.02 0.08 0.05 0.06 0.04 0.13 0.19 0.04 0.03 0.04 0.Q3 
Yb 0.44 0.32 0.17 0.57 0.38 0.51 0.26 0.99 1.35 0.31 0.19 0.27 0.22 
Lu 0.06 0.05 0.03 0.08 0.06 0.08 0.04 0.13 0.20 0.05 0.03 0.04 0.04 
LREE 45.6 106 36.1 87.9 104 51.0 21.2 105 111 11.5 11.6 24.2 52.0 

Zr/Hf 65.1 52.7 39.3 33.6 53.7 57.3 89.2 53.7 38.1 54.1 50.8 56.3 48.5 
SrlY 76.6 90.2 115 17.3 74.4 61.2 67.4 15.2 9.28 142 234 162 191 
Ba/Rb 8.79 9.85 35.2 7.80 3.80 6.66 5.10 12.4 24.8 6.32 9.79 12.6 6.45 
Th/Nb 0.57 2.93 1.54 0.96 3.28 0.59 0.20 2.68 2.81 0.33 - 1.23 1.45 
Ce/Pb 1.62 3.78 0.68 1.31 3.31 1.75 1.10 2.68 3.64 0.50 0.52 0.75 2.87 
Th/La 0.27 0.32 0.35 0.47 0.33 0.27 0.28 0.64 0.52 0.29 0.16 0.19 0.16 
Zr/Nb 54.9 67.6 26.2 8.14 81.9 52.5 45.9 21.5 43.3 59.8 - 126 79.9 
Ta/Hf 0.08 0.08 0.04 0.04 0.40 0.03 0.10 0.09 0.29 0.09 0.04 0.03 0.05 
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Tonalite-trondhjemite samples from the Tati and the Sekukwe plutons are indistinguishable in terms 

of the compatible trace element abundances (Fig. 6.18 and Table 6.5). Nonetheless, they possess 

low abundances of compatible trace elements than the tonalite and granodiorite units of the Vumba 

granite-greenstone terrain. The tonalite-trondhjemite and the two samples from the tonalite­

trondhjemite dykes cutting the Phoenix gabbro are comparable in terms of compatible trace 

element abundances. However, sample ZBT-36 of the felsic dyke is an outlier in terms of Ni and Co 

possessing higher values than the tonalite-trondhjemite samples. It is important to note that the 

granitoids in the Tati granite-greenstone terrain are chemically distinct from the spatial associated 

felsic lavas in terms of the compatible trace elements concentrations (Fig. 6.18). 

6.6.2 Incompatible trace element 

The distribution variation of incompatible trace elements in the granitoids of the Tati granite­

greenstone terrain is presented in Figure 6.19 with the background of the granitoids from the 

Vumba area shown for comparison. It is apparent from the figure 6.19 that the selected 

incompatible trace element abundances from the tati granitoids display no correlation against Si02 

wt. % as index of differentiation. The tati quartz monzonite unit has low Nb, Zr, Y and Yb than its 

Vumba counterpart (Fig. 6.19a,b,c,n. In terms of Th and La contents it greatly overlaps the Vumba 

quartz monzonite. The trondhjemite and monzogranite in the tati granite-greenstone terrain are 

characterised by high abundances of Y (36.6 - 27.6 ppm) and Yb (4.44 - 3.27 ppm) than any 

granitoid in the Francistown Granite-Greenstone Complex. Y and Yb are known to be very 

compatible in garnet. 

The incompatible trace element distribution within the tonalite-trondhjemite samples from the Tati 

and the Sekukwe plutons display overlapping contents (Fig. 6.19), which overlap the abundances 

recorded in the tonalite unit from the Vumba granite-greenstone terrain. The samples from the 

tonalite-trondhjemite dykes are characterised by incompatible trace elements abundances 

overlapping those recorded from the felsic lavas from the Tati greenstone belt. 
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6.6.2.1 Rare earth element (REE) patterns 

The chondrite-normalized REE patterns for the granitoid from the Tati granite-greenstone terrain 

are presented in Figure 6.20. The various granitoid samples exhibit variable fractionated REE 

profiles. The quartz monzonite samples display strongly fractionated REE patterns (LalYbN = 44.4-

38.8) with negligible negative Eu anomalies (Eu/Eu* = 0.81-0.77) and fractionated HREE (Fig. 

6.20a). Samples of the monzogranite exhibit moderately fractionated REE patterns (LalYbN = 6.51-

4.91) with prominent negative Eu anomalies (Eu/Eu* = 0.60-0.57) and flat Heavy REE (Fig. 6.20b). 

Trondhjemite samples display fractionated REE patterns that are remarkably similar to those of the 

monzogranite. The REE patterns are moderately fractionated (LalYbN = 10.0-3.28) with 

conspicuous negative Eu anomalies (Eu/Eu* = 0.74-0.53) and non-fractionated HREE. This 

similarity presumably reflects some petrogenetic bond between the two granitoids. Samples of the 

tonalite-trondhjemite from the Sekukwe Pluton exhibit a wide range of REE profiles. The profiles 

define a continuous range in the degree of fractionation, a feature strongly highlighted by the 

variation in the LREE rather than HREE concentrations (Fig.6.20). The patterns are variably 

fractionated (LalYbN = 36.9-4.74), have prominent positive Eu anomalies (Eu/Eu* = 2.3-1.1), low 

HREE abundances and have concave HREE segments (Fig. 6.20). Samples of the tonalite­

trondhjemite from the Tati Pluton exhibit REE patterns that resemble those of the Sekukwe Pluton. 

These patterns are fractionated (LalYbN = 61.9-12.1) with variable positive Eu anomalies (Eu/Eu* = 
2.1-1.1) except sample ZBT31 that displays negative Eu anomaly, concave HREE section and low 

HREE abundances. The tonalite-trondhjemite dykes display REE patterns similar to the REE 

profiles of the quartz monzonite (Fig. 6.20). The patterns are fractionated (LalYbN = 19.8-12.6) with 

minor negative Eu anomalies (Eu/Eu* = 0.88-0.77). 

The chondrite-normalized REE profiles for the granitoids from the Vumba granite-greenstone 

terrain are presented for comparison in Figure 6.21. The granitoids are generally characterised by 

strongly fractionated REE profiles with variable Eu anomalies and concave HREE segments. The 

monzogranite REE patterns from the Vumba do not compare with the REE profiles displayed by the 

Tati monzogranite. The profiles of the quartz monzonite samples from the two granite-greenstone 

terrains are comparable to some extent. However, the Tati quartz monzonite samples exhibit more 

Chapter ... . ...... 6-40 

Univ
ers

ity
 of

 C
ap

e T
ow

n



!racbonated REE panerns th<Yl their Vumba counter;>an The REE patterns 01 the nlallte from the 

Vumba terrain resemble those of the tonahte·trondhJMlde samples {Fig 6211} 
,~ 

! ' 00 • , 
• " • • 
I " 

I '" 

I '" 

'00 

Q ....... """"""', I I l~" 

• <lr ... a d'·1 

" • u'" r..: ln' , 

~ 
" " C\,~ 

~~-,., • 

.. =- '" NO s ...... c.""t>w ... Eo- , .... L. 

'" 
, 

(, :1"'0 
Grl"" 
• rl',,, 
G ZI' ." 
• ZI', ' I 
\':II UMI 

" ln'" 

u =- Pr No ,.. E. C01H" ... Eo- 'oo v ... 

(I ZB1-2. 

" ra' '" 
~ ,B'I·. 
I Z6'.3' 
~ re' ·I' 
• lB ' " 
• <B T·" 

., 
.. -~~"-o~~ .. =- Pr "" "", •• co·. Do'" Eo- , .. ~ ... 

"" 

,~ 

: '(!oJ 

! 
i • " 

--.• .." 

., 

, ... .. ,-­-, 

(, <lT4 I 
• ZiP 
.1~q 

(J <I'" 

r l8l·n 
n ra"', 
• It'''' o <IT· .. 

'" 

"'=-"''''' ... EuG:rTbt .... E" .. • ••• ... 
F,g. 6.20: ~(t,:e-.'IOI~red REE ~,s rc' 1M 9'ar,lfw:!, .<lIn "" r al, ~r.., 'e-<;'~'~ ie~a ... irClmol,.., • 
• iIIJe!I"~ 'iII'.ff Su, a':lI,!~t>'IO .. ;;h, 1911~: ~ ::Ine<er>::es i. ,."aIe 

Univ
ers

ity
 of

 C
ap

e T
ow

n



,~ 100 , , 
~ 
" , 
" 

~ 100 

I 
.;; 10 

""',,''''',,'''' 

,., 
-_Oo_~ 

'" 

G""""""rt. 
IK"'"''''-''' "''' ''''1 

, 
,. c. " ,., 3m" GJ TO Jr '" ,,~'" ", " 

~ 100 

I 

---------

'" 

T",,~ ," 

1,~ .. 't·'1 

, 
l . C, '" NO """, GJ TO Jr"" ,, ~'" YO " 

"" 

Fig. 6.21: C1ooorite.-ne<milliled ~EE patterns 'or the ,ran ta4r, lr"", 1'1 " "lJn'in ,r"" le-gr~",,"~one leo", n 
(oorrmlili,g ';"""" ar~ ,fier Sun "d l~cCm';)lJgh 198:1:1 pre..,nted b mr1c,il(if.on ',,"Ih the T" g'anitci ds 

C~'er 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Trace element geochemistry ...................... . .... . .............. .libisani 8agai 

6.6.2.2 Multi-element Profiles 

The primitive mantle-normalized multi-element profiles for the Tati granitoids are given in Figure 

6.22. Samples of the quartz monzonite exhibit coherent and fractionated multi-element profiles that 

have negative Nb, Ta, Ti, Sr, P and Ba anomalies as well as positive Pb anomalies (Fig. 6.22a). 

The monzogranite samples show coherent multi-element profiles that have prominent negative Ti, 

P, Sr, Ta and Nb anomalies (Fig. 6.22). Additionally, the profiles show flat HREE, minor positive Pb 

anomalies and less LlLE enrichment (Fig. 6.22b). The samples of the tonalite-trondhjemite dykes 

display fractionated mUlti-element profiles characterised by negative Ti, P, Sr, Nb and positive Pb 

anomalies (Fig. 6.22c). The multi-element profiles for the trondhjemite samples resemble those of 

the monzogranite. Their profiles exhibit prominent negative Ti, P, Nb, Ta and Sr anomalies. 

Tonalite-trondhjemite samples from the Sekukwe and the Tati Plutons exhibit less coherent multi­

element profiles characterised by negative Ti, Nb, Ta, variable Sm, P, Sr and prominent positive Pb 

anomalies. Additionally, the profiles reflect depletion of HREE with respect to primitive mantle 

composition. Notably, the Sekukwe tonalite-trondhjemite and some tonalite-trondhjemite samples 

from the Tati Pluton exhibit negative Th anomalies, a feature that is not observed in the profiles of 

the other granitoids in the area. 

The multi-element profiles for the Vumba granitoids presented in Figure 6.23 for comparison, 

display coherent, fractionated and variable LlLE enriched profiles. Samples of monzogranite from 

the Vumba area comprise two sub-groups which have multi-element profiles characterised by 

prominent negative Ta, Nb, Sr, P and Ti anomalies. Though the profiles of the monzogranite 

samples from the two terrains do not resemble each other, they are comparable in terms of the Ta, 

Nb, Sr, P and Ti negative anomalies. The quartz monzonite samples from the Vumba area have 

remarkably similar multi-element profiles to those of the Tati quartz monzonite. They display 

negative Ba, Ta, Nb, Sr, P and Ti anomalies (Fig. 6.23). Samples of the tonalite display multi­

element profiles comparable to those of the tonalite-trondhjemite samples from the Tati granite­

greenstone terrain. The profiles show negative Ti, P, Nb, Ta and variable Sr anomalies. 

Additionally, they exhibit variable Th and positive Pb anomalies. Multi element profiles from the 

granodiorite samples (Vumba area) are characterised by negative Ti, Nb, Ta, P and variable Sr 

anomalies. 
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6.10 Summary 

Rare earth element characteristics of the mafic lavas from the Tati greenstone belt define three 

distinct sub-groups. One subgroup exhibits mildly LREE-enriched patterns and pronounced 

negative Nb-Ta, Sr, P, Hf and Ti anomalies in their primitive-mantle normalized multi-element plots. 

The second subgroup samples possess flat REE patterns with minor negative Eu anomalies and 

display multi-element profiles with less pronounced negative Nb and Ti anomalies. The third 

subgroup is LREE enriched and displays multi-element profiles with negative Rb, Ta-Nb, Sr, P and 

Ti anomalies. Felsic lavas in the Tati greenstone belt are characterised by high Cr, Co and Ni 

contents. Their multi-element profiles are enriched in LlL elements and show Nb, Sr and Ti 

negative anomalies. 

The Phoenix gabbro contains lower incompatible element abundances than the Tati mafic lavas as 

well as most of the Selkirk gabbro samples. It displays chondrite-normalized REE patterns with 

prominent positive Eu anomalies. The primitive mantle-normalized multi-element profiles exhibit 

negative Nb, Ti, Th, Hf and positive Sr and Eu anomalies. The Selkirk gabbro defines two groups 

on the basis of trace element abundances. One group resembles the mafic lavas of the Tati 

greenstone belt in terms of both compatible and incompatible trace element abundances. This 

group displays chondrite-normalized REE patterns similar to the Tati subgroup 2 mafic lavas. The 

patterns are slightly LREE-depleted with minor negative Eu anomalies. Their primitive mantle­

normalized multi-element profiles are devoid of Ti and Nb anomalies. The second group of Selkirk 

gabbro has lower abundances of incompatible elements and possesses flat chondrite-normalized 

REE patterns with prominent Eu negative anomalies. This group show primitive mantle-normalized 

multi-element profiles marked by negative Th, Nb, P, Ti, Hf, Zr and positive Sr anomalies. 

The incompatible element abundances of the diorite define two sub-groups. One sub-group which 

is enriched in incompatible elements corresponds to the low Mg# samples. It also displays LREE 

enriched chondrite-normalized REE patterns and primitive mantle-normalized multi-element profiles 

marked by negative Nb, Ti, P, Hf and positive Sr and Eu anomalies. The second sub-group exhibits 

near flat Chondrite-normalized REE patterns with prominent positive Eu anomalies. Its multi­

element profiles, which are primitive mantle-normalized, show deep Nb, Th and P negative 

anomalies while Sr and Eu display prominent positive anomalies. 

Chapter ... . ........................ 6-48 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Tectonic settings ...................................................................................................................................... Zibisani Bagai 

7.0 Introduction 

CHAPTER 7 

Tectonic Settings 

Despite voluminous literature about the role of plate tectonics and nature of mantle convection 

during the early part of the Earth's history, the resolution of Archaean tectonics remains fuzzy. 

However, as more studies are carried out in Archaean terranes, consensus about Archaean 

tectonics appears to be gradually converging. There is for example now a recognition that the 

Neoarchaean tectonics may have been different from those in the Paleoarchaean (e.g. Martin et aL, 

2005). This is based on restricted occurrence of sanukitoids to the Neoarchaean period. The 

problem remains however, that this may just be preservation related. Sanukitoids are subduction­

related rocks that occur in granite-greenstone terranes. Furthermore, there is also a recognition of 

compositional differences between the Neoarchaean and Mesoarchaean-Paleoarchaean TTGs. 

The Neoarchaean TTGs are characterised by more elevated Cr, Ni and Mg# (Rapp et aL, 1999; 

Martin et aL, 2005). This has been interpreted by many workers as an indication of interaction with 

the mantle wedge of subduction zones in their evolution. 

Plate tectonics and plumes have been implicated in the formation of many Archaean greenstone 

belts (e.g. Dostal and Mueller, 1997; Hollings and Wyman, 1999; Hollings et aL, 1999; Condie, 

2005). However, the outstanding question is whether the tectonic processes that operated during 

the Archaean did so differently as compared to that of more modern times. Some recent studies 

suggest that Archaean greenstone belts were formed by processes and in tectonic settings 

analogous to those operating in the Phanerozoic (e.g. Sandeman et aL, 2006; Smithies et aL, 2005; 

Manya, 2004; Srivastava et aL, 2004; Wang et aL, 2004; Kampunzu et aL, 2003). Additionally, 

geochemical comparisons between the Neoarchaean boninites (e.g. Kerrich et aL, 1998) and 

adakites (e.g. Wang et aL, 2004; Polat and Kerrich, 2001; Hollings and Kerrich, 2000) with their 

Cenozoic counterparts demonstrate that they are indistinguishable. This implies similar subduction 

zone processes operated in Archaean times and today. Furthermore, Mesoarchaean to 

Neoarchaean crustal horizontal shortening in the Neoarchaean (e.g. as detected on the Kaapvaal 
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Craton) resembles modern convergent collisional plate boundary processes (de Wit and Tinker, 

2004). 

Chemical compositions of volcanic and granitoid rocks of the Phanerozoic era are commonly used 

to extract information about their tectonic settings (e.g. Pearce and Cann, 1973; Pearce et aI., 

1984; Harris et aI., 1986; Whalen et aI., 1987; Eby, 1992; Rollinson, 1993; Pearce, 1996) because 

their variable chemical compositions are considered to emanate partly from plate tectonic 

processes (e.g. Ohta et aI., 1996). Moreover, there are numerous chemical features of modern 

igneous rocks that can be interpreted directly in terms of plate tectonic processes. Nonetheless, 

there are still intense debates about the similar application to infer the tectonic settings of Archaean 

rocks. The contention is that due to high mantle temperature during the Archaean, the nature of 

mantle convection and hence plate tectonics might have been different from those of today. 

Chemical similarities between recent and ancient rock suites would then, of course, have to be 

explained as being due to different processes yielding similar chemical signatures. There is, 

however, a growing recognition of the relevance of tectonic discrimination diagrams in the 

construction of tectonomagmatic settings of Archaean magmatic rocks, provided they are 

supported with other geochemical information (e.g. Condie, 2005b). Here, I follow this line of 

enquiry. 

7.1 Mafic lavas 

Various tectonic discrimination diagrams for basaltic rocks have been published (see Rollinson, 

1993 for overview). These are geochemical diagrams that define fields based on certain relatively 

immobile elements or element ratios that permit basalts of unknown origin to be assigned to its 

most probable tectonic setting of eruption. In this study, various tectonic discrimination diagrams 

have been tested to evaluate the tectonic setting of the mafic lavas from the Tati and Vumba 

greenstone belts (Fig. 7.1a-D. On the Ti-V diagram of Shervais (1982) the samples from both the 

Tati and Vumba greenstone belts plot in overlapping zones of volcanic arc basalt (VAB) and mid­

ocean ridge basalt (MORB) as well as on the MORB + BAB (back-arc basalt) field. Ti and V are 

both transition elements but behave differently in silicate magmatic systems (Shervais, 1982). The 

fields in this Ti-V diagram are subdivided essentially according to TiN ratio. Mid-ocean ridge basalt 

(MORB) plots between TiN ratios of 20 and 50 though there is considerable overlap with the back-
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arc basalt (BAB) field, whereas volcanic arc basalt (VAB) plots between TiN ratios of 10 and 25 

with a small overlap onto the MORB field. The mafic lavas under investigation are characterised by 

a wide range of TiN ratio ranging between 10 and 35. To resolve the ambiguity, the samples were 

further plotted on TiN-Zr discrimination diagram of Gribble et al. (1996) that discriminates between 

MORB, BAB and VAB (Fig. 7.1b). The BAB field falls between, but overlaps with, the VAB and 

MORB fields. The majority of the mafic volcanic samples from the study area plot in the BAB field, 

with a few samples falling in the overlapping regions (Fig. 7.1). 

On the Cr-Y diagram of Pearce (1983) the mafic lavas from the study area plot within the VAB field, 

with some samples falling in the overlapping region between VAB and MORB (Fig. 7.1c). This 

diagram discriminates effectively between MORB and VAB with only a small overlap between the 

two fields. However, great care is required when using binary discrimination diagrams involving 

high field strength elements (HFSE) versus compatible elements such as Ti,V and Cr because the 

position of a data point with respect to a field boundary can be affected by both dilution and 

concentration of immobile elements during alteration, and can also be significantly displaced from 

its true liquid composition by the presence of cumulate crystals (Pearce, 1996). 

A ternary discrimination diagram based on the immobile HFSE elements Th-Ta-Hf (after Wood, 

1980), is efficient at discriminating between MORB and VAB. The results suggest that the mafic 

lavas from the study area are volcanic arc tholeiites, except two samples from the Tati greenstone 

belt that straddle the enriched-MORB and within-plate tholeiites field boundary (Fig. 7.1d). ThlTa 

ratio can be used to discriminate volcanic arc basalts from MORB and WPB. Most volcanic arc 

basalts have ThlTa ratios greater than 3, whereas ocean plateau basalts and MORB possess 

ThlTa ratios less than 3 (Condie, 1997). Samples of the mafic lavas from the Tati and Vumba 

greenstone belts are characterised by ThlTa ratios that vary from 2.13 to 15.1, with only 2 samples 

recording value less than 3 (Table 6.1). Therefore, the ThlYb versus TalYb diagram of Pearce 

(1982) is employed for further verification of the tectonic setting for the mafic lavas from the two 

greenstone belts. This diagram uses ThlYb and TalYb ratios, which is basically ThlTa, to 

distinguish SUbduction slab from mantle components. Yb is used as a normalizing factor to largely 

eliminate the effects of partial melting and fractional crystallization (Pearce, 1982). According to 

Pearce (1982), Yb is an effective normalizing factor since it does not participate in the enrichment 
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processes of Th and Ta. Vectors have been drawn on the diagram (Fig. 7.1e) to highlight the main 

components of variation. It has been demonstrated empirically (Pearce, 1983) that within-plate 

enrichment events increase Ta and Th equally, hence its vector has a slope of unity. Fluids off the 

slab during subduction affect the concentration of Th but not Ta. Hence, their vector is vertical. 

Finally, crustal contamination affects Th more than Ta, hence its vector is sUb-vertical. As a result, 

MORB and within plate basalts plot within a well-defined band, while volcanic arc basalts and within 

plate basalts that have been extensively contaminated by continental crust are displaced to higher 

Th values. The mafic lavas from the greenstone belts in the study area are practically all displaced 

to relatively high Th values, which suggest that they are subduction related or within plate basalts 

that have been crustally contaminated. However, the within plate origin can be eliminated using the 

previous discrimination diagrams. 

Condie (1997) also used the Nb content of oceanic basalts to discriminate between various tectonic 

settings. He proposed that MORB typically have lower Nb contents « 3ppm) compared to ocean 

plateau basalts (OPB), which have >5 ppm Nb contents. The mafic lavas from the Tati and Vumba 

greenstone belts have Nb contents in the range of 1.43 to 4.68 ppm (average = 2.94 ppm) and 0.66 

to 5.40 ppm (average = 2.91 ppm), respectively. This eliminates the mafic lavas from the two 

greenstone belts from any OPB origin. The La/Nb ratios in subduction related volcanic rocks is 

generally> 1.5, with an average of about 3. This contrast with low La/Nb ratios of hot spot and 

ocean ridge-derived rocks that have an average La/Nb ratio of about 1 (Rudnick, 1995). Condie 

(1999) suggested a La/Nb ratio of 1.4 as defining the boundary between arc-derived basalts, on 

one hand, and plateau and MORB, on the other. He argued that MORB and OPB have La/Nb < 1.4 

whereas arc basalts possess La/Nb > 1.4. The Tati and Vumba mafic lavas display variable La/Nb 

ratios of 1.02 to 2.48 and 0.32 to 3.64, respectively. Thus, on this basis the mafic lavas from the 

Tati and Vumba exhibit a mixture of MORB and Arc basalt La/Nb ratios. A mixture of MORB and 

Arc basalt geochemical affinities is well known in back-arc basins (e.g. Hawkins et aI., 1990; 

Gribble et aI., 1996). 

Volcanic arc basalts can be subdivided into oceanic arcs, where only oceanic crust is involved in 

arc construction (e.g. West Pacific-like), and arcs build on continental lithosphere, at active 

continental margins (e.g. Andean-like). Pearce (1983) noted that most basalts from active 
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continental margins have TalYb ratios greater than 0.1, whereas oceanic arc basalts have ratios 

less than 0.1. The mafic lavas from the Tati and Vumba belts are characterised by TalYb ratios 

varying from 0.01 to 0.15, which is indicative of both oceanic and continental margin type arcs. A 

more efficient discriminating diagram for this purpose is the ZrlY versus Zr diagram of Pearce 

(1983), presented as Figure 7.1f. Continental margin arc basalts plot with higher ZrlY and Zr than 

the oceanic basalts. Practically all the samples of mafic lavas from the study area plot in the 

continental arc field, with half of the samples straddling the overlapping region. This set of data 

therefore essentially favours a marginal back-arc origin for the mafic lavas from the Tati and Vumba 

greenstone belts. 

Based on the evidence presented above (Figs. 7.1b & e), it is concluded that the mafic lavas from 

Tati greenstone belt represent a marginal back-arc basin similar to the island arc marginal back-arc 

basins of the Cenozoic western Pacific Ocean. Geochemical compositional characteristics of the 

erupted lavas in some back-arc basins are known to vary greatly from MORB-like dominated 

sequences to arc-like (e.g. Gribble et ai., 1996). Chondrite normalized REE and primitive mantle 

normalized profiles presented in chapter 6, clearly reveal three distinct subgroups within the mafic 

lavas of each of the Tati and Vumba greenstone belts. One subgroup from the two greenstone belts 

resembles arc-like mafic lavas of modern oceanic and continental margins (e.g. Pearce, 1982; 

Gribble et ai., 1996; Elliot et at., 1997). The mafic lavas also contain a second subgroup of tholeiitic 

basalt that exhibits variable, flat mildly LREE depleted patterns with no or with minor Nb anomalies 

in multi-element plots. Basaltic rocks that display similar geochemical characteristics are found 

along the mid-ocean ridges of the world (e.g. Pearce, 1996; Gribble et ai., 1996). The third minor 

subgroup from the Tati greenstone belt have elevated LREE but low (Th/La)N, a feature observed in 

continental- or back-arc or arc-rift basalt (Dostal and Muller, 1998; Hollings and Kerrich, 2000; 

Sandeman et ai., 2006). 
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7.2 Felsic lavas 

Studies of gwchemlcal characlerislk:s of intermediate to felsk: ntrusive rocks from a range of 

lectook: settings re'lealed that certain trace elements are capabl€ of discriminatil"lg the teclonk: 

settings in wnk:h tile magma was emplaced (pearce et al" t984. Harris et al" t986). Though tne 

diagrams were onginally des']ned for intr"si~e granite rocks, they are also applicable to felsK; 

lavas (extrusive equrvalents of the granitoids) On the Nb-Y diagram of Pearce et at (1984), all the 

felsk: lavas from tne T ati and \hrnba greenstone belts plot in the ambiguous field of ~olcan(; arc 

and syn-collisb'l granitoids (F~. 7.2a) Accordir.] to the Ta·Yb d,agrOOl of Pearce et ill (1984) 

presented as F~"re 7,2b, the felsic la ~as from the study area are similar to vok:31ic arc grarl itokfs 

Notably. volcanic arc and post-collisOn granitOids cannot be dlstinguisned from eacn other based 

on the Nb-Y arK1 Ta-Yb tectonk: diagrOOlS of Pearce et at (1984). According to Hams et ill (1986), 
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post-collision granitoids that show mooy geochemical similarities with volcanic arc granitcids, 

however, can be distinguished fran vO K:ank: arc grooites by their higher ratIOs of TaIM! Felsc 

lavas frolll the Tali and Vurnba greenstooe belts are chiYactensed by greatly overlapping TaiHf 

rattOS rifiQing between 0.05 and 0.19 (Table 6.2\. which is much lower than that for post-collision 

granitoKis (Harris et al. 1986) Coosequently, 00 the Hf-Ta-Rb discrimrnation diagram of HiYris et 

aI. (1986), the felsic lavas plot outsid€ tl\€ post-collision granitokJs fiekj (Fig. 7.2c)_ 
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7.3 Gabbros, Diorite, Serpentinite and Metapyroxenite 

The tectonic setting of the gabbro, diorite, serpentinite and metapyroxenite can be inferred from 

their trace element characteristics, for instance, from their primitive mantle-normalized diagrams, 

elemental composition and inter-element ratios. Mafic magmas generated in a convergent margin 

are characterised by enrichment of the large ion lithophile elements (L1LE) over REE, and of LREE 

relative to P and HFSE (Hollings and Kerrich, 2004). The L1LE and LREE enrichment are the 

subduction-derived components, whereas HFSE are inherited from the mantle (Pearce and Peate, 

1995; Hawkesworth et aI., 1993). Therefore, HFSE have been used to constrain the composition 

and enrichment or depletion history of the subarc mantle (Pearce et aI., 2000). The composition 

and inter-elemental ratios for magmatic arc rocks emanate from three main processes; (1) mantle 

wedge enriched by sediments recycled into the mantle along subducting slabs, (2) mantle wedge 

enriched by fluids from the dehydration of a subducting slab and (3) subarc mantle enrichment by 

slab-derived melts (Pearce and Peate, 1995; Sajona et aI., 2000). Primitive mantle-normalized 

multi-element profiles for the gabbro, diorite, serpentinite and metapyroxenite from the study area 

are all characterised by negative Nb anomalies (chapter 6), which is a characteristic feature of 

modern normal arc igneous rocks (Pearce and Peate, 1995; Sajona et a/., 1996; 2000). 

7.4 Granitoids 

Granitoids from the Tati granite-greenstone terrane, together with granitoids from the Vumba 

granite-greenstone terrane presented here for comparison, plot entirely in the volcanic arc 

granitoids (VAG) and syn-collision granitoids (syn-COLG) field on the Nb-Y tectonic discrimination 

diagram of Pearce et a/. (1984). The trondhjemite and monzogranite from the Tati terrane are 

exceptions in that these tend to straddle the boundary between the within-plate granitoids (WPG) 

and VAG + syn-COLG fields. On the Ta-Yb diagram of Pearce et a/. (1984), presented as Figure 

7.3, all, except one, of the data points representing granitoids from the Tati granite-greenstone 

terrane plot in the volcanic arc field. The exception being a sample of a tonalite-trondhjemite from 

the Tati pluton, which plots along the boundary of VAG and syn-COLG. Similarly, granitoids from 

the Vumba granite-greenstone terrain plot in the VAG field, except the granodiorite samples from 

the Mashawe pluton that fall along the boundary of syn-COLG and VAG fields. Since the Nb-Y and 

Ta-Yb discrimination diagrams of Pearce et a/. (1984) cannot separate post-collision granitoids 
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from VAG, the Hf-Ta-Rb diagram of Harris et al. (1986) has been used to test for this (Fig. 7.3c). 

All, except two, of the data points representing granitoids from the Tati terrain plot in the VAG field 

of the Hf-Ta-Rb diagram of Harris et al. (1986). The exceptions are samples from the Tati pluton 

tonalite-trondhjemite (ZBT-32) and a tonalite-trondhjemite dyke (ZBT-36) which plot in the post­

collision granitoids and within-plate granitoids fields, respectively. As for the Vumba granitoids, all 

the samples plot in the VAG field except the granodiorite samples from the Mashawe pluton, which 

resemble the post-collision granitoids in the Hf-Ta-Rb diagram of Harris et al. (1986). Since Rb is 

known to be a mobile element under hydrothermal and low-grade metamorphism (Pearce, 1996; 

Rollinson, 1993), the results of the Hf-Ta-Rb diagram need to be treated with caution or must be 

supported by other information. Post-collision granitoids can be distinguished from volcanic arc 

granitoids based on their higher Ta/Hf ratio (Harris et aI., 1986), since these 2 are immobile high 

field strength elements (HFSE). The Tati granitoids display variable Ta/Hf ratios that range from 

0.03 to 0.16, except two outlier samples ZBT-36 (Felsic dyke at Phoenix) and ZBT-32 (Tati pluton) 

that have 0.29 and 0.40 Ta/Hf ratios, respectively (Table 6.5). In comparison, the Vumba granitoids 

exhibit Ta/Hf ratios varying between 0.05 and 0.17, with exception of the samples from the 

Mashawe pluton which are characterised by high Ta/Hf ratios (0.41 - 0.31) (Appendix B). The 

Ta/Hf ratios recorded in the granitoids are consistent with the results of Hf-Ta-Rb diagram of Harris 

et al. (1986). This substantiates their sign as volcanic arc granitoids. 

The prevalence of arc affinities for the felsic lavas, mafic intrusions and granitoids from the Tati and 

Vumba granite-greenstone terranes suggests a convergent margin tectonic setting. However, the 

mafic lavas in these greenstone belts represent a back-arc basin or Arc setting. Therefore, the 

spatial association of broadly contemporary rocks of back-arc and convergent margin settings 

suggests that there was a geodynamic relationship between the back-arc basin development and 

the convergent margin. The back-arc basin could have been initiated in response to upwelling 

asthenosphere in the hinterland of a SUbduction system due to slab rollback (e.g. Condie, 2005). 

Noteworthy, is the absence of diorite and trondhjemites as well as the prevalence of granodiorite in 

the Vumba area, which is the opposite case in the Tati terrain. This is attributed to a more complex 

subduction zone environment similar to the Andean margin with a back-arc development. 
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CHAPTER 8 

ISOTOPE GEOCHEMISTRY 

8.0 Introduction 

This chapter presents both radiogenic and stable isotopes for a variety of rocks from the 

Francistown Granite-Greenstone Complex. Radiogenic isotopes that were analysed are whole­

rock Sr, Nd and Pb. The Sr, Nd and Pb isotopic compositions were determined using a VG Sector 

thermal ionisation mass spectrometer at the University of Cape Town. The effects of fractionation 

during Sr and Nd isotope analyses were corrected for by normalizing to 87Sr/88Sr = 0.1194 and 

146Nd/144Nd = 0.7219, respectively. Over the period of the analyses, NBS 987 (international 

standard for quality control) gave a value of 0.710253 ± 0.000008 (10). The mean 87Sr/86Sr value 

of internal standard MLW 03 was 0.706658, with a 10 reproducibility of 0.000008 (n=7). Analysis 

of the La Jolla standard during the period of data collection yielded a value of 143Nd/144Nd = 

0.511830 ± 0.000005 (10). The mean value for the internal reference standard SLH 9 during the 

period of measurement (reproducibility) was 0.512191 ± 0.000006 (10; n=5). Pb isotope ratios 

were corrected for fractionation by applying a discriminating factor determined by multiple analyses 

of NBS SRM 981 (n=8). The overall correction factor was about 0.10% a.m.u-1. For all Pb isotope 

measurements 20 in-run error are less than ±0.015 for 206Pb/2o4Pb and 207Pb/2o4Pb and less than 

±0.028 for 208Pb/204Pb. During the period of these analyses blank levels were very low, and no 

corrections were needed. In case of the stable isotopes, Oxygen isotope ratios were measured in 

quartz obtained from the granitoids and pyroxene in the case of gabbroic and dioritic rocks, using 

a Thermo Finnigan Delta PlusXP mass spectrometer housed in the Archaeology department, 

University of Cape Town. All the details on procedures and techniques are documented in 

Appendix B. 

8.1 Background 

Radiogenic isotope ratios are commonly used in geochemistry as petrogenetic tracers, yielding 

information on time-integrated elemental fractionation through processes of melting, crystallization, 

metamorphism, metasomatism and crustal contamination (Dickin, 2005). The isotope ratios of 
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elements such as SrI Nd and Pb are subdivided into ranges that characterize different sources 

potentially involved in producing magmas. Over geological time, depleted mantle attained high 

143NdJ144Nd (from high 147SmJ144Nd) and low 87SrJ86Sr (from low 87RbJ86Sr). On the other hand 

ancient continental crust acquired low 143NdJ144Nd and high 87SrJ86Sr, reflecting long-term 

incompatible element enrichment. Between these two extreme sources lie a range of mantle 

isotope compositions, representing end-members with different enrichments at different times, 

corresponding to long-term mantle convection and recycling processes, such as melt extraction 

and lithospheric recycling (e.g. Davidson et aI., 2007). Because the radiogenic isotopic ratios of SrI 

Nd and Pb are not fractionated by processes of melting and crystallization (Dickin, 2005; Faure 

1998L they have become a commonly used tool to fingerprint source contributions in magmatic 

rocks. 

The results of Sr isotope are not always easy to interpret in Archaean rocks because both Rb and 

Sr are relatively mobile elements that are readily disturbed by secondary processes, particularly 

when applied to studies of ancient metamorphic terrains such as the Francistown Granite­

Greenstone Complex. 

The Nd isotopic composition of an igneous rock at the time of formation (initial isotopic 

composition) can be calculated if the age of the rock is known. This initial isotopic composition can 

be compared with the isotopic composition of the chondritic bulk earth at the same time, using the 

epsilon notation (ENd) with values that range from positive to negative. The epsilon Nd of an 

igneous rock sample at the time of its formation, denoted ENd (t), where t is the age of the sample, 

is calculated by comparing the initial 143NdJ144Nd of the rock with the isotopic composition of a 

chondritic bulk earth at that time as shown in equation (Eq1). 

ENd (t) = { 143NdJ144NdsampieW - 1 } x 104 

143NdJ144NdsE(t) 
Eq. (1) 

Positive initial ENd value for igneous rock implies that the magma was derived from a source with 

greater SmJNd than the bulk Earth (BE), such as a depleted mantle source region. A negative 

initial ENd value implies a magma source with lower SmJNd ratio than BE, such as an enriched 

mantle source, or an ancient crustal source (Rollinson, 1993). Thus initial ENd values can be used 
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to test for crustal contamination of mantle-derived magmatic rocks, and characterise source 

regions of magmas. 

Nd isotopic data can also be used to calculate model age of rocks. A model age is the time when 

the initial 143Nd/144 Nd of the rock sample equals that of its depleted mantle source (Dickin, 2005; 

Rollinson, 1993). Such model ages are also referred to as depleted mantle model ages, denoted 

TOM (e.g. the time of depletion). There are several different depleted mantle evolution models used 

in calculating the Nd TOM (e.g. Dickin, 2005). Widely applied models are those of DePaolo (1981) 

and Goldstein et al. (1984). These two models differ. The Goldstein et al. (1984) model is linear 

between ENd -+10 today and ENd -0 at 4.6 Ga, while the DePaolo model is a quadratic equation Eq. 

(2) that defines a convex upward depleted mantle evolution curve. An alternative depleted mantle 

evolution model to that of DePaolo (1981) was proposed by Nagler and Kramers (1998). The 

Nagler and Kramers (1998) model is defined in Eq. (3). 

ENd = 0.25(2 - 3( + 8.5 

ENd (T) = 0.16413 - 0.56612 - 2.79T + 10.4 

Eq. (2) 

Eq. (3) 

Pb isotope systematics are more complex than the Sr and Nd isotopes. The complexity emanates 

from the fact that 238U, 235U and 232Th undergo alpha decay through separate series of 

intermediate radioactive daughters to stable 206Pb, 207Pb and 208Pb, respectively (Dickin, 2005; 

Faure, 1998). Pb isotope data are reported relative to 204Pb, which is the only non-radiogenic 

stable Pb isotope. Lead is an incompatible element, but to a lesser extent than Th and U (Stacy 

and Kramer, 1975). Thus the UlPb and Th/Pb values of unaltered magmatic rocks will normally be 

higher than those of the sources from which they were derived. The enrichment of U, Th and Pb in 

the continental crust relative to the upper mantle, along with the generally high U/Pb and Th/Pb 

ratios of fractionated upper continental crust, make Pb isotopes a sensitive indicator for crustal 

contamination of mantle derived rocks (Kramers and Tolstikhin, 1997). 

Oxygen isotopes provide a way of distinguishing between rocks formed in equilibrium with the 

mantle and those which formed from the continental crust (Criss, 1999). Therefore, they are a 

valuable indicator of surface processes and a useful tracer of rocks that had contact with the 

Earth's surface at some point. Additionally, oxygen isotopes can be applied in investigation of 
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crustal contamination of mantle-derived magmatic rocks. The oxygen isotope ratio 180/160 is 

measured relative to concentrations in Standard Mean Ocean Water (SMOW) and expressed in 

parts per mil (%0). This ratio is expressed as a 0 value which is calculated as shown in equation 

Eq.4 below. 

0180%0 = [180/160 (sample) - 180/160 (standard)] X 1000 
180/160 (standard) 

8.2 Data presentation 

8.2.1. Sr, Nd and Pb isotope data for the mafic lavas 

Eq. (4) 

Six representative mafic volcanic rock samples from the T ati and Vumba greenstone belts were 

analyzed for their Sr and Nd isotope composition. Initial Sr and Nd isotope ratio for each sample 

has been calculated from measured 87Sr/86Sr, 143Nd/144Nd, the calculated 87Rb/86Sr and 

147Sm/144Nd ratios, and the absolute geologic age of the rock. For the Vumba mafic lavas, the 

absolute age was inferred from precisely determined U-Pb age on zircons of 2696 ± 5.6 Ma (this 

study) obtained from the intercalating felsic lavas. In case of the Tati mafic lavas, the minimum 

absolute age was deduced from the overlying andesitic lava which was precisely dated using U-Pb 

in zircons at 2737 ± 2 Ma (this study). Two samples of the mafic lavas were analysed for Pb 

isotope compositions, one from each greenstone belt. The data are presented in Table 8.1. 

Initial 87Sr/86Sr for the mafic lavas from the Vumba and Tati greenstone belts range from 0.700903 

± 8 to 0.702807 ± 8 and 0.702236 ± 10 to 0.702696 ± 9, respectively (Table 8.1). The Tati mafic 

lava initial ratios fall within the wider range of the Vumba mafic lavas. However, sample ZBT-54 

from the Tati belt displays anomalous initial 87Sr/86Sr ratio of 0.695338 (lower than BABI) and very 

low Sr (12.4 ppm) abundance, which suggests that Sr isotopic system in these mafic lavas has 

been variably disturbed. On a 87Sr/86Sr versus 1/Sr diagram (Fig. 8.1a), the mafic lavas from both 

belts do not indicate any equivocal relationship between their initial Sr isotopes and the inverse of 

the Sr abundances as would be expected for mantle-derived samples that experienced some 

crustal contamination. 
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Table 8.1: Whole rock Sr, Nd and Pb isotope analyses of the mafic lavas from the Vumba and Tati 
greenstone belts. Subscripts: i = initial; 0 = present. 

Sample ZBV·13 ZBV·182 ZBV·185 ZBT·51 ZBT·54 ZBT·46 
Location Vumba greenstone belt Tati greenstone belt 
U·Pb age (Ma) 2733 2733 2733 2737 2737 2737 
Rb (ppm) 0.91 2.30 21.4 3.27 1.27 0.70 
Sr(ppm) 137 146 128 170 12.4 92.4 
87Rbf 6Sr 0.019221 0.045581 0.484642 0.055665 0.296471 0.021922 

87 86 
( SrI 86) measured 0.703567 0.702707 0.721491 0.704439 0.707070 0.703563 
10' error ±8 ±8 ±8 ±10 ±8 ±9 

tSr/8686); 0.702807 0.700903 0.702577 0.702236 0.695338 0.702696 

Sm (ppm) 1.53 278 3.98 4.10 2.36 1.70 
Nd (ppm) 5.60 8.72 13.6 12.5 10.2 6.10 
147 Sml144Nd 0.165026 0.192862 0.176777 0.198285 0.139833 0.168455 

(143Nd/144Nd lm •• sured 0.511939 0.512644 0.512656 0.512739 0.511597 0.512239 
1 0' error ±12 ±5 ±10 ±10 ±6 ±5 
(143Nd/144Ndl; 0.508962 0.509166 0.509467 0.509163 0.509068 0.509201 

ENd (0) ·13.64 0.12 0.34 1.98 -20.32 -7.78 

ENd (i) -2.52 0.53 7.40 1.61 -0.26 2.35 

f3 m/Nd -0.16 -0.02 -0.10 0.01 -0.29 -0.14 

206Pb/204Pb 20.38 - - - 20.88 -
207 Pb/204Pb 16.08 - - - 16.38 -
208Pb/204Pb 39.59 - - - 39.81 -

The samples of the mafic lavas from the Vumba greenstone belt yielded a wide variation in initial 

Nd isotope ratios (143Nd/144Nd = 0.508962 - 0.509467; Table 8.1 and Fig. 8.1b). The initial 

143Nd/144Nd values exhibit noticeable co-variation with the inverse of the Nd (1/Nd) concentration 

(Fig. 8.1b), which suggests involvement of crustal contamination. The ENd values of the mafic 

lavas, which were calculated at 2700 Ma, range broadly from -2.5 to +7.4. However, the high 

positive value is suspect because of secondary processes as evidenced by its high 147Sm/144Nd 

ratio (0.1929). The ENd value for depleted mantle at 2700 Ma calculated according to the model of 

DePaolo (1981) is +2.2. Notably, the LREE enriched sub-group 1 (refer to chapter 6) sample 

yielded a negative ENd value of -2.5, whereas the sub-group 2 (refer to chapter 6) samples that are 

unfractionated (flat REE) and slightly LREE depleted, record ENd values of +0.5. This is consistent 

with variable enrichment of the source or contamination of the magma. However, caution needs to 

be exercised when interpreting results based on a small number of samples. 
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The initial 143Nd/144Nd ratios for the mafic lavas from the samples of Tati greenstone belt range 

from 0.509068 to 0.509201 with ENd values varying between -0.3 and +2.4 (Table 8.1). The ENd 

values have been calculated at 2737 Ma. It is worth noting that the ENd value of -0.3 has been 

recorded from the sub-group 1 sample which is a LREE enriched sub-group (see chapter 6). Sub­

group 2 (flat REE) samples yielded variable positive ENd values averaging +2.0, which is marginally 

lower than that for depleted mantle (+2.2) at 2737 Ma according to the model of DePaolo (1981). 

The initial Nd and Sr ratios of the mafic lavas from the Tati and Vumba greenstone belts do not 

reflect any obvious relationship on variation diagram involving initial Nd versus initial Sr values 

(Fig.8.1c). 

Two samples of mafic lavas from the two greenstone belts were analysed for the Pb isotopes and 

their results are recorded in Table 8.1. The representative sample of the Vumba mafic lava has Pb 

isotope ratios of 20.28, 16.08 and 39.59 for 206Pb/204Pb, 207Pbf204Pb and 208Pb/204Pb, respectively. 

These ratios are comparable (though slightly lower) to the Pb isotope ratios of the single analysed 

Tati mafic lava, which are 20.88, 16.38 and 39.81 for 206Pb/204Pb, 207Pbf204Pb and 208Pbf204Pb, 

respectively. 
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Table 8.2: Whole rock Sr, Nd and Pb isotope analyses of the felsic lavas from the Vumba and Tati 
greenstone belts. Subscripts' i = initial; 0 = present calculated. 
Sample lBV·173 lBV·166 lBV·156 lBT·43 
Location Vumba greenstone belt Tati greenstone belt 

U·Pb age (Ma) 2700 2700 2700 2735 
Rb (ppm) 51.6 18.7 55.2 41.1 
Sr(ppm) 83.6 281 347 179 
87Rb/86Sr 1.797330 0.192659 0.461000 0.665938 
(87 Sr/86S6) measured 0.767593 0.708323 0.718548 0.726823 
10 error ±9 ±9 ±8 ±9 
(87 Sr/86S6); 0.697452 0.700700 0.700558 0.700834 

Sm (ppm) 3.09 2.40 3.59 2.96 
Nd (ppm) 18.2 12.9 21.4 15.5 
147Sm/144Nd 0.102595 0.112427 0.101372 0.115404 
(143Nd/144Nd)measured 0.511018 0.511104 0.511006 0.511216 
10 error ±6 ±5 ±4 ±12 

C43Nd/144Nd); 0.509193 0.509101 0.509203 0.509129 

ENd (0) -31.61 -29.93 -31.83 -27.74 

ENd (i) 1.15 -0.65 1.36 0.94 
FmlNd -0.48 -0.43 -0.48 -0.41 

206Pb/204Pb - 17.72 17.83 20.11 
207pb/204Pb - 15.53 15.65 16.10 
208pb/204Pb - 37.50 37.84 40.30 

The initial 143Nd/144Nd values for the Vumba felsic lavas vary between 0.509101 and 0.509203, 

and the representative sample of the Tati felsic lavas records a ratio of 0.509129 (Table 8.2). 

These initial Nd isotope values versus the inverse of Nd concentration are presented on a variation 

diagram (Fig. 8.2a) together with the data from the mafic lavas indicated for comparison. It is clear 

from the variation diagram (Fig. 8.2a) that the initial Nd isotopes of the felsic lavas and mafic lavas 

from the two greenstone belts are similar. The variation plot of initial Nd versus initial Sr isotope for 

the felsic and mafic lavas, however, reveal no obvious relationship between the two isotopes (Fig. 

8.2b). Additionally, it is apparent from the Fig. 8.2b that the felsic lavas have lower initial Sr isotope 

values than the mafic lavas. 

The initial ENd values for the Vumba felsic lavas calculated at 2700 Ma range from -0.65 to +1.36 

(Table 8.2) with an average value of +0.6. This value is lower than the depleted mantle value at 
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8.2.3. Sr, Nd and Pb isotope data for the serpentinite, metapyroxenite, gabbro and diorite 

Sr, Nd and Pb isotope analyses of the serpentinite, metapyroxenite, gabbro and diorite units from 

the Francistown Granite-Greenstone Complex are recorded in Table 8.3. The serpentinite has a 

very high initial Sr isotope value of 0.733564, which falls outside the expected range for mantle Sr 

isotope ratios. The metapyroxenite sample has initial Sr isotope value of 0.702244. A 

representative sample of the Phoenix gabbro recorded an initial Sr isotope value of 0.701315 

which overlaps the initial Sr ratios of the Selkirk gabbro (0.701311 to 0.702133; Table 8.3). 

Notably, the sub-group 1 gabbro of Selkirk has higher initial Sr isotope ratio than the sub-group 2 

that has initial 87Sr/86Sr values comparable to those of the Phoenix gabbro. The Initial 87Sr/86Sr 

value for the sub-group 1 Selkirk gabbro is comparable with that of the metapyroxenite. The diorite 

samples yielded restricted initial 87Sr/86Sr values that range from 0.701230 to 0.701462 (Table 

8.3). 

Table 8.3: Whole rock Sr, Nd and Pb isotope analyses of the serpentinite, metapyroxenite, gabbro 
and diorite from the Francistown Arc Complex. Subscripts: i = initial; 0 = present. 

Sample ZBV-192 ZBV-194 ZBT-39 ZBT-67 ZBT-7S ZBT-24 ZBT-18 
Location Serpentinite Metapyroxenite Gabbro (Phoenix) Gabbro (Selkirk) Diorite 

U-Pb age (Ma) 2.73 2.73 2.73 2.73 2.73 2.72 2.72 
Rb (ppm) 0.50 0.97 3.27 1.96 1.69 0.86 9.85 
Sr(ppm) 2.90 41.8 88.0 108 88.4 167 158 
87Rb/86Sr 0.501362 0.067159 0.107548 0.052518 0.055320 0.014899 0.180482 
(87Sr/8686) m O}53404 O}04901 0.705571 0.704211 0.703500 O}02052 O}08372 
1 a error ±13 ±8 ±10 ±8 ±8 ±11 ±10 
(87Sr/8686); 0.733564 O}02244 O}01315 O}02133 O}01311 O}01462 0.701230 

Sm(ppm) 0.56 1.60 039 2.47 0.60 0.47 1.33 
Nd (ppm) 1.65 6.00 1.11 7.57 1.76 1.55 5.11 
147Sm/144Nd 0.206621 0.161595 0.212919 0.197254 0206093 0.181738 0.140779 
C43

Nd/
144

Nd)m 0.512376 0512330 0.512200 0.512826 0512822 0.512487 0511832 
1 a error ±17 ±18 ±5 ±5 ±11 ±10 ± 23 
C43Nd/144Nd); 0.508649 0.509415 0.508384 0.509291 0509129 0.509230 0.509309 

ENd (0) -5.12 -6.01 -8.55 3.66 359 -2.94 -15.73 

ENd (i) -8.67 6.38 -137 4.11 093 4.46 2.92 

fSmlNd 0.05 -0.18 0.08 0.00 0.05 -008 -0.28 

206Pb/204Pb 13.72 - 14.30 13.94 1808 14.98 17.82 
207 Pb/204Pb 14.85 - 14.94 15.03 1583 15.23 15.69 
208PbP04Pb 33.72 - 33.99 34.10 36.42 34.61 37.80 

The initial Nd isotope value for the serpentinite is 0.508649 with initial ENd value of -8.67 (Table 

8.3). The metapyroxenite has an initial Nd isotope value of 0.509415 corresponding to initial ENd 
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value of +6.38. The initial ENd values for both serpentinite and metapyroxenite were calculated at 

2700 Ma and are lower and higher, respectively, than the depleted mantle value at 2700 Ma, 

which is +2.2 (calculated using model of DePaolo, 1981). 

The Phoenix gabbro has low initial Nd isotope and a very low initial ENd value of -13.7, well outside 

the expected ENd range of the mantle at 2700 Ma. The Selkirk gabbro has variable initial Nd 

isotope values from 0.509129 to 0.509291 corresponding to ENd values of +0.93 to +4.11 (average 

= +2.5). Notably, the sub-group 1 Selkirk gabbro exhibits higher ENd ratios than sub-group 2. The 

diorite unit within the same area has variable initial Nd isotope values, ranging from 0.509230 to 

0.509309, with initial ENd values ranging from +2.92 to +4.46 (average = +3.7; Table 8.3). The 

higher initial ENd value corresponds to the diorites of sub-group 2 (unfractionated REE). The initial 

ENd values for gabbros and diorite were calculated at 2737 and 2716 Ma, respectively. The ENd 

values for the Selkirk gabbro and diorite are slightly higher than the values of the depleted mantle 

calculated at 2737 and 2716 Ma, respectively, which is +2.2 (model of DePaolo, 1981). The Sr and 

Nd initial isotopes for the serpentinite, metapyroxenite, gabbros and diorite are presented on 

variation diagrams in Figure 8.3 with the initial ratios for the mafic lavas indicated for comparison. It 

is apparent from the variation diagram (Fig. 8.3) that the initial Nd isotopes of the mafic lavas are 

comparable to those of the diorite, Selkirk gabbro and metapyroxenite. 

The representative sample of serpentinite has less radiogenic Pb isotopes (206Pbf204Pb = 13.72, 

207Pb/2o4Pb = 14.85 and 2oBPb/204Pb = 33.72; Table 8.3) comparable with those of the Phoenix 

gabbro (206Pb/204Pb = 14.30, 207Pbf2o4Pb = 14.94 and 2oBPb/204Pb = 33.99). The Selkirk gabbro is 

characterised by less radiogenic to radiogenic Pb isotope composition (206Pb/204Pb = 13.94-18.08, 

207Pb/2o4Pb = 15.03-15.83 and 2oBPb/204Pb = 34.10-36.42; Table 8.3). The LREE enriched sub­

group sample of the Selkirk gabbro exhibits less radiogenic Pb isotope composition than the sub­

group 2 which comprise trace element depleted samples with high Mg#. The diorite unit displays 

variable Pb isotope composition from less to radiogenic (206Pbf204Pb = 14.98-17.98, 207Pbf2o4Pb = 

15.23-15.69 and 2oBPb/204Pb = 34.61-37-80; Table 8.3) with the sub-group 1, which is composed of 

LREE enriched samples, displaying more radiogenic Pb isotope than the sub-group 2 diorite 

samples. 
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8.2.4 Sr, Nd and Pb isotope data for the granitoids 

Analyses of Sr, Nd and Pb isotopes for a variety of granitoids from the Vumba and the Tati granite­

greenstone terrains are recorded in Table 8.4 

Table 8.4: Whole rock Sr, Nd and Pb isotope analyses of a variety of granitoids from the 
Francistown Granite-Greenstone Complex. Subscripts: i = initial; 0 = present. Abbreviation: 
Trondhje = trondhjemite. 

Sample 
Rock type 
Location 

U-Pb age (Ma) 
Rb (ppm) 
Sr(ppm) 
87Rb/86Sr 

(87 Sr/8686) m 

10 error 
(87 Srf686); 

Sm (ppm) 
Nd (ppm) 
147Sm/144Nd 

(43Ndl44Nd)m 

1 0 error 
(43Nd/144Nd); 

ENd (0) 

ENd (i) 
pm/Nd 

206Pb/204Pb 
207PbP04Pb 
208Pb/204Pb 

Chapter 8 .... 

lBV-69 lBV-74 lBT-6 lBV-83 lBT-4 lBV-78 lBV-80 lBV-91 lBV-97 lBT-10 
Monzogranite 

Vumba : Tali 

2647 2647 
404 139 

Quartz monzonite 
Vumba: Tali 

2690 2734 
180 212 

2686 
69.9 
673 

Granodiorite Trondhje 
Vumba Tali 

2686! 2686
1 

2686 2716 
74.5 1 84.6

1 

115 41.2 
459! 136

1 
275 83.5 

0.4703821 1.8115251 1.211923 1.435033 
0.788446 0.770731 0.749628 0.718915 0.743037 0.712441 0.71891510.76826210.745542 0.755081 

535 586 187 216 
6.300806 1.869078 1,524843 0.470382 1.050935 0.300810 

2715 
52.3 
99.7 

±8 ±9 ±9 ±9 ±14 ±13 ±9 I ±9 1 ±10 ±9 
0.547108 0.699140 0.691222 0.699781 0.702117 0.700746 0.7006271 0.6978341 0.698425 0.699205 

1 , 

I 1 

18.3 2.96 6.14 12.0 803 7.31 426: 2.98! 5.76 5.98 
106 21.8 31.6 74.6 54.3 52.0 259 15.5

1 
36.3 31.3 

0.103860 0.082044 0.117422 0.097285 0.089369 0.084942 0.099391 0.11267510.095882 0.115445 

0.511052 0.510762 0.511286 0.511027 0.510833 0.510718 0.510984 0.511220 I 0.510865 0.510828 
±6 ±5 ±5 ±6 ±5 ±7 ±5 ±5 I ±5 ±5 

0.509238 0.509329 0.509272 0.509297 0.509222 0.509235 0.509248 [ 0.509223 1
1 

0.509166 0.508740 

-30.94 -36.60 -26.38 -31.42 -25.42 -37.45 .32.271 -27.661 -34.59 -35.32 
1 1 0.69 2.48 0.15 2.94 0.36 1.62 1.88
1 

1.40
1 

-0.47 -0.58 -0.40 -0.51 -0.55 -0.57 .0.49
1 

-0.431 -0.51 

0.27 -7.35 

-0.41 

23.98 
16.72 

62.33 

21.51 
16.29 

40.26 

41.89 
19.27 

62.65 

22.95 24.41 

16.52 16.74 

43.13 42.93 

16.54 
15.38 

38.09 

i 

19.64 1 

15.90i 

40.36 1 

I 
26.771 22.14 80.48 

17.30 i 16.34 27.26 
39.39 47.57 102.85 
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Table 8.4: Continued 
Sample 
Rock type 
Location 

U·Pb age (Ma) 
Rb (ppm) 
Sr(ppm) 
87Rb/86Sr 

(87 Sr/86Sr)m 

1 oerror 
(87 Sr/86Sr); 

Sm (ppm) 
Nd (ppm) 
147 Sm/l44Nd 

C43Nd/144Nd)m 
1 oerror 

C43Nd/144Nd); 

£Nd(o) 

£Nd(i) 
('miNd 

206pbP04Pb 
207pbP04Pb 
208pbP04Pb 

lBV·144 lBV-09 lBV·133 lBT·36 
Tonalite 
Vumba Phoenix 

2690 I 2690 2690 2700 
69.4 58.9 54.4 11.0 
195! 405 371 119 

1.033629[ 0.421431 0.424481 0.267691 
0.740750 1 0.717964 0.717188 0.711482 

±9 I ±9 1 ±8 ±8 
0.7005041 0.701554 0.700660 0.701059 

! 1 

4.791 3.22 2.10 
33.61 24.1 12.7 

3.51 
19.4 

0.0861381 0.080731 0.099919 0.109334 

05106171 0.510634 1

1 

0.510970 0.511140 

±6 '1 ±9 ±5 ±5 
0.509088 [ 0.509201

1 

0.509197 0.509163 

-39.431 -39.10
1 

-32.54 -29.22 

-1.161 1.061 0.98 0.58 
-0.561 -0.59

1 
-0.49 -0.44 

1 I 
- I 24.68

1 21.16 
- 1 17.26 16.22 
- 1 45.361 39.05 

21.92 
16.34 
42.37 

lBT·29 lBT·33 lBT·30 lBT·77 lBT -80 
Tonalite·trondhjemite 
Tati Pluton Sekukwe Pluton 

2670 I 26701 2670 2734 2734 
420 1 69.9 1 45.6 51.9 42.0 
2841 266: 204 394 414 

0.428546: 0.7623271 0.648550 0.381564 
0.7179821 0.7291801 0.730660 0.713993 

± 9 1 ± 9 1 ± 9 ±13 
0.701295j 0.699497i 0.705407 0.699136 

i I 

1 1 

1 I 

2.351 1.421 
16.31 8.46

1 

0.087113[ 0.1014291 
0.510671 [ 0511050 1 

0.74 0.56

1 
5.97 2.07 

0.074901 0.163531 

0.510960 0.512400 

± 6 I ±14 ± 6 ± 6 
0.509096[ 0.509216 0.509606 0.509451 

1 

·38.37[ -30.98
1 

i -1.44
1 

-0.561 
1 

1 

1614
1 

15.281 
1 

41.001 

0 91 ! 
. 1 

-0.481 

19.80 ~ 
i 

15.981 
36.05 1 

·32.73 

7.57 

-0.62 

16.25 
15.38 
35.13 

-4.64 

7.08 
-0.17 

16.52

1 
15.59 

35.181 

0.293814 
0.712291 

±10 
0.700851 

1.45 
10.0 

0.087617 

0.510831 
±5 

0.509247 

-35.24 

3.08 
-0.55 

15.72 

15.20 
35.34 

Despite having highly radiogenic Sr isotope composition (0.749628 - 0.788446; Table 8.4) the 

granitoids generally record very low initial Sr isotope analyses that are even outside the expected 

mantle Sr isotope range. This suggests that the Rb·Sr isotope system in the granitoids has been 

too perturbed in general to yield any reliable information. 

In terms of the Nd isotope data, the representative monzogranite samples in the Francistown 

Granite-Greenstone Complex have ENd values in the region of +0.2 to +2.5 (Table 8.4). The 

monzogranite sample from the Tati terrain yielded a relatively lower ENd value (+0.15) compared to 

the monzogranite from the Vumba granite-greenstone terrain that recorded ENd values raging from 

+0.7 to +2.5. The ENd values were calculated at 2650 and 2715 Ma for the Vumba and Tati 

monzogranites, respectively. The obtained ENd values are less than those of the depleted mantle 

which at 2650 and 2715 Ma are +2.3 and +2.2, respectively (model of DePaolo, 1981). 

Samples of the quartz monzonite from the Vumba and Tati terrains recorded initial Nd isotope 

values of 0.509297 and 0.509222 respectively (Table 8.4). Their ENd values calculated at estimated 
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crystallization ages for the Vumba (2690 Ma) and Tati (2734 Ma) quartz monzonite are +2.9 and 

+0.4, respectively. The ENd value for the Vumba quartz monzonite is slightly higher than the value 

of the depleted mantle calculated at 2690 Ma which is around +2.2 (model of DePaolo, 1981) 

whereas the quartz monzonite from the Tati terrain have a lower ENd value. 

The granodiorite samples analysed for Nd isotope composition were collected from four separate 

localities namely, the Vumba stock, Sechele stock, Mashawe pluton and the Kalakamati pluton, 

which all outcrop in the Vumba granite-greenstone terrain. Samples from the Mashawe pluton, 

Vumba and Sechele stocks have recorded similar initial Nd isotope values that yielded ENd values 

that range from +1.4 and +1.9 (Table 8.4). The Kalakamati pluton sample yield a slightly lower 

value of +0.3. These values were calculated at 2686 Ma, and they are lower than that for depleted 

mantle, which at 2686 Ma is about +2.2. 

The samples of tonalite from the Vumba granite-greenstone terrain analyzed for Nd isotope 

composition reflected variable ENd values that range from -1.2 to +1.1, although two of the three 

samples recorded +1.0 and +1.1. The ENd values were calculated at the crystallization age of the 

tonalite (2690 Ma). 

A representative sample of trondhjemite from the Tati granite-greenstone terrain recorded the 

lowest (amongst the granitoids) initial Nd isotope composition of 0.508740, which corresponds to 

ENd value of -7.4 calculated at the trondhjemite crystallization age of 2716 Ma. The tonalite­

trondhjemite dyke sample yields an ENd value of +0.6 calculated at the dyke's crystallization age of 

2700 Ma. 

The tonalite-trondhjemite from the Tati and Sekukwe plutons yielded a wide range of ENd values 

(Table 8.4). The ENd values for the three samples from the Tati pluton calculated at crystallization 

age of 2670 Ma vary between -1.4 to +7.6, although two of the three values are -1.4 and +0.9. Two 

samples from the Sekukwe pluton, which has a crystallization age of 2734 Ma, recorded ENd values 

of +3.1 and +7.1. The ENd values for the Sekukwe tonalite-trondhjemite are higher than that for 

depleted mantle, which at 2734 Ma is about +2.2 (model of DePaolo, 1981). 
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Pb isotope analyses for the monzogranite from the Vumba granite-greenstone terrain reflect 

radiogenic Pb composition of 206Pb/204Pb = 23.89-21.51, 207Pb/204Pb = 16.72-16.29 and 

20BPb/204Pb = 62.33-40.26; Table 8.4). The two samples which represent the inner and outer 

phases of the Domboshaba Granite exhibit a conspicuous difference in composition of 20BPb/204Pb 

the inner phase has a higher 20BPb/204Pb value. The Tati monzogranite is more radiogenic 

(206Pb/204Pb = 41.89, 207Pbf204Pb = 19.27 and 20BPb/204Pb = 62.65) than the Vumba monzogranite. 

The representative quartz monzonite samples from the two granite-greenstone terrain recorded 

comparable Pb isotope compositions (see Table 8.4) which are radiogenic and similar to that of 

the outer phase of the Domboshaba monzogranite. 

Four representative samples of the granodiorite collected from isolated plutons exhibit different Pb 

isotope composition that vary from less radiogenic to highly radiogenic. The least radiogenic 

sample is the one collected from the Vumba stock (ZBV78), which has 206Pb/204Pb = 16.54, 

207Pbf204Pb = 16.74 and 20BPb/204Pb = 38.09. The Sechele stock sample (ZBV80) is slightly more 

radiogenic than the Vumba stock as evidenced by the ratios 206Pb/204Pb = 19.64, 207Pb/204Pb = 
15.90 and 20BPb/204Pb = 40.36. Samples from the Mashawe (ZBV91) and Kalakamati (ZBV97) 

Plutons recorded 206Pb/204Pb ratios of 26.77 and 22.14, respectively, which indicate that they are 

more radiogenic than the Vumba and Sechele stocks. Notably, the Pb isotope composition of the 

Kalakamati (granodiorite) is comparable with that of the contiguous quartz monzonite (ZBV83) unit 

in the Vumba area (see Pb isotope results of samples ZBV97 and ZBV83 in Table 8.4). 

A representative sample of the trondhjemite (ZBT10) has a Pb isotope signature distinct from the 

rest of the granitoids in the Vumba and T ati granite-greenstone terrains. The sample is extremely 

radiogenic with 206Pb/204Pb and 207Pb/204Pb recording values of 80.48 and 27.26, respectively. 

20BPb/204Pb recorded a value of 102.85. This possibly indicates the fractionation of feldspars during 

formation of the trondhjemite. 

Two samples of the tonalite unit from the Vumba area were analysed for the Pb isotope 

composition and they recorded variable radiogenic values of 24.68 and 21.16 for 206Pb/204Pb. The 

207Pb/204Pb and 20BPbf204Pb ratios range from 16.22 to 17.26 and 39.05 to 45.36 respectively. A 

sample from a felsic dyke intruding the Phoenix gabbro has 206Pb/204Pb, 207Pb/204Pb and 
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208Pb/204Pb ratios 21.92, 16.34 and 42.37 respectively. These ratios are comparable with those of 

sample ZBV133 of the tonalite stated above. 

Five samples of tonalite-trondhjemite from the Tati and Sekukwe plutons analysed for Pb isotope 

composition have recorded variable and generally less radiogenic 206Pbf204Pb values of 15.72 to 

19.80, although three of the five samples cluster between 16.14 and 16.52. 207Pb/204Pb has a 

restricted range of 15.20 to 15.98 (average of 15.49). The samples from the Tati pluton display 

heterogeneous 208Pb/204Pb composition that range from 35.13 to 41.00. 

Variation diagrams of the Pb isotopes measured from the mafic and felsic rocks of the Vumba and 

Tati granite-greenstone terrains are presented in Figure 8.4. It can be seen from the variation 

diagrams (Fig. 8.4a&c) that the 207Pbf204Pb and 208Pb/204Pb versus 206Pbf204Pb for mafic rocks from 

the two granite-greenstone terrains of the Francistown Granite-Greenstone Complex form tight 

linear arrays, plotting along the 2700 Ma reference isochron. Samples from a single source and of 

approximately the same age should plot on a tight array in the 207Pb/204Pb versus 206Pb/204Pb 

diagram. Figures 8.4a & b suggests that the felsic and mafic lavas and intrusives from the Vumba 

and Tati terrains are essentially, all derived from the same source type. If there was source- or 

crustal contamination, the array would be fuzzy because of assimilation of material with high 

207Pbf204Pb. Oldest crust often has elevated 207Pbf204Pb ratios at given 206Pb/204Pb. If there was a 

significant contamination by much older crust, the felsic lavas from the two belts would show it 

most and their array would be offset above that of the mafic rocks. 
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8.2.5 Oxygen isotope data for gabbro, diorite and granitoids 

In m,s stu dy, <5"0"~, measurements CYl quartz and pyroxene ',,'ere obtained from the gabt:.-o, 

diorite 3nd granitokj units of the Francistown Granite-Gree~sto <le Complex A to tal of 16 samples 

',,'as analysed for 611\() values and the resu lts are prese~ted i~ T3ble 8,5, Reproducib ility for 

re;>eated ffi3asureml3'lts of eacn stardard was atx:<Jt ±O.1'h (20), 
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Table 8.5: a isotope data of gabbro, diorite and granitoids from the Francistown Granite-
Greenstone Complex. 

Sample No. Terrain Locality Rock type Mineral l)180 %o 

ZBT39 Tati Phoenix Gabbro Pyroxene 5.5 
ZBT40 Tati Phoenix Gabbro Pyroxene 5.5 

ZBT18 Tati Francistown Diorite Pyroxene 8.3 
ZBT24 Tati Francistown Diorite Pyroxene 7.1 

ZBV83 Vumba Kalakamati Quartz Monzonite Quartz 10.0 

ZBT6 Tati Francistown Monzogranite Quartz 10.1 
ZBV69 Vumba Domboshaba Monzogranite Quartz 9.0 

ZBV91 Vumba Mashawe Pluton Granodiorite Quartz 9.0 

ZBT10 Tati Francistown Trondhjemite Quartz 9.6 
ZBT15 Tati Francistown Trondhjemite Quartz 8.7 

ZBV09 Vumba Maebe Tonalite Quartz 12.1 

ZBT30 Tati Tati Pluton Tonalite-trondhjemite Quartz 9.5 
ZBT33 Tati Tati Pluton Tonalite-trondhjemite Quartz 9.1 
ZBT77 Tati Sekukwe Pluton Tonalite-trondhjemite Quartz 8.6 
ZBT80 Tati Sekukwe Pluton Tonalite-trondhjemite Quartz 9.0 
ZBT36 Tati Phoenix Gabbro Tonalite-trondhjemite Quartz 10.6 

The Phoenix Gabbro unit yielded pyroxene 0180 value of +5.5%0 which permit a direct mantle­

derived origin without any crustal involvement, since the mantle has a 0180 value of 5.3 ± 0.3%0 

(Valley et aI., 1998). Pyroxene 0180 values that range from +7.1 to +8.3%0 (Table 8.5) were 

obtained from the diorite unit. Notably, the LREE enriched diorite sample recorded a higher 0180 

value (+8.3%0) than the non-fractionated REE sample that yielded 0180 value of +7.1%0. 

Monzogranite samples recorded quartz 0180 values that vary from 9.0 to 10.1 %0 with the sample 

from the Tati granite-greenstone terrain yielding the highest value. Granodiorite sample recorded 

similar quartz 0180 value of +9.0%0 as the monzogranite. The quartz monzonite from the Vumba 

terrain has recorded quartz 0180 value of +10.0%0 which marginally exceed those of the 

monzogranite and granodiorite within the same terrain. All these values fall within the 0180 range 

of I-type granites. Only Maebe Tonalite sample, which recorded a high quartz 0180 value of 

+12.1%0, falls within the range of S-type granite 0180 values. 
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The trondhjemite unit in the Tati terrain have recorded variable quartz 5180 values of +9.6 and 

+8.7%0. These values are lower than the value yielded by the monzogranite sample within the Tati 

terrain. A sample from the tonalite-trondhjemite dykes recorded a quartz 5180 value of 10.6%0, 

which is higher than those recorded in the monzogranite and trondhjemite units. The tonalite­

trondhjemite samples from the Tati and Sekukwe plutons have yielded slightly different quartz 

5180 values of +9.5 to +9.1%0 and +9.0 to +8.6 %0, respectively. All these quartz 5180 values fall 

within the range of the I-type granites 5180 values. 

8.3 Summary of isotope data 

Mafic lavas from the Vumba greenstone belt indicate a rather heterogeneous Nd isotopic 

composition with initial ENd values ranging from -2.5 to +0.5. The negative ENd value corresponds to 

the LREE enriched subgroup sample, while the positive ENd value has been recorded from the 

subgroup 2 samples that display unfractionated REE patterns. These ENd values are lower than 

that for depleted mantle, which at 2700 Ma was about +2.2 (model of DePaolo, 1981). The Tati 

mafic lavas have varying Nd isotopic compositions with ENd values of -0.3 to +2.4. Similarly, the 

negative ENd value corresponds to the LREE enriched subgroup sample (see chapter 6). 

Felsic lavas from the Vumba greenstone belt have variable ENd values that range between -0.7 and 

+1.4 which is higher than those of the mafic lavas. In the Tati greenstone belt, the felsic lavas 

recorded an initial ENd value of +0.9. All these ENd values are lower than that of corresponding 

depleted mantle values calculated according to the model of DePaolo (1981). 

The Phoenix gabbro in the Tati greenstone belt has recorded a mantle 5180 value of +5.5%0 

despite of a highly unradiogenic ENd value of -13.7. Because of the very low Sm and Nd 

concentrations in Phoenix gabbro, this ENd value is suspect. Selkirk gabbro has variable Nd 

isotopic composition with ENd values of +4.1 and +0.9. The Sr isotopic values from both gabbros 

are of mantle values. The Serpentinite unit in the Vumba greenstone belt has both Sr and Nd 

isotopic compositions of non-mantle composition. It has anomalously low Rb, Sr, Sm and Nd 

concentrations and therefore is a suspect for secondary alteration. 

The diorite unit in the Francistown Granite-Greenstone Complex records Sr and Nd isotopic initial 

compositions of mantle values, but non-mantle 5180 values of + 7.1 and +8.3. The granitoids from 
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the Vumba terrain display positive ENd values that range from +0.2 to +2.9 except one sample from 

the tonalite that has an ENd value of -1.2, along with quartz 5180 value of +12.1. The other 

granitoids have mineral quartz 5180 values that vary between +9.0 and +10.0%0. 

Granitoids from the Tati granite-greenstone terrain are generally characterised by variable ENd 

values which range from -1.4 to +3.1, though there are some outliers with more radiogenic ENd 

values of +7.1 and +7.6. These outliers have very low 8m and Nd concentrations which are 

suspects of secondary processes. The mineral quartz 5180 values vary between +8.6 and 10.1 %0 . 
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CHAPTER 9 

Petrogenesis of the mafic and felsic lavas of the Tati 

and Vumba greenstone belts 

This chapter aims at discussing the main geochemical characteristics, sources and petrogenesis of 

the Tati and Vumba greenstone belts assemblages. The rock assemblages include the mafic lavas, 

ultramafic-mafic intrusions and felsic lavas. 

9.1 Mafic lavas 

9.1.1 Main geochemical characteristics 

Mafic lavas from the Tati greenstone belt are dominated by both tholeiitic and calc-alkaline iron rich 

basalts that display low Mg#. Additionally, the mafic lavas exhibit low compatible trace element 

abundances that are indicative of non-primary magma composition. The chondrite normalized REE 

and primitive mantle normalized multielement plots (Sun and McDonough, 1989) presented in 

chapter 6 (Fig. 6.4 & 6.5), reveal three distinct subgroups within the mafic lavas. They exhibit 

comparable HREE abundances but variable LREE enrichment and HFSE depletion amongst the 

subgroups. The predominant subgroup 1 comprises basalt with calc alkaline affinities and 

moderately elevated LREE patterns similar to arc basalts of modern oceanic arc setting (Pearce, 

1982). Subgroup 2 is composed of tholeiitic MORB-like basalt, which exhibits flat, mildly LREE 

depleted patterns and lack of significant HFSE depletion. The calc-alkaline basalt of subgroup 3 is 

least represented in the Tati greenstone belt and it is characterised by elevated LREE and 

prominent HFSE depletion, a feature observed in basaltic rocks of modern continental margins 

(Pearce, 1982; Elliot et aI., 1997; Gribble et aI., 1996). 

The mafic lavas from the Vumba greenstone belt exhibit tholeiitic to calc-alkaline affinities and iron 

enrichment. Their compatible trace element and MgO concentrations are not consistent with them 

being primary melts. Chondrite normalized REE patterns and primitive mantle multielement plot 

(Sun and McDonough, 1989) also define three distinct subgroups of mafic lavas within the Vumba 

greenstone belt, but these subgroups are not identical to the subgroups of the mafic lavas in the 
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Tati greenstone belt. It is noteworthy to mention that geochronological data (chapter 4) reveal that 

the Tati and Vumba greenstone belts are not contemporaneous. The subgroup 1 comprises calc­

alkaline basalt that is characterised by elevated LREE pattern and HFSE negative anomalies. This 

subgroup possesses comparable HREE abundance with the subgroup 2 that comprises tholeiitic to 

calc-alkaline basalts with minor LREE enrichment or depletion. Subgroup 2 mafic lavas most 

closely resemble modern back-arc basin basalts that are generated through partial melting of 

depleted asthenosphere with addition of a minor crustal component via subduction processes 

(Saunders and Tarney, 1991; Pearce et ai., 1994). The third subgroup 3 constitutes a minor 

component and is made of calc-alkaline basalt characterised by flat REE patterns, low abundance 

of REE and prominent HFSE negative anomalies, like modern back-arc basin basalts (e.g. 

Fretzdorff et ai., 2002). 

9.1.2 Petrogenesis 

9.1.2.1 Contamination 

In order to assess the role played by crustal assimilation in the evolution of the three subgroups of 

mafic lavas in the Tati and Vumba greenstone belts, plots of Th/Nb versus La/Nb (Figs. 9.1 & 9.3) 

are presented. La/Nb and Th/Nb ratios are very sensitive to the interaction of basaltic magma with 

continental crustal material hence effective in monitoring crustal contamination of mantle-derived 

mafic lavas (e.g. Elliot et ai., 1997). This stems from relative depletion in Nb and enrichment in light 

REE and Th of continental crust compared to the upper mantle (Pearce, 1996). Variation in the 

ratios Th/Nb and La/Nb outline the differences in crustal or subduction zone input into the derivative 

magmas. This diagram demonstrate that the subgroup 1 has variable elevated Th/Nb and La/Nb 

ratios similar to back-arc basin-like mantle melts that exhibits evidence of either crustal 

contamination and/or addition of crustal components through subduction processes (Fig. 9.1). In 

contrast, the subgroup 2 mafic lavas possess low Th/Nb and La/Nb ratios similar to modern OIB­

and/or MORB-like mantle melts (Elliot et ai., 1997). Mafic lavas such as normal-MORB, which are 

devoid of crustal contamination, possess low La/Nb and Th/Nb ratios of 1.07 and 0.05, respectively 

(Smithies et ai., 2005). The subgroup 3 mafic lavas exhibit higher Th/Nb and La/Nb than the 

subgroups 1 and 2, suggesting that they may represent a MORB-like basalt that interacted with 

upper crust or subduction component. However, geochemistry alone cannot be used to identify 

tectonic settings unequivocally. 
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SlIbgroup-1 In,'", lavas 
SUboJroup-2 rna'.: lavas 
Subgroup 3 , ,,,-' ;:; I~vas 

Fig. 9.1 Th.'Nb ·"",sus Lamb b the mal' la',,,,, To m the '.Ii g'"""slo". 00 1 O:ean "I.nj b.salt (aB),...,;j mOJ­
:<:eoll r<l 9" Malt il~Ofm) leJ ~s <Yf f'om '0 " )"1 aI. i",997). ne suW..::tkJ r m":.=lism '..."Iet" ~ato: 

rligh ratK:>s of If;jht rare edrth ~ements to high fiekJ strength elements ie,g LaiNb) i~ mafic igneous 

rocks can be IIldk:ative of crustal comaminalion of the source mantle (endogen -: contaminaiion) or 

manti€ derived magma that has assimilated crust (exogenk: contamination). Pedrce (1983) dnd 

Pearce and Peate (1995) have demonstrated that the geochemcal cOIltnbulbil or mamle versus 

subdll8ilOl1 component as well as crustal cOrTllonent during arc basalt peirogenesis can be 

discriminated using tile plot of ThiYb versus Ta/Yb. Ii has been recognized that basal,K; magmas 

derived from me ITkmtle dsthenosphere commonty referred to as depleted MORB mantle (DMM), 

mantle plume or fra.ctonation products of these sources, all fall 'M lilin a diagonal mantle array 

defined by co~s,am Th/Ta ra,iosl~ the ThrYb versus TarYb diagram (F~, 9 2) Subducton a:;j 

crustal comamination generally ill1lose a h~i18r Th contents than Ta and Yb , Therefore, partial 

melting of mantle source regions that have been metasomatized througil subducton processes -..ill 

prodl..W rocks lilat e~hibi, high ThrYb ratio relative to TarYb, Similarly, rocks deri'led from DMM 

source a:ld assimlate continental crust wrll ;x:>ssess elevdted ThrYb ratio am relatively higher 

TarYb ratio lila~ lavas from subduction metasomatized mantle sources (refer to lilP vector inspt in 

Fig. 9.2; Pearce, 1983)_ A plot of the three sutxJroups in Fig. 9.2 dearly outline the dlstlnctkln of 

.. ,9- .1 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Petrogenesis of the mafic and felsic lavas of the Tati and Vumba greenstone belts. . ................................ .zibisani Bagai 

subduction component between the subgroup 1 and 2, with subgroup 2 exhibiting only a minor 

subduction component. This is consistent with the results of Th/Nb versus La/Nb diagram (Fig. 9.1). 

The subgroup 3 straddles the boundary of mantle derived melts that involved subduction and 

crustal components. In view of the similarities in HREE abundances between the three subgroups, 

it is suggested that three subgroups were derived from the same source that was variable 

metasomatized by subduction processes. The subgroup 3 most likely reflects the effects of 

subduction sediments rather than continental crust. 

Crustal contamination of mantle-derived rocks can also be evaluated through their radiogenic 

isotope composition, since the upper mantle and continental crust have different and distinct 

isotopic ratios. Such isotopic ratios include Sr, Nd and Pb. These isotopic ratios, therefore, provide 

a useful tool in ascertaining whether magmas generated from the upper mantle have interacted 

with material from the continental crust. The continental crust possesses elevated Sr, Pb and low 

Nd initial ratios compared to the upper mantle (e.g. Faure, 1998). The observed Sr isotope 

composition of the mafic lavas from the Tati greenstone belt has been variably disturbed by 

deformation hence cannot provide unequivocal evidence on contamination process (refer to 

chapter 8). Sample ZBT-46, a representative of subgroup 1 (lAB-type), yielded a positive ENd value 

of 2.35. This value is comparable with that of the contemporaneous depleted mantle, which argues 

against interaction with old crustal material. This is in accord with the results of incompatible trace 

element ratios (Fig. 9.1) that indicate the samples of subgroup 1 mafic lavas were derived from 

subduction metasomatized mantle source and underwent differentiation process as evidenced by 

high Th/Nb ratio. This is so because low Nb is inherent in the subduction zone magma generation 

process, and high Th is an equally inherent result of magma differentiation, hence high Th/Nb ratio. 

A representative sample from the Tati subgroup 2 mafic lavas (MORB-type) recorded a positive 

initial ENd value of 1.61, which suggests that the subgroup 2 mafic lavas interacted with old crustal 

material. This is in spite of its low Th/Nb and La/Nb ratios comparable to those of the OIB/MORB 

that suggest no crustal involvement. The subgroup 3 representative sample (ZBT-54) recorded a 

negative initial ENd value of -0.26, which is consistent with the evidence of crustal involvement from 

the Th/Nb and La/Nb ratios. Additionally, the Pb isotope analysis was conducted on one sample 

(ZBT-54) of subgroup 3 and it recorded highly radiogenic Pb isotopes, which is in accord with the 

Chapter 9 ....................................................................................................................................................................... 9- 4 

Univ
ers

ity
 of

 C
ap

e T
ow

n



eVK1ences derived from Nd isotope data and incompatible trJ08e element ratios that supp:Jrt 

signifk:ant interaction with okJ crustat material, 

ocean" are.< 

j 
.~''''''""'''I ",cs 

o Sub;;rO\JP-l malic I~Y~S 
o Subgroup-2 malic Isyss 
• Subgroup-3 malic I~',as 

TafYb 

Fig, 9,2: Th.'Yb V"'SU' Ta.'Yb b;; -klg diao;;ram (afler Peacee 1983) for maf>:: la.,a, from lhe Tal !reeoslm e belt. fM ­
ocear rd;; e basa i IMORB: f", OJ i, "001 El Iot et al ,:'997) . St""e(t area r~'es,,* basa ls Ir"" toe Sea of JapJ' 
{afie< Fooctet et aI. , 1994). loset is a ', octc< di1l[1¥11 i. ustrat....., effocts of Slil ci.:ti C<1 I'), c,,,tal as"·l1 ~ aliT ,:e) Im,tte 
{mi ard frocto ,atm In. Abbce'l at.o,,: TH-Tffi!e ,te CA·c,"c altalitle 

The mafk: lavas from the Vumba greenstone tlelt display a more compex pattern whel1 potted on 

the ThiNb versus Lamb diagram (Fig 93) than the mafk: lavas from the Tati greenstone belt. For 

insl8nce the subgroup 1 mafic lavas exhibit elevated ThlNb and moderate Lamb 'atKls that form a 

distinct trffld f'oln ihe relna;nder of the subgroups. This subg'oup p:lssesses ThNb and TaNb 

rat;os similar to calc-a i,aline volc<l1ic roc',s of continental arcs (ci Pearce, 1982; Fig. 9.4) The 

subgrwp 2 mafk: iavas, toough variably mildly enrk:hed in Th ,..-,d La are most similar to modern 

DIB-like melts in terms of Th .... Nb ,..-,d LaiNb ratios (Fig 9.3; Eiiot et ai, 1997) Ho .... ever, all the 

subg'wp 2 samples plot above the In,..-,tle lW'ray in Fig 94, displaying ThNb <J1d TaNb ratios 

slmila ' to tholeiitic and cak:-alka lne vok:anic 'oc',s of oceank: arcs. Simiiarly the subgrwp 3 

displays elevated Thmb i'nd LaiNb ratios that lie along the same variatimtrend IOoith the subgrwp 

2 samples in Fig, 9.3, Th,s subgroup exhibits ThNb ratio comparable with cak:·alkai;ne ocean;:: lW'C 

basalts (Fig. 9.4) Based on the alxwe observations ii'ld comparable HREE abundances of the 
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S'Jbg'O'JpS 1 and 2 mafic lavas the displa<:ed variation trends in the ThiNb verSJS LaiNb diagram 

are Interpreted as evidence of different tpes of contamination Due to elevated ThtNb ratio, 

exoqenK: contamination (crustal assirrilation) is envisaged for the sub]rwp 1 variation t'end in Fig 

9.3 whereas endogenic contarninatK)lli5'Jb:bctkln metasomatism) is InfC'red flY the variation treoo 

d splayed by subg roups 2 and 3 
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The Vumba mafic la~as display significant variation rl radiogeniC Sr and Nd isotopK: ratios. The 

initial ~Nd values recorded in three sampes broadly range between -2 52 and +7 40 Sam~e ZBV· 

13, which is a representative ct the LREE enriched samples of sub:Jr()Jpl mafic lavas. yie (f a 

hfghly negative ilitial ~Nd value of -2.52 suggesting ilteractioo \Mth old crustal material. However, 

this result is inconsistent >Mth the Pb ISotOpe result. Pb isotope resu lts are In agreement with the 

e~KJefice re~ealed by the Th/Nb aM La/Nb ratKlS. The large negatil''' i'litial ENd value is probably 

an artifact 01 iat"r Sm-Nd res"tti"tg during metamorphic events (e.g Moo,tath et al. 19971_ TI'Kl 

samples (ZBV·182 and ZBV -185) from the sub:Jroop 2 mafiC lavas record fXJsiti~" i 'litial £Nd ,'alues 

01 7.40 and 053 respectively. Sample ZBV-185 possGSses Th/Nb and La/Nb ratKlS tllat are 

indisti'lguishable from those of the OIB suggesting little or no interoction with continental c'ust. In 

contrast. lhe kJw ENd value suggests int,,'och:m Willi okJer cruslal :nalerial Sanlpe ZBV-182 

reccrds an anornaioJsly h>gh initial ENd valiJE' of +7,40 despite Its higher Th/Nb a1d LalNb ralios 

than those 01 sample ZBV-185, This c01tradicting result is further el'idcr.:::e that Sm-Nd resettirlg 

occurred during :netanlcrp1ic events 
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To resolve the paradoxical evidences of crustal contamination revealed by the initial ENd values 

versus ratios of the incompatible trace elements, the initial ENd values were plotted versus 

chondrite normalized Th/Nb ratios (Sandeman et aI., 2006; Fig. 9.5). In this diagram, the ThN/NbN 

ratio is utilized as a proxy for the extent of crustal contamination in mantle-derived rocks as well as 

the nature of the contaminant crust. Continental crust is known to be enriched in Th and depleted in 

Nb, hence high Th/Nb ratio (Sandeman et aI., 2006). In contrast, the oceanic crust is characterized 

by low Th and high Nb, thus low Th/Nb ratio. Lower crust has similar Th/Nb ratios as the oceanic 

crust (Elliot et aI., 1997). Therefore, assimilation of young juvenile continental crust by a mantle 

derived magma will result in the magma acquiring high Th/Nb ratio, and preserving the initial ENd 

value of the contemporary depleted mantle. By contrast assimilation of an old continental crust by a 

mantle-derived magma will result in the magma acquiring high Th/Nb ratio and lower initial ENd 

value than the contemporaneous depleted mantle. Moreover, assimilation of young oceanic crust 

by a mantle-derived magma will have no effect on both the Th/Nb ratio and initial ENd value of the 

magma resulting in the mafic rock maintaining low Th/Nb and high positive initial ENd value 

corresponding to that of the contemporary depleted mantle. Interaction of mantle-derived magma 

with an old oceanic crust or old lower crust will only disturb the ENd value causing the rock to 

acquire lower initial ENd value than the contemporary depleted mantle while it maintains a low 

Th/Nb ratio. 

From the above, it follows that sample ZBT-46 (subgroup 1), which recorded high positive initial 

ENd value and elevated Th/Nb ratio corresponds to a mafic magma that interacted with young 

juvenile continental crustal material (Fig. 9.5). The representative sample ZBT-51 of subgroup 2 

has a low positive ENd value and a low Th/Nb ratio that resembles mantle-derived rock that 

interacted with old oceanic crust or lower crust. However, existence of old oceanic crust is highly 

unlikely during the Archaean (e.g. Abbot et aI., 1994). Lastly, subgroup 3 representative sample 

ZBT-54 resembles a mafic rock that interacted with old upper crustal material or subducted 

sediments derived from such old continental crust. The interaction with subduction sediments is 

more appealing than the interaction with old upper crust because there is no evidence of very old 

upper crust preserved in the Francistown Granite-Greenstone Complex, except an inherited zircon 

found in the Matsiloje pluton that has a crystallization age of 2911 Ma. It is quite possible that the 

inherited zircon could have been part of sUbduction sediments. Furthermore, no xenocrystic zircons 
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were fourKi in the dated samples of felsic and andeslt (; la~as in the Tatl area. Xenocrystic zircons 

were only fourKi in an amp'libolitl:: xenolitr, in the ',Iumba area. Nonetheless, tre zircons yie lJed a 

L;-Pb age of 2733 Ma. wh ich wouki indicate interaclion with continental material YOOr.;Jer tr,an the 

age of the Tatl greenstone belt. Therefore, oki crustal material could r,ave been incorporated into 

subducled sediments derived from oki cr\Jstai material form ed elsewhere in the older granite­

greenstone terrainS in the Zimbabwe Craton. The ~ery hlgr, rNd value for sample Z8V- t85 is a 

very improbable result since it fits none of the likely scenarios in FlgJre 9.5. H,e representative 

subgroup t mafic lavas sample {Z8 1/-tB2) from the Vumba greenstone belt corresponds to a 
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9.1.2.2 Crystal fractionation 

Non-primary magma Mg# coupled with low compatible trace element abundances displayed by 

mafic lavas from the study area demonstrates that the lavas evolved through differentiation 

processes. The differentiation of igneous rocks from primary magmas to non-primary magmas is 

commonly explained by crystal fractionation processes such as equilibrium crystallization, fractional 

crystallization and crystal accumulation. The Mg# of primary melts is estimated on the basis of 

equilibrium distribution of Fe and Mg between mantle olivine and melt to fall within the range 0.68 to 

0.75 (Frey et aI., 1978). Tholeiitic mafic lavas from the Tati greenstone belt are characterised by 

non-primary magma Mg# that range from 0.45 to 0.67. Ni and Cr are compatible trace elements 

with respect to olivine and Cr-spinel, respectively, which are early crystallizing phases in basic 

magmas. Therefore, basic magmas that have experienced olivine fractionation will be depleted in 

Ni and Cr. Clague and Frey (1982) have estimated the concentration of Ni in primary magmas to be 

in the range of 200 to 450 ppm. Furthermore, it has been realized that primary magmas are 

characterised by NilMgO ratio between 23 and 39 (Hart and Davis, 1978). Any basic lava with Mg# 

less than 0.68 is considered non primary but evolved. Magnesium numbers and Ni and Cr contents 

of the mafic lavas from the Tati and Vumba greenstone belts are mostly too low for them to be 

primary melts, with a few exception from the Vumba greenstone belt that have high Mg#s, Ni and 

Cr contents (Table 9.1). One sample (ZBV-13) from the Vumba greenstone area yielded a Mg# of 

0.68, but with too low Ni, Cr and MgO contents (Table 9.1) to be a primary melt. The higher Mg# for 

samples ZBV-147 and ZBV-199 from the Vumba greenstone possibly reveals the effects of olivine 

accumulation. A summary of the mafic lavas samples that exhibit relatively the least differentiated 

or the most primitive character is presented in Table 9.1. Major and trace elements geochemical 

variations of the mafic lavas presented in chapters 5 and 6, respectively, suggest fractionation of an 

assemblage including olivine, clinopyroxene, titano-magnetite and apatite phases. Variable 

depletion of the elements Sr and Eu relative to other incompatible elements in multi-element and 

REE profiles, respectively, suggests effects of plagioclase fractionation. 
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Table 9.1: Selected samples of mafic lavas from the Tati and Vumba that exhibit relatively less 
evolved or most primitive composition. 

Tati Vumba 
Sample ZBT·46 ZBT·48 ZBT·53 ZBV·13 ZBV·185 ZBV·197 ZBV·199 
Mg# 0.67 0.66 0.63 0.68 0.57 0.78 0.78 
MgOwt.% 8.82 8.61 8.99 6.54 7.3 8.56 8.19 
Crppm 460 404 315 261 332 272 301 
Ni ppm 112 147 169 101 229 264 236 
NilMgO 13 17 19 15 31 31 29 

The normal procedure is to correct the composition of major elements for olivine fractionation. This 

can be achieved by adding back equilibrium olivine into least evolved lavas compositions in small 

increments until the lavas attain Mg# that is in equilibrium with the olivine composition. In case of 

samples that exhibit higher Mg# than the primary magma, small subtractions of olivine is conducted 

in steps until the Mg# is in equilibrium with the olivine within that of primary magma. To achieve 

this, knowledge of the composition of olivine phenocrysts that were in equilibrium with the primary 

magma of the lavas is necessary. Roeder and Emslie (1970) formulated an empirical equation 

guiding the partition coefficient of Mg and Fe between olivine and melt under equilibrium condition; 

Kd Fe-Mg = (FeO/MgO) olivine/ (FeO/MgO) melt = 0.3. With the help of this equation the composition of 

the primary magma in equilibrium with the olivine can be worked out once the composition of the 

olivine is known. In this study no mineral chemistry was conducted, hence the process of correcting 

major and trace elements compositions for fractionation is outside the scope of this thesis. 

Moreover, most of the minerals found in the mafic lavas under investigation are now not of 

magmatic origin but were generated during subsequent metamorphic history. Therefore their 

composition cannot be utilized in retracing the magmatic history of mafic lavas. 

It has been revealed in the previous sections that the samples of subgroup 2 mafic lavas from the 

Tati greenstone belt did not suffer any significant crustal contamination and the HFSE, REE and 

some compatible trace elements were not perturbed by secondary processes. Interestingly, the 

Mg# and the contents of Ni and Cr in the subgroup 2 mafic lavas are indistinguishable from those of 

subgroups 1 and 3 that do show evidence of crustal contamination. This observation suggests that 
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contamination processes did not have significant effects on the abundances of compatible trace 

elements in the Tati greenstone belt. Similarly, the samples of subgroup 2 mafic lavas from the 

Vumba greenstone belt are considered less contaminated (at least by continental crust) on the 

basis of evidence from incompatible trace element ratios and ENd data presented above. 

Nevertheless, the Mg# and the contents of Ni and Cr in this subgroup are indistinguishable from 

those of the other subgroups that possess evidence of crustal contamination. Thus the distribution 

of the compatible trace elements cannot be attributed to crustal contamination or alteration 

processes. Therefore, the compatible elements are suitable for use in the evaluation of the effects 

of fractional crystallization process in the evolution of the mafic lavas from the Tati and Vumba 

greenstone belts. 

In order to evaluate the role played by fractional crystallization process in the evolution of the mafic 

lavas from the Tati and Vumba greenstone belts, Ni versus Zr contents were plotted in Fig. 9.6 

together with a vector diagram to model the concentrations of Ni and Zr in a basaltic melt that is 

experiencing differentiation. Zr is selected as a fractionation index because it is incompatible during 

differentiation of mafic lavas and highly immobile during alteration (e.g. Pearce, 1982). Additionally, 

Zr abundances in the mafic lavas under investigation do not define the three subgroups like other 

incompatible elements such as Th and La, which implies that it was not significantly affected by 

contamination scenarios. Theoretical crystallization trends are displayed in this plot for fractionating 

mineral or mineral assemblages for comparison with the observed trends in the mafic lavas. The 

direction of the lines shows the compositional change in the residual liquid when the specified 

mineral or mineral assemblage is removed during fractional crystallization. The theoretical 

fractionation vectors were calculated from the Rayleigh fractionation equation Eq. 9.1 given below. 

The fractionation trends are shown for 10, 30, 50 and 70% fractional crystallization. Theoretical 

vectors drawn predict that for a basic magma, fractionation of minerals such as olivine and 

clinopyroxene will deplete the residual liquid in Ni and enrich it in Zr. They also predict that 

fractional crystallization of plagioclase will leave a residual liquid enriched in both Ni and Zr. 

CdCo = F(D-1) (Eq.9.1) 

Chapter 9 ....................................................................................................................................................................... 9- 12 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Petrogenesis of the mafic and felsic lavas of the Tati and Vumba greenstone belts .. " ,,,Zibisani Bagai 

Where 

CL = Concentration of the element in the remaining liquid 

Co = Initial concentration of a trace element in the parental melt 

F = weight proportion of residual melt, i.e. degree of crystallization 

D = bulk partition coefficient of the fractionation assemblage during crystal fractionation. 

The mineral/melt partition coefficients (D) for Ni and Zr used in the calculation of the theoretical 

concentration values were obtained from Rollinson (1993). Table 9.2 presents the partition 

coefficients of various minerals that were used for modelling the distribution of Ni and Zr 

concentrations in basic magmas. The Ni versus Zr data for the mafic lavas from the Tati greenstone 

belt follow a distinct decreasing trend, which can be explained by fractional crystallization of an 

assemblage comprised of olivine, clinopyroxene and plagioclase according to the theoretical 

Rayleigh vectors (Fig. 9.6a). By comparison, the Ni and Zr contents for the mafic lavas from the 

Vumba greenstone belt display two separate parallel trends that are shallower than that of the Tati 

mafic lavas. Moreover, it can be observed from Fig. 9.5b that the subgroup 2 mafic lavas samples 

define a separate trend from the trend of subgroups 1 and 3 samples, although the trends are sub­

parallel. According to the theoretical Rayleigh vectors, the trends can be explained by 

clinopyroxene crystallization. However, the samples of subgroup 2 exhibit a lower trend 

corresponding to lower initial concentration of Ni and Zr than samples of subgroups 1 and 3. These 

two parallel trends are interpreted as evidence for fractionation of similar phase or phases from 

parental melts with different initial compositions. This suggests that the subgroups 1 and 2 probably 

evolved from distinct parental magmas. The variation in initial compositions could emanate from 

partial melting a heterogeneous mantle source or different degrees of partial melting of a 

homogeneous source. The samples from subgroups 2 and 3 mafic lavas display overlapping Ni 

contents but different Zr concentrations. This could be reflecting the effects of fractional 

crystallization or partial melting processes. For the investigation of the effect of fractional 

crystallization process, knowledge of the composition of the primary melt is necessary. Previous 

studies (e.g. Minster et aI., 1977) constrained the concentration of Ni in a primary basaltic magma 

between 280 and 450 ppm. In the theoretical vector modelling, the initial concentration for Ni and Zr 

were taken as 400 and 11.2 ppm respectively. The 11.2 ppm concentration of Zr is hypothetical and 

was assumed on the basis of the Zr abundance in primitive mantle (Sun and McDonough, 1989). 
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9. 1.2.3 Partial melting 

Mafic lavas are considered to be produced by partial melting of mantle peridotite, which is mainly 

composed of olivine, orthopyroxene, and clinopyroxene at upper mantle pressures, but the AI­

phase changes from plagioclase to spinel to garnet with increasing pressure or depth (e.g. Kinzler, 

1997). In order to probe the source region of the mafic lavas, it is necessary to establish the 

composition of the primary magma. Primary magmas are defined as the original melts that have 

compositions that have not been modified by processes such as crystal fractionation and crustal 

assimilation of country rock since they accumulated from their source region. The geochemical 

criterion that is commonly utilized to distinguish between primary and non-primary melt 

compositions in mafic lavas involves the Mg# and the concentrations of some compatible trace 

elements such as Ni and Cr as stated earlier. 

Several hypothetical models describing melting processes within the Earth's interior have been 

published (see Rollinson, 1993; Shaw, 2006 for an overview). The models explain the theoretical 

behaviour of trace elements during partial melting through numerical analysis. This involves 

parameterising the source concentration of the trace element, modal mineralogy of the source, the 

melt mode of the source minerals, partition coefficient for the elements between the minerals and 

melt, and degree of partial melting. 

Complications caused by post-melting processes, such as crustal contamination, crystal 

fractionation, alteration and metamorphism can render numerical modelling of the trace element 

signature of the source region for mafic lavas difficult. In this study REEs mafic lavas is preferred, 

using a forward modelling approach because of their consistent behaviour as a group during 

magmatic processes, as well as their immobility during low grade metamorphic conditions. The 

modeling utilizes the non-modal batch melting equation and REE partition coefficients of Shaw 

(2006) shown below, and in Table 9.3, respectively. Partial melting was modelled for both spinel­

lherzolite and garnet-lherzolite source composition. The modal mineralogy and melt mode of the 

sources used in the calculation of the melt curves are presented in Table 9.4. Three reference 

mantle compositions have been tested in this study: the primitive mantle (PM) that represents the 
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mantle composition prior to MaRS formation and depletion (Sun and McDonough, 1989); and the 

depleted MaRS mantle (DMM) proposed by McKenzie and O'Nions (1991). 

CL= ____ ~C~O ____ __ (Eq. 9.2) 
Do +F(1-P) 

Where 

CL = concentration of trace element in the melt 

Co = concentration of trace element in the original source 

F = weight proportion of melted material, i.e. degree of partial melting 

Do = bulk partition coefficient of trace element calculated from the proportions of the 

minerals in the initial source 

= l:Xo Do 

P = bulk partition coefficient of trace element of trace element calculated from the 

proportions in which the minerals enter the melt 

= l:p Xp 

Xo = proportion of mineral in the initial source (starting mode) 

p = proportion in which mineral enters melt (melting mode) 

Kd = mineral-melt partition coefficient 

Table 9.3: Partition coefficients for REE during partial melting of a mantle source. The coefficients 
are from a compilation of Shaw (2006). 

Element Olivine Orthopyroxene Clinopyroxene Spinel Garnet Amphibole Plagioclase 
La 0.000053 0.0004 0.0536 0.00002 0.001 0.12 0.0348 
Ce 0.000105 0.001 0.0858 0.00003 0.004 0.18 0.0278 
Pr 0.000251 0.002 0.137 0.0001 0.02 0.3 0.022 
Nd 0.000398 0.0041 0.1873 0.0002 0057 0.45 0.0179 
8m 0.0007 0.006 0.291 0.0004 0.14 0.6 0.0132 
Eu 0.0008 0.01 0.329 0.0006 0.26 0.7 0.3 
Gd 0.0015 0.012 0.367 0.0009 0.498 0.7 0.0125 
Tb 0.0021 0.016 0.405 0.0012 0.75 0.66 0.0116 
Oy 0.0027 0.02 0.442 0.0015 1.06 0.63 0.0112 
Ho 0.005 0.026 0.415 0.0023 1.53 0.6 0.0114 
Er 0.01 0.033 0.387 0.003 2.0 0.58 0.0116 
Tm 0.016 0.045 0.409 0.0038 3.0 0.55 0.014 
Yb 0.027 0.055 0.43 0.0045 4.03 0.53 0.016 
Lu 0.03 0.07 0.433 0.0053 5.5 0.51 0.018 
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The results of modelling are presented in Figs. 9.7 and 9.8, where they are firstly examined in 

terms of the concentration of highly incompatible La and relatively less incompatible Sm. Neither of 

these two elements is significantly affected by partial melting of mantle source with variable AI­

phases (e.g. garnet or spinel). This is evidenced by the parallel modelled curves of partial melting 

garnet- and spinel-lherzolite mantle sources (Fig. 9.7a & Fig. 9.8a). However, the La/Sm ratios of 

mantle-derived magmas may not be simply a function of their source composition but also a variety 

of magmatic and post-magmatic processes (Sylvester et aI., 1997). Basalts in greenstone belts with 

sub-chondritic to chondritic La/Sm ratios are thought to have been derived from mantle sources 

with similarly low ratios. The LREE enriched basalts could have been derived from mantle sources 

that are LREE enriched. Alternatively, basalts with super-chondritic La/Sm ratios could have been 

derived from the depleted to chondritic sources, but then were subsequently contaminated by 

continental crust during their ascent to the surface. Therefore, it is quite difficult to determine how 

much of an enrichment in La/Sm ratio of a basalt is due to crustal contamination and how much is 

an inherited characteristic of its source mantle. Nevertheless, these elements can provide useful 

information on the bulk chemical composition of the source, particularly for samples that have not 

been significantly affected by contamination processes or when considered in conjunction with 

other geochemical evidences for crustal contamination. 

Table 9.4: Starting and melt modes used in partial melting modelling. 

Spinel-lherzolite Garnet-lherzolite 
Minerals starting mode melt mode starting mode melt mode 

Xo P Xo P 

Olivine 0.53 0.06 0.60 0.03 
Orthopyroxene 0.27 0.18 0.20 0.16 
Clinopyroxene 0.17 0.65 0.10 0.72 
Spinel 0.03 0.11 - -
Garnet - - 0.10 0.09 

Sources: Walter (1998), Kinzler (1997). 
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The mafic lavas from the Tati greenstone belt possess La concentrations and La/Sm ratios greater 

than those that could be generated by direct partial melting of DMM (Fig. 9.7a). The best-fit partial 

melting curve drawn for the mafic rocks from the Tati greenstone belt suggests that a mantle 

source with similar composition to the Phoenix gabbro is required to produce the mafic lavas and 

the Selkirk gabbro. The three subgroups of the mafic lavas follow the same melting curve, 

suggesting derivation from the same source but affected by variable degrees of partial melting or 

crustal contamination. Since it has been demonstrated in the previous section (9.1.2) that the 

subgroups 1 and 3 have been contaminated it is, therefore, probable that all the subgroups were 

generated by similar degrees of partial melting. The subgroup 2 mafic lavas and some samples 

from the Selkirk gabbro straddle the best-fit melting curve between the 20 and 10% divisions 

suggesting 20 to 10 % degrees of partial melting. The group of gabbro samples that plot at higher 

degrees of partial melting, display cumulus textures in thin sections. 

In order to constrain the mineralogy of the source of the mafic lavas, their SmlYb ratio was plotted 

against Sm concentrations in Fig. 9.7b. Yb is a compatible element with garnet but not with spinel, 

hence the SmlYb ratio is useful in distinguishing garnet-lherzolite derived rocks from those of 

spinel-lherzolite source. It can be observed from Fig. 9.7b that the mafic rocks from the Tati 

greenstone belt plot along the spinel-lherzolite melting trend suggesting that they were derived from 

depth within the spinel stability field. This is consistent with high contents of HREE and their flat 

patterns. 

The mafic and ultramafic rocks from the Vumba greenstone belt are presented in similar diagrams 

in Fig. 9.8a & b. It can be observed Fig. 9.8 that the composition of both the mafic and ultramafic 

rocks from the Vumba greenstone belt can be best explained by partial melting of a mantle spinel­

lherzolite source. 

In summary the results of partial melting modelling of REE indicate that both the Vumba and Tati 

mafic lavas were generated at relatively shallow depths at pressures within the spinel stability field 

(outside the garnet stability field). 
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9.1.3 Source region 

Several mantle components have been defined in young basalts using radiogenic isotope ratios. 

However, many of the radiogenic isotopes, such as Sr and Pb are vulnerable to remobilization 

during secondary processes hence are difficult to apply to Archaean basalts for similar definitions. 

Mantle components in Archaean basalts are best defined by immobile incompatible element ratios 

(e.g. Kerrich et aI., 1999; Polat et aI., 1999; Condie, 2003; 2005b; Sandeman et aI., 2004; 2006). 

The ratios of incompatible elements do not change with time like the radiogenic isotope ratios. 

In view of the similarity of partition coefficients of Nb, Th and LREE during mantle melting, they are 

unlikely to be fractionated from one another during relatively high degrees of partial melting 

involved in the genesis of tholeiitic mafic lavas (Sun and McDonough, 1989). Therefore, they are 

expected to reflect the respective source ratios. Th and LREE are fractionated from Nb during 

subduction process since they are preferentially transferred to the subarc mantle from the 

subducting slab while Nb is retained in the residual slab (Pearce and Peate, 1995; Polat et aI., 

1999). This results in the subarc mantle acquiring high Th/Nb and Ce/Nb ratios. The source of 

MORB is a depleted mantle characterised by relatively low Th/Nb but high Ce/Nb ratios (Polat et 

ai., 1999). 

In an attempt to elaborate on the potential mantle sources for the mafic lavas of the Tati and 

Vumba greenstone belts, the analyses of mafic lavas are plotted in a Ce/Nb versus Th/Nb diagram 

(after Saunders and Tarney, 1991) in Figure 9.9. These ratios have been successfully used to 

identify the characteristics of the different mantle sources that contribute to basaltic magmatism in 

oceanic basins (Saunders et aI., 1988). The Th-Nb-Ce systematics of oceanic basalts have been 

described in terms of mixing between a depleted MORB source mantle (DMM), a recycled residual 

slab component (RSC) processed via the subduction zone, and a recycled subduction component 

(SOC) complementing recycled residual slab material (Fig. 9.8). The incompatible trace element 

ratio Ce/Nb is useful in discriminating between variations in the incompatible element enrichment of 

the mantle source and less so to the amount of crustal input (e.g. Sande man et aI., 2006). In 

contrast, variation in the ratio Th/Nb reveals differences in the crustal or subduction zone input into 

the derivative magmas. In a Ce/Nb versus Th/Nb diagram, all the mafic lavas from the Tati area 

overlaps with the field for basalts from the Sea of Japan, which is a continental back arc basin 
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associated with subduction zone. The Sea of Japan contains stretched continental crust with which 

the magma could have interacted. 

Samples of subgroup 2 mafic lavas from the Tati greenstone belt plot between the normal mid 

ocean ridge basalt (N-MORB) and BABB fields, suggesting a DMM-like source. One sample of this 

subgroup plots within the N-MORB field. This subgroup possesses Th/Ce <0.1 and display features 

closely comparable to modern MORB, such as low Th and Ce contents (e.g. Elliot et aI., 1997; 

Pearce, 1996). This is compatible with the lack of prominent Nb anomalies in the multielement 

profiles of the subgroup-2 mafic lavas. Some preserved pillow structures and the presence of 

banded iron formation in the T ati greenstone belt suggest a subaqueous depositional environment. 

The subgroup 3 samples have elevated LREE and variable negative HFSE anomalies, which is 

characteristic of arc mafic lavas of modern continental margins (e.g. Pearce, 1982; Elliot et aI., 

1997; Gribble et aI., 1996). This group possesses high Ce/Nb (6.4-7.6) and Th/Ce ratios (>0.1). It 

has been shown by Hawkesworth et al. (1997) that sections of the Lesser Antilles arc (Caribbean) 

contaminated with sediments melts possess higher Th/Ce ratios (>0.1) than sections derived from 

mantle wedge metasomatized by slab dehydration fluids. Therefore, the subgroup 3 samples could 

represent magma generated from a sub-arc mantle source that has been metasomatized by 

subduction derived sediment melts. This is consistent with the initial ENd value of -0.26, which 

suggests interaction with old upper continental crust material. It has already been shown in the 

previous sections that the subgroups 1, 2 and 3 have subduction, MORB and continental arc 

affinities, respectively. Collectively, this suggests that the three subgroups of mafic lavas from the 

Tati greenstone belt were generated from heterogeneously metasomatized sub-arc mantle in a 

back-arc environment within oceanic crust near a continental margin (e.g. the Sea of Japan). 

The Vumba mafic lavas subgroups presented in Fig. 9.9b show that subgroup 1, which is LREE 

enriched, mostly has high Th/Ce ratios exceeding 0.1 comparable with upper continental crust 

values. This is in line with the initial ENd data that advocates for significant involvement of upper 

continental crust in their evolution. The Th/Nb and Ce/Nb relationship of the subgroup 2 mafic lavas 

resembles that of Mariana back-arc basalts and Broken Ridge Ocean Plateau (Fig. 9.9b). The field 

for BROP and Mariana BABB lies between that of the MORB and arc basalts suggesting a mixture 

of DMM and subduction component sources. However, there is no other supporting evidence for an 
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ocean plateau origin in the Vumba mafic lavas. According to Mahoney et al. (1995) the BROP 

basalts are characterized by fractionated REE and radiogenic isotopes that show evidence of 

continental crust contamination. In contrast to the BROP basalts, the subgroup 2 mafic lavas from 

the Vumba greenstone belt exhibit flat to slightly LREE depleted patterns and positive ENd values, 

which suggests that interaction with continental crust was not significant. The Mariana BABB 

represents rocks derived from a mixture of SOC and OMM source (Gribble et aI., 1996). Moreover, 

they possess flat REE patterns (Gribble et aI., 1996) similar to the subgroup 2 mafic lavas, which 

mean the mafic lavas resemble more closely the BABB than the BROP. The subgroup 3 mafic 

lavas exhibit Ce/Nb and Th/Nb composition directly comparable to the Mariana arc, which formed 

from a mantle source dominated by SOC. This is in accord with the TalYb ratio that resembles 

those of arc magmatism in Fig. 9.4 (Pearce, 1982). Furthermore, the subgroup 3 mafic lavas 

overlap with the field of basalts from the Sea of Japan, which is a typical example of a modern 

back-arc basin associated with continental rift near a continental margin. Collectively, all the three 

subgroups of the mafic lavas in the Vumba greenstone belt exhibit geochemical signatures of 

OMM, SOC + OMM and continental crust + SOC + OMM sources, which leads to the suggestion of 

a heterogeneous mantle source for the mafic lavas in a subduction back-arc basin setting. 
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termed adakites (e.g. Drummond and Defant, 1990). A summary of the dacite's geochemical 

characteristics is presented in Table 9.5 together with the main geochemical features of Cenozoic 

adakites presented for comparison purpose. Adakites are believed to be volcanic rocks formed by 

partial melting of young and relatively hot subducting oceanic slab at high pressure in Cenozoic 

convergent margins (e.g. Drummond and Defant, 1990; Martin, 1999). However, a few adakites of 

Archaean age have been reported in Archaean terranes such as the Wutai greenstone belt in the 

North China Craton (Wang et aI., 2004), and the Birch-Uchi and Wawa greenstone belts (Hollings 

and Kerrich, 2000; Polat and Kerrich, 2002) in the Superior Province. The felsic volcanic rocks in 

the Tati and Vumba greenstone belts conform to most of the compositional criteria for Cenozoic 

adakites, with exception of chemical parameters involving Sr (Table 9.5). Sr is known to be a 

mobile element under metamorphic conditions, which the felsic volcanic rocks from the two 

greenstone belts have been subjected to. This is supported by the evaluation of trace element 

mobility test presented in chapter 6, which revealed that Sr concentration in the volcanic lavas has 

been disturbed as evidenced by its low correlation coefficient. However, the felsic volcanic rocks 

from the Tati greenstone belt exhibit more elevated Ni and Cr concentrations compared to the 

Cenozoic adakites and the felsic lavas from the Vumba greenstone belt. This can be accounted for 

by variable interaction between siliceous slab melts and the peridotitic mantle wedge (e.g. Rapp et 

aI., 1999). 

Table 9.5: Comparison of geochemical features of the felsic lavas from the Tati and Vumba 
greenstone belts, NE Botswana, with the main geochemical characteristics of adakites as defined 
by Martin et al. (2005). 

Chemical parameter Tati felsic lavas Vumba felsic lavas Adakite 

Si02 (wt.%) 64 - 68 61 - 76 >56 

Mg# - average 0.41 0.54 -0.51 

Ni (ppm) - average 47 19 -24 

Cr (ppm) - average 103 31 -36 

Sr (ppm) 50 -179 31 - 531 >400 

Y (ppm) 5 - 13 7 - 21 <18 

SrfY 8 - 15 3 - 40 >40 

REE (LafYb)N 13 - 10 36 - 10 >10 

Yb (ppm) 0.6 - 1.3 0.6-1.7 < 1.8 
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Moreover, the felsic volcanic rocks from the Tati and Vumba greenstone belts exhibit similar 

chondrite normalized REE patterns to those of Cenozoic adakites and other Archaean adakites 

(Figs. 9.10 and 9.11). It can be seen from Fig. 9.10a that the Tati dacite's REE patterns are virtually 

indistinguishable from the average Cenozoic and Wawa greenstone belt adakites whilst the REE 

patterns for the Vumba dacite resembles those of adakites from Birch-Uchi and Wutai greenstone 

belts (Fig. 9.1 Ob and Fig. 9.11 b). These similarities of the Cenozoic and Archaean adakites with the 

felsic volcanic rocks from the Tati and Vumba greenstone belts of the Francistown Granite­

Greenstone Complex suggest that the felsic volcanic rocks are adakites. 

Recent investigations on Cenozoic adakites defined two sub-types on the basis of silica abundance 

amongst other compositional factors (e.g. Martin et aI., 2005). A high Si02 adakite has ~56 wt. % 

Si02 and its primary source is believed to represent subducted oceanic crust whose resulting melts 

assimilated some peridotite as it ascends through the mantle wedge. In contrast, low-Si02 adakite 

contain <56 wt. % Si02 and is generated from mantle peridotite that has been metasomatized by 

slab-melts (Martin et aI., 2005). It is evident that the two types of modern adakites are 

fundamentally different in terms of petrogenesis and sources. The only unifying petrogenetic factor 

between the two types of adakite is that they are both directly or indirectly linked to slab-melts. The 

high Si02 type is the one considered analogous to the Archaean adakite whilst the low Si02 adakite 

is petrogenetically similar to a group of rocks called Archaean sanukitoids (ct. Stern et aI., 1989). 

Nevertheless, the genesis of silica-rich magmas found in association with mafic volcanic rocks 

remains controversial. Different models have been proposed: extensive simple fractional 

crystallization of basaltic magmas (e.g. Cameron et aI., 1980), and partial melting of a mafic crustal 

source (e.g. Graham et aI., 1992). The possibility that the silica-rich magmas are products of 

extensive fractional crystallization can be ruled out on the basis of initial Sr-Nd and Pb isotope 

ratios. Silica-rich magmas derived from basaltic magmas should yield initial isotope ratios similar to 

those of the source of basaltic magmas. Additionally, chondrite-normalized REE patterns can be 

used to distinguish felsic magmas that have experienced extensive crystal fractionation from those 

that are closer to "primary magmas". During fractional crystallization, total REE concentrations 

generally increase, and the shape of REE patterns does not change basically, except for Eu 

anomalies (Takagi et aI., 1999). 
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9.2.2 Petrogenesis 

Removal of sub-aluminous minerals such as hornblende and garnet either as restite or during early 

high-pressure crystallization of melts are known to produce the high-AI, low Yb and Y compositions 

(Drummond et aL, 1996). The possibility that the felsic volcanic rocks in the Tati and Vumba 

greenstone belts are products of extensive fractional crystallization of a basaltic magma is not 

supported by the initial Sr-Nd and Pb isotope ratios. The dissimilarity of initial Sr-Nd and Pb isotope 

ratios between the felsic volcanic rocks and coeval mafic lavas in these greenstone belts cannot be 

explained by simple fractional crystallization. Additionally, the chondrite-normalized REE patterns 

for the felsic volcanic rocks are highly fractionated and dissimilar from those of the mafic lavas. 

During fractional crystallization, total REE concentrations generally increase, and the shape of REE 

patterns do not change drastically. In the Vumba and Tati volcanic rocks, no systematic increase of 

total REE from mafic to felsic volcanic rocks is observed. Therefore, these suggest that fractional 

crystallization is an unlikely process for the formation of the felsic volcanic rocks in the Tati and 

Vumba greenstone belt. The REE patterns of the felsic volcanic rocks, however, resemble those of 

typical tonalite-trondhjemite-dacite (TTD) series magmas (Figs. 9.10 & 9.11; Defant et aL, 1991). 

Additionally, the compositional similarity of these volcanic rocks with the modern adakites suggests 

that the Tati and Vumba felsic volcanics are slab-melts. This implies a mafic crustal source similar 

to MORB. Therefore, in an attempt to elaborate on the petrogenetic processes and sources 

involved in the genesis of the dacitic lavas from the Tati and Vumba greenstone belts, modeling 

partial melting a basic crustal source comparable to the average composition of subgroup 2 basalt 

(MORB-like basalt; section 9.1) is adopted here. The subgroup 2 mafic lavas from both greenstone 

belts have REE compositions similar to the average Archaean mafic composite (Table 9.5; 

Drummond and Defant, 1990). It is noteworthy that when oceanic crust is subducted, the tholeiitic 

MORB is converted to amphibolite through garnet amphibolite to eclogite with increasing depth 

(e.g. Sorensen, 1988). 

In equilibrium batch melting, the magma generated by partial melting remains in equilibrium with 

the residual material until it is separated by buoyancy-driven segregation processes. Different types 

of residual assemblages will have different Signatures on the resultant melt (e.g. Martin, 1987). 

REEs are preferred for partial melting modeling of the felsic lavas due to their consistent behaviour 

under magmatic processes. The equation (Eq. 9.2) of Shaw (2006; explained in the previous 
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section 9.1.2.3) that defines the behaviour of trace elements under equilibrium batch melting 

conditions, was applied. The mineral-melt partition coefficients, and starting and melt modes are 

given in Tables 9.6 and 9.7, respectively. A source of basaltic tholeiite composition was modelled at 

10% degrees partial melting assuming a residue of amphibolite, garnet amphibolite with 5% modal 

garnet, garnet amphibolite with 25% modal garnet, and amphibole-bearing eclogite compositions. 

Compositions of REEs for the modelled melts were calculated for a range of potential residual 

assemblages and compared with the actual REE patterns of representative samples from the 

analytical data obtained from the Vumba and Tati felsic lavas (Fig. 9.12). It can be seen from Fig. 

9.12 that the REE patterns for the felsic volcanics from the Tati and Vumba greenstone belts 

closely match those of model melts generated from garnet-bearing (5 modal % garnet) amphibolite. 

Table 9.6: Source composition and partition coefficients used in batch melting model for the dacitic 
lavas. Partition coefficients (kd) are from Martin (1987). Archaean mafic composite data is from 
Drummond and Defant (1990). 

REE 
Tati Archaean Mafic Vumba Cpx Hnbl Pig Gar! 

ave. tholeiite (p~m) Composite (ppm) ave. tholeiite(ppm) lKdl (Kd) (Kd) (Kd) 

La 3.67 3.6 3.26 0.1 0.2 0.13 0.04 

Ce 10A3 9.2 11.21 0.2 0.3 0.11 0.08 

Nd 9.00 6.6 9.37 OA 0.8 om 0.20 
Sm 2.91 2.0 2.90 0.6 1.1 0.05 1.00 
Eu 102 0.73 1.02 0.6 1.3 1.30 0.98 
Gd 3.96 2.6 3.86 0.7 1.8 0.004 3.8 
Tb 0.66 - 0.69 0.7 2.0 0.037 7.5 
Oy 4.49 3.1 4.32 0.7 2.0 0.031 11.0 
Er 278 2.0 2.60 0.6 1.9 0.026 16.0 
Yb 2.62 1.9 2.65 0.6 1.7 0.024 21.0 
Lu 0.38 0.31 OA4 0.6 1.5 0.023 21.0 

Table 9.7: Hypothetical starting and melt modes used in batch melting model for the dacitic lavas. 

Minerals 
Amphibolite Garnet (5%)-amphibolite Garnet (25%)-amphibolite Eclogite 

Start mode melt mode Start mode melt mode Start mode melt mode Star! mode melt mode 

><0 p Xo p ><0 p ><0 p 
Cpx 0.05 0.01 0.10 0.09 0.05 0.05 OA5 0.30 
Hnbl 0.65 0.55 0.55 0.50 0.50 0.50 0.15 0.50 
Pig 0.30 OA4 0.30 OAO 0.15 0.25 0 -

Gar! 0 - 0.05 0.01 0.25 0.20 OAO 0.20 

AbbreViation: Cpx-clinopyroxene, Hnbl-hornblende, Pig-plagioclase and Gart-garnet. 

The distinctive REE compositions of felsic volcanic rocks from the Tati and Vumba greenstone belts 

in terms of the chondrite normalized LaNlYbN and YbN values are presented in Fig. 9.13. Modelled 

melting curves from Drummond and Defant (1990) for a MORS source, with YbN = 12.5 and 

LaNlYbN = 1, are superimposed on this figure. The melting curves correspond to melts that were in 
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equilibrium with amphibolite, garnet-bearing (10 modal % garnet) amphibolite, garnet-bearing (25 

modal % garnet) amphibolite and amphibole-bearing eclogite residual assemblages. The REE 

modelling suggests that the felsic volcanic rocks in the Tati and Vumba greenstone belts were 

generated from partial melting of a garnetiferous amphibolite source. These results corroborate the 

results of Fig. 9.12 that show the entire spectrum of REE. From Figure 9.13, it can be suggested 

that the felsic volcanic rocks from the Vumba belt were derived from a more garnet-rich source than 

that of the Tati felsic volcanics. 

The results of four felsic volcanic samples analysed for Sm/Nd isotopic composition are 

summarized in Table 9.B. One sample (ZBT-43) from the Tati greenstone belt records a positive 

ENd value of 0.94, suggesting that the felsic volcanics were generated from melting young juvenile 

mafic crust. The three samples from the Vumba greenstone belt have variable ENd values from 

1.33 to -0.69 suggesting young juvenile crustal source that possibly interacted with minor enriched 

crustal material. This is consistent with the results of the associated mafic lavas whose Nd isotopic 

data indicate interaction with old crustal material. The positive ENd values imply that the time 

between the generation of the mafic source material from the mantle, and partial melting of that 

mafic source to form the felsic volcanics was short. The Tati and Vumba felsic volcanic rocks were 

extruded at 2735 and 2696 Ma, respectively. So this is useful as it can be used to calculate the age 

of the subducting slab. 

Table 9.8: Summary of Nd isotopic data for felsic volcanic rocks from the Tati and Vumba 
greenstone belts. 

Sample Measured 2 a error Measured U-Pb age Initial Sm Nd DePaolo 
143Nd/144Nd 147 Sm/l44Nd (Ma) ENd (ppm) (ppm) TOM (Ga) 

Tati 
ZBT-43 0.511216 ±12 0.1154 2735 0.94 2.96 15.5 2.98 
Vumba 
ZBV-173 0.511018 ±6 0.1026 2696 1.12 309 18.2 2.91 
ZBV-166 0.511104 ±5 0.1124 2696 -0.69 2.40 12.9 306 
ZBV-156 0511006 ±4 0.1014 2696 1.33 359 21.4 2.89 
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CHAPTER 10 
Petrogenesis of the granitoids 

10.0 Introduction 

. .................... Zibisani 8agai 

Neoarchaean granitoids that are mainly dominated by tonalite, trondhjemite and granodiorite 

composition (TTG) are considered analogues of high-Si02 adakites (Martin et aL, 2005), although 

this is not universally accepted (e.g. Condie, 2005a; Whalen et aL, 2002; Smithies, 2000). Non­

subduction models such as melting of underplated basaltic crust, the lower crust and the basal 

sections of thick oceanic plateaus (Condie, 2005a; Rollinson and Tarney, 2005; Whalen et aL, 

2002) have been proposed as alternative models for the formation of Neoarchaean TTGs. Condie 

(2005a) contends that TTGs can be generated from any tectonic setting in which stable hornblende 

eclogite is formed and subjected to temperatures of 700 to 800 DC. Recent studies (e.g. Martin et 

aL, 2005; Condie 2005b) indicate that the Neoarchaean TTGs possess some geochemical features 

that are distinct from their early Archaean counterparts. This has been interpreted as an indication 

of change in tectonic regime during the Archaean. According to Martin et al (2005) Neoarchaean 

TTGs exhibit geochemical attributes that involve mantle in their petrogenesis. Such geochemical 

features include relatively high Mg#, Ni and Cr contents. The Dacites and TTGs in the study area 

overlap in age. 

10.1 Main geochemical characteristics 

The main geochemical characteristics that have some implications on the petrogenesis of the 

granitoids from the Francistown Granite-Greenstone Complex are presented in Table 10.1, where 

they are compared with the average composition of the Neoarchaean TTGs. 

Previous geochemical investigation (Kampunzu et aL, 2003) of plutonic rocks within the Tati terrain 

described the NE and SW tonalite-trondhjemites as low-AI and high-AI TTG subsuites, respectively. 

However, the data from this study shows that both the NE and SW tonalite-trondhjemites have 

high-AI type (ct. Barker, 1979) characteristics. The minor tonalite-trondhjemite dykes display low-AI 

affinities with an average Yb concentration of 1.15 ppm. Nonetheless, all the tonalite-trondhjemite 

units have an I-type affinity. 
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Table 10.1: Summary of the main geochemical characteristics of the granitoids in the Tati and Vumba granite-greenstone terrains. 

TATI VUMBA 
Chemical 

Parameters 
Quartz 

Monzonite 
NE Tonalite- SWTonalite- Tonalite- . . Quartz 

Trondhjemite Monzogranite 
trondhjemite trondhjemite trondhjemite dyke Monzonite 

Tonalite 
Neoarchaean 

Granodiorite Monzogranite TTG 

Age (Ma) 
Si02 wt.% 

ASI 

(2732) 
62.9 - 64.2 
0.93 -1.02 

2732 2673 2703 2715.9 2716 (2690) 
67.3 - 720 69.4.5 - 74.7 72.3 - 75.7 71.5 - 75.7 723 - 76.2 59.8 - 66.3 
1.00 - 1.03 1.00 - 1.06 1.02 - 1.08 0.92 - 1.09 0.99 - 1.06 0.84 - 0.90 

2690 
67.3 - 723 
0.98 -1.02 

2686 
66.5 - 75.7 
0.98 - 1.08 

2647 
63.1 - 73.5 
1.00 -1.08 

> 64 

AI 20 3 wt.% 17.7-16.5 17.4-16.2 160-13.6 14.5-12.6 12.4-11.8 12.1-11.9 16.1-15.4 16.6-15.0 16.2-14.3 18.6-13.7 15.5±0.75 

K20/Na20 0.87-0.98 0.91-0.31 0.22-1.41 0.10-0.37 0.26-0.44 2.07-2.47 1.15-1.41 0.30-0.45 0.58-1.09 109-1.80 0.51±0.24 
Mg# 0.49 - 0.51 0.44 - 0.47 0.30 - 0.38 0.31 - 0.44 0.06 - 0.12 0.03 - 0.06 0.50 - 0.55 0.36 - 0.42 0.20 - 0.47 0.23 - 0.32 46.2 ± 6.7 
NblTa 21.0-10.4 23.8-9.6 21.1-10.2 10.5-8.7 22.2-14.1 25.5-14.8 14.3-10.5 14.4-10.7 14.6-6.3 14.4-10.7 -

-- - - -- - -- -- -- . - -- --- -- -

Zr/Hf 49-41 56-49 89-34 54-38 63-42 48-43 42-38 42-37 40-30 42-37 -
- - - - ---- - -- - -_. -- --. - - - ---< -- - -- -- -- --. - - - -------

ZrlSm 32-30 198-70 463-75 59-58 58-36 62-44 35-30 77-51 48-27 77-51 20-200 
--- - ------------ --- ----------- --

Cr(ppm) 33-27 14-8 15-6 13-10 12-6 12-7 74-47 33-15 31-13 24-9 35±26 
Ni(ppm) 39-23 7-5 7-4 68-6 4-3 4-3 - - - - 22±13 
Cr/Ni 1.3 -1.1 2.7 -1.3 2.7 -1.4 1.7 - 0.2 3.3 -1.8 3.3 - 2.1 - - - - -
Sr(ppm) 622-570 484-381 305-108 133-119 113-64 100-95 548-383 405-195 673-135313-187 515±127 
Y(ppm) 14.1-13.1 3.0-1.6 6.3-1.8 12.9-8.8 36.6-27.6 36.4-33.0 27.4-23.4 9.8-4.2 11.3-5.1 27.8-4.5 9.1±5.4 
SrlY -42 234-142 115-17 15-9 -3 -3 22-15 91-21 60-12 52-7 89±49 
Yb (ppm) 1.20 -1.12 0.31 - 0.19 0.57 - 0.17 1.36 - 0.99 4.44 - 3.27 4.24 - 3.89 2.03 - 1.84 0.91 - 0.42 1.04 - 0.46 2.05 - 0.35 0.71 ± 0.41 
(LalYb)N 44-38 37-5 62-12 40-38 10-3 7-5 37-28 51-8 95-11 94-26 36±24 
Eu/Eu'--- 0.81-0.7i~-2TT1-- 2J~1-~-0.88-077--0.74Ts-3~-0.60-0.57 OJ1~ 2.08-oilo-T24=O:n-T77=066 ------

0
180 %0 

ENd 
206Pb/04Pb 
207Pb/04Pb 
208Pb/04Pb 

+8.0 
0.36 
24.41 

16.74 
42.93 

+9.0 - +8.6 
7.08 - +3.08 
16.52-15.72 

15.59-15.20 

35.18-35.34 

+9.5 - +9.1 
7.57 - -1.44 

19.80-16.14 

15.98-15.28 
4100-35.13 

+10.6 
0.58 
21.92 

16.34 
42.37 

+9.6 - +8.7 
-7.35 

80.48 
27.26 

102.85 

+10.1 
0.15 
41.89 

19.27 
62.65 

Sources for Neoarchaean TTG composition: Condie, 2005a, Martin et aI., 2005. 

Chapter 10 ..... 

+10.0 
2.91 
22.95 

16.52 
43.13 

+12.1 +9.0 +9.0 
1.06 - -116 1.88 - +0.27 2.48 - +0.69 

24.68-21.16 2677-16.54 23.98-21.51 

17.26-16.22 17.30-15.38 16.72-16.29 
45.36-3905 47.57-38.09 62.33-40.26 
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The granitoids from the Tati granite-greenstone terrain display different Sr, Cr and Y 

concentrations and different SrfY and CrfY ratios (Table 10.1). High SrfY ratios and low Y contents 

are generally regarded as characteristics of adakites and often interpreted as a product of high­

pressure partial melting of a mafic garnet-bearing source origin (e.g. Martin, 1987; Drummond and 

Defant, 1990). Several studies have shown that the stability of plagioclase is strongly dependent 

on pressure (e.g. Martin, 1987; Drummond and Defant, 1990; Martin et aI., 2005), which follows 

that the Sr concentrations in the granitoids have implications for both the source composition and 

pressure conditions under which partial melting took place. Y and Cr are highly compatible in 

garnet with partition coefficients of 3.08 and 13.0 (e.g. Martin, 1987; Shaw, 2006), respectively, so 

that the presence of garnet in the residue will result in Y and Cr depleted melt. On the other hand 

garnet has low partition coefficient for Sr (DSrgt = 0.0065; Shaw, 2006; Green, 2006). Thus the 

presence of residual garnet during partial melting, any source of granitoids would fractionate Y and 

Cr from Sr, resulting in high SrfY and low CrfY ratio melts. Y and Cr are incompatible in 

plagioclase with partition coefficients of 0.0115 and 0.04 (Shaw, 2006), respectively. It has been 

established that garnet has a high mineral-melt partition coefficient for Yb (HREE) and a low 

partition coefficient for La (LREE), which renders it an effective phase for fractionation of REEs. All 

the tonalite-trondhjemite units in the study area are characterised by fractionated REE patterns 

with depleted HREE. This suggests residual garnet in their source. However, most granitoids in the 

Tati and Vumba granite-greenstone terrains show negative Sr anomalies in the multielement plots, 

which suggest fractionation of plagioclase during evolution of their magmas by fractional 

crystallization processes. 

The relationships between SrfY and CrfY versus Y for the granitoids within the Francistown 

Granite-Greenstone Complex are presented in Fig. 10.1. This plot has been widely applied to 

discriminate between classical island arc granitoids and adakites (e.g. Drummond and Defant, 

1990; Rapp, 1997; Whalen et aI., 1999). It is evident from Fig 10.1 that all the tonalite-trondhjemite 

units and quartz monzonite are comparable to adakites and likely had garnet in their source. Even 

though all the tonalite-trondhjemite units occupy the adakites field, they exhibit distinct positions 

that make a decreasing trend of SrfY against increasing Y content. Similar trends can be caused 

by variable degree of partial melting in the presence of garnet (e.g. Rapp, 1997) or by fractional 
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crystallization process involving plagioclase fractionation. When melting a garnet-bearing source, 

the content of Y in the resulting melt would increase with the degree of partial melting since more 

garnet is melted to release Y into the melt. This leads to a decrease in SrN ratio. Similarly when a 

melt is going under fractional crystallization involving fractionation of plagioclase, it would remove 

Sr from the melt, leading to decrease in SrN ratio. However, if this trend is at all related to 

variable degree of partial melting, it is suppose to reflect a positive trend in a plot of CrN versus Y 

(Rapp, 1997; Fig. 10.1 b) because both Cr and Y contents should increase with increasing degree 

of partial melting. Since Cr is more compatible in garnet than Y, a steep positive trend is 

anticipated. The diagrams in Fig. 10.1 demonstrate that the tonalite-trondhjemite from the 

Sekukwe pluton, the Tati pluton and the tonalite-trondhjemite dykes maintain similar positions in 

both diagrams, which is incompatible with increasing degree of melting. Based on the Fig. 10.1, it 

is not possible to rule out the possibility that the granitoid melts were produced by fractional 

crystallization. The differences in the tonalite-trondhjemite units within the Tati granite-greenstone 

terrain is compatible with the geochronology data, which reflected that the three units belong to 

different magmatic events hence high possibility of different petrogenetic conditions. 

The quartz monzonite unit from the Tati terrain possesses higher Sr, Y and lower Si02 contents 

than the tonalite-trondhjemite units (Table 10.1). Additionally, the quartz monzonite display higher 

concentrations of Cr and Ni as well as higher Mg# than the tonalite-trondhjemite units in the same 

area. Nonetheless, it possesses fractionated REE patterns similar to those of the tonalite­

trondhjemites, although is more enriched in LREE abundances. It is important to note that the 

quartz monzonite occurs contiguous to the Sekukwe tonalite-trondhjemite pluton, which lead some 

previous workers (e.g. Key et aL, 1976) to suggest that the two units must be genetically related. 

Experimental studies on the petrogenesis of TTGs have revealed that interaction of melts derived 

from subducting slab with peridotite within the mantle wedge can significantly modify Cr, Ni, MgO 

and Si02 content of the melt resulting in the melt acquiring high Cr, Ni, Mg# and low Si02 values 

(e.g. Rapp et aI., 1999). Furthermore, these studies demonstrated that in addition to modification, 

the melt is also consumed during the interaction process. According to Rapp et al. (1999), the 

degree of modification is dependent on the volume ratio of the melt to peridotite. Small volume 

ratio of the melt to peridotite is vulnerable to the effects of modification. Therefore, the difference 

between the quartz monzonite and the tonalite-trondhjemite could be reflecting the differences in 
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degree of peridotite interaction with their parental melts, which is dependent on the volume of the 

primary melts. The quartz monzonite covers a small area, which suggests their primary magma 

was small in term of volume hence low volume ratio of the melt to peridotitic mantle. Tonalite­

trondhjemite forms large plutons implying voluminous primary melt, which is less vulnerable to 

peridotite assimilation. 

The purely trondhjemite unit is quite distinct from the tonalite-trondhjemite and quartz monzonite 

units in terms of geochemical characteristics (Table 10.1). It is a low-AI type (ct. Barker, 1979) with 

low Sr and high Y concentrations, which suggest the presence and absence, respectively, of 

plagioclase and garnet phases in the residual source, i.e. low pressure petrogenetic conditions. 

Additionally, the trondhjemite samples display REE patterns that have prominent negative Eu 

anomalies, flat HREE with high contents (Yb > 3 ppm) and moderately enriched LREE. Their 

multielement profiles exhibit a pronounced Sr trough, which is consistent with plagioclase 

fractionation during the petrogenesis or presence of residual plagioclase in the source. Unlike the 

tonalite-trondhjemite units, the trondhjemite's multielement profiles are devoid of a prominent 

positive Pb anomaly, which is one of the defining geochemical characteristics of subduction­

related magmas. Furthermore, the trondhjemite unit is characterised by very low contents of Cr 

«12 ppm), Ni (-4 ppm) and low values of Mg# (0.12 to 0.06) that are all below those of 

Neoarchaean high-AI TTGs (Table 10.1). This does not favour any possibility of mantle peridotite 

interaction with its parental magma. All these geochemical characteristics, clearly suggest that the 

petrogenetic history of the trondhjemite unit is distinct from that of the tonalite-trondhjemite and the 

quartz monzonite units. In Fig. 10.1 a, the trondhjemite plot in the field of classic island arc 

granitoids, which is compatible with an origin through melting outside the garnet stability field, i.e. 

under low pressure conditions. 

The monzogranite unit in the Tati granite-greenstone terrain resembles the trondhjemite unit in 

terms of geochemical parameters presented in Table 10.1 suggesting common petrogenetic bond 

between the two units. The only parameter that distinguishes between the two units is the 

K20/Na20 ratio. The monzogranite possesses higher K20/Na20 (2.07-2.47) than the trondhjemite, 

which exhibits low ratios ranging from 0.26 to 0.44. In terms of SrlY and CrlY versus Y plot, the 

two units are indistinguishable (Fig. 10.1). Moreover, geochronological data from this study 
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monzogranite display high SrlY and CrlY ratios and low Y contents which are comparable with 

those of the Neoarchaean high-AI TTGs and high-Si02 adakites that, in turn, are linked to relative 

high pressure conditions of origin. The quartz monzonite and the monzogranite samples from the 

inner monzogranite possess SrlY ratios and Y contents that correspond to classic island arc rocks 

(Fig. 10.1 a). However, some of the geochemical attributes of the quartz monzonite and the inner 

monzogranite in the Vumba area fall between those of the low-Si02 adakites (sanukitoids) and 

high-Si02 adakites (cf. Martin et aI., 2005). For instance the Ni, Cr contents and Mg# for the quartz 

monzonite are higher than those of the high-AI Archaean TTGs but lower than those of sanukitoids 

and low-Si02 adakites. Furthermore, the quartz monzonite contains elevated Sa and Sr contents 

corresponding to those of sanukitoids (Table 10.1). It is also metaluminous and K-rich whilst the 

remainder of the granitoids is weakly peraluminous and medium-K (except monzogranite). All 

these geochemical features suggest a petrogenetic history distinct from the granitoid units in the 

Vumba area. 

10.2 Petrogenesis 

To evaluate the petrogenetic histories of the granitoids from the Francistown Granite-Greenstone 

Complex, REE abundances were utilized in a forward partial melting model testing different 

potential sources implicated by the geochemical data discussed above. The same equation of 

Shaw (2006; see section 9.1.2.3) was used, with the mineral-melt partition coefficients, and 

starting and melt modes, as presented in Tables 9.6 and 9.7 (see chapter 9), respectively. The 

Archaean tonalite-trondhjemite-granodiorite (TTG) association is often considered as products of 

partial melting of subducted slabs or oceanic plateaus or root zones of volcanic arcs (e.g. Condie, 

2005b; Martin et aI., 2005). In this study a mafic source of basaltic low-K tholeiite composition was 

modelled at different degrees of partial melting, assuming a residue of amphibolite, garnet 

amphibolite with 5% modal garnet, garnet amphibolite with 25% modal garnet and eclogite 

compositions. Only the results of the degrees of partial melting that are comparable or near 

comparable with the analytical data are shown on the diagrams. Compositions of REEs for the 

modelled melts were calculated for a range of potential residual assemblages and compared with 

the actual REE patterns of the granitoids from the Francistown Granite-Greenstone Complex (Figs. 

10.2 to 10.5). 
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10.2.1 Tati Granitoids 

The comparisons of Chondrite-normalized REE patterns for the Tati granitoids with the calculated 

REE compositions (Fig. 10.2) suggest different sources and conditions for the granitoids, which is 

consistent with different emplacement ages. For instance the origin of the quartz monzonite cannot 

be explained by partial melting of a mafic source under different pressure conditions alone (Fig. 

10.2a). A model involving very low degree of partial melting of a mafic source, where a restite with 

about 10% garnet is left behind, followed by subsequent LREE enrichment process, or otherwise a 

LREE enriched mafic source is required to explain the origin of the quartz monzonite. As for the 

origin of the Sekukwe high-AI tonalite-trondhjemite a model encompassing partial melting of a 

mafic source at relatively high pressure where residual material containing about 25 modal% 

garnet, coupled with subsequent fractional crystallization process involving hornblende, is most 

likely. The tonalite-trondhjemite dykes's origin can be explained by low degree partial melting of a 

mafic source with residue containing about 10 modal% garnet. A similar model with a garnetiferous 

amphibolite containing between 10 and 25 modal% garnet, coupled with fractional crystallization of 

phases involving hornblende, illmenite and accessory allanite can be invoked to explain the origin 

of the Tati pluton tonalite-trondhjemite. The trondhjemite and monzogranite chondrite-normalized 

REE patterns are similar to the calculated REE patterns of a partially melted mafic source with an 

amphibolite residue. Experimental studies of TTG generation have revealed that hydrated mafic 

sources at lower pressure tend to produce more trondhjemitic melts (e.g. Rapp et aI., 1999). This 

implies the possible source of the trondhjemite is a hydrated basaltic crust. 

Further petrogenetic information on the Tati granitoids is revealed by plotting their chondrite­

normalized LalYb ratios versus Yb contents (Fig. 10.3). Calculated partial melting model curves for 

a MORS source with different residual assemblages are superimposed on the diagram for 

comparison with the analytical data from the Tati granitoids. Fields of adakites and island arc rocks 

from Drummond and Defant (1990) are also superimposed on the diagram. On this diagram the 

granitoids clearly form different clusters suggesting different petrogenetic conditions. Nonetheless, 

the results corroborate those of calculated REE profiles to a large extent. 

Chapter 10 ... .. ........ 10- 8 

Univ
ers

ity
 of

 C
ap

e T
ow

n



• .00 

I , , 
oil '0 

, 00 

" , 

C----r 

, 
';'C.P, No, "",E, Gn'", ''' E r", y"" 

r c:<" .",_tronol" jOm.o 
IT"; p , tool 

, , 

,I 

LoCOP, "" ""Eo G<, r , Dy ''' . , Tm Y,'" 

"" 

,~ ,---------~ 

-I' 100 

1 
• , 
•1 

" 

i 1D , 
I , 

~ 100 
• , 
I , 
:;, ,~ 

T ""' ~te trD~te 

1_"' .... ""j""1 

,--0 (;.- ..-""" ~ """"" ,,,,,., ,he_', 
"' ... "' ..... .... ocb,.. 

I 

G«'''., ""~.,, ., """"' ~.:.'" _ _ 

Go ·· .. _" ...... ,t!; '''''~''_ 

r"''' 'Io-tro,,''''''''''' dy,", 
" ~ "'., 

, . C,F· '" '~ L G" TO"''''E' TM Y'l.· 

"" 
Fig. 10.2: Crm,r,te ",-,"rl" iced (800 a1d ~'o:Do1 W;; h . 1989) REE pall"-,,, b I .. ", T&li ~anitd dl; ccrlPared ·';Ih 
~, de rned ~1 ",r;oJs de(Jee (\I i b,;d' "",ling of " ow·K tr"",I" bas ,,1 soo ·ce. The c" CJ~ed ""lIem lor ~"t:h 
"",I,",] are h rx:-ten liJ! ma'le s:uc:es GO<1 1ai ni1g J~ I'ic..o ' le gJ<r>et-bearing (10 m~)(U~,) Jf'1 r>'ic,d iTe, gJrnet­
bear,,"> (2~ rrmJ '( ) ar1pt"MlJoi le Jrd <f'1rt- oole-beJ(irg eci:liJ le 'e sid LJes irrm ei lOO Jtte< r~J(~n '987). PWrw" ai 
""'t.,." 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Sck.l;wc 

100 
alllpilihole-hearil1g ec logite 

I Adaki tes 
i i - g."n nel -i:>car in g (25 modal% 
i i i i '/ gamet-bearing (10 modal % gam" l) alllphih,n lite 

i, ! "''',)';I .b<;." in '·' (5 m<,d ,l% "art1Ct) am,hib., li tc ii ' ," /' r.-" -,,---_0 __ , 
: fO'· i i/ + Quartz mo nzon ite 

& i\ , C Monzogranite 
: , i \ i " TrondhJemite 

40 t i -t 1 \/ Tonalite-trondhjemite 

~
: l : 1 I U~. (It. Tonallte-tronohJemlle dYKes 

~ Island Arc Basalt 
" \ / ' / : : ' : 20 .. ---rrlI ' ' ::v \'--' +2~'~ 

r;':~n --h~~~~ ... _:.~~ .. i 
o o 5 10 15 20 

Yb ~ 

25 

Fig, 10,3: CIl(J'Id'ile-r.:wnalilM y~ versus (LaNbjt; jagriWtln-uJilM aller J'U'WI:m Jnd CeJnl (18\tl) 'h~'.~I>g 
grEW'il:ioJ d.Jla fVD tile h:i (J<W1ila-groonst:<l~ :e~J n , ,'; 11l supe<i 'rv:,s~d 'oo:irg cwves Tile five oar'jai -rdirg 
(;rJ,,,,, are di~.yM <»J ,,"ume " MOOB so","" ... r ll Yb, = 12 5 , 'oj iL","'b" = 1 He p,Jrt.al rrwmr, C,,,'les 
represent garret-t"""r>g :10 n-uJai 'k _arr",,: ,.." rt, bo i le, gar""t-ooaro;; :25 mod.:M, !}lrner, ~ll ibcj lla EW'd 
arr~l1ibo1e-ooar r>g OCklgi lB resl :"" . . 0 ,..-,j 25 '~ ",,"rees of part .. 1 me"irg are Ir.k.:eo or eac n of Ih~ cY " % 

Tr,e tromhjemite am tr.e roonzogranite data cluster on the calcu lated meltrlg curve correspondil'l;J 

to partial melting of a MORS source at relative 10'11 pressure outsKJe stooility fi ekJ of ga,rnel. Tr,e 

quartz tmnzan ite falls along calcu lated curve af a MORS source with an ampM:()lite rest ,te 

bearing 5 mooal% garnet. Tr,e IJnal;te-trondr¥mite from the Sekukwe and Tati pli tons stradd le 

the melting curves of amphibole-bearing ecle>;jite and garnet-bearrlg (25 mcxJal% garnet) 

amphibdl te resjdues However, the Tati plutoo tonalite-trondhjemite corresponds to h~her degree 

partial melting th an the Sekukwe tonalite-trondhjemite, Tonalite-trco:fhjemite dyke samples cluster 

arourKJ melting curves of a soorce witr, 5to 10 tmda flo garnet rl an amphioolite res idue, 

10.2,2 Vum ba granitoids 

Cornpar05on cf the calcu lated REE patterns from a theoretica tr,cleiitic basat 50lIrce and the 

chorKJri te-normalired REE analytical data from the \i urnba granitoids is presented in F~ 10.5 I:J 

estab lish the r:cssible sources of the granitoids. The tona lite and gn:n:Jdiorite as we ll as the outer 
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phase of the monzogranite units have REE patterns that are close to those of a melt from a 

basaltic source with a garnetiferous amphibolite residue containing between 10 and 25% modal 

garnet. The quartz monzonite and the inner phase of the monzogranite display chondrite­

normalized patterns which are more enriched in REE abundances than the modelled curves. This 

implies that their sources were somehow different from the rest of the granitoids as the results 

cannot be linked to a mafic source alone. Further analyses of the possible sources of the Vumba 

granitoids is presented in Fig. 10.5, where modelled melting curves for a MORS source with 

various restite compositions are superimposed on the diagram of chondrite-normalized LalYb 

versus Yb concentration. The granodiorite, tonalite and some monzogranite samples cluster 

between the modelled curves that correspond to 10 to 25% degree partial melting of a mafic 

source with a restite containing between 10 and 25% modal garnet. Samples of quartz monzonite 

and inner monzogranite correspond to none of the modelled melting curves and plot both outside 

the adakite and island arc fields. 
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10.2.3 Implications of isotopic data on the nature of source regions 

In Ffg. 10.6 the Il itial eNd values for the ~[O"kius granitok1s from the Tatl area are plotted against 

their crystallization ages. Time-age corrected eNd values for the plutons from the monzogranite. 

'JE tOflaiite-trondhjemite and S\"-/' tonalite-trondhjemite units from a prevklus study IZhai et al .. 

2003) are also included in F>g. 10.6. ood the data are comp[O"able wi th the current data obtained 

from this study The majority of the data for the tonalite-trondhjemite ~ot between the CHUR ood 

depleted mootle ([)t,I) mooel curve of DePaokl (1981) suggestng tMt they are either juvenile 

granitoids iat that t'me) that r1Teracted with minor o.::f crustal matenal or they [O"e derivatives of 

young juvenile crust Modelling of com~itlOflal sources for all the gra'litok1s in the Tati grooite­

greenstone terrain suggests bask crustal sources partiai melted under different iXessure and 

temperature conditb1s . Thus the 0)sili ve Wl itial eNd ~alues are consistent >Mth derivatives of 

young juvenile crust. The tooali te-trondhi3mite samples analysed for Pb isotop~ recU"ded h>ghly 
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radlogem:; to moderately radbgenic ccmpositons, (Table 10.1) in the range of 24 41 to 15.72 

C-Yf'bi:;'~4Pb) ThIS is consistent with a fektspcr froctionation during tile origin of tonalite­

trondhjemite. The plot of 207Pbl204Pb versus 206Pbi204Pb botil tile VOK;OOk:S and granitoids 

suggest similar sources for these rocks, Moreo~er, the 0 isotopk: data acquired from the selecleil 

samples quiYlz grains Ihal yielded ~ak.Jes thai are charocterlStic for I-type griYIiloids (8,6 to 10,6 
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One salTllle of the trondiljemite analysed for SmiNd isotopic compositon recorded a ve ry low Nd 

epsilon valoo of -7.25, wnk:h suggests an enriched source like an okJ crust. The same sample 

yiekJed ancmalously h':,Jh Pb isotopi:: composition (2Ctf>bf2C'Pb ratio of 80 48), whk:h coold be 

ex~air)ed by open-system ge-ochemi::al processes that either allowed Pb to esca;;-e or was related 

to the addition 01 U into the system (e,g altered basalt of oceook: crust: de Wit et al 1987) 

Moreo~er, the 0 isotoeic data measured from quartz grains recorded a value of 10.1 %0, which 

corroborates the results 01 Nd and Pb isotopi:: composition. A hydrothermally altered basaltk: 
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source is compatible with the above-discussed observations. The isotope data support the trace 

element data discussed above in relation to the source. 

The initial ENd values for the Vumba granitoids are plotted against the crystallization ages in Fig. 

10.7. All the analysed samples show positive initial ENd values, except one sample from the 

tonalite unit, suggesting either juvenile origin or source. The tonalite sample that recorded a 

negative initial ENd value of -1.20 possibly demonstrates that some older crustal component was 

involved in their petrogenesis. It has a TOM of 2927 Ma, while the other samples from the tonalite 

unit that have recorded positive initial ENd values exhibit 2800 Ma as the TOM. The same sample 

yielded a quartz 0 180 value of 12.1 %0, which is a typical range for granitoids of sedimentary origin 

(e.g. Rollinson, 1993). The tonalite unit also exhibits highly radiogenic Pb isotopic composition, 

which is further evidence of crustal involvement in its origin. 

Four samples of the granodiorite unit recorded positive initial ENd values ranging from 0.33 to 

1.95. This suggests that the granodiorite unit was generated from a source that had short crustal 

residence time. The Nd model ages (according to DePaolo, 1981) calculated from the initial ENd 

values vary from 2720 to 2827 Ma, which is -40-150 Ma older than the crystallization age of 2686 

± 6 Ma. The quartz monzonite unit in the Vumba area forms a single body intruded into the mafic 

lavas. One sample analysed for Sm/Nd isotopic composition yielded a positive initial ENd value of 

2.91, which is comparable with that of the contemporaneous depleted mantle within margins of 

error. This suggests that the quartz monzonite is relatively juvenile. In addition the quartz 

monzonite is metaluminous with high compatible trace element concentration, low Si02 

abundance, low Pb isotopic composition, relatively high Mg# and high contents of REE, all of 

which suggest involvement of the mantle components in the petrogenesis of the quartz monzonite. 

However, the 0 isotopic composition (quartz 0 180 = +10.0%0) suggests a supracrustal input in the 

petrogenesis of the quartz monzonite. The seemingly paradoxical evidences can be explained by 

partial melting of a slab at depth within the asthenosphere to generate the quartz monzonitic melt. 

The monzogranite unit in the Vumba is composed of two phases; the inner granite and the outer 

granite phases, which show distinct Sm/Nd isotopiC composition. The inner phase resembles the 

quartz monzonite and it has a positive initial ENd value corresponding to a depleted mantle source. 

Such mantle source origin for the quartz monzonite and the inner phase monzogranite is 
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supported by other geo:::hemical attributes as its h~h compatible element con tent end high Mg#, 

Additkx1a1ly, m::xJelllng of REE data reveals that their petrogenesIs cannot be explained by melting 

a basic crustal SO\Jrce ak:me. The Inner granite phase has a positive initial eNd value of 2,52, 'IIh K:h 

is equivalent to the initial "Nd value of a depleted mantle at 2650 Ma (the ag€ of the mctlll)]ranitej 

demonstrating that it is relatively juven il e. The Inner granite pnase and the quartz monzonite falls 

in the island arc rock in the spoce of SrI'! versus Y diagram, consistent with a mantle origin. On 

the other hilld the outer granite phase records a low pOSitive initial r.Nd value of on suggesting 

tnat it originated from a juven ile crustal source wh ich had short residence time 
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10.2.4 Age of 1he granitoids sources 

In order to evaluate the crustal resk1ero:;e times of the granitoid sources, Nd isotopK: data tC>]ether 

w'lth the crystall ization ages were used to cak:ulate nmel ages following DePaolo (1981), The 

monzogranite in the Tati granite-greenstone terrain display clustering of T,,(; between 2810 am 
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2920 Ma (Fig. 1 0.8a). The crystallization age of the monzogranite is ca. -2715 Ma, thus they were 

derived from a source which had a crustal prehistory of -100-200 Ma. Tonalite-trondhjemite units, 

which have different emplacement ages, exhibit a decreasing cluster of T MD ages that seem to 

correspond to the crystallization ages (Fig. 10.8b). The SW tonalite-trondhjemite plutons, which 

were emplaced at ca. 2670 Ma, reveals TMD ages between 2700 and 2820 Ma whilst the tonalite­

trondhjemite dyke has a TMD age of 2840 Ma (emplaced at 2703 Ma). The NE tonalite-trondhjemite 

plutons, which have crystallization age of ca. 2732 Ma, display older TMD ages between 2860 and 

2900 Ma. Petrogenetic analyses of the tonalite-trondhjemite units discussed in the above section 

suggest that they formed by anatexis of mafic source with residual garnet. The primitive mantle­

normalized trace element patterns are characterized by negative Nb-Ta and Ti anomalies 

suggesting a subduction related signature or melting of crustal rocks that were formed along 

subduction zones. The TMD ages of the NE tonalite-trondhjemite are consistent with the inherited 

zircon U-Pb date of 2911 Ma recorded from the Matsiloje pluton which is one of the NE tonalite­

trondhjemite plutons. 

Nd isotope evolution lines of tonalite, granodiorite and monzogranite from the Vumba granite­

greenstone terrain overlap, and there is a clustering of TMD between 2715 and 2910 Ma (Fig. 10.9). 

These ages cannot be distinguished from those displayed by the granitoids of the Tati granite­

greenstone terrain. Collectively, the TMD from the Tati and Vumba granite-greenstone terrains 

coincide with the formation age of the Belingwean Supergroup igneous rocks dated between 2.95 

and 2.88Ga (Dirks and Jelsma, 2002). This implies that the Francistown Granite-Greenstone 

Complex is a relative juvenile Neoarchaean block that formed without major contribution from 

significantly older crustal material such as the 3.56 Ga gneisses from the Sebakwe proto-craton. 
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CHAPTER 11 

Petrogenesis of the Diorite 

11.0 Introduction 

This chapter aims at discussing the main geochemical characteristics and petrogenesis of the 

diorite unit within the Francistown Granite-Greenstone Complex. 

11.1 Main geochemical characteristics 

The diorite in the Tati granite greenstone terrain was first described by Kampunzu et al. (2003) as 

an Archaean sanukitoid. The term Archaean sanukitoid was first introduced by Shirey and Hanson 

(1984) for Archaean andesites and diorites exposed in the Rainy River area within the Western 

Superior Province. These rocks possess geochemical characteristics similar to high-Mg andesites 

termed sanukites in the Setouchi area of Japan (Tatsumi and Ishizaka, 1982). According to Halla 

(2005) the term sanukitoid originally referred to all textural modifications of the sanukite magma 

type. However, there is considerable elasticity in the application of the term 'sanukitoid' in the 

literature. Currently, the name is applied to a broad range of rocks with diverse compositions and 

origins. For instance Stern et al. (1989) defined sanukitoids as primitive, intermediate igneous 

(intrusive and extrusive) rocks characterized with Si02 in the range of 55 to 60 wt.%, Mg# greater 

than 0.6, Ni and Cr contents exceeding 100 and 200 ppm, respectively, Ba and Sr concentration 

above 500 ppm each, K20 content exceeding 1 wt.%, Rb/Sr ratios below 0.1, and strongly LREE 

enriched REE patterns with minor Eu anomalies. Many authors have applied the term Archaean 

sanukitoids to refer to suites of granitoids ranging from high-Mg diorite through granodiorite to 

granite (e.g. Stevenson et aI., 1999; Halla, 2005). Others have used the term sanukitoid suite to 

collectively refer to diorites and gabbros (e.g. Da Silva Filho et aI., 1993; Kampunzu et aI., 2003). 

Recently, Halla (2005) adopted the term sanukitoid to describe charno-enderbites, which are high 

grade granitoids bearing orthopyroxene, in Finland. According to the International Union of 

Geological Sciences (lUGS) classification and glossary of terms of Le Maitre et al. (2002), 

sanukitoid is an Archaean high-Mg quartz monzodiorite and granodiorite or a plutonic equivalent of 
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sanukite. Therefore, there is a need to clarify the meaning of the term sanukitoid as used in the 

text. In this study the term is applied strictly to refer to calc-alkaline high-Mg diorite. 

The Sanukitoids as loosely defined, have been recognized in many Archaean provinces (e.g. 

Shirey and Hanson, 1984; Stern and Hanson, 1991; Beakhouse et ai, 1999; Stevenson et aI., 1999; 

Smithies and Champion, 2000; Sarvothaman, 2001; Halla, 2002; Kampunzu et aI., 2003; Moyen et 

aI., 2003; Steenfelt et aI., 2005) and occur in Archaean granite-greenstone terranes that were 

formed ca. 2.7 Ga, although the oldest known is ca. 2.95 Ga (Smithies and Champion, 2000). Lack 

of sanukitoids in the early Archaean leads some geoscientists to suggest that modern styles of 

tectonics started during the Neoarchaean, since the origin of sanukitoids is compared to those of 

adakites, which in turn are modern subduction-related lavas. 

In the Tati granite-greenstone terrain the sanukitoid diorite occur as a single intrusion within the 

greenstone succession. A summary of the main geochemical characteristics of the sanukitoid 

diorite in the study area are presented in Table 11.1 where they are compared with the definition of 

sanukitoids as defined by Stern et al. (1989). As stated in the trace element geochemistry chapter 

(6), the sanukitoid diorite samples define two subgroups with distinct geochemical features. On the 

basis of low Si02 content of the sanukitoid diorite it is suggested here that the metasomatic 

component involved in its genesis was aqueous fluids and not a slab-melt. The metasomatism 

effect must have been volumetrically insignificant particularly for the source of subgroup 2 magma. 

Alternatively, the composition and the nature of metasomatising fluid was poor in alkalis and other 

incompatible elements. But the precise chemistry of slab melts and fluids is still highly debated. The 

involvement of a slab-melt in the genesis of the diorite is not favoured by many factors such as the 

low SrfY, LafYb ratios and Si02 contents of the sanukitoid diorite samples. Experimental studies 

have shown that when sub-arc mantle is metasomatized by slab-fluids, the geochemical signature 

of the fluid is transferred to the future mantle source of the sanukitoid diorite (e.g. Rapp et aI., 

1999). Additionally, the Mg#s for the sanukitoid diorite are too high to be derived from a source with 

a significant contribution from a basaltic crustal source. The sanukitoid diorite in this study shows 

no resemblance of the slab-melt in terms of incompatible trace element ratios (Table 11.1), which 

negates any significant involvement of a slab-melt in metasomatising its source. 
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Table 11.1: Summary of geochemical characteristics of the sanukitoid diorite within the 
Francistown Granite-Greenstone Complex which are described as Archaean sanukitoids. 

Chemical parameter 
Diorite Sanukitoids (Stern 

SUQgrou~ 1 Subgrou~2 et ai., 1989) 

Si02 wt.% 51.4 - 50.0 49.8 - 49.4 55 - 60 

Mg# 0.73 - 0.69 0.78 - 0.74 > 0.60 
K20 wt.% 0.55 - 0.29 0.17 - 0.05 > 1 

Cr ppm 137 - 61 232 - 45 > 200 
Ni ppm 168 - 131 204 - 92 > 100 
Srppm 206 - 158 203 - 167 > 500 
Ba ppm 93 - 48 70 - 22 > 500 
Rb/Sr 0.13 - 0.03 0.02 - 0.01 < 0.1 
SrlY 30 - 18 96 - 44 -50 
(LalYb)N 3.3 - 2.9 2.5-1.3 65 -19 

51s0 %0 7.1 8.3 -
£Nd 2.92 4.46 -

206Pb/204Pb 17.82 14.98 -
207pbP04Pb 15.69 15.23 -
2osPb/204Pb 37.80 34.61 -

The Nd, Pb and 0 isotope data from the sanukitoid diorite present paradoxical evidence about its 

genesis (Table 11.1). For instance Nd isotope composition reflects a mantle origin, whereas high 

value of Pb isotopes (206Pb/204Pb) suggests significant crustal involvement in the origin of the 

sanukitoid diorite, particularly subgroup 1. However, in subduction systems, the over-enrichment of 

Pb in magmas is attributed to preferential transfer of Pb to the mantle-wedge from fluids emanating 

during dehydration of subducted slab, and from sediments that were derived from the continent 

(e.g. Scambelluri et aI., 2001). These continental-derived sediments are known to add a 

considerable amount of radiogenic Pb to the overlying mantle-wedge (e.g. Elliot et aI., 1997), which 

is then homogenized by effective mixing processes in subduction zones (Halla, 2005). This 

probably explains the paradoxical evidences from the Nd and Pb isotope data. The role of 

subduction-related fluids in the genesis of the sanukitoid diorite is also supported by the 0 isotope 

data. This study found that pyroxenes in the diorite from the Tati granite-greenstone terrain have 

elevated 0180 values ranging from +7.1 to +8.3 %0 that suggests an input from a high 0180 source 

such as fluids from subducting oceanic crust and/or subducted sediments. Very similar 0180 values 

have been reported from sanukitoids in Western Superior Province by Whalen et al. (2004). In 
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contrast to the sanukitoid diorite in Francistown Granite-Greenstone Complex, the Western 

Superior Province sanukitoids possess ENd values that support the involvement of crustal material. 

11.2 Petrogenesis 

Generally, the origin of sanukitoids is attributed to partial melting of metasomatized mantle wedge 

above subduction zones (e.g. Stern and Hanson, 1991). However, some workers have argued that 

the diorite end members are adakites (e.g. slab-derived melts) that subsequently assimilated 

peridotite during ascent through the mantle wedge (e.g. Yogodzinski et ai., 1995). Experimental 

investigations (e.g. Rapp et aI., 1999; Prouteau et ai., 2001) on the interaction of felsic lavas and 

mantle peridotite reveal that both models are plausible in generating the sanukitoids. The 

determining factor is the volume ratio of slab-melt to peridotitic rock, which Rapp et al. (1999) 

referred to as 'effective ratio'. Furthermore, these studies discovered that during the interaction of 

the slab-melt and mantle peridotite, the slab-melt does not only assimilate mantle peridotite, it is 

also consumed by metasomatic reactions. In the case of a high effective ratio, some of the melt 

remains from the metasomatic reactions and assimilation process that subsequently form the 

sanukitoids. In contrast, when the effective ratio is low, all the melt is consumed by metasomatic 

reactions leaving a mantle peridotite that is slab-melt metasomatized. Subsequent partial melting of 

such mantle peridotite will give rise to sanukitoids characterised by some geochemical features 

similar to those of a slab-derived magma/melt. The sanukitoid diorite under investigation is 

compositionally heterogeneous, and form two distinct subgroups as mentioned earlier. The two 

subgroups plot in two distinct positions on a variation diagram of ThlYb versus Yb (Fig. 11.1), which 

has been applied to test whether the variation between samples is due to fractional crystallization 

or partial melting processes (e.g. Manikyamba et ai., 2004). Varied degrees of partial melting will 

generate samples with a positive slope, whereas fractional crystallization process will produce 

samples with flat trend, as indicated in the Fig. 11.1. This is because Yb is less incompatible than 

Th during melting, and both Th and Yb are incompatible to the common fractionating phases in a 

basaltic magma. Additionally, ThlYb ratio can reflect the extent to which a source has been 

previously melted (depleted). Since Yb is less incompatible than Th during melting, the melt 

acquires a higher ThlYb ratio, and the residual source a lower ThlYb ratio with each successive 
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abundance in sanukitoid diorite should constrain bulk source composition, because its 

concentration would not be controlled differently by spinel- and garnet-bearing source mineralogies 

(Green, 2006; Aldanmaz et aI., 2000). Similarly, SmlYb ratios of sanukitoid diorite should be 

sensitive to source mineralogies because Yb is more compatible with garnet than spinel or 

clinopyroxene. 

Partial melting of spinel-lherzolite produces magmas with SmlYb ratios similar to the source and 

Sm contents that decrease as melting increases (Aldanmaz et aI., 2000). In contrast, magmas 

generated from small to moderate degrees of garnet lherzolite melting with residual garnet would 

have SmlYb ratios significantly higher than values in the mantle sources. It can be seen in SmlYb 

versus Sm plot (Fig. 11.2) that the composition of the subgroup 1 diorite can neither be explained 

by variable degrees of partial melting of a spinel- nor garnet-lherzolite sources. All the samples of 

subgroup 1 diorite are characterized by SmlYb ratios that fall between the garnet- and spinel­

lherzolite melting trajectories, implying the presence of a garnet + spinel mineral assemblage in 

their source region. The subgroup 2 diorite samples have relatively lower SmlYb ratios than their 

subgroup 1 counterparts. Their SmlYb values are comparable to those of the primitive mantle (e.g. 

Sun and McDonough, 1989). 

Since the origin of sanukitoids is linked to partial melting of metasomatized mantle wedge above 

subduction zones, it is anticipated that the source should be an enriched mantle. It can be seen 

from Fig. 11.2 that the subgroup 1 diorite had a mantle source more enriched in MREE and HREE 

than the PM, whereas the subgroup 2 diorite mantle source was similar to the PM in terms of the 

MREE and HREE compositions. 

In conclusion the sanukitoid diorite from the Tati greenstone belt was most likely derived from a 

heterogeneous spinel-garnet Iherzolitic mantle that probably originated through different previous 

degrees of melting associated with the genesis of magmas now represented by greenstone mafic 

lavas. In addition, isotope data suggests differential metasomatism of the mantle sources by fluids 

prior to partial melting to generate the sanukitoid diorite. 
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CHAPTER 12 

Synthesis and conclusion for the evolution of the 
Francistown Granite-Greenstone Complex (FGGC) 

Throughout this thesis various pieces of information regarding the age, source, petrogenesis and 

tectonomagmatic environments for the greenstone belts and associated granitoids in the 

Francistown Granite-Greenstone Complex (FGGC) have been presented. The aim of this chapter 

is to integrate all the available evidence from the various rock units investigated in an attempt to 

construct a robust geodynamic model for the formation of Francistown Granite-Greenstone 

Complex. 

The two granite-greenstone terrains that constitute the FGGC are first treated independently to 

construct a geodynamic model for each terrain since it has emerged from this study that they have 

independent magmatic histories. Each model attempts to explore the temporal and possible 

genetic relationships between various rock types in each granite-greenstone terrain. Additionally, 

the working models should be compatible with petrogenetic models for the various rock 

assemblages in each terrain. Lastly, an integrated model to explain the relationship between the 

two granite-greenstone terrains is proposed. 

12.1 Temporal and genetic relationships in granite-greenstone terrains 

The felsic lavas in the greenstone belts of the Francistown Granite-Greenstone Complex occur in 

close spatial association with tholeiitic to calc-alkaline basalts. This is a common observation in 

many Archaean greenstone belts (e.g. Sandeman et aI., 2006, 2004; Wang et aI., 2005; Manya, 

2004; Jelsma and Dirks, 2002; Polat and Kerrich, 2001; Hollings and Kerrich, 2000; Dostal and 

Muller, 1997; de Wit et aI., 1987). Several models have been proposed to account for this close 

spatial association of the felsic and mafic lavas in different Archaean greenstone belts (e.g. 

Sylvester et aI., 1997). One of the models considers the close spatial association of the felsic and 

mafic lavas as an indication that the two were derived from a single parental magma and are 

genetically related to each other by crystal fractionation processes. This model implies a common 
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source for the mafic and felsic lavas. The second model that has been proposed to explain the 

close spatial association of felsic and mafic lavas in Archaean greenstone belts perceives them as 

an outcome of two separate parental magmas derived from the mantle and crust, respectively, 

which shared the same magmatic plumbing system. The implication of this model is that the two 

lavas are not necessarily cogenetic. A third model invokes facies transitions between two 

concurrently erupting volcanoes from different sources, one mafic and the other felsic, separated 

by some unspecified distance leading to overlapping flows. In all these models the implication is 

that the felsic and mafic lavas in spatial association are contemporaneous. Fourth model 

embraces tectonic imbrication of felsic lavas from a distal setting tectonically thrust over unrelated 

mafic lavas (e.g. Jelsma and Dirks, 2000). In this model the volcanic lavas are not necessarily 

contemporaneous. 

All the rocks in the Francistown Granite-Greenstone Complex have subduction tectonic setting in 

common. But the geodynamic details of this setting are what give rise to different and 

independently generated magmas. 

12.1.1 Tati granite-greenstone terrain 

Mafic and felsic lavas 

In the Tati greenstone belt volcanic rocks consist of a bimodal suite of predominantly basalt and 

andesite together with volumetrically minor intercalated dacite. The possibility that the felsic 

magma was produced by fractional crystallization of basaltic magmas is not supported by Nd and 

Pb isotope data as well as trace element data. Moreover, geochronological data shows that there 

is a temporal relationship between the felsic and mafic lavas. The lavas were erupted ca. 2740 

million years ago. Since the mafic lavas were derived from a mantle source that has been variable 

metasomatized by subducting slab dehydration fluids resulting in three types of basalts, which are 

intercalated by felsic lavas that were generated from subducting slab, it implies a convergent 

margin setting. Therefore, the temporal association of BABB-type, lAB-type, CAB-type and 

adakites found in the Tati greenstone belt can be accounted for by a supra-subduction back arc 

basin extension near a passive continental margin environment. 

Plots of HFSE ratios of both mafic and felsic lavas reveal diverging trends that negate suggestions 

of a genetic relationship (Fig. 12.1). Incompatible trace element data reveal that the mafic lavas in 
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the Tati greenstone belt are comprises three subgroups that exhibit back arc basin basalt (BABB), 

island arc basalt (lAB) and continental arc basalt (CAB) geochemical characteristics. In contrast, 

the felsic lavas are most closely similar to Cenozoic adakites, suggesting that they are Archaean 

adakites (ct. Hollings and Kerrich, 2000). Additionally, petrogenetic interpretations suggest that the 

felsic lavas were derived from a mafic source within the garnet stability field, whereas the mafic 

lavas were generated from spinel lherzolite mantle with variable inputs of subduction component at 

depth outside the stability field of garnet. This suggests that the mafic and felsic lavas are 

tectonically arc related, but generated from different magma sources. 

Mafic lavas and Gabbros 

Though there is no absolute age information on the gabbroic intrusions in the Tati greenstone belt, 

field evidence suggests that they may be contemporaneous with the mafic lavas. In addition, plots 

of HFSE ratios for both the mafic lavas and gabbros exhibit a linear trend that passes through the 

origin (Fig. 12.1), which is suggestive of a common source through fractional crystallization. Such 

relationships are common for example Phanerozoic ophiolites and modern oceanic crust. This is 

compatible with the petrogenetic interpretation of the mafic lavas and gabbros, which also 

therefore suggests a direct genetic relationship between the two rock units (Fig. 9.7). Furthermore, 

petrographic analyses and geochemical data of the Phoenix gabbro indicate that this gabbro 

comprises cumulates, consistent with a feeder relationship between the gabbro and the mafic 

lavas in the Tati greenstone belt. The Selkirk gabbro displays two subgroups that resemble the 

Phoenix gabbro and the mafic lavas in terms of trace element compositional characteristics, 

respectively. Thin section examination of the Selkirk gabbro has revealed that it has two essential 

textures, granular and microgranular. The granular phase displays a cumulus texture and 

resembles the Phoenix gabbro to a large extent, while the microgranular phase exhibits a dolerite­

like texture. Moreover, the microgranular gabbro exhibits incompatible trace element ratios that are 

indistinguishable from those of the mafic lavas (See chapter 6). In addition the Nd and Pb isotope 

data for the mafic lavas and the Selkirk gabbro are comparable. These suggest that the gabbro is 

hypabyssal, intruded at shallow level, consistent with the interpretation that it represents a 

transient chamber for magma of the greenstone mafic lavas implying a genetic relationship 

between the mafic lavas and the mafic intrusions. 
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plutonic equivalents of the felsic lavas representing "frozen" magma chambers from which the 

felsic lavas erupted (e.g. de Wit et aL, 1987; Feng and Kerrich, 1992; Wilson et aL, 1995; Sylvester 

et aL, 1997). Although the felsic lavas and the NE tonalite-trondhjemite granitoids in the Tati 

granite-greenstone terrain are contemporaneous, they display some subtle geochemical 

differences. For instance the felsic lavas possess higher abundances of both HFSE and 

compatible trace elements than the tonalite-trondhjemite plutons. Additionally, the petrogenetic 

interpretations suggest that the felsic lavas were generated at a relatively shallow depth compared 

to the NE tonalite-trondhjemites. Nevertheless, Nd isotopic data suggest that these magmas have 

a common source. Therefore, the subtle chemical differences are most likely a reflection of the 

difference in petrogenetic conditions. The fact that the felsic lavas possess high contents of 

compatible elements suggests that its parental magma assimilated mantle peridotite with a small 

melUrock volume ratio (e.g. Rapp et aL, 1999). This is consistent with the low volume of the felsic 

lavas in the Tati terrain. It is here suggested, on the basis of petrogenetic interpretations, that the 

dacitic lavas was produced by partial melting of the subducting slab at the corner flow as a result 

of the rising asthenosphere above the subducting plate. The contemporaneous tonalite­

trondhjemite plutons were probably generated by partial melting of this subducting slab at greater 

depth since their petrogenetic model suggests it must have been in equilibrium with a residual 

assemblage of garnetiferous amphibolite containing about 25% modal garnet to eclogite. 

Furthermore, the felsic lavas and their contemporary tonalite-trondhjemite unit exhibit comparable 

positive ENd values and coinciding TOM ages, suggestive of a common source. The tonalite­

trondhjemite dykes and the SW tonalite-trondhjemite plutons are - 30 to 60 Ma younger than the 

felsic lavas, so a genetic relationship is unlikely. 

Trondhjemite, Diorite and Monzogranite 

A genetic link has been inferred between sanukitoids and monzogranite magmatism in the 

Superior Province (e.g. Whalen et aL, 2004). However, the sanukitoid diorite and the monzogranite 

in the Tati granite-greenstone terrain do not exhibit such a genetic relationship. Petrogenetic 

models presented in chapters 10 and 11 suggest that the diorite had a mantle source of spinel 

Iherzolitic composition that interacted with subduction-derived fluids, while the monzogranite was 

most probably derived from an altered basaltic crust at shallower depth. The trondhjemite and the 
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monzogranite strongly resemble each other in virtually all geochemical characteristics except in 

their K20 content, prompting suggestion that the two share a common source. 

Although the sanukitoid diorite and the monzogranite, as well as the trondhjemite, do not have any 

genetic relationship, the three units have a temporal relationship. Moyen et al. (2001) proposed 

that sanukitoids and high-K granite magmatism share a unique temporal relationship in all 

Archaean cratons with the latter occurring shortly after the former. The sanukitoid diorite in the Tati 

granite-greenstone terrain is contemporaneous with the monzogranite and the trondhjemite. 

Moreover, the three units are also spatially associated. All these observations suggest a common 

source of heat for the generation of the sanukitoid diorite, trondhjemite and monzogranite. The 

three units were emplaced subsequent to the NE tonalite-trondhjemite plutons that are considered 

products of subducting slab melting. It is envisaged therefore that the sanukitoid diorite, 

trondhjemite and monzogranite magmatism may have been triggered by the slab break-off that in 

turn caused hot asthenosphere to rise and provide heat to the metasomatised mantle and the 

overlying basaltic crust at shallow depth. 

Tonalite-trondhjemite, Trondhjemite, Diorite and Monzogranite 

On the basis of close temporal association between tonalite-trondhjemite and sanukitoids in the 

Archaean terranes, some previous workers have suggested a subduction setting for these rocks. A 

common chronological sequence observed in the Archaean terrains is the emplacement of 

sanukitoid magmas after that of the tonalitic-trondhjemitic plutons (e.g. Smithies and Champion, 

2000; Moyen et ai., 2003; Bibikova et ai., 2005; Kapyaho et ai., 2006). In the Tati granite­

greenstone terrain, the NE tonalite-trondhjemite is -25 Ma older than the sanukitoid diorite that in 

turn is coeval with the trondhjemite and monzogranite units. However, the SW tonalite­

trondhjemite granitoids are -45 Ma younger than the sanukitoid diorite, trondhjemite and 

monzogranite. This implies a separate origin or at least melting event for the SW tonalite­

trondhjemite from that of the sanukitoid diorite, trondhjemite and monzogranite. Subduction 

settings for sanukitoids have been proposed in terrains where they partly overlap in age with 

TTGs. The sanukitoids are envisaged to have been generated within a mantle wedge that has 

been metasomatised by slab-melts that also produced the TTGs (Moyen et ai., 2003; Martin et ai., 

2005). In cases where there is significant time gap between the TTGs and sanukitoids, different 
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tectonic environments have been proposed. For example in Karelia Craton, Finland, where a time 

gap of about 100 Ma exists between the tonalite suite and sanukitoids, a subduction setting is 

proposed for the tonalite suite and the sanukitoids are related to a subsequent collision event. 

There is a smaller age difference of only -25 Ma between the sanukitoid diorite and the older 

tonalite-trondhjemites in the Tati granite-greenstone terrain. This suggests that the two magmatic 

events probably were generated in the same tectonic environment. Petrogenetic interpretations 

and tectonic implications for the tonalite-trondhjemites in this area suggest that they were 

generated from slab-melts in a subduction environment. Additionally, the old tonalite-trondhjemites 

are temporally related as an arc-back arc basalt-adakite association. This suggests subduction 

coupled with a back-arc basin extension environment. The SW tonalite-trondhjemites, which are 

-45 Ma younger than the sanukitoid diorite, also exhibit subduction geochemical affinities. 

Therefore, the sanukitoid diorite cannot be explained by a subsequent collision event. 

Delamination of the lithospheric mantle followed by decompression melting is here proposed as a 

more likely explanation for the sanukitoid diorite magmatism. 

The sanukitoid diorite in the Tati granite-greenstone terrain is coeval, but not-cogenetic with the 

trondhjemite and monzogranite units. Neoarchaean K-rich magmatism is commonly modelled 

through melting of pre-existing TTG crustal material (e.g. Sylvester, 1994). However, petrogenetic 

modelling in this study reveals that melting of pre-existing TTG crustal source is not a viable model 

for the origin of the monzogranite in the Tati granite-greenstone terrain. The sanukitoids and high­

K granites occur nearly coevally in the Superior Province (Whalen et aL, 2004b) and in Finland 

(Karelia Craton). In both these terranes the temporal relationships between the sanukitoids and 

high-K granites are explained by invoking a hot asthenospheric magma that triggered the 

generation of sanukitoids and melting of the crust produce the more potassic magmas (Stevenson 

et aL, 1999; Whalen et aL, 2004b; Kovalenko et aL, 2005). I suggest that either break-off of the 

subducting slab or detachment of underplated slab was a likely mechanism for the initiation of the 

sanukitoid diorite magmatism in the Tati granite-greenstone terrain. The same heat source that 

caused the sanukitoid diorite magmatism was also responsible for generating the trondhjemite and 

monzogranite magmas from underplated (or shallow subducting) basaltic crust. Basalt melting 

experiments have demonstrated that trondhjemitic melts are only generated when free water is 

available (Proutea et aL, 2001). Thus the trondhjemite unit in the Tati granite-greenstone terrain 
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was generated from low pressure basic crust (50 km depth). Isotopic evidence suggests a 

hydrothermally altered, hydrous MORB-like source for the trondhjemite. This in turn implies 

subduction of oceanic crust affected by mid-ocean-ridge hydrothermal process. The monzogranite 

and trondhjemite share many compositional attributes which can be explained by derivation from 

similar sources. The tonalite-trondhjemite dykes that were subsequently emplaced may signify 

thermal relaxation following back-arc basin extensional collapse. 

Subduction-accretion processes continued after the back-arc basin extensional collapse resulting 

in crustal thickening beneath the arc that eventually experienced melting to produce the SW 

tonalite-trondhjemites at -2670 Ma. The continuation of subduction-accretion processes led to the 

closing of the Sea of Umtali (ct. Kusky, 1998) at -2630 Ma, which is marked by syn-collision 

granitic augen gneiss. 

12.1.2 Vumba granite-greenstone terrain 

Mafic and felsic lavas 

The Vumba greenstone belt displays bimodal volcanism, a feature which is commonly associated 

with continental rift settings and many young island arcs. In continental rifting, the mafic and felsic 

lavas are cogenetic and are related to each other by simple fractional crystallization process (e.g. 

Takagi et aI., 1999). However, the mafic and felsic lavas from the Vumba greenstone belt display 

incompatible trace element ratios which are inconsistent with a genetic relationship by simple 

fractional crystallization processes. Fig. 12.2 a&b the HFSE clearly shows two distinct evolution 

trends for the mafic and felsic lavas. Additionally, REE patterns for the felsic lavas are fractionated 

and depleted in HREE compared to REE composition of the mafic lavas. This argues against any 

simple genetic link between the two by fractional crystallization process. Petrogenetic modelling of 

the mafic lavas suggests derivation from a depleted mantle spinel lherzolite source, whereas the 

felsic lavas appear to be derived by partial melting of a hydrated basaltic source. Geochronology 

data and field relationships indicate that the two lavas were erupted at -2700 Ma. Although there 

is no apparent genetic relationship between the mafic and felsic lavas, a temporal relationship is 

clear. In view of the petrogenetic interpretations, tectonic settings, geochronological and field 
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Mafic lavas and ultramafic intrusives 

The ultramafic intrusives are considered cogenetic with the mafic lavas in most Archaean 

greenstone belts (e.g. Arndt et aI., 1997). Geochronological data indicate that the ultramafic 

intrusives are at least older than 2696 ± 3 Ma as was constrained by a cross-cutting porphyritic 

quartz diorite dyke, whilst the age of the mafic lavas spatially associated with these ultramafic 

intrusives is at least 2696 ± 5 Ma, as was constrained by intercalated felsic lavas. On HFSE 

variation plots (Fig. 12.2) the mafic lavas and ultramafic intrusives exhibit a co-linear trend that 

goes through the origin suggesting that there is the likelihood of a feeder relationship between the 

ultramafic intrusives and the mafic lavas of the Vumba Mixed Volcanic Formation through 

fractional crystallization as is common in many ophiolites (Yildrid et aI., 2005). This relationship is 

reminiscent of the Reliance komatiitic sill-flow complex in south central Zimbabwe Craton, which is 

made of sub-parallel dunite-peridotite and pyroxenite-gabbro units. This sill-flow complex is 

interpreted as subvolcanic phase of feeders of the komatiite and komatiitic basalts of the Reliance 

Formation in the Belingwe greenstone belt (e.g. Prendergast, 2004). The Reliance komatiites are 

associated also with the Zeederbergs basalts and they are considered to be derivatives of high­

and low-degree partial melting, respectively (e.g. Bickle et aI., 1993). In the Vumba greenstone belt 

the ultramafic intrusives comprise serpentinite and pyroxenite associated with gabbroic 

amphibolite. These units form sub-parallel rows of hills within the mafic lavas of the Vumba Mixed 

Volcanic Formation. The likelihood of a feeder relationship between the ultramafic intrusives and 

the mafic lavas from the Vumba Mixed Volcanic Formation is also supported by chemical 

coherency in calculated partial melting curves presented in chapter 9 (Fig. 9.6). 

Felsic lavas and tonalite 

Commonly, felsic lavas and tonalites in Archaean granite-greenstone terrain are treated as 

extrusive and intrusive equivalents. In the Vumba granite-greenstone terrain the felsic lavas 

(dacites) are slightly older in terms of absolute age, though the tonalite age is equivalent within the 

margin of error. Nonetheless, the two units show some geochemical variance which might indicate 

differences in their petrogenesis, although both the felsic lavas and the tonalite possess adakite 

affinities. Petrogenetic modelling suggests garnetiferous amphibolite as a potential source for both 

Chapter 12. . ... 12-10 

Univ
ers

ity
 of

 C
ap

e T
ow

n



the f~sk: lavas and tre tonalite, This is supported by Nd isotqlic cOO1PJsitklns. whicr reveal 

cOO1parable r.Nd values and T 1.\, ages (Fig, 12,3), 

, -

CHur, o -----

2767 Ma 

6 Tona lite 
U DaC l e 

Fig. 12_3; rNd 'Jersu. c:)"tai izatcr a;)" ci",}'aT \::.r tmai Ie 2r\C fe , ., lav"" ,,,nple' frml 1M \iUT,h~ gr;;llite­
l100nstrne let'"",, , OM end CHUR denote ~eted ma,tle (cif:er C-e~"",~, 1981': a1d coonerlt>c unikf rn reser,'Qr 
':...-:€I DeP ooo cind ".'.'ci,,,,,ntm,;). 1976L re"""ct ',ell' 

Tonalite, granodiorite, quartz mOnZOIJitf and monzogranitf 

Altrough undated, the quartz monzooites, wrich in truded into tre mafic lavas is suggested to be 

approximatfiy contemporaneous with the 2690 Ma tonalite magmatism on tre basis of fieKf 

observatlxls, Tre tonali te and granodiorite units are contemporaneous >Mtr· in margins of error 

Notably the major element data for the Vumba granitoids displays cor·erent variation trends tr·at 

suggest a petrogenetk: relatonshlp between the granitoids, Only the quartz-monzonite and tre 

ITDf1zogran ite samples frOO1 the Inner phase deviate from these 'Iariation trends Quantitative 

modelling of the Vumba granitoids suggests tr·at tooa llte an~ granodiorite pa renta l melts were 

generated from tre same source, but \Iot·kh was~ lfferent from that of tr·e contemporary quartz­

monzonite, The YOting monzogranite possesses geochemical attributes that resemble those of tre 

tonalitelgranadbrite and quartz monzonite, Th is implies a heterogeneOtis source for tre 

monzogran ,te, sue!' as the pre-e~isj'rl g crust of quartz-monzon ite-ton alite-grano~ionte. 

11_11 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Synthesis and conclusion for the evolution of the Francistown Granite-Greenstone Complex (FGGC) ......................................... Zibisani Bagai 

12.2 Geodynamic models 

12.2.1 Tati granite-greenstone terrain 

The development of the Tati granite-greenstone terrain was initiated ca. 2740 Ma along the 

convergent margin of the Zimbabwe craton and Limpopo Central Zone Block. It is envisaged that 

the Limpopo block was subducted beneath the margin of the Zimbabwe craton whose upper crust 

comprised mainly of the Belingwean and Lower Bulawayan Supergroups greenstones and 

associated granites at the time. The subducting slab released fluids which metasomatised the 

overlying mantle wedge. This induced volcanism of arc basalt and felsic lavas as well as the 

emplacement of the NE tonalite-trondhjemite plutons. The arc basalts were generated from the 

metasomatised mantle wedge, while the felsic lavas and the trondhjemite magmas formed from 

the subducting slab at different depths. Due to convection corner flow, possibly induced by slab 

retreat, a back-arc basin extension was initiated resulting in mafic volcanism of the back-arc basin 

basalt (BABB) type. Eventually the subducting slab broke off resulting in the rise of a hot 

asthenosphere that supplied a heat source to the depleted metasomatised mantle and the 

overlying mafic crust to generate high-Mg diorite and the trondhjemite/monzogranite rocks. 

Following this magmatic event the back-arc basin extension collapsed. Thermal relaxation 

associated with the collapse of the back-arc basin extension, triggered partial melting of the lower 

crust to generate the tonalite-trondhjemite dykes that intruded the Phoenix Gabbro. Accretion of 

the Limpopo Central Zone plate to Zimbabwe craton plate continued resulting in thickening of the 

crust below the arc. Eventually the over thickened crust partial melted to produce the tonalite­

trondhjemite plutons that are confined to the SW of the greenstone belt. This event took place 

about 2670 Ma ago. The final collision of the Zimbabwe craton and the Kaapvaal craton occurred 

at 2630 Ma resulting in emplacement of syn-collision granitic augen gneiss within the collision 

zone. A summary of the geodynamic model for the formation of the Tati granite-greenstone terrain 

is presented in a schematic diagram below (Fig. 12.4). 
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12.2.2 Vumba granite-greenstone terrain 

Mafic volcanic rocks in the Vumba greenstone belt display continental margin arc and back arc 

basin affinities similar to those of modern back-arc marginal basins such as the Sea of Japan in 

the western Pacific Ocean (Fig. 12.5). These volcanic rocks were formed at -2700 Ma. Nd isotopic 

composition analysis performed on the two samples yielded positive and negative initial ENd 

values of +0.60 and -3.40. The sample that recorded a positive initial ENd value (ZBV-185) belongs 

to the tholeiitic basalt subgroup, which forms the top formation (Vumba Upper Mafic formation). By 

contrast, sample ZBV-13 exhibits a negative initial ENd value and is a calc-alkaline basalt that 

forms the basal mafic formation (Vumba Mixed Volcanic formation). The low positive initial ENd 

value of this tholeiitic basalt reflects minor endogenic contamination with old lower crust. 

Noteworthy, the tholeiitic basalt subgroup exhibits back-arc basin basalt (BABB) geochemical 

affinities. On the other hand the calc-alkaline subgroup's negative initial ENd value indicates 

significant exogenic contamination with old evolved crustal material. This is consistent with its 

continental arc affinity (See Fig. 12.5). The mafic lavas are intercalated with ca. 2696 Ma adakites, 

which were generated from a thickened volcanic arc root. Geochronological, geochemical and Nd 

isotopic data suggest that these adakites are extrusive equivalents of the Maebe tonalite that 

flanks the western margin of the Vumba greenstone belt. Both the adakites and the tonalite record 

mostly positive initial ENd values and few small negative values. The positive initial ENd values 

range between +0.94 and +1.33, which suggests the source was juvenile and it had short crustal 

residence. However, the negative initial ENd values of 0.69 and 1.20 suggest that some older 

component could have been present in their source. The two samples that record negative initial 

ENd values have Nd model ages (after DePaolo, 1981) between 2900 and 2927 Ma whereas the 

remainder of the samples exhibits an average TOM of 2770 Ma. Moreover, sample ZBV-144 from 

the tonalite, which record a negative ENd value of 1.20, yielded a high quartz 5180 isotope value of 

12.1 %0. This value is typical for S-type granitoids (Rollinson, 1993). Petrogenetic analyses suggest 

that the tonalite and adakites were generated from a basic crustal source similar to a subducting 

slab. Therefore, the sedimentary origin signatures can possibly be subduction sediments. The TOM 

of -2910 Ma is comparable with the 2911 Ma inherited zircon age recorded in the Matsiloje pluton 

in the T ati greenstone area. 
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The granodiorite plutons in the Vumba terrain are coeval within margins of error with the tonalite 

suggesting the same source of heat for their magma generation, Petrogenetic analyses indicate 

that the granodiorite was derived from a basic crustal source similar to a thickened underplated 

lower crust below the arc, The source is indistinguishable from that of the penecontemporaneous 

tonalite suggesting a common source, This is consistent with the coherent trends of major and 

trace element composition in variation diagrams, Quartz-monzonite is distinct from the granodiorite 

and tonalite in terms of geochemical attributes, It is most likely contemporaneous with the tonalite 

but with different source origin involving mantle component. In view of all the geochemical features 

of the quartz-monzonite, partial melting of a delaminated slab within the asthenospheric mantle is 

invoked for the generation of this quartz-monzonite magmatism. Monzogranite marks the last 

magmatic event in the Vumba granite-greenstone terrain. It is texturally and compositionally 

heterogeneous, and posses geochemical attributes comparable to those of the tonalite­

granodiorite and the quartz-monzonite. This suggests partial melting of pre-existing tonalite­

granodiorite-quartz monzonite crust. The monzogranite magmatism that marked the finale 

stabilization of the Francistown Granite-Greenstone Complex is related to the thermal relaxation. A 

schematic diagram that summarizes the geodynamic model for the evolution of the Vumba granite­

greenstone terrain is presented as Fig. 12.5. 
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12.3 Geodynamic model for the e~olution of the Francislown Granite-Greenstone 
Complex 

Geochrooobdk;aI data from this study clearly dism'ss the notbn that tr,e Vumba and Tali granite· 

greenstone terrains are contemporaneous end teclon !::ally r~ated, II er'1erged Iror'! this study that 

the Tali greenstcre bel l IS -40 Ma okJer than tr.e VUI'1ba greenstone bell. which strongly argues 

against any suggestion tr,at pxtrays the two belts as a drsl'1eI'1bered single greenstone belt. 

Ihoogh the rilllges of Sr, Nd and Pb isolopk: data frOnl lheir I'lafic lavas oolaned frm this study. 

overlap suer, that they cannot be ·jistinguisr.ed on the basjs of isolope comp;lsition It appears that 

the Tatl and Vumba mafK; lavas were derived from similar or perr,aps identlcal mal lie source 
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material. However, subtle differences in Nd isotopic composition do exist between the Tati and 

Vumba mafic lavas, which appear to reflect varying proportions of crustal involvement. These 

observations argue for a tectonic setting along a similar evolving convergent margin. The two 

greenstone belts might therefore be tectonically related through evolution of the margin. 

Model ages calculated with respect to a depleted mantle source for the felsic lavas and granitoids 

from both the Tati and Vumba granite-greenstone terrains are indistinguishable. This suggests that 

the rocks from the two granite-greenstone terrains were formed along the margin of a single 

crustal block, most likely constituted by the Belingwean and Lower Bulawayan Supergroups 

greenstones. 

It is important to understand when and how the Tati and Vumba granite-greenstone terrains 

became neighbours. From the geochronological data presented in chapter 4, it is apparent that 

magmatism in the Tati terrain was active from circa 2740 to 2701 Ma. The Vumba terrain did not 

yet exist at this time. In contrast, from 2700 to 2680 Ma the Vumba terrain was particularly active, 

during which time magmatism in the Tati terrain was dormant. Moreover, there is no indication of 

the effects of these magmatic events in the Tati area which raises questions about the 

juxtaposition of the two terrains. Therefore, the two terrains could not have been recording the 

same tectonic regime. The inheritance of 2733 ± 5 Ma zircons by the Vumba mafic volcanics 

suggests that the Vumba granite-greenstone terrain was built on the margin of the Tati granite­

greenstone terrain or an equivalent terrain. At 2672 Ma, magmatism resumed in the Tati area and 

produced the SW tonalite-trondhjemite plutons, confined to the southwestern margin of the Tati 

greenstone belt. This magmatic event is related to the closure of the Limpopo Ocean and it has no 

traces in the Vumba area. 

The Vumba greenstone belt represents a back-arc setting (localized extension) that developed on 

the same crustal block as the Tati greenstone belt, but its initiation commenced at a different time 

probably related to the subduction associated with the Shashe belt. This poses a challenge to the 

suggestion that the Limpopo and Shashe belts belong to the same orogenic belt (e.g. Ranganai et 

al.,2002). 
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In summary, the Nd isotope ratios determined on the variety of rocks analysed give the general 

impression that the Francistown Granite-Greenstone Complex is a Neoarchaean crustal block that 

formed from major recycling of pre-existing mafic crust with a short residence time. No evidence of 

significantly older crustal material such as the 3.56 Ga gneisses from the Sebakwe proto-craton is 

available. It is most probable that the current wide spread paragneiss of the Francistown Granite­

Greenstone Complex represents sediments that were eroded from the felsic volcanic and plutonic 

(TTG) rocks of the Belingwean and Lower Bulawayan Supergroups greenstones that were 

deposited between 2.90 and 2.88 Ga and 2.83 and 2.79 Ga (Jelsma and Dirks, 2002), 

respectively. One sample from the paragneiss unit yielded poor quality zircons that gave poorly 

constrained metamorphic age of 2750 ± 100 Ma. Litherland (1975) and Key (1976) suggested that 

the paragneiss unit represent felsic volcanic components of the Tati and Vumba greenstone belts 

that were highly deformed. The distribution pattern of the paragneiss and the relationship with 

other igneous rocks as well as its deformation state do not favour this suggestion. The suggestion 

that the paragneiss unit could represent sediments that were derived from juvenile volcanic arc 

rocks with minor contribution from the Belingwean and Lower Bulawayan Supergroups felsic rocks 

is compatible with the proposed geodynamic model for the development of the Francistown 

Granite-Greenstone Complex. 

Implication of the proposed geodynamic model for the evolution of the Zimbabwe craton 

Previous studies on the evolution of the Zimbabwe craton have revealed that clastic sedimentation 

along the western and southern margin of the Sebakwe proto-craton occurred between 3.10 and 

2.95 Ma (e.g. Dirks and Jelsma, 2002). This period does not overlap the model ages recorded in 

the granitoids of the Francistown Granite-Greenstone Complex along the southwestern margin. 

Rifting of the proto-craton is considered to have been initiated at 2.90 Ga resulting in the 

deposition of the Belingwean Supergroup greenstones between 2.90 and 2.88 Ga (Jelsma and 

Dirks, 2002). Incidentally, the age of the Belingwean Supergroup greenstones as well as those of 

the Lower Bulawayan Supergroup greenstones coincide with TOM ages from the granitoids of the 

Francistown Granite-Greenstone Complex. This implies that the Belingwean Supergroup 

greenstones most likely extended as far as the southwestern margin of the Zimbabwe craton 

implying that 2.90 - 2.80 Ga was an extensive period of crustal growth in the Zimbabwe craton. 

The absence of the Chilimanzi granite suites equivalents in the southwestern margin of the 
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Zimbabwe craton is an indication that the region stabilized earlier than the interior of the craton. I 

propose with certain ambivalence that the Francistown Granite-Greenstone Complex is a large arc 

complex which also encompasses the Matsitama greenstone belt on the western side of the 

Vumba greenstone belt. This belt has been identified by Majaule et al. (1997) as a back-arc. 

Further delineation of the extent of the Francistown Granite-Greenstone Complex requires 

extensive sampling of the wide spread paragneiss unit for Sm-Nd isotope studies, and its precise 

age determination will undoubtedly refine the geodynamic model of the Francistown Granite­

Greenstone Complex and the crustal growth history of the Zimbabwe craton in the NE Botswana. 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ................................ . . .... .libisani Bagai 

Table A.1 Mafic Metavolcanics 

Sample 
No. 

lBT·46 

lBT·47 

lBT·48 

lBT·49 

lBT·50 

lBT·51 

lBT·52 

Sample Location 
Coordinates (GPS) 
Latitude: 21 08 495 

Longitude: 2727441 

Latitude: 21 08509 

Longitude: 27 27 465 

Latitude: 21 09 936 

Longitude: 2728953 

Latitude: 21 09 195 

Longitude: 2728 379 

Latitude: 21 09247 

Longitude: 27 28 510 

Latitude: 21 09287 

Longitude: 27 28 779 

Latitude: 2112 592 

Longitude: 2730495 

APPENDIX A ................ . 

Texture 

Fine grained 
intergranular to 
porphyroblastic 

Medium-grained 
intergranular 

Fine-grained 
Schistose 

Fine-grained 
Intergranoblastic 

Fine-grained 
Basaltic 

Fine-grained 
Schistose 

Fine-grained 
Schistose 

Mode 

30% Plagioclase 
69% Hornblende 
1 % Fe-Ti oxide & 
quartz 

20% Plagioclase 
79% Hornblende 
1 % Quartz & Fe-Ti 
oxide 
30% Plagioclase 
70% Hornblende 
Quartz, epidote & 
Fe-Ti oxide in 
trace proportions 
30% Plagioclase 
69% Hornblende 
1 % Quartz & Fe-Ti 
oxide 

35% Plagioclase 
65% Hornblende 

80% Hornblende 
10% Plagioclase 
9% Quartz 
1 % Fe-Ti oxide 
75% Hornblende 
20% Plagioclase 
5% Quartz 
<1% Fe-Ti oxide 

Description Rock name 

Prismatic plagioclase within amphibole-dominated Porphyritic 
matrix that gives the sample a porphyritic texture. amphibolite 
Randomly oriented albite & carlsbad twinned 
plagioclase display rare sericitisation. Hornblende has 
variable grain size <0.1 mm, and show parallel 
orientation. 
Amphibole aggregates of acicular crystals amphibolite 
pseudomorphing clinopyroxene. Anhedral untwinned 
plagioclase tend to occur between aggregated 
amphiboles and they both show preferred orientation 
Fine prismatic hornblende with subhedral to anhedral Amphibolite 
habit and fine lath-shaped plagioclase with combined Schist 
carlsbad and albite twinning display a preferred 
direction. Locally extensive sericitisation of plagioclase. 

Fine plagioclase laths display both random and parallel amphibolite 
orientation. Albite and carlsbad twinning present. 
Hornblende shows a hexagonal shape with equilibrium 
boundaries. Locally, form aggregates with general 
orientation. 
Anhedral plagioclase associated with equant euhedral Fine 
to subhedral amphibole with equilibrium grain contacts. amphibolite 
Plagioclase display lack of twinning and rare 
sericitisation. 
Amphibole display acicular to prismatic habit. It is Amphibolite 
aligned in a preferred orientation. Untwinned anhedral Schist 
plagioclase <0.1 mm interlocked with anhedral quartz of 
similar grain size aligned parallel to the amphibole. 
Acicular to prismatic habit, mostly altered with weak Amphibolite 
pale green to pale yellow pleochroism hornblende. schist 
Display preferred orientation. <0.1 mm untwinned 
plagioclase interlocked with quartz of similar grain size. 
They show recrystallisation texture - straight grain 
boundaries with triple point junction at 1200

• 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ......... . ............................. Zibisani 8agai 

ZBT-53 

ZBT-54 

ZBT-55 

ZBT-56 

Latitude. 2112694 

Longitude: 2730438 

Latitude: 21 13 011 

Longitude: 2730 208 

Latitude: 2113 092 

Longitude: 2730 135 

Latitude: 2113 417 

Longitude: 2729 859 

APPENDIX A ..... 

Medium-grained 

Medium-fine 
grained 
Porphyroblastic 

Medium-grained 

Medium-grained 

80% Hornblende 
20% Plagioclase + 
quartz 
< 1 % Fe-Ti oxide 

75% Hornblende 
24% Quartz + 
Plagioclase 
1 % Fe-Ti oxide 

60% Hornblende 
35% Plagioclase 
5% Calcite 
<1% Fe-Ti oxide 

60% Hornblende 
30% Plagioclase 
5% Quartz 
Accessory calcite 
+ Fe-Ti oxide 

Anhedral skeletal hornblende poikilitically enclosing fine 
anhedral quartz. Variable grain size (3 - 0.5 mm). 
Plagioclase is anhedral without twinning and is mostly 
interlocked with quartz sandwiched between larger 
grains of hornblende. Under high magnification 
plagioclase and quartz segregates display 
recrystallisation texture. 
Skeletal anhedral with variable grain size (2.5-1 mm) 
hornblende mostly poikilitically enclosing fine grains of 
quartz. They exhibit preferred orientation. Untwinned 
plagioclase + quartz mostly form segregates 
sandwiched between hornblende grains. The segregate 
display recrystallisation texture as evidence by straight 
boundaries with triple point junction at 1200

• Fe-Ti 
oxide is common and shows even distribution. 
Prismatic, anhedral with mild pale-green to green 
pleochroism hornblende. Variable grain sizes (3-
0.1 mm). In most places appears fragmented and 
intermingled with calcite and Fe-Ti oxide possible 
refiecting alteration product. Locally amphibole 
pseudomorphes the clinopyroxene. Plagioclase forms 
subhedral thin tabular crystals that are partially to 
wholly enclosed by clinopyroxene pseudomorphing 
hornblende. Plagioclase displays a combination of 
carlsbad and albite twinning whose extinction angles 
recorded An content between 60 and 68%, implying 
laboradoritic composition. Quartz is rare in this thin 
section. Secondary calcite and Fe-Ti oxide are 
common. 
This thin section display hornblende, plagioclase and 
quartz grains which resembles those described in thin 
section ZBT-54. The only difference is that this thin 
section contains secondary calcite, which displays even 
distribution. 

Medium­
grained 
amphibolite 

Medium­
grained 
amphibolite 

Medium­
grained 
amphibolite 

Medium­
grained 
amphibolite 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN .........•••••...•.•.. 

lBT·57 

lBT·58 

lBT·59 

lBT·60 

lBT·61 

lBT·62 

Latitude: 21 13 786 

Longitude: 27 29 700 

Latitude: 2113 297 

Longitude: 2729921 

Latitude: 2112 748 

Longitude: 27 30 378 

Latitude: 2112 632 

Longitude: 2730383 

Latitude: 21 11 409 

Longitude: 2730 730 

Latitude: 21 11 694 

Longitude: 2730 540 

APPENDIX A ........................................ . 

Fine-grained 
Basaltic 

Fine-grained 
Basaltic 

Fine-grained 
Basaltic 

Medium-grained 

Medium-grained 

Medium-grained 

79% Hornblende 
20% Plagioclase 
1% Quartz 

80% Hornblende 
18% Plagioclase 
<1% Biotite 
<1 % Quartz 
2% Calcite 

79% Hornblende 
20% Plagioclase 
1% Quartz 
60% Hornblende 
35% Plagioclase 
5% Calcite 
<1% Fe-Ti oxide 

80% Hornblende 
20% Plagioclase + 
quartz 
< 1% Fe-Ti oxide 

75% Hornblende 
25% Plagioclase + 
quartz 
< 1 % Fe-Ti oxide 

Fine anhedral acicular to prismatic crystals with random 
orientation-hornblende. Plagioclase crystals are fine 
lath-shaped with mostly combined carlsbad and albite 
twinning. They are randomly oriented. Quartz form fine 
anhedral grains which are sporadically distributed. Fe­
Ti oxide is a common accessory phase. 
Hornblende forms fine acicular to equant grains with 
random orientation. Acicular plagioclase platy crystals 
with carlsbad and albite twinning are randomly 
distributed. Sporadic biotite tabular crystals occur in 
association with rare anhedral quartz and secondary 
calcite. Calcite locally forms segregates that reveal 
straight grain boundaries with triple point junctions at 
120°. 
Description similar to sample ZBT-57 above. 

Prismatic, anhedral with mild pale-green to green 
pleochroism hornblende. Variable grain sizes (3-1 mm). 
In most places appear fragmented and intermingled 
with calcite and Fe-Ti oxide possible refiecting 
alteration product. Locally amphibole pseudomorphed 
the clinopyroxene. Plagioclase forms subhedral thin 
tabular crystals which are partially to whole enclosed by 
clinopyroxene pseudomorphing hornblende. 
Plagioclase displays a combination of carlsbad and 
albite twinning. Quartz is rare in this thin section. 
Secondary calcite and Fe-Ti oxide are common. 
Anhedral skeletal hornblende poikilitically enclosing fine 
anhedral quartz. Variable grain size (3 - 0.5 mm). 
Plagioclase is anhedral with no twinning mostly 
interlocked with quartz sandwiched between larger 
grains of hornblende. Under high magnification 
plagioclase and quartz segregates display 
recrystallisation texture. 
Amphibole display acicular to prismatic habit. It is 
aligned in a preferred orientation. Untwinned anhedral 
plagioclase <0.1 mm interlocked with anhedral quartz 
of similar grain size. 

. ... ..libisani 8agai 

Basaltic 
amphibolite 

Basaltic 
amphibolite 

Basaltic 
amphibolite 

Medium­
grained 
amphibolite 

Medium­
grained 
amphibolite 

Medium­
grained 
amphibolite 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN .........................••. 

Table A.2 Felsic Metavolcanics 
Sample Sample Location 
No. Coordinates (GPS) 
ZBT-41 Latitude: 2114759 

Longitude: 2734 194 

ZBT-42 Latitude: 2114754 

Longitude: 2734 248 

ZBT-43 Latitude: 2114710 

Longitude: 27 34241 

ZBT-44 Latitude: 2114 689 

Longitude: 27 34 209 

Texture 

Fine 
grained 

Fine 
grained 

Fine 
grained 

Fine 
grained 

APPENDIXA ............................................ . 

Mode 

70% Feldspar + quartz 
15% Biotite 
10% Muscovite 
5% Hornblende 

75% Feldspar-quartz 
10% Biotite 
10% Muscovite 
5% Hornblende 

75% Feldspar + quartz 
10% Biotite 
5% Hornblende 
10% Calcite 
<1% Fe-Ti Oxide 

80% Feldspar + quartz 
15% Biotite 
5% Muscovite 
<1% Fe-Ti Oxide, 
epidote 

Description 

Untwinned fine equant grains interlocked with quartz 
grains of similar sizes and habit. The feldspar and 
quartz grains contact each other with 1200 dihedral 
angles. Muscovite and biotite form fine acicular grains 
defining prominent foliation. Hornblende forms sporadic 
medium-size crystals with anhedral habit. Hornblende 
crystals are randomly oriented. 
Fine untwinned feldspar grains interlocked with anhedral 
quartz of similar grain sizes. Both minerals exhibit 
straight grain boundaries with common 1200 triple point 
junction. Biotite and muscovite form acicular grains 
which are oriented in a preferred direction. These micas 
are secondary phases. Hornblende displays anhedral 
tabular grains relatively coarser than the micas. It 
occurs sporadically. 
Fine equant grains of untwinned feldspar with regular 
grain boundaries against equant quartz of similar grain 
size. They show a recrystallisation texture defined by 
straight boundaries with triple point junctions at 1200

• 

Biotite forms acicular to tabular grains with a general 
preferred orientation. Anhedral hornblende grains 
associated with biotite show signs of alteration to biotite. 
Fe-Ti oxide is mostly associated with hornblende and 
biotite possible a product of break down of hornblende 
to biotite. Secondary calcite display uniform equant 
grains that are evenly distributed. The grains have 
regular boundaries. 
Anhedral fine feldspars showing lack of twinning are 
interlocked with relatively coarser grains of anhedral 
quartz. The grain contacts are sutured and quartz 
displays undulose extinction. Fine biotite grains have 
tabular to acicular habit and it is commonly associated 
with epidote. Muscovite forms relatively coarser grains 
with subhedral habit. Fe-Ti oxide occurs in accessory 
amounts. 

. .... .libisani 8agai 

Rock name 

Hornblende­
muscovite­
biotite dacite 

Hornblende 
bearing dacite 

Carbonatised 
hornblende­
biotite Dacite 

Muscovite­
biotite Dacite 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ..... ..... .libisani 8agai 

ZBT-45 

APPENDIX A ... 

Latitude.· 2114 663 

Longitude: 27 38 185 

Fine 
grained 

75% Feldspar + quartz 
15% Biotite 
10% Hornblende 
<1% Muscovite, Fe-Ti 
oxide 

Fine grains of untwinned feldspars and interlocked Hornblende­
quartz grains with similar grain sizes. Under high biotite Dacite 
magnification the grains display a recrystaliisation 
texture where grains have regular grain boundaries with 
triple point junction at 1200

• Mostly fine tabular biotite 
crystals exhibit a preferred orientation and even 
distribution. In local places it is associated with fine 
acicular hornblende. Muscovite forms fine anhedral 
grains in accessory proportion. Fe-Ti oxide is a common 
accessory phase. 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ... ..... Zibisani Bagai 

Table A.3 Diorite 

Sample 
No. 
Z8T·17 

Z8T·18 

Z8T·19 

Sample Location Texture 
Coordinates (GPS) 
Latitude: 21 07011 Granular 

Longitude: 27 30 249 Sub-ophitic 
common 

Latitude: 21 07001 Granular 

Longitude: 27 30 235 Sub-ophitic 
common 

Latitude: 21 07000 Granular 

Longitude: 27 30 217 Sub-ophitic 
common 

Z8T·20 Latitude: 2107021 Granular 

Longitude: 2730237 

Z8T ·21 Latitude: 21 07017 Granular 

Longitude: 27 30177 

APPENDIX A ....... 

Mode 

53% hornblende + 
Clinopyroxene 
45% Plagioclase 
2% Quartz 

55% hornblende + 
Clinopyroxene 
40% Plagioclase 
3% Quartz 

55% hornblende + 
clinopyroxene 
45% Plagioclase 
Accessory quartz 

65% hornblende + 
clinopyroxene 
35% Plagioclase 

50% hornblende + 
clinopyroxene 
50% Plagioclase 

Description Rock name 

Anhedral hornblende pseudomorphed clinopyroxene. Diorite 
Display local chloritisation. Grain size range between 5 
and 2 mm. Plagioclase exhibit subhedral5 mm to <1mm 
grains with combined carlsbad and multiple albite 
twinning. Some grains display mild to extensive 
sericitisation. Quartz form anhedral fine «1 mm) 
sporadic grains. 
Subhedral to anhedral hornblende and clinopyroxene Diorite 
grains with mostly 5 to 3 mm length. Most clinopyroxene 
has been replaced by hornblende. Plagioclase grains 
are subhedral with combined carlsbad and albite 
multiple twinning that yielded anorthite content of 42 to 
48% indicating andesinic plagioclase. Grain size vary 
between 5 and 1 mm. Sericitisation is mild. Quartz is fine 
«1 mm), anhedral and occurs sporadically. 
Subhedral plagioclase with combined albite and Diorite 
carlsbad twinning showing general preferred orientation. 
Grain size variable (4-1 mm long). Plagioclase crystals 
are mildly sericitised. Hornblende and clinopyroxene 
display subhedral to anhedral habit. They are randomly 
oriented. Most clinopyroxene have been replaced by 
hornblende. 
The thin section is dominated by hornblende, which Diorite 
display wide range of grain size (5 1 mm long). All the 
grains are anhedral. Clinopyroxene has been 
pseudomorphed by hornblende. Plagioclase form fine 
crystals that are sandwiched between the relatively 
coarse hornblende crystals. They show albite twinning 
and sporadic sericitised grains. 
Clear granular texture with fresh subhedral plagioclase Diorite 
laths locally segregated between hornblende crystals. 
These segregations show a general preferred direction. 
The plagioclase show both albite and carlsbad twinning. 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ..... . 

ZBT-22 

ZBT-23 

ZBT-24 

ZBT-25 

APPENDIX A ... 

Latitude: 21 07365 

Longitude: 27 30 959 

Latitude: 21 07393 

Longitude: 2731474 

Latitude: 21 07343 

Longitude: 2731 428 

Latitude: 21 06 650 

Longitude: 2732163 

Granular 

Granular 

Granular 

Granular 
Cumulate 

60% Plagioclase 
30% Hornblende 
10% Clinopyroxene 

60% Hornblende + 
clinopyroxene 
35% Plagioclase 
5% Quartz 
55% Plagioclase 
30% Clinopyroxene 
5% Orthopyroxene 
10% Amphibole 
accessory quartz 

60% Plagioclase 
30% Clinopyroxene 
10% hornblende 
Quartz is accessory 

Subhedral plagioclase interlocked with anhedral 
hornblende crystals that display regular grain 
boundaries. Hornblende is unevenly distributed resulting 
in other sections of the thin section to be purely made of 
plagioclase. Clinopyroxene has been mostly 
pseudomorphed by hornblende as evidenced by most 
hornblende grains that display relicts of clinopyroxene. 
Plagioclase display simple, multiple and combined 
carlsbad-albite twinning. Few plagioclase grains are 
mildly sericitised. 
The sample exhibits advanced pseudomorphism of 
clinopyroxenes by hornblende. Plagioclase crystals are 
extensively sericitised. Quartz forms sporadic anhedral 
grains with mild undulatory extinction. 
Orthopyroxene forms anhedral fine equant (0.5 mm) 
grains with thin alteration rim around the margin. 
Clinopyroxene display subhedral habit and variable 
grain size up to 2 mm long. Few clinopyroxene grains 
are altering to hornblende. Primary hornblende forms 
anhedral grains with smooth boundaries. Plagioclase 
display subhedral habit and combination of albite and 
carlsbad twinning. The grains range between 4 and 1 
mm in length. It is sericitisation free. Quartz forms fine 
sporadic anhedral grains with smooth boundaries and 
faint wavy extinction. 
Uneven distribution of plagioclase and mafic phases is 
evident Plagioclase forms bundles of subhedral laths 
with a preferred direction. Plagioclase grains vary in size 
between 5 and 3 mm long. They exhibit both albite and 
carlsbad type of twinning. Clinopyroxene forms 
aggregates of medium-size subhedral to anhedral 
crystals that are clearly pseudomorphed by hornblende. 
Primary hornblende forms anhedral crystals that show 
stronger pleochroism than the secondary grains that 
replaced clinopyroxene. 

. ........ ..libisani 8agai 

Diorite 

Diorite 

Diorite 

Diorite 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ... . .... Zibisani Bagai 

Z8T-26 Latitude: 2106517 Granular 

Longitude: 2732236 

APPENDIX A. ..... 

55% Plagioclase 
30% Clinopyroxene 
10% hornblende 
5% orthopyroxene 

Plagioclase forms subhedral fine lath-shaped grains that Diorite 
are mildly sericitised. The grain size vary in length from 
1.5 to 0.5 mm. Plagioclase commonly display combined 
carlsbad and albite twinning. Clinopyroxene display 
relatively coarse grains partially pseudomorphed by 
hornblende (grain size range between 2.5 and 1 mm). 
Primary hornblende forms anhedral grains that are 
relatively fine than the secondary hornblende and they 
display a stronger pleochroism. Orthopyroxene is less 
common and it occurs as anhedral sub-rounded grains 
with altered margins. 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ... . ..... Zibisani 8agai 

Table A.4a Gabbro (Phoenix Mine) 

Sample 
No. 
Z8T·37 

Z8T·38 

Z8T·39 

Z8T·40 

Z8T·81 

Sample Location 
Coordinates (GPS) 
Latitude: 2113 400 

Longitude: 2746376 

Latitude: 2113 400 

Longitude: 2746376 

Latitude: 2113400 

Longitude: 2746 376 

Latitude: 2113400 

Longitude: 2746 376 

Latitude: 21 13 400 

Longitude: 2746376 

APPENDIX A .................... . 

Texture 

Granular 
Cumulate 

Granular 
Cumulate 

Granular 
Cumulate 

Granular 
Cumulate 

Granular 
Cumulate 

Mode 

65% Clinopyroxene + 
hornblende 
35% Plagioclase 

70% Clinopyroxene + 
hornblende 
30% Plagioclase 
60% Plagioclase 
40% Clinopyroxene + 
hornblende 

55% Clinopyroxene + 
hornblende 
45% Plagioclase 

55% Plagioclase 
45% Clinopyroxene + 
hornblende 

Description Rock name 

Predominantly anhedral clinopyroxene partially altered Melagabbro 
to hornblende. Epidote, chlorite, and calcite are 
recognizable amongst the alteration products. Ophitic 
texture is preserved in most instances. Plagioclase laths 
with anhedral to subhedral habit are mildly sericitised. 
Locally, plagioclase is enclosed within the partially 
altered clinopyroxenes. The grain size is variable up to 
2.5mm long. Simple twinning by plagioclase is common. 
This thin section display similar features as the above Melagabbro 
sample ZBT-37, except that is has higher proportion of 
clinopyroxene which has been replaced by hornblende. 
Predominantly plagioclase laths with euhedral to leucogabbro 
subhedral habit, variable grain length (up to 3.5mm). 
They display albite, carlsbad and a combination of 
albite-carlsbad twinning. Fine plagioclase laths are 
partially to wholly enclosed within the coarse augitic 
clinopyroxene. Clinopyroxene form anhedral grains 
which mostly display alteration to clinoamphibole. 
Chlorite and epidote are common in the alteration 
product. Augitic clinopyroxene has variable grain size up 
to 4 mm. The distribution of plagioclase and 
clinopyroxene are uneven. 
Plagioclase and clinopyroxene show similar features as Melagabbro 
in the above thin section ZBT-39 except that this thin 
section display lower modal content of plagioclase than 
mafic phases. Clinopyroxene grain size varies up to 
5mm and it poikilitically enclose the fine plagioclase 
laths. The distribution of both plagioclase and mafic 
phases is uneven. 
Plagioclase form euhedral to subhedral grains which Leucogabbro 
vary in size up to 3mm long and 1 mm wide. It displays 
simple twinning, and An content based on extinction 
angles range from 58 to 64. Clinopyroxene is partially 
altered to clinoamphibole. Chlorite and epidote are 
commonly in association of the clinopyroxene and 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ......... . ... ..libisani 8agai 

Table A.4b Gabbro (Selkirk Mine) 
Sample Sample Location Texture 
No. Coordinates (GPS) 
lBT·63 Latitude: 2118793 

Longitude: 2743 543 

lBT·64 

lBT·65 

lBT·66 

lBT·67 

lBT·68 

lBT·69 

lBT·70 

lBT·71 

APPENDIX A ... 

Latitude: 2118793 

Longitude: 2743 543 

Latitude: 2118793 

Longitude: 2743 543 

Latitude: 2118 793 

Longitude: 2743 543 

Latitude: 2118793 

Longitude: 2743 543 

Latitude: 2118793 

Longitude: 2743 543 

Latitude: 2118793 

Longitude: 2743 543 

Latitude: 2118 793 

Longitude: 2743 543 

Latitude: 2118 793 

Longitude: 2743 543 

Granular 

Granular 

Mode 

65% Clinopyroxene 
30% Plagioclase 
5% Opaque minerals 

65% Clinopyroxene 
30% Plagioclase 
5% Opaque minerals 

hornblende. Ophitic and sub-ophitic textures are 
ubiquitous. Primary hornblende (3mm) occurs 
sporadically. 

Description Rock name 

Despite fresh-looking hand specimen the thin section is Metagabbro 
completely altered. No petrographic analyses can be 
made. 
The thin section is extensively hydrothermally altered. Metagabbro 
Poorly preserved aggregates of clinoamphibole and 
pyroxene. 
Extensively altered with calcite anhedral grains Metagabbro 
dominating the slide. No meaningful petrographic 
analyses can be made from the thin section. 
Too altered to make meaningful petrographic analysis Metagabbro 

Subhedral augite crystal associated with plagioclase 
laths of similar grain size (5-2 mm long). Plagioclase 
show combined albite-carlsbad twinning with mild 
sericitisation. Opaque minerals are common. 
Extensive hydrothermal alteration obliterated the 
primary petrographic features of the rock. The slide is 
dominated by secondary calcite and opaque minerals. 
Highly altered thin section dominated by secondary 
calcite and dolomite grains. It can be mistaken for a 
carbonate rock. 

Melagabbro 

Metagabbro 
carbonated 

Carbonated 
metagabbro 

Extensively altered thin section with abundant opaque Metagabbro 
minerals, most probable sulphides. 

Subhedral augite crystal associated with plagioclase Melagabbro 
laths of similar grain size (5-2 mm long). Plagioclase 
show combined albite-carlsbad twinning with mild 
sericitisation. Opaque minerals are common . 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ..... ..... Zibisani Bagai 

ZBT-72 

ZBT-73 

ZBT-74 

ZBT-75 

ZBT-76 

APPENDIX A 

Latitude. 2118793 

Longitude: 2743 543 

Latitude: 2118 793 

Longitude: 2743543 

Latitude: 2118 793 

Longitude: 2743 543 

Latitude: 2118793 

Longitude: 2743543 

Latitude: 2118 793 

Longitude: 2743 543 

Medium 
grained 
Granular 

50% Clinopyroxene 
25% Hornblende 
20% Plagioclase 
5% Opaque minerals 

Too altered to for any meaningful petrographic analysis Metagabbro 
to be made. 

Extensively altered with abundant secondary calcite and Metagabbro 
opaque minerals. 

Forms anhedral to subhedral grains partially Melagabbro 
pseudomorphed by clinoamphibole. The grain size 
varies widely from 2mm to 0.5 mm. Hornblende forms 
relatively fine grains with anhedral to subhedral habit. 
They are near equant with two sets of cleavage while 
the grains that pseudomorphed clinopyroxene are 
tabular with one set of cleavage. Plagioclase grains are 
extensively altered. 
Extensive hydrothermal alteration affected this sample Metagabbro 
rendering it difficult to identify its constituents. Opaque 
minerals are prevalent. 
Thin section is too hydrothermally altered for a Metagabbro 
meaningful petrographic analysis. 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ..........................•.......... . . .libisani Bagai 

Table B.5 Quartz Monzonite 

Sample 
No. 
2BT-1 

2BT-2 

2BT-3 

2BT-4 

Sample Location Texture 
Coordinates (GPS) 
Latitude: 21 09 024 Granular 

Longitude: 2728 062 

Latitude: 2109113 Granular 

Longitude: 2728210 

Latitude: 21 09267 Granular 

Longitude: 2728 373 

Latitude: 21 09 331 Granular 

Longitude: 2728371 

APPENDIX A ............................. . 

Mode 

50% Alkali feldspar 
10% Plagioclase 
15% Quartz 
15% Hornblende 
10% Biotite 

50% Alkali feldspars 
10% Plagioclase 
20% Hornblende 
10% Biotite 

50% Alkali feldspars 
15% Plagioclase 
10% Quartz 
20% Hornblende 
5% Biotite 

50% Alkali feldspars 
20% Plagioclase 
10% Quartz 
15% Hornblende 

Description 

Alkali feldspars form two groups of grain size. Relatively 
large grains vary between 1 mm and 4 mm, and are made 
of anhedral grains with irregular grain boundaries. These 
large grains give the rock a porphyritic tendency. Alkali 
feldspars are in the form of perthite, microcline and 
orthoclase. Perthite is predominant. Fine grains (<< 0.1 
mm) are interlocked with similar grain size equant quartz 
grains. They display straight contacts typical for 
recrystallisation texture. Myrmekite is sporadic. Hornblende 
forms anhedral skeletal (1-2mm) grains peppered with 
quartz inclusions. It displays yellow to green pleochroism. 
Biotite tend to form segregates composed of fine « 
0.1 mm) anhedral grains with uneven distribution. 
Accessory phases are epidote, apatite and sphene. 
Alkali feldspar display two grain sizes as above. 
Plagioclase displays carlsbad, albite and combined 
carlsbad and albite twining. It forms relatively large grains 
(1.5-3mm). Most quartz grains equant and are < 0.1 mm 
and they show recrystallisation texture with equilibrium 
boundaries. Anhedral hornblende is associated with biotite 
and epidote. Locally displays biotite psuedomorphosed to 
hornblende. Biotite forms aggregates with a broad 
preferred orientation. Apatite, epidote and sphene form the 
accessories. 
Microcline common amongst the alkali feldspars. Similar 
grain size as above thin sections. Plagioclase is similar to 
the above sample. Quartz forms fine mosaic of 
recrystallisation texture. Hornblende locally associated with 
biotite, epidote and iron oxide. It replaces biotite in some 
places. Myrmekite is ubiquitous. Chlorite occurs as 
accessory phase. 
Alkali feldspars like in previous slides display two types of 
grain size. Plagioclase display anhedral large grains (1.5-
3mm) with carlsbad, albite and a combination of twining 
with mild sericitisation. Hornblende forms 1-0.8 mm long 

Rock name 

Biotite­
hornblende 
quartz 
monzonite 

Biotite­
hornblende 
quartz 
monzonite 

Biotite­
hornblende 
quartz 
monzonite 

Biotite­
hornblende 
quartz 
monzonite 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN............ ........ . . .... Zibisani Bagai 

ZBT·S Latitude: 21 09 393 Granular 

Longitude: 2728 442 

APPENDIX A .......................... . 

5% Biotite 

45% Alkali feldspars 
15% Plagioclase 
25% Hornblende 
15% Biotite 

anhedral grains associated with biotite and epidote. Locally 
biotite has been psuedomorphosed to hornblende. Quartz 
forms very fine grains «0.1 mm) displaying recrystallisation 
texture or annealing texture. Myrmekite is ubiquitous. 
Sphene with euhedral to subhedral habit occurs in 
accessory amount. 
Similar to the above sample. Accessories include epidote, Biotite-
sphene and apatite. hornblende 

quartz 
monzonite 
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PETROGRAPHIC DESCRIPTIONS OF SAMPLES FROM THE TATI GRANITE-GREENSTONE TERRAIN ... 

Table B.6a Monzogranite 

Sample No. 

lBT·6 

lBT·7 

lBT·a 

lBT·9 

Sample Location 
Coordinates (GPS) 
Latitude: 21 09 157 

Longitude: 27 30 331 

Latitude: 21 09 145 

Longitude: 27 30 303 

Latitude: 2109133 

Longitude: 2730274 

Latitude: 21 09211 

Longitude: 27 30 297 

APPENDIX A ................... .. 

Texture 

Granular 
Granophyric 

Granular 
Granophyric 

Granular 

Granular 

Mode 

50% Alkali 
feldspar 
10% Plagioclase 
35% Quartz 
5% Biotite 

60% Feldspars 
35% Quartz 
5% Mafic phases 
(Epidote + 
chlorite) 

60% Feldspars 
35% Quartz 
5% Mafic phases 
(Epidote + 
chlorite) 
60% Feldspars 
35% Quartz 
5% (Epidote + 
Chlorite) 

Description 

Feldspars are extensively sericitised despite fresh 
looking hand specimen. Locally plagioclase exhibits 
poorly preserved carlsbad twining. Alteration hinders 
any detailed analysis on the feldspars. It evident that 
feldspar grain sizes are in the 1-3mm range. 
Granophyric texture is common. Quartz is anhedral 
and displays similar grain size (1-3mm) to feldspars. It 
has normal extinction and locally fractured. Biotite is 
extensively chloritised with few relicts in local places 
which survived the chloritisation. Altered biotite 
straddles the boundaries of quartz. Euhedral zircon is 
a common accessory phase as well as the iron oxide 
and epidote. 
Feldspars are extensively sericitised with higher 
degree of alteration along grain boundaries. Quartz 
displays same characteristics as in the above sample. 
Scarce hornblende extenSively altered to amorphous 
chlorite, epidote and iron oxide is present. Zircon as 
common accessory phase. 
Similar to the above sample 

Feldspars extensively altered with the alteration more 
severe along the periphery than the interior. Few 
carlsbad twining preserved. Quartz tends to form 
aggregates which display normal extinction. It 
unevenly distributed. Grain size range between 1 mm 
and 3 mm. Epidote and chlorite are both secondary 
minerals and constitute the mafic phases. 

..... Zibisani 8agai 

Rock name 

Leucocratic 
biotite Granite 

Leucocratic 
Granite 

Leucocratic 
Granite 

Leucocratic 
Granite 
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Table 8.6b Granite from Phoenix Mine (intruding the gabbro) 

Sample 
No. 

ZBT-35 

ZBT-36 

Sample Location 
Coordinates (GPS) 
Latitude: 2113 400 

Longitude: 2746376 

Latitude: 21 13400 

Longitude: 2746376 

APPENDIX A .................... . 

Texture 

Granular 

Granular 
Medium 
grained 

Mode 

70% Feldspar 
25% Quartz 
5% Biotite 

70% Feldspars 
25% Quartz 
5% Biotite 

Description Rock name 

Extensively to mildly sericitised feldspars with anhedral habit, Biotite Tonalite 
:5 1.5 mm grain size. Quartz shows anhedral habit, 
undulatory extinction, irregular grain contacts and :5 1 mm. 
Biotite partially replaced by chlorite is anhedral with :5 0.5 
mm. Secondary muscovite present in accessory amount. 
Other accessory phases include epidote and chlorite. 
Feldspars display sericitised cores, albite twinning obscured Biotite Tonalite 
by sericitisation and variable grain size up to 4 mm. Quartz is 
anhedral with wavy extinction, sutured grain boundaries, 
variable grain size :54mm. Anhedral chloritised biotite mostly 
:5 0.5mm in size. Accessory phases include epidote, zircon 
and chlorite. 
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Table B.7 Trondhjemite 

Sample No. 

ZBT·10 

ZBT·11 

ZBT·12 

ZBT·13 

ZBT·14 

APPENDIXA. 

Sample Location 
Coordinates (GPS) 
Latitude: 21 08 777 

Longitude: 2730371 

Latitude: 21 09201 

Longitude: 2730820 

Latitude: 21 09949 

Longitude: 2731162 

Latitude: 2110043 

Longitude: 27 31 463 

Latitude: 2110 093 

Longitude: 2731610 

Texture 

Granular 

Granular 

Granular 

Granular 

Granular 

Mode 

35% Quartz 
35% Plagioclase 
15% Alkali feldspar 
10% Biotite 
5% Muscovite 

10% Calcite 
40% Plagioclase 
10% Alkali feldspar 
30% Quartz 
5% Biotite 
5% Muscovite 
35% Plagioclase 
35% Quartz 
15% Alkali feldspars 
10% Biotite 
10% Muscovite 
2% Calcite 

35% Plagioclase 
35% Quartz 
15% Alkali feldspars 
10% Biotite 
5% Muscovite 
35% Plagioclase 
35% Quartz 
15% Alkali feldspars 
5% Biotite 
5% Muscovite 

Description 

Quartz and feldspars display variable grain sizes from 1 
to 4 mm. Alkali feldspar is orthoclase. Plagioclase is 
mainly albatic. Quartz with mild wavy extinction and 
irregular grain contacts. Biotite fine grains « 0.1 mm) 
occur with feldspars uneven distribution. Locally form 
aggregates contain randomly oriented anhedral biotite 
grains. Muscovite occurs inside plagioclase associated 
with biotite. Form fine « 0.1 mm) xenomorphic grains. 
Accessory phases include epidote and calcite both 
occur with feldspars. 
Subhedral calcite grains ranging from 2 to 5 mm. 
Straight grain contacts between calcite grains. Calcite 
not evenly distributed. 

Feldspars are peppered by fine xenomorphic biotite and 
muscovite grains. Biotite display uneven distribution by 
locally forming segregates. Plagioclase, alkali feldspars 
and quartz mainly have similar range of grain sizes (1-
3mm). Quartz anhedral grains have wavy extinction and 
sutured grain boundaries. Iron oxide associated with 
biotite is a common accessory phase. 
Feldspars display similar features as above. Quartz is 
highly strained with sutures and strong undulatory 
extinction. Fine «0.05mm) quartz have unfixed mutual 
boundaries possibly an indication of annealing. Calcite 
is rare and iron oxide is common. 
Feldspars and quartz display similar features as in the 
above thin sections. Plagioclase display albite twining. 
Biotite and muscovite sprinkled on feldspars. They show 
similar features as in the previous thin sections. Calcite 
is rare and iron oxide is associated with biotite 
aggregates. 

Rock name 

Muscovite-biotite 
trondhjemite 

Calcite rich 
muscovite-biotite 
trondhjemite 

Muscovite-biotite 
trondhjemite 

Muscovite-biotite 
trondhjemite 

Muscovite-biotite 
trondhjemite 
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ZBT-15 Latitude: 2110445 Granular 35% Plagioclase Quartz forms anhedral medium size (2-4 mm) grains Muscovite-biotite 

Longitude: 27 31 448 35% Quartz with fine quartz grains occupying their margins. Mildly trondhjemite 
15% Alkali feldspars sericitised anhedral plagioclase grains (2-4mm) are 
10% Biotite peppered with fine (0.05mm) xenomorphic biotite and 
5% Muscovite muscovite grains. Quartz clusters are mica free. Iron 

oxide is commonly associated with biotite. Zircon 
present in accessory amount. 

ZBT-16 Latitude: 21 11 004 Granular 35% Plagioclase Feldspars, quartz, biotite and muscovite display similar Muscovite-biotite 

Longitude: 27 32 094 
35% Quartz features as in the above described samples. Alkali trondhjemite 
15% Alkali feldspars feldspar mainly occurs in the form of perthite. 
10% Biotite 
5% Muscovite 
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Table B.8a Tonalite-Trondhjemite (Tati Pluton) 

Sample 
No. 
ZBT·28 

ZBT·29 

ZBT·3D 

Sample Location 
Coordinates (GPS) 
Latitude: 2116 526 

Longitude: 2730 946 

Latitude: 2116 604 

Longitude: 2731058 

Latitude: 2116 607 

Longitude: 2731 249 

APPENDIX A ... 

Texture 

Granular 

Granular 

Granular 
Granoblastic 

Mode 

40% Plagioclase 
15% Alkali feldspar 
35%Quartz 
5% Biotite 

40% Plagioclase 
20% Alkali feldspars 
30% Quartz 
8% biotite 
2% Muscovite 

35% Plagioclase 
30% Alkali feldspars 
30% Quartz 
5% biotite 

Description Rock name 

Feldspars display a range of grain size (0.5 - 2mm) with Biotite tonalite 
anhedral habit. They are slightly sericitised. Plagioclase grains 
possess albite twining. Alkali feldspars occur as orthoclase and 
sporadic microcline. Quartz forms displays smooth to irregular 
grain boundaries. Its grain size is variable mostly range 
between 0.5 and 2 mm. quartz grains are highly strained with 
undulatory extinction. In local places it forms streaks curling 
around feldspars. Biotite occurs along grain contacts of 
feldspars and quartz. It is anhedral with grain size ranging from 
0.2 to 0.8 mm). Locally associated with epidote. 
Feldspars display similar range of grain sizes as above. Alkali Biotite tonalite 
feldspar is mainly orthoclase with anhedral habit. Plagioclase is 
anhedral with albite twining. Quartz has two groups of grain 
sizes; large grains (1-3 mm) which are interlocked with 
feldspars. They have strong undulatory extinction. Fine 
«0.05mm) grains form streaks which are curled around the 
feldspars and larger quartz grains. This type of grains is 
dominant and it displays normal extinction. They have irregular 
mutual grain contacts. Biotite form fine (0.1-0.9mm) grains 
which are associated with epidote. They are confined to 
boundaries of large grains of feldspars and quartz. Locally they 
run parallel to the quartz streaks and show signs of deformation 
by being folded around the large grains of feldspars. Muscovite 
with anhedral habit and fine grain size is confined along grain 
boundaries together with biotite. 
Feldspars and quartz display similar features as in the above Biotite 
thin section. Quartz streaks are more prevalent in this slide and granodiorite 
more deformed. Under high magnification the streaks reveal 
equant quartz and untwined feldspar grains with polygonal 
shape meeting at triple point junction. Quartz is dominating the 
mosaic. Locally, granoblastic texture is conspicuous with 
feldspars and quartz displaying equilibrium contact boundaries. 
Biotite is relatively scarce and it appears altered to epidote and 
iron oxide. Muscovite occurs as a secondary phase . 
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lBT-31 Latitude. 2116322 

Longitude: 2731 505 

Granular 
Microgranular 

lBT-32 Latitude: 2116 329 Granular 

Longitude: 2730 848 

lBT-33 Latitude: 2116 496 Granular 

Longitude: 2730321 

lBT -34 Latitude: 21 15 803 Granular 

Longitude: 27 29 315 

APPENDIX A ..................................... . 

40% Alkali feldspars 
25% Plagioclase 
30% Quartz 
5% Biotite + 
muscovite 

35% Plagioclase 
10% Alkali feldspars 
30% Quartz 
25% Biotite 

35% Quartz 
20% Biotite 
40% Plagioclase 
5% Alkali feldspar 

30% Quartz 
15% Biotite 
45% Plagioclase 
10% Alkali feldspar 

Alkali feldspars occur as microcline, perthite and orthoclase. 
They show anhedral habit and a range of grain sizes (0.5-
2mm). Plagioclase with similar grain size display albite twining. 
Quartz has fine and large grains show gradational contacts 
which are sutured. The texture is heterogeneous, locally, fine 
grains of quartz, biotite and muscovite show microgranular 
texture. No streaks observed in this slide. Biotite shows random 
orientation. Iron oxide and zircon are accessory phases. 

Leucocratic 
monzogranite 

Feldspars are anhedral and have similar range of grain size as Biotite 
above sample. Plagioclase with faint albite twinning is trondhjemite 
prevalent. Alkali feldspars display albite and pericline twinning. 
Quartz display similar features as in thin section ZBT-30. 
Common streaky quartz and biotite winding around large grains 
of feldspars. Muscovite is secondary. 
Anhedral quartz show variable grain size reaching up to 3mm Biotite 
long and 1 mm across. It is highly strained with wavy extinction trondhjemite 
and irregular boundaries. Streaks of quartz are rare. Fine 
«0.1 mm) xenomorphic grains of biotite displaying random 
distribution. Locally, squeezed along coarse feldspar and quartz 
boundaries. In some places it is curved (deformed) along the 
margins of feldspars. Epidote occurs mostly in association with 
biotite. Muscovite occurs in accessory amount also in 
association with biotite. Up to 3mm long plagioclase grains with 
simple albite twinning is prevalent. The albite twinning is faint 
hence difficult to use in the determination of determination of 
plagioclase composition. Very few grains of feldspars display 
microcline and pericline twinning. Few more feldspar grains 
show lack of twinning. Apatite is an accessory phase present. 
Plagioclase feldspars are dominant with anhedral grain size Biotite tonalite 
reaching up to 3mm. They have faint simple albite twinning. 
They show anhedral habit. Microcline with cross-hatched 
twinning occurs sporadically. It grain size reach up to 2mm. 
Few feldspar grains display lack of twinning and have been 
treated as orthoclase. Quartz shows variable grain size up to 
2mm. It is anhedral, strained with undulatory extinction and 
irregular grain boundaries. Biotite forms fine anhedral grains 
with a broad preferred orientation. Epidote occurs sporadically 
in association with biotite and iron oxide. 
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Table B.8b Tonalite-Trondhjemite (Sekukwe Pluton) 

Sample Sample Location Texture Mode Description Rock name 
No. Coordinates (GPS) 
lBT·77 Latitude: 20 54 573 Granular 60% Plagioclase Feldspars are mildly sericitised, display subhedral habit and Leucocratic 

Longitude: 2736860 cumulate 15% Alkali feldspar wide range of grain size (1-5mm). Plagioclase shows simple tonalite 
24% Quartz albite twinning while alkali feldspars display cross-hatched 
1 % Accessories twinning. Quartz display similar grain size range, regular grain 

contact with feldspars, mild undulatory extinction and is evenly 
distributed. Chlorite appears to have pseudomorphed biotite 
occur in accessory amount as well as muscovite, calcite and 
Fe-Ti oxide. 

lBT·78 Latitude: 2054479 Granular 60% Plagioclase Feldspars and quartz exhibit similar grain size as above thin Leucocratic 

Longitude: 2736 796 cumulate 10% Alkali feldspar section. They have equilibrium contact boundaries. A thin trondhjemite 
30% Quartz alteration rim around feldspars render them appear sub-

rounded. Coarse crystals of alkali-feldspar show micro-
perthitic texture. Myrmekite texture is ubiquitous. Partially 
chloritised biotite occurs in accessory proportion as well as 
calcite, muscovite and Fe-Ti oxide. 

lBT·79 Latitude: 21 00950 Granular 55% Plagioclase Feldspars are mildly to extensively sericitised enclosed by a Leucocratic 

Longitude: 2735 265 
cumulate 12% Alkali feldspar thin alteration rim. Myrmekite is common along plagioclase tonalite 

25% Quartz crystal margins. Fine (:5 0.1 mm) amorphous biotite mostly 
3% Biotite chloritised straddle the boundaries between feldspars and 

quartz crystals. Quartz similar grain size as above is strained 
and fractured with irregular grain boundaries. Epidote is 
secondary and is in accessory amount 

lBT·80 Latitude: 21 00648 Granular 60% Plagioclase Both quartz and feldspars display similar range of grain size Leucocratic 

Longitude: 27 35 232 
Cumulate 10% Alkali feldspar (1-5 mm). They both show a thin rim of alteration around the tonalite 

30% Quartz grain margins. Plagioclase locally display zonation exploited 
by sericitisation. Locally plagioclase shows myrmekite texture 
along the periphery. The texture resembles a cumulate . 
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ANALYTICAL PROCEDURES 

1. X·RAY FLOURESCENCE ANALYSES 

Sample preparation 

Whole rock samples were prepared for analysis by initially splitting the rock samples into 1-2 

cm blocks using a hydraulic splitter and crushing the resultant fragments in a jaw crusher. 80g 

of the crushed sample was then milled to approximately 400 mesh in a carbon steel mortar 

placed within a Sieb Techniek mill run for two minutes. The apparatus were pre-contaminated 

with the sample to minimize inter-sample contamination. 

The sample powders were then roasted at 1000 DC in an oven to remove molecular and at 110 

DC to get rid of surface water before being combined with a liT (lithium tetraborate)-LiM (lithium 

metaborate) flux (57:43) in the proportion 0.7g of sample to 6g of flux. A few drops of LiBr were 

added to act as a releasing agent. The mixture was then fused into a glass disc using a Claisse 

fusion machine. 

Analysis 

The analysis was carried out on a Phillips PW1480 wavelength dispersive X-Ray spectrometer 

with a dual target Mo/Sc X-Ray tube. All measurements were made with the tube at 50 kV and 

50 mA. The analytical conditions for the major elements are given in the Table B 1.1. Analytical 

conditions are also described by Willis (1999). Fusion disks made up with 100% Johnson 

Matthey Specpure Si02 were used as blanks for all elements except Si, for which fusion disks 

made of Johnson Matthey Specpure Fe203 and CaC03 were used. Intensity data were 

collected using Phillips X40 software on a Pentium Celeron 333m Hz PC. Data reduction was 

done off-line using Phillips software for major elements and internally developed software for 

trace elements. All peaks were corrected for background, and spectral overlap corrections 

were made for Br on AI, Cr on Mn, AI and Ca on Mg and Mg on Ca and Na. 
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The samples were analysed for the following major element oxides: Si02, Ti02, Ai203, Fe203, 

MnO, MgO, CaO, Na20, K20, P20S, S03, NiO and Cr203. Duplicates were randomly inserted 

into the run to test the precision of the analysis. 

Table 81.1 XRF instrumental set-up for major element analytical runs at UCT. 

ElemenUline collimator Crystal Detector PHS Counting Conc. RMS L-limit No. of 

Lwl-Upl Time (s) Range** determ* STDs 

NiKa 

FeKa 

MnKa 

CrKa 

TiKa 

CaKa 

K Ka 

S Ka 

P Ka 

SiKa 

AIKa 

MgKa 

NaKa 

** 

* 

RMS 

Where 

n 

F LiF(220) FS 22 70 100 0-0.48 

F LiF(220) FL 16 68 100 0-17 

F LiF(220) FL 15 66 100 0-0.27 

F LiF(220) FL 14 70 100 0-3.5 

F LiF(220) FL 32 68 100 0-3.9 

F LiF(220) FL 30 76 100 0-77 

F LiF(220) FL 32 74 100 0-15.5 

C GE(111) FL 32 74 100 0-53.5 

C GE(111) FL 34 74 100 0-3.4 

C PE(002) FL 26 80 100 0-100 

C PE(002) FL 26 80 100 0-100 

F PX-1 FL 36 68 100 0-85 

F PX-1 FL 30 78 100 0-9.1 

all concentrations expressed as wt. % oxide: S as S03 

= 10 x lower limit of detection, expressed as wt. % oxide 

= -V{(1/n-k) L (Cone. given- Cone. calc) } 

= no. of standards 

0.003 0.004 

0.069 0.019 

0.004 0.014 

0.011 0.008 

0.022 0.023 

0.102 0.004 

0.037 0.003 

0.112 0.100 

0.011 0.008 

0.215 0.052 

0.084 0.074 

0.141 0.102 

0.065 0.17 

k = no. of calibration coefficients, i.e. 2, the slope and intercept of the calibration line. 

Conc. given 

Conc. calc = 

APPENDIX 8.. 

= recommended concentration for an element in a standard 

concentration of an element calculated from the best-fit calibration line 

11 

20 

22 

11 

22 

21 

21 

11 

16 

20 

21 

20 

12 
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2. INDUCTIVELY·COUPLED PLASMA MASS SPECTROMETRY (ICP· 
MS) 

Sample Preparation 

50 mg of each sample powder (preparation described under XRF analyses) was first placed in 

a Teflon beaker with approximately 4ml of HF/HN03 stock solution (4: 1). The lids on the 

beakers were then closed and the samples were left to stand for 48 hours on a hot plate set at 

50-60°C. The samples were then allowed to evaporate to complete dryness before 2ml of 2-

bottled concentrated HN03 was added to them. The sample solutions were then returned to 

the hotplate and allowed to evaporate to complete dryness at approximately 75°C. Another 2ml 

of concentrated HN03 was then added to the samples and the lids were returned to the 

beakers and the samples were allowed to dissolve overnight. Finally, the samples were 

allowed to evaporate to complete dryness at 75°C for a second time. 

The dry sample was dissolved in 4ml of an internal standard stock solution (5%HN03 + 10 ppb 

In, Re, Rh, Bi). The dissolved samples were each transferred to a 50ml centrifuge tube and the 

volume was made up to 50ml with the internal standard stock solution. This solution 

represented a 1000-fold dilution of the original solid sample. The solution was ready for 

analyses and further dilutions. 

Analysis 

The trace element contents of the samples were determined on a Perkin ElmerlSCIEX ELAN 

6000 inductively-coupled, argon plasma, quadrupole mass spectrometer, with the instrumental 

settings listed in Table B1.2 below. 
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Table 81.2 Instrumental settings for trace element analyses using the ICP-MS 

Nebuliser Gas Flow: 

Main Gas Flow: 

Auxiliary Gas Flow: 

ICP RF Forward Power: 

Instrument Sensitivity: 

Autolens Setting 

Lens Voltage 

Analyses: 

Analytical time per sample: 

Dwell Time: 

Internal Standard: 

APPENDIX B ............................. . 

0.86 Llmin 

15 Llmin 

0.75 Llmin 

1100W 

300000 cps (10 ppb Rh) 

9Be 7.6 V 

59CO 8.2 V 

1151 9.0 V 

50s (20 sweeps/3 replicates) 

35-50 milliseconds 

1151,187Re 

.Zibisani Bagai 
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3. RADIOGENIC ISOTOPES (Sr, Nd and Pb) ANALYTICAL 
PROCEDURE 

3.1 Dissolution of samples 

The Sr, Nd and Pb isotopic compositions of selected rock samples from the Francistown 

Granite-Greenstone Complex were determined in the radiogenic isotope facility of the 

Department of Geological Sciences, UCT using a VG sector 54 seven-collector thermal 

ionization mass spectrometer (TIMS). 

3.2 Sr & Nd isotopes· sample dissolution 

The technique followed for the chemical separation of the elements of interest started by 

weighing out approximately 100mg of powdered sample and transfer it into labeled Teflon 

beakers. This was followed by addition of 4-5ml of 4:1 HF/HN03 to the sample. The Teflon 

beaker was closed and placed on a heating block for approximately 2 nights at 75°C to 

dissolve. After ascertaining that the sample has dissolved it was uncovered to allow it to 

evaporate to dryness. The covers (lids) were left to dry on the side. Once the samples were 

dry, the inside of the lids were rinsed with 6.2M HCI and transferred into their respective 

beakers. Then the inside of the beakers were rinsed down with 6.2M HCI up to the -5ml mark. 

The samples were evaporated to dryness. This was to ensure that the HN03 is removed. 

Addition of the 6.2M HCI was repeated and the sample evaporated to dryness. Samples were 

removed from the heating block and allowed to cool down. Using a pipette 1 ml of 2.5M HCI 

was added to the samples and allowed to dissolve in a fume cupboard. 0.5ml of 2.5M HCI was 

added to samples with low Sr, Nd concentration. The solutions were transferred to labeled 

centrifuge tubes which were then placed into a centrifuge machine for 20 minutes at the speed 

of 4 x 1000 rpm for removal of particulates. At this stage the samples are ready for separation 

using the ion-exchange primary columns. 

3.3 Column chemistry using cation exchange resin 

Strontium collection 

Using a pipette 0.5 ml of sample solution was loaded in each column. After addition of various 

volumes of HCI the Sr fraction was eventually collected in 15 ml Teflon beakers. A few drops of 
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2B HN03 were added to Sr fractions and the samples were allowed to go to dryness. Addition 

of few drops of 2B HN03 was repeated and the samples were allowed to go to dryness again. 

At this stage the samples were ready for loading onto degassed single Ta filaments which will 

eventually be loaded into the mass spectrometer. 

Sr loading onto Ta filaments 

On a piece of parafilm a drop of nitric acid and a drop of phosphoric acid were mixed up. Using 

a pipette 1 ~I of the mixture was transferred into the sample beaker and mixed with the sample 

aliquot. The mixture was homogenized by a pipette tip before loaded onto a single Ta filament. 

Mass fractionation for Sr analyses was monitored by measuring non-radiogenic 86Sr/88Sr (= 

0.1194) isotope and corrections were made to ratios of 87Sr/86Sr in the unknowns by 

normalizing with the 86Sr/88Sr fractionation factor. 

3.4 Pb isotope- sample dissolution 

The process started by weighing O.4g rock powder for samples that contained more than 10 

ppm Pb. For samples containing 10 ppm or less Pb, 0.5g of rock powder was weighed and 

transferred into a Teflon beaker. Then about 7 ml of 4:1 mixture of HF (hydrofluoric acid) and 

HN03 (nitric acid) was added to the weighed sample. The beaker was closed with the lid and 

left on a hotplate for at least 48 hours or until properly dissolved. After the samples had 

completely dissolved, the lid was removed and the solutions were evaporated to dryness in a 

clean-air box at temperatures of -100 DC. Then about 4 ml of 6.2N HCI was added to the 

samples, sealed and left on the hotplate for a few hours to dissolve. Once dissolved, the lids 

were removed and samples dried down. This was followed by addition of approximately 1.5 ml 

of 0.5N HBr (hydrobromic acid) into the sample and left to stand until the sample went into 

solution. At this stage the sample was ready for column chemistry separation. 

Column preparation 

The small Teflon columns were thoroughly cleaned in 6N HCI and distilled water before placed 

in the column stand. Ion exchange resin (200-400 mesh AGI-8X BIO-RAD anion resin) was 

added to the neck of the column and then washed with distilled water so that it compacts 

correctly to the correct level. The columns were then cleaned by filling them with the 0.5N HBr 
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and distilled water. This was followed by addition of 1 ml of 0.5N HN03 and H20 consecutively. 

Before adding the sample onto the columns, the columns were preconditioned with 1 ml of 

0.5N HBr. 1 ml of sample solution was pipetted into the ion exchange column. The solution into 

the resin was washed three times by 0.7 ml of 0.5N HBr. The Pb was collected from three 0.7 

ml washes of 0.5N HN03 into a 5 ml square Savillex Teflon beaker. The eluted sample was 

dried down in the clean air box. A drop of H3P04 was added to the sample before drying it. At 

this stage the dry sample is ready for loading onto a Re filament for mass spectrometric 

analysis. 

Sample loading for the mass spectrometer 

The sample was firstly mixed with 1 drop of the H3P04 and 3 drops of HN03. A 4 ~I silica gel 

solution was loaded onto a Re single filament and dried down at 1.0A. Subsequently the 

sample was loaded onto the silica gel bed and dried down slowly at O.SA. When just dry the 

current was taken up steadily until a dull glow appeared. Once a dull glow appeared the current 

was brought down immediately to zero. After the samples were loaded onto the filament they 

were placed into the turret and eventually loaded into the mass spectrometer for analyses. In 

order to compensate for the effects of mass fractionation in Pb analyses, standards were 

analysed many times so that the fractionation factors could be calculated. The final analyses of 

Pb in the samples were normalized by calculated fractionation factors. 

4. STABLE ISOTOPES 

Sample preparation 

Jaw-crushed whole rock samples were sieved to obtain -60 to -40 mesh size fractions which 

were washed by tap water to get rid of dust. The sample fractions were dried in an oven at 110 

DC. The individual grains were handpicked with the use of a binocular microscope. For felsic 

granitoids quartz grains were handpicked and pyroxenes were handpicked in the case of 

gabbro and diorite. The separated minerals were then cleaned using HF/HN03 and distilled 

water. To avoid loosing sample due to dissolution in HF/HN03, 7'3 of distilled water was added 

to 'i3 of HF/HN03 into the samples in Teflon beakers and then placed on a hot plate for -10 
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minutes. This was followed by thorough rinsing with tap water. The samples were left in an 

oven at 50°C to dry completely and subsequently clean pure quartz grains were easily 

handpicked under a binocular microscope. Separated pure grains were crushed to a fine 

powder in an agate mortar and pestle and dried at 50°C for 48 hours before analysis. 

Oxygen-extraction technique 

The oxygen was extracted from the mineral separates using the silicate stable isotope oxygen­

extraction line facility in the Department of Geological Sciences at the University of Cape 

Town. Samples were loaded into nickel reaction vessels and degassed at 200°C for 4 hours. 

The samples (10 mg) were reacted with CIF3 following the procedure outlined by Borthwick and 

Harmon (1982). All of the separates were reacted at 550°C overnight. Ten samples were 

loaded for every run of which two were the internal standards of MQ (Murchison Line quartz 

vein). The raw values of MQ are used to directly recalculate the sample values relative to 

Standard Mean Ocean Water (SMOW) assuming the value of MQ to be 10.10. The extracted 

oxygen was converted to C02 with a heated carbon rod and later analysed for the 180/160 ratio 

using the dual inlet gas-source spectrometer (MAT252). Nearly all of the standard analyses 

were run in duplicate or triplicate. The average difference in the 0180 value for rerun samples 

was below 0.5%0 for quartz and below 0.3%0 for pyroxene analyses. Data are reported in the 

standard 0 notation relative to SMOW. 
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