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Abstract 

The Dullstroom Basalt Formation and the Rooiberg Group: 

volcanic rocks associated with the Bushveld Complex 

The aims of this study are twofold. First is to investigate the potential link between the predominantly 

volcanic Dullstroom Basalt Fonnation and the Rooiberg Group (both units fonnerly considered as part of the 

Transvaal Supergroup), now prised apart by the mafic rocks of the Rustenburg Layered Suite (RLS) and, 

second, to establish the possible relationship of these volcanic rocks with the Bushveld Complex. Field, 

petrographic, and geochemical investigations cover identified and potential Dullstroom volcanic rock 

occurrences (southeastern Bushveld Complex, Makeckaan and Rooiberg Fragments), as well as outcrops of 

the Rooiberg Group (Bothasberg Plateau, and Tauteshoogte, Rooiberg, and Loskop Dam areas). The 

Dullstroom volcanic rocks in the southeastern portion of the Complex are mapped documented and 

interpreted in detail, which also results in the first compilation of a comprehensive geological map. Extrusive 

volumes and mode of eruption are deduced for individual magma types. Three depressions in the vicinity of 

potential eruption centers are documented. A sand sheet overlies the generally flat unconfonnity that marks 

the top of the Transvaal Supergroup. Interaction between this sheet and the first extrusions is pronounced. 

The primary chemical composition of the rocks under consideration has been modified, in part as a 

consequence of their age but mostly by their proximity to major, acidic and mafic intrusive rocks. Field, 

petrographic and geochemical evidence are employed to identify mobile and immobile element 

concentrations. The floor rocks of the RLS (Dullstroom Basalt Fonnation) were subjected to thennal 

metamorphism and accompanying dehydration. Si, Mn, Ca, Na, K, Fe, Mg, Sr, Th, Ba, U, Hf, Ni, Cu, Zn, Pb, 

Nb, Zr, and Y were mobile in the roof rocks (Rooiberg Group). There, the mode and degree of alteration 

depends on the geological setting and the distance from major intrusions. Ti, Al, P, Ga, Sc, and heavy rare 

earth elements proved inert. Hydrothermal convection cells, active in the roof rocks, are expressed as a 1.4 

kilometer thick zone of upward increasing hydration, topped by maximum concentrations of Pb (335 ppm), 

Zn (929 ppm), and Mn (0.45 wt.%). Alteration also affected the color of the rocks. Therefore color can not be 

utilized for stratigraphic subdivision nor to draw inferences about the evolution of the Proterozoic 

atmosphere. 

Employing immobile element concentrations it is deduced that one magma type, the High-Mg Felsite (HMF), 

is common to the volcanic floor and roof successions of the RLS, unequivocally establishing that the 

volcanic rocks were continuous before separation by the mafic rocks. The Dullstroom Formation therefore 

represents the basal portion of the Rooiberg Group and this fact creates the potential to establish a 
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regionally applicable stratigraphy for the Rooiberg Group. This incorporates the regional review of previous 

field and geochemical work. 

It is recommended that the Rooiberg Group be redefined to include the Dullstroom Formation and that it is 

regionally subdivided into the Dullstroom, Damwal, Kwaggasnek, and Schrikkloof Formations (bottom to 

top). The Loskop Formation, overlying the Rooiberg Group, could potentially be included in the Rooiberg 

Group, but this awaits detailed study. 

Regionally persistent marker horizons, readily visible in the field, support the proposed subdivision. These 

are (i) a zone of quartzite xenoliths in the uppermost portion of the Kwaggasnek Formation, (ii) the Union Tin 

Member, which constitutes the top of the Kwaggasnek Formation, and (iii) the strongly flow-banded 

Schrikkloof Formation. commonly topped by a tuffaceous deposit. The lowermost Dullstroom succession is 

aiso present in the Makeckaan and Rooiberg Fragments. In the Rooiberg Fragment this succession is 

overlain by LMF flows of the Schrikkloof Formation, identifying intra-Rooiberg unconformities that onlap 

towards the north and northwest. The uppermost Dullstroom Formation is preserved in the Loskop Dam 

area. Synthesis of all available data facilitates the classification of previously undefined Rooiberg 

occurrences and a regional map of the Rooiberg Group detailing the distribution of the four formations is 

consequently compiled. It is suggested that the basal Rooiberg succession is also preserved beyond the 

present-day outcrop of the Bushveld Complex, e.g. in the Molopo Farms Complex. 

Six interstratified magma types constitute the Dullstroom Formation and these are named, in order of their 

extrusive sequence: Low-Ti (L Tl) Basaltic Andesite, Basal Rhyolite, High-Ti (HTI) Basalt, High-Mg Felsite 

(HMF), High-Fe-Ti-P Andesite, and Low-Mg Felsite (LMF). The latter two are continuous into the Damwal 

Formation, with the last HMF extrusion defining the top of the Dullstroom Formation. Two compositionally 

distinct LMF's constitute the Kwaggasnek and Schrikkloof Formations. In total then, eight magma types 

define the Rooiberg Group, with individual magma types exhibiting only minor signs of fractional 

crystallization. Sri is elevated and high concentrations of elements characteristically enriched in the crust are 

encountered. The HMF has a Proterozoic, upper crustal composition. 

The anomalously high Zn and Pb concentrations in the massive volcanic rocks in the roof zone of the RLS 

lead to consideration of the economic potential of the Rooiberg Group. Previously described deposits can be 

related to the newly established stratigraphic subdivision of the Rooiberg Group. Four mineralizing events, 

two linked to the intrusions of the RLS and one each to the intrusion of the Rashoop Granophyre and 

Lebowa Granite Suites, appear to have affected the Rooiberg Group. Initial intrusions of the RLS are 

proposed to have pneumatolytically-hydrothermally concentrated base metals, especially copper, into the 

Dullstroom floor succession (first mineralizing event). Pyrite and arsenopyrite in sedimentary rocks at the 

base of the Kwaggasnek Formation could be due to shallow granophyre intrusions (second mineralizing 
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event). subsequently overprinted by base metal mineralization (mainly Pb and Zn), constituting the third 

mineralizing event. Fourthly, the Lebowa granites introduced tin and fluorspar, and this type of mineralization 

is restricted to the upper Kwaggasnek and Schrikkloof Formations. Sinter deposits, present at the top of the 

Schrikkloof Formation, are interpreted to be the surface expression of the hydrothermal convection cell, and 

may be considered for their gold concentrations. 

Currently available age data suggest that the Rooiberg Group (2061~2Ma) is more closely associated with 

the Bushveld Complex (2054~2Ma for the Rusten burg Layered and Lebowa Granite Suites, 2053~12Ma for 

the Rashoop Granophyre Suite, and 2060~2Ma for the Rooikop Granite Porphyry) than the Transvaal 

Supergroup (about 2.4 - 2.6Ga). This is supported by a close geographic association of the volcanic and 

intrusive rocks, leading to consideration of the potential link between the acidic Bushveld suites and the 

Rooiberg Group. Comparison of granophyre and Rooiberg rhyolite chemistry confirms that the granophyre, 

by and large, is the shallow intrusive equivalent of the rh_yolite, rather than remelted rhyolite or melted 

sedimentary rocks. The Rooikop Granite Porphyry is the shallow intrusive equivalent of the most evolved, 

and youngest Rooiberg magma. Further evidence supporting the notion that the Rooiberg Group forms part 

of the Bushveld Complex is found in the fact that the youngest RooihP.rg rhyolite compositions compare 

favorably with those of published Bushveld granites. The Rooiberg rhyolites, Rashoop granophyre and 

Lebowa granite are therefore all derived from a source similar to upper crustal composition. Granite intrusion 

terminated the Bushveld magmatic event, but may have overlapped in time with the last extrusions of the 

Rooiberg rhyolites. 

Considering available evidence, a plume origin of the Complex is favored over a meteorite impact. It is 

concluded that a mantle plume initiated the Bushveld magmatic event, with volcanic extrusions and silicic 

(Rashoop Granophyre and Lebowa Granite Suites) intrusions being related. The presence of Bushveld 

satellite intrusions, together with the Bushveld metamorphic event affecting large portions of the Kaapvaal 

Craton, suggests that Bushveld magmatism was regional. Since evidence of uplift is absent from the main 

body of the Complex and uplift probably occurred towards the north and northwest, it is suggested that the 

Bushveld plume was positioned towards the north of the present-day outcrop of the Complex. lntraplating, 

by plume-derived magma at the lower-upper crustal boundary, of the Kaapvaal Craton at 2054Ma is 

proposed to have caused the Bushveld magmatic event. This also resulted in the strong upper crustal 

signature for the majority of Bushveld magma types. 
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Opsomming 

IV 

Die Dullstroom Basaltformasie en die Rooiberggroep: 

vulkaniese gesteentes geassosieer met die Bosveldkompleks. 

Die doel van die studie is tweeledig. Eerstens is dit om die potensiele skakel tussen die oorwegend 

vulkaniese Dullstroom Basaltformasie en die Rooiberggroep te beskryf (beide eenhede is voorheen as deel 

van die Transvaal Supergroep gesien en word nou geskei deur basiese gesteentes van die Rustenburg 

Gelaagde Suite (RLS)), en tweedens is dit om die moontlike verband tussen hierdie twee vulkaniese 

rotsopeenvolgings en die Bosveldkompleks vas te stet. 

Veld-, petrografiese-, en geochemiese navorsing dek die voorkomste van positief ge·identifiseerde en 

potensiele Dullstroom vulkaniese gesteentes (suidoos Bosveldkompleks, Makeckaan- en 

Rooibergfragmente), asook dagsome van die Rooiberggroep (Bothasbergplato, Tauteshoogte-, Rooiberg

en Loskopdamgebiede). Die Dullstroom vulkaniese gesteentes in die suidoostelike gedeelte van die 

Bosveldkompleks is gekarteer, gedokumenteer en volledig ge·interpreteer. Gevolglik is ook die eerste 

samestelling van 'n omvattende geologiese kaart gedoen. Ekstrusiewe volumes en ekstrusiemeganismes 

word afgelei vir die individuele magmatipes. Orie versakkings in die omgewing van moonlike ekstrusiepunte 

is gedokumenteer. 'n Sandlaag is teenwoordig op die diskordansie wat die top van die Transvaal 

Supergroep aandui. Tekens van interaksie tussen die sandlaag en die eerste lawauitvloeiings is 

teenwoordig. 

Die primere chemiese samestelling van die gesteentes onder bespreking toon verandering - gedeeltelik as 

gevolg van die lang tydsvertoop, maar hoofsaaklik as gevolg van hul nabyheid aan belangrike suur- en 

basiese intrusiegesteentes. Veld-, petrografiese- en geochemiese gegewens is gebruik om die mobiele en 

nie-mobiele elementkonsentrasies te identifiseer. Die gesteentes onder die RLS (d.i. Dullstroom 

Basaltformasie) is onderwerp aan termale metamorfose en gepaardgaande dehidrasie. In teenstelling was 

Si, Mn, Ca, Na, K, Fe, Mg, Sr, Th, Ba, U, Hf, Ni, Cu, Zn, Pb, Nb, Zr, en Y mobiel in die dakgesteentes 

(Rooiberggroep) van die RLS. In die gesteentes is die megani:;me en graad van verandering afhanklik van 

die geologiese ligging en afstand van groat intrusiegesteentes. Daar is vasgestel dat Ti, Al, P, Ga, Sc, sowel 

as swaarder seldsame aarde elemente nie mobiel was. Hidrotermale konveksieselle, aktief in die 

dakgesteentes, word illustreer deur 'n 1.4 kilometer dik sone wat opwaarts toeneem in graad van hidrasie. 

Maksimum konsentrasies van Pb (335ppm), Zn (929ppm) en Mn (0.45wt.%) word aan die bokant van die 

sone bereik. Verandering het ook die kleur van die rots aangetas. Gevolglik kan kleur nie gebruik word vir 
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stratigrafiese onderverdeling of om afleidings te maak ten opsigte van die evolusie van die Proteroso'fese 

atmosfeer nie. 

Uit 'n studie van die nie-mobiele elementkonsentrasies is die afleiding gemaak dat een magmatipe - die Hoe 

Mg-felsiet (HMF), algemeen voorkom in die vloer- en dakopeenvolgings van die RLS. Dit is onteenseglik 

vasgestel dat die vulkaniese gesteentes van die Dullstroom Basaltformasie en die Rooiberggroep 

aaneenlopend was voordat dit deur die basiese gesteentes van die RLS geskei is. Die Dullstroomformasie 

stel gevolglik die basale gedeelte van die Rooiberggroep voor. Hierdie feit het die geleentheid geskep om 'n 

regionaal-toepaslike stratigrafie vir die Rooiberggroep daar te stel. lnligting verkry uit vorige veld- en 

geochemiese werk is hierby ingesluit. 

Dit word aanbeveel dat die Rooiberggroep herdefinieer word om die Dullstroom Basaltformasie in te sluit, en 

dat die nuutgedefinieerde Rooiberggroep as volg onderverdeel word (van onder na bo) : Dullstroom-, 

Damwal-, Kwaggasnek- en Schrikkloofformasie. Die Loskopformasie wat bo-op die Rooiberggroep voorkom 

kan moontlik ook by die Rooiberggroep ingesluit word, maar verdere studie word hiervoor benodig. 

Regionaal-standhoudende horisonne, geredelik herkenbaar in die veld, verleen ondersteuning aan die 

voorgestelde onderverdeling. Hieronder tel (i) 'n sone van kwartsietinsluitsels in die boonste deel van die 

Kwaggasnekformasie, (ii) die Union Tin Lid, wat die top van die Kwaggasnekformasie verteenwoordig, en 

(iii) die sterk vloeigebande Schrikkloofformasie wat algemeen bedek word deur 'n tuffagtige afsetting. Die 

onderste Dullstroomopeenvolging is ook sigbaar in die Makeckaan- en Rooibergfragmente. In die 

Rooibergfragment is die opeenvolging bedek deur 'n vloei van Lae Mg-felsiet (LMF) van die 

Schrikkloofformasie. Dit definieer die intra-Rooiberg diskordansie wat na die noorde en noordweste van die 

betrokke gebied voorkom. 'n Sintese van al die beskikbare data het die klassifikasie van die voorheen 

ongedefinieerde Rooiberg gebeurtenis vergemaklik. 'n Regionale kaart van die Rooiberggroep, wat die 

verspreiding van die vier formasies detaileer, is gevolglik saamgestel. Daar word voorgestel dat die basale 

Rooibergopeenvolging ook verder gepreserveer is as die hedendaagse grense van die Bosveldkompleks 

(byvoorbeeld in die Molopo Farms-kompleks in Botswana). 

Ses tussengelaagde magmatipes vorm die Dullstroomformasie. In volgorde van uitvloeiing staan hulle 

bekend as: Lae Ti-basaltiese andesiet (L Tl), Basale rioliet, Hoe Ti-basalt (HTI), Hoe Mg-felsiet (HMF), Hoe 

Fe-Ti-P-andesiet, and Lae Mg-felsiet (LMF). Laasgenoemde kom ook voor onder die Damwalformasie 

bokant die RLS waar die laaste HMF-uitvloeiing die bopunt van die Dullstroomformasie definieer. Twee tipes 

LMF, wat op grond van hul samestelling onderskei word, vorm die Kwaggasnek- en Schrikkloofformasies. In 

totaal definieer agt magmatipes die Rooiberggroep, waar individuele magmatipes slegs klein tekens van 
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fraksionele kristalisasie toon. In die magmas is Sr1 verhoog en hoe konsentrasies van elemente, 

kenmerkend verryk in die kors, is teenwoordig. Die HMF het Proteroso"iese bo-kors samestelling. 

Die anomale hoe Zn- and Pb-konsentrasies in die vulkaniese gesteentes in die daksone van die Rustenburg 

Gelaagde Suite noodsaak die oorweging van die ekonomiese potensiaal van die Rooiberggroep. Die 

voorheen-beskryfde mineraalafsetting kan in verband gebring word met die nuut-geskepte stratigrafiese 

ondeNerdeling van die Rooiberggroep. Vier mineraliseringsperiodes, waaNan twee gekoppel kan word aan 

die indringing van die Rustenburg Gelaagde Suite en een elk onderskeidelik aan die indringing van die 

Rashoop Granofier en die Lebowa Graniet Suites, is teenwoordig. Dit word voorgestel dat die aanvanklike 

indringing van die Rustenburg Gelaagde Suite, pneumatolities-hidrotermale onedelmetale, veral koper, in 

die Dullstroom opeenvolging gekonsentreer het (eerste mineralisasieperiode). Piriet en arsenopiriet in die 

sedimentere gesteentes aan die basis van die Kwaggasnekformasie kan toegeskryf word aan vlak 

granofierindringings (tweede mineralisasieperiode), wat daarna oorskryf is deur onedelmetaalmineralisasie 

(hoofsaaklik Pb en Zn) van die derde periode. Vierdens, het die Lebowagraniet tin- en 

vloeispaatmineralisasie veroorsaak. Laasgenoemde is beperk tot die boonste Kwaggasnek- en 

Schrikkloofformasies. Sinterafsettings, aanwesig aan die bokant van die Schrikkloofformasie, word gesien 

as oppeNlakmanifestasies van hidrotermale konveksieselle, en mag oorweeg word vir goudkonsentrasie. 

Ouderdomsdata, wat tans beskikbaar is, stel voor dat die Rooiberggroep (2061 ±2Ma) eerder verwant is aan 

die Bosveldkompleks (2054±2Ma vir die Rustenburg Gelaagde en Lebowa Graniet Suites, 2053±12Ma vir 

die Rashoop Granofier Suite, en 2060±2Ma vir die Rooikop Granietporfier) as aan die Transvaal 

Supergroep (ongeveer 2.2 - 2.6Ga). Die stelling word ondersteun deur die noue assosiasie van die 

vulkaniese en plutoniese gesteentes. Dit gee weer aanleiding tot die moontlike skakeling tussen die suur 

Bosveld suites en die Rooiberggroep. 'n Vergelyking van die chemiese samestellings bevestig dat die 

granofier in die algemeen die vlak indringingsekwivalent van die rioliet is, eerder as wat dit hersmelte rioliet 

is. Die Rooikop Granietporfier is die vlak intrusiewe ekwivalent van die mees ontwikkelde en daarom jongste 

Rooiberg magma. Verder, wat die idee ondersteun dat die Rooiberggroep deel uitmaak van die 

Bosveldkompleks, is gevind dat die jongste Rooiberg riolietsamestellings gunstig vergelyk met dit wat oor 

die Bosveldgraniet gepubliseer is. Die Rooibergrioliet, Rashoopgranofier en Lebowagraniet is dus almal 

afkomstig van 'n bron soortgelyk aan die bo-kors. Granietintrusie het die Bosveld magmatiese gebeurtenis 

ge-eindig, maar dit mag, in tyd, met die laaste ekstrusies van die Rooiberg rioliet ooNleuel het. 

Met al die beskikbare gegewens word 'n pluimoorsprong bo die van 'n meteorietimpakoorsprong vir die 

Bosveldkompleks verkies. Daar word tot die gevolgtrekking gekom dat 'n mantelpluim die Bosveld 

magmatiese gebeurtenis begin het, met verwantee vulkaniese ekstrusie en intrusie van suur gesteentes 

(Rashoop Granofier Lebowa Graniet Suites). Die teenwoordigheid van Bosveld satelietindringings tesame 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



.. 
Vil 

met grootskaalse metamorfose het groot dele van die Kaapvaalkraton geaffekteer, wat impliseer dat die 

Bosveld magmatisme streeksgebonde was. Aangesien daar geen bewyse van opheffing in die grootste 

gedeelte van die Kompleks teenwoordig is nie en aangesien opheffing waarskynlik in die noorde en 

noordweste voorgekom het, word voorgestel dat die Bosveldpluim noord van die hedendaagse dagsoom 

van die Kompleks was. lntraplatering van die Kaapvaalkraton deur pluim-verwante magma om en by 

2054Ma, word gesien as die oorsaak van die Bosveld magmatiese gebeurtenis. Dit het ook aanleiding 

gegee het tot die sterk bo-kors karakter van die meerderheid van die magmatipes van die Bosveldkompleks. 
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1. Introduction 

The Dullstroom Basalt Formation and the Rooiberg Group: 

volcanic rocks associated with the Bushveld Complex 

The Transvaal Supergroup is composed of a 12 to 15 km thick succession of sedimentary and volcanic 

rocks (SACS, 1980). The Dullstroom Basalt Formation (or Dullstroom Formation in short) and the Rooiberg 

Group were, prior to this study, regarded as the terminal members of the Transvaal Supergroup. A brief 

overview of Transvaal volcanism is therefore provided before the Dullstroom and Rooiberg events are 

considered in more detail. 

The oldest volcanic rocks of the Transvaal Supergroup are preserved in the Abel Erasmus Basalt Formation, 

which is part of the Wolkberg Group. This Formation (up to 500 m thick), is restricted to the northeastern 

margin of the Transvaal Basin, and rests unconformably on older Swazian rocks (SACS, 1980). However, 

the most pronounced volcanic activity in the Transvaal Supergroup is found in the Pretoria and Rooiberg 

Groups. Basaltic lava of the Bushy Bend Member (part of the Timeball Hill Formation, basal portion of the 

Pretoria Group) are present in the southern area of the Pretoria Group Basin (Eriksson et al., 1994). 

Pyroclastic rocks are encountered at the equivalent stratigraphic level elsewhere in the Transvaal Basin. 

The generally 150 to 300 m thick Hekpoort Andesite Formation is developed over an extensive area and 

circumscribes the Bushveld Complex. Lahar deposits (Eriksson and Twist, 1986) have been described, with 

andesitic lavas being the dominant rock type. A whole rock, Rb/Sr isochron age of 2224_:!:21 Ma was obtained 

from lavas in the southeastern portion of the Transvaal Basin (Burger and Coertze, 1975; also see Cornell et 

al., 1996). Recent age determinations (Beukes, pers. communication, 1998) suggests that the Hekpoort 

volcanic rocks are more likely to be 2.4Ga old. The, up to 400 m thick, predominantly pyroclastic and 

volcaniclastic Machadodorp Member, separating the Boven and Lydenburg Members of the Silverton Shale 

Formation, is restricted to the eastern portion of the Transvaal Supergroup. Subdivision considers a basal 

pyroclastic and an upper basalt unit (Button, 1974). Basalt lavas exhibit comparable compositions over 

some 200 km distance, and resemble those of present-day oceanic tholeiites (Button, 1974; Sharpe et al., 

1983). 

The Dullstroom Formation, in the southeastern area of the Bushveld Complex, represented in the old 

classification (SACS, 1980) the upper part of the Pretoria Group, and was the thickest basalt to andesite 

package in the Transvaal Supergroup. In spite of its significant outcrop area of approximately 400 km 2
, it had 

received little attention in the past. The tenninaJ package of volca~ic rocks in the Transvaal Supergroup was 
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regarded as the }!ery -~xten~j~~1~.?Uiceo.us eilJ.Pti_v.es of the R.Qoib.erg.Group, with proposed eruptive volumes 

of 300 000 km3 over an area of 50 000 km 2 (SACS, 1980; Twist, 1985; Twist and French, 1983). 

Mafic intrusions of the Rustenburg Layered Suite (RLS) separate the outcrop areas of the Dullstroom 

Formation and the Rooiberg Group. The possibility that the Dullstroom and Rooiberg volcanic rocks 

originally formed one continuous succession is suggested by the outcrop pattern. Recent findings, to be 

more fully elaborated on in this treatise, question the classification of the Dullstroom Formation and the 

Rooiberg Group as integral parts of the Transvaal Supergroup. Evidence strongly suggests that the volcanic 

package is part and parcel of the Bushveld magmatic event. 

It is important to note that this study also identifies a sequence of Dullstroom Formation in the roof of the 

RLS. To avoid confusion, this sequence will hereafter be referred to as the Dullstroom roof succession as 

opposed to the better known Dullstroom floor succession beneath the RLS. 

1.1 Aims and scope of investigation 

This investigation has two major aims. First is to examine the physical and chemical characteristics of the 

Dullstroom and Rooiberg volcanic rocks in order to evaluate the possible link between these successions, 

and secondly, their relationship with the Bushveld Complex has to be established. 

Two major hypotheses are therefore considered: 

a) The Dullstroom Basalt Formation and the Rooiberg Group are genetically and temporarily unrelated. 

b) These volcanic successions, individually or together, do not form an integral part of the Bushveld 

magmatic event. 

In order to achieve these aims, seven areas were investigated (Appendix A, page A 13, Fig. 1, localities 1 to 

7): Dullstroom Basalt Formation (Dullstroom area, detailed mapping and sampling); a volcanic xenolith in the 

RLS (maQping and sampling); Tauteshoogte area (reconnaissance sampling); Bothasberg Plateau 

(sampling traverse employing the map of Clubley-Armstrong, 1977); Loskop Dam (reconnaissance field 

visits; geochemical analyses provided by Twist, unpublished data; Twist, 1985); Makeckaan Fragment 

(mapping and sampling); Rooiberg Fragment (mapping and sampling). 

The Dullstroom Formation (Dullstroom area), the volcanic xenolith, and the Rooiberg felsite of the 

Bothasberg Plateau, Tauteshoogte, and Loskop Dam areas , together, r _)resent the most continuous 
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composite section through the relevant volcanic successions. The volcanic rocks of the Makeckaan and 

Rooiberg Fragments are also important because previous workers have reported conformable contacts 

between the Pretoria Group and the overlying Rooiberg Group, in both these areas (e.g. Wagner, 1921; 

Boardman, 1946). Some analyses of granophyre and Rooikop Granite Porphyry intrusions are also 

considered, as is a database containing published granophyre and granite compositions, for comparative 

purposes. 

-\ Sampling procedure, sample localities, and rock types are provided in Appendix E. Appendices F to I list the 

analytical data that are utilized during this study. The analytical methods are described in Appendix J. 

2. Synthesis and discussion 

The research on which this thesis is based has been conducted over a period of 6 years, and this 

compilation is an amalgamation of the published manuscripts: manuscripts under review or revision, and 

extended abstracts (Table 1 ). 

The writer performed fieldwork, sampling, sample preparation, petrographical, and geochemical analyses 

(except for the REE). Manuscripts listed in Appendix A were all written by the candidate including, for 

example, literature reviews, compilation of the figures, and data analyses. C.J. Hatton is first author on the 

Hatton and Schweitzer (1995), (Appendix A36 to A51) manuscript because he initially proposed the plume 

origin for the Bushveld Complex. It is in Appendix A where the writer's major contributions are to be found. 

Appendix B (B 1 to B 17) presents symposia abstracts. The candidate wrote all abstracts, except for Verryn et 

al. (1995). Abstracts are presented for completeness, but also contain some information and interpretation 

that are not part of Appendix A. The Schweitzer and Hatton (1997) abstract, for example, compares the 

sedimentary record at the base of the Ventersdorp and Bushveld plume events, and makes deductions 

concerning the geographic position of the plume. 

Co-authored manuscripts are provided in Appendix C (C1 to C69). The contribution to the Eriksson et al., 

(1993; C1 to C27) is a preliminary, regional stratigraphic correlation of the Rooiberg Group and a complete 

geochemical profile thereof. The stratigraphic setting of the Loskop Formation is also discussed. The flood 

rhyolite manuscript by Twist et al. (1998, C28 to C69), has been included because it reviews the worldwide 

occurrence of voluminous rhyolites, and discusses eruption mechanisms of the rhyolitic rocks of the 

Rooiberg Group. 
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Appendix D (D1 to D8) summarizes the majority of the available isotope information on the Rooiberg Group, 

including Rb/Sr isotopic data of the Dullstroom Formation L Tl Basaltic Andesite, HTI Basalt, and Basal 

Rhyolite. The Rb/Sr isotopes were measured and detailed by Schweitzer (1986), but is not included in the 

author list due to differences in interpretation advanced by Harmer and Farrow (1995, Appendix D). 

Table 1: Summary of manuscripts, abstracts, co-authored manuscripts, and isotope data (provided in the same 

sequence as listed in the Appendices A to D). 

Appendix A: Manuscripts 

Schweitzer. J.K., Hatton, CJ., and de Waal, SA, 1995. Regional lithochemical stratigraphy of the Rooiberg Group, upper Transvaal 

Sequence a proposed new subdivision. South African Journal of Geology, 98, 245-255. 

Schweitzer, J.K. and Hatton, C.J., 1995. Chemical alteration within the volcanic roof rocks of the Bushveld Complex. Economic 

Geology, 90, 2218-2231. 

Schweitzer, J.K., Hatton, CJ., and de Waal, SA, 1995. Economic potential of the Rooiberg Group - volcanic rocks in the floor and roof 

of the Bushveld Complex. Mineralium Deposita, 30, 168-177. 

Hatton, C.J and Schweitzer, J.K., 1995. Evidence for synchronous extrusive and intrusive Bushveld magmatism. Journal of African 

Earth Sciences. 21, 579-594. 

Schweitzer, J.K., Hatton, C.J., and de Waal, SA, 1997. Link between the granitic and volcanic rocks of the Bushveld Complex, South 

Africa. Journal of African Earth Sciences, 24, 95-104. 

Schweitzer, J.K., Hatton, C.J. and de Waal, SA, 1998 (submitted). The basal portion of the Rooiberg Group, South Africa: the onset of 

Bushveld magmatism. Journal of Volcanology and Geothermal Research. 

Appendix B: Abstracts 

Schweitzer, J.K. and Hatton, C.J., 1995. Synchronous emplacement of the felsites, granophyres, granites and mafic intrusives of the 

Bushveld Complex. Extended Abstract, Centennial Geocongress, Rand Afrikaans University, Johannesburg, 532-535. 

Hatton, C.J. and Schweitzer, J.K., 1997. The World's largest platinum, chromitite, and gold deposits, South Africa: Mantle plume in 

origin? Extended Abstract, Plumes Plates and Mineralization Symposium (PPM'97), 14-18 April, University of Pretoria, 45-46. 

Schweitzer, J.K., Hatton, C.J., and de Waal, SA, 1997. The Rooiberg Group: missing link to the understanding of the Bushveld 

Igneous Complex? Extended Abstract, University of Pretoria - Research Seminar, 26 September, 28-29. 

Schweitzer, J.K. and Hatton, C.J., 1997. Sedimentary rocks at the base of the Ventersdorp and Bushveld plume events. Extended 

Abstract, Symposium on Precambrian Sedimentation Systems, Council for Geosciences, Pretoria, 23 October, unpaginated. 

Verryn, S M.C., de Waal, S.A., Schweitzer, J.K. and Hatton, C.J., 1995. The contact metamorphic aureole of the Rustenburg Layered 

Suite of the Bushveld Complex: Zn concentration as characterized by an x-ray diffraction study. Extended Abstract, Centennial 

Geocongress, Rand Afrikaans University, Johannesburg, 936-939. 
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Appendix C: Co-authored Manuscripts 

Eriksson, P.G., Schweitzer, J.K., Bosch, P.J.A., Schreiber, U.M., van Deventer, J.L. and Hatton, C.J., 1993. The Transvaal Sequence 

an overview. Journal of African Earth Sciences, 16. 25-51. 

Twist, D., Cheney, E.S., Schweitzer, JK, de Waal, S.A. and Bristow, J.W., 1998 (under revision). Flood rhyolites in the Rooiberg Group 

of South Africa. South African Journal of Geology 

Appendix D: Isotope Data 

Harmer, R.E. and Farrow, D., 1995. An isotope study on the volcanics of the Rooiberg Group: age implications and a potential 

exploration tool. Mineralium Deposita, 30, 188-195 

The purpose of the following sections is to guide the reader through the work that has been conducted. The 

reader is continuously referred to the individual manuscripts and abstracts, listed in Appendices A-O, for 

more detail. 

2.1 Preliminary investigation: Extent of alteration 

The chemical composition of the volcanic rocks under consideration plays an important role during this 

study. Element mobility pattern must therefore be established initially (Appendix A, A 12-A25 and A26-A30; 

also see Appendix B, B13-B17). Element redistribution could be pronounced by virtue of the age of the 

volcanic rocks and their proximity to major mafic and siliceous intrusions. However, the identification of 

primary and secondary element concentrations is essential in fulfilling the major aims of this study. 

The volcanic rocks under consideration are located in three distinct geological settings (Fig. 1, A 13), in 

relation to the Rustenburg Layered Suite (RLS) and the Lebowa Granite Suite (LGS). Some are underlying 

the mafic rocks of the RLS (Fig. 1, A 13; locality 1 ), others are overlying the RLS (Fig. 1, A 13; localities 3, 4 

and 5), whereas still others are preseNed in fragments that are imbedded in granite (Fig. 1, A 13; localities 6 

and 7). Differing element redistribution pattern have therefore to be expected. 

The volcanic rocks of the Dullstroom Formation, beneath the RLS (Fig. 1, A 13, locality 1) are subdivided 

(according to rock texture) into three metamorphic zones (Fig. 7, A 18): 

Upper Metamorphic Zone (<400 m beneath RLS): Granoblastic textures; partial melting close to contact; 

amphibolite to granulite facies. 
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Middle Metamorphic Zone (400-1000 m beneath RLS): Original textures; tremolite-actinolite neoformation, 

sericite and quartz, upper greenschist facies. 

Lower Metamorphic Zone (>1000 m beneath RLS): Original textures; chlorite is present; lower greenschist 

f acies. 

Amphibole of the Middle Metamorphic Zone has low (<1 wt.%) Na2O contents (Appendix F, F4) suggesting 

low metamorphic grade. Coexisting amphibole and clinopyroxene in the Upper Metamorphic Zone have 

comparable FeO/MgO ratios, which, in turn, are similar to the whole rock ratios, suggesting that these 

elements were inert. Evidence supports the notion that the volcanic floor rocks of the Dullstroom Formation 

were dehydrated by the RLS, confirming a previous study in the western Bushveld Complex (Fig. 1, A 13; 

locality 8). Loss on ignition (LOI) values are low in the Dullstroom floor succession (Fig. 8, A20), normative 

corundum is almost completely absent (Fig. 9, A20), and positive correlations between Cao and FeO or 

MgO, as typical for unaltered igneous rocks, are observed. Element redistribution associated with the 

Dullstroom floor succession is therefore linked to dehydration, with a pronounced, long-term hydrothermal 

system having been absent. It is therefore deduced that element redistribution within these rocks is minor. 

Towards (1-2 km) the contact with the RLS the roof felsites are transformed into biotite hornfelse. Above this 

zone, devitrified glass is altered to quartz, chlorite and epidote. LOI and normative corundum (Figs. 8 and 9, 

A20) are highly variable in the roof rocks, indicating varying degrees of alteration. 

Comparison of the immobile (Fig. 48, A 16) and the rare earth elements (REE, Appendix I, 11 ), confirms that 

the High-Mg Felsite (HMF) is common to the floor and roof successions. The Basal Rhyolite is only present 

in the Dullstroom floor succession and in the Makeckaan Fragment (Fig. 4A, A 16). 

Regional comparison of magma types shows that the felsite succession at Tauteshoogte and the 

Bothasberg Plateau are less altered than those at Loskop Dam (Figs. 4C-E, A 16) and in the Rooiberg and 

Stavoren/Makeckaan Fragments (Fig. 4E, A 16). At Loskop Dam some samples of felsite have anomalously 

high SiO2 (>76 wt.%; Fig. 13, A22), high LOI (Fig. 8, A20), high normative corundum (Fig. 9, A20), and high 

Zn and Pb (Figs. 11 and 12, A21) concentrations. Zn contents are correlated with the abundance of 

secondary chlorite (813 to 817). Cao exhibits a oronounced secondary correlation with LOI (Fig. 10, A21). 

In spite of these complicating factors, immobile element concentrations (e.g. Fig. 14, A22) clearly distinguish 

the felsite magma types above the RLS. 

It is concluded that the volcanic rocks beneath the RLS show minor signs of element redistribution. The 

felsite succession above the RLS has been severely altered, with associated changes in element 

concentrations. There, Ti, P, Al, Ga, Sc, and the HREE are the same at all localities, have remained inert 
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and can be utilized for regional correlations. The roof rocks are regionally depleted in Sr, Na and Th, and 

enriched in LOI, Ni, and Zn (Fig. 15, A23). Nb, Zr, and Y, which are commonly taken as immobile, have 

been depleted in the upper felsite succession. Element redistribution is the result of the RLS hydrothermal 

convection cell, which is also responsible for a 1.4 km thick zone of increasing base metal enrichment (Fig. 

17, A24) immediately above the RLS. 

It was also established in this study that felsite color can not be employed during stratigraphic subdivision. 

This has previously resulted in erroneous classifications. Felsite color, in addition, should also not be utilized 

to identify the nature of the Proterozoic atmosphere 

2.2 Testing of hypotheses 

2.2.1 Hypothesis 1: The Dullstroom Formation and Rooiberg Group are genetically unrelated 

The Dullstroom Basalt Formation (SACS, 1980) was previously thought to consist almost entirely of mafic 

volcanic rocks and a link to the dacitic and rhyolitic Rooiberg rocks was questioned. This necessitates that 

the Dullstroom Formation, as preserved in the southeastern area of the Bushveld Complex (Fig. 1, A 13; Fig. 

6, A 7), receives more detailed attention. 

Mapping confirms that the Dullstroom Formation was emplaced on a pronounced unconformity, which is 

underlain by the sedimentary rocks of the Houtenbek and Steenkampsberg Quartzite Formations (Fig. 3, 

A 107). An unconsolidated unconformity sand sheet interacted with initial lava eruptions (Figs. 14g and i, 

A 121 and A 122). Three depressions are found on the basal unconformity (Fig. 3, A 107; Fig. 5, A 109; Figs. 

6a and b, A110; Fig. 10, A114). These are associated with rhyolite lava flows (Fig. 7, A111; Figs. 8a and b, 

A 112; Fig. 9, A 113; Fig. 14h, A 122) that flowed for up to 7km, attain thicknesses of 200 m, possess irregular 

flow tops, and have estimated eruptive volumes of 20 km3
. The depressions are interpreted to have formed 

close to eruption centers. 

Four distinct magma types are identified in the Dullstroom floor succession (Fig. 3, A107; Fig. 6, A7). These 

magmas extruded as fluidal lava flows. Initial extrusions of individual magma types carry abundant 

sedimentary fragments of the Transvaal Supergroup (Fig. 14d, A 119; Fig. 14e, A 120). Inspection of the 

Dullstroom map (Fig. 3, A 107) reveals that the magma types are intercalated, do interfinger, and extruded in 

no specific order. However, the dacitic HMF's increase in abundance towards the top of the volcanic pile 

(Fig. 4, A 108; Fig. 11, A 115). The floor succession consists to 41 vol.% of HTI Basalt, 30 vol.% L Tl Basaltic 

Andesite, 28 vol.% dacite (HMF), and 1 vol.% Basal Rhyolite and its definition as "Basalt Formation" (SACS, 

1980) appears inappropriate (Table 2, A 102). Compositional variations, linked to different eruption centers, 
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are observed within individual magma types (Fig. 12, A 116; Fig. 13, A 117), providing scope for further 

subdivision. 

The predominance of siliceous lava flows in the upper portion of the volcanic floor succession suggests a 

progressive transition into the siliceous, volcanic roof. The uppermost portion of the Dullstroom Formation is 

preserved as the volcanic xenolith, separating the Main and Upper Zones of the RLS, and as the basal 

portion of the felsite pile at Loskop Dam (Fig. 5, A 109). 

No regionally applicable stratigraphic subdivision existed for the Rooiberg Group, having been a succession 

without a base. However, this has changed with the identified link between the volcanic floor and roof 

packages. Review of previous field and geochemical work (Fig. 3, A4; Figs. 7a to c, A8) identifies regionally 

persistent marker horizons and magma types. The four, newly defined formations, from base to top, are 

termed: Dullstroom, Damwal, Kwaggasnek and Schrikkloof (Fig. 4, AS). Eight magma types are defined. Six 

are present in the Dullstroom Formation (i.e. the Dullstroom floor and roof successions) out of which two are 

continuous into the Damwal Formation. Two, compositionally distinct LMF's are the sole magma types of the 

Kwaggasnek and Schrikkloof Formations. The presence of prominent sedimentary intercalations commonly 

mark the formational contacts. However, some quartzites, are discontinuous, such as the one separating the 

Damwal from the Kwaggasnek Formation. A laterally persistent, prominent shale horizon, which may locally 

be developed as a tuft and is commonly underlain by an agglomerate, terminates the Kwaggasnek event. It 

is recommended that this prominent marker horizon be included in the Kwaggasnek Formation as the Union 

Tin Member. Some of the best exposure of parts of the Damwal and Kwaggasnek Formations is present in a 

road-cut towards the east of the Loskop Dam dam-wall (Fig. 5, C63). The uppermost Kwaggasnek in this 

exposure consists of a prominent lapilli tuft (Fig. 6, C64). 

The transition from the volcanic floor into the roof succession has been established. When combining the 

newly established, regionally applicable stratigraphic subdivision (Fig. 4, AS) with previous studies, and own 

findings where of regional significance, it is possible to compile a map featuring the distribution of the four 

Rooiberg Formations (Fig. 3, A 15). Andesitic lavas of the Rooiberg and Makeckaan/Stavoren Fragments , 

for example, compositionally compare to L Tl Basaltic Andesite as preserved in the Dullstroom floor 

succession (Fig. 8, A9). Rhyolite in the Makeckaan Fragment is identified as Basal Rhyolite (Fig. 7c, A8). 

The basal Dullstroom succession is therefore also present in the two fragments under consideration. The 

Rooiberg Group is thickest in the southeastern Bushveld Complex and thins towards the north, where only 

the uppermost Schrikkloof Formation is present (e.g. Rooiberg Fragment, where the Schrikkloof immediately 

overlies the Dullstroom Formation; Fig. 3, A4; Fig. 2, A106). Volcanic flows are intercalated with the Loskop 

Formation, which has, to date, received little attention. Future work has to confirm whether the inclusion of 

the Loskop as a fifth formation into the Rooiberg Group (Fig. 14, C21) is justified. 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



9 

Altogether, eight magma types are classified for the redefined Rooiberg Group (Fig. 4, AS; Fig. 3, A39; Table 

1, A40), taking in account that the LMF of the Dullstroom and Damwal Formations are comparable in 

composition. Distinct Fe, Ti, P, and V concentrations define the various magma types. Zr contents, in 

contrast, vary widely within the four Rooiberg Formations. In the HMF (G8, G9, C13, G14) and Basal 

Rhyolite (GS, G6) of the Dullstroom Formation, Zr concentrations vary between 144-272 ppm and 17 4-309 

ppm, respectively. These variations are increasingly pronounced towards the top of the succession with Zr 

ranging in between 276-431 ppm, 385-573 ppm, and 420-714 ppm in the LMF's of the Dullstroom/Damwal 

(G9, G10, G14-G19), Kwaggasnek (G11, G12, G20), and Schrikkloof (G12, G21, G23, G25) Formations, 

respectively. The cause of these variations has not yet been determined. 

The incompatible elements Zr, Nb and Y generally increase towards the top of the succession, whereas the 

reverse is observed for P2O5, TiO2, and Sc. This is especially pronounced for the LMF (Fig. 4, A42). Al2O3 

tends to cluster, implying subordinate plagioclase fractionation. Sc and FeO exhibit limited variations within 

individual magma types, suggesting that fractional crystallization of mafic mineral phases was subordinate. 

The upward increase of incompatible elements is accompanied by an increase in the REE (Fig. 5, A43). 

Flat, heavy REE pattern shows that garnet was absent in the source region. The weight of evidence 

suggests that partial melting is the predominant factor controlling magma composition. 

The L Tl Basaltic Andesite, Basal Rhyolite, High-Ti Basalt, HMF, and the high Fe-Ti-P Andesite (Table 1, 

A40) are interpreted as to have extruded as fluidal lava flows. The depositional nature of the remaining LMF 

rhyolite flows of the Rooiberg Group is debated. Dullstroom, Damwal, Kwaggasnek and Schrikkloof LMF 

rhyolites could have flowed over distances of 40 km, have thicknesses of up to 400 m, regular flow-tops, 

with areal extents and eruptive volumes that increase towards the top of the succession (Table 2, A 102 ). 

Transitions from lava- to pyroclastic flows have been documented, in space and time (Branney et al., 1992). 

Similar to the Bad Step Tuff (Branney et al., 1992), the uppermost Schrikkloof Formation exhibits pyroclastic 

features at its base, with lava-like characteristics being more pronounced towards the top. Care must 

therefore be taken not to oversimplify by proposing one extrusive mechanism for, for example, all the 

rhyolites of the Rooiberg Group. A spectrum of flow types could be represented by the rhyolites under 

consideration, ranging from base to top from lava flows, lava-like ignimbrites, rheomorphic ignimbrites, to 

n<:m-rheomorphic-welded ignimbrites (Schrikkloof Formation). 

The Rooiberg Group has, to date, received little attention by geochronologists. Whole rock, Rb/Sr and Pb 

isotopes suggest that the Rooiberg Group is older than 2070Ma (Harmer and Farrow, 1995; Appendix D). 

Walraven (1997) derives a single zircon Pb evaporation age for the Kwaggasnek Formation of 2061 Ma ~2. 

Barley (pers. communication, 1997) analyzed rhyolites of the Schrikkloof Formation, yielding a zircon 
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SHRIMP age of 2057~7Ma. All these suggest that the felsites are consistently older than the mafic rocks 

and the granites by about 5 to 1 0Ma. 

In summary: One magma type, the HMF, is common to the volcanic floor and roof successions of the RLS, 

unequivocally establishing that at least the lower portion of the volcanic pile was continuous before 

separation by the RLS. The Dullstroom succession is the basal formation of the Rooiberg Group, which 

enables the establishment of a regionally applicable stratigraphic subdivision, and the compilation of a map 

featuring the distribution of the four Rooiberg formations. The previously undocumented volcanic floor 

succession is investigated in detail. The onset of volcanic activity, as observed above the unconformity 

topping the Transvaal Supergroup, is described, together with the field, petrographical and geochemical 

characteristics of the initial Rooiberg magma types. The transition from the floor succession to the roof is 

gradual, with the floor succession becoming increasingly siliceous towards its top. Eight magma types 

extruded within the Rooiberg Group, and their distribution, extrusive volumes and characteristics are 

identified. Transitional compositions in between the major magma types are absent. This, taken together 

with other geochemical characteristics, suggests that fractional crystallization was not pronounced in the 

evolution of the various magma types, which inherited a strong upper crustal signature and could have 

formed at crustal levels. 

2.2.2 Hypothesis 2: The Dullstroom Formation, Rooiberg Group and Bushveld Igneous Complex are 

unrelated 

In the previous section it has been established that the Dullstroom and Rooiberg volcanic rocks are related. 

The basal Dullstroom unconformity (e.g. Fig. 3, A 107) is taken as supporting evidence for inclusion of the 

Dullstroom Formation into the Rooiberg Group. However, in the presence of a link between the Rashoop 

Granophyre- (RGS), Lebowa Granite- (LGS) and/or Rustenburg Layered (RLS) Suites and the Rooiberg 

Group, this basal unconformity would mark the termination of the Transvaal Supergroup and the onset of 

Bushveld magmatism. 

Acid magmas are centrally placed within the Bushveld Complex with the mafic rocks located at the periphery 

(Fig. 1, A 13). The Rooiberg Group exhibits a close spatial association with the RGS arid LGS. The 

Dullstroom Formation is localized in occurrence, with the Damwal, Kwaggasnek and Schrikkloof Formations 

covering increasingly larger areas (Table 1, A 101 ). The regional uniformity of magma types is noted. The 

Lower and Critical Zones of the RLS are nowhere in contact with the volcanic rocks. The Main and Upper 

Zones abut the Dullstroom and Damwal Formations, but are not found in contact with the Kwaggasnek and 

Schrikkloof Formations. The latter two are predominantly in contact with granite of the LGS or granophyres 
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of the RGS in the western and northern areas of the Complex. Granite is intrusive into the mafic rocks of the 

RLS and therefore terminates the Bushveld event. 

Work aimed at testing Hypotheses 2 concentrates on the establishment of a potential link between the 

volcanic rocks and those of the RGS and LGS. Hatton and Sharpe (1989) noted possible geochemical links 

between the RLS and the volcanic rocks. 

The newly established stratigraphy of the Rooiberg Group (Fig. 4, AS) facilitates confident field and 

geochemical comparison of the Rooiberg magma types and the RGS and LGS. 140 granophyre 

compositions were compiled into a regional database and these were compared, by locality, to the 

associated Rooiberg magma types. In most cases, the granophyre composition differs from that of the 

abutting Rooiberg magma type, but matches Rooiberg magmas higher in the volcanic pile (Fig. 8, A47; Fig. 

9, A4 7). Damwal-type granophyre, for example, intruded beneath the LMF of the Dullstroom Formation, and 

Schrikkloof-type granophyre intruded beneath the Kwaggasnek Formation LMF (Table 2, A46). Granophyres 

corresponding to progressively younger LMF magma compositions continuously intruded younger volcanic 

rocks. The majority of granophyres are therefore co-magmatic with the Rooiberg Group, representing the 

shallow intrusive equivalents of the various LMF magma types. The Rooikop Granite Porphyry (Table 2, 

A55), included in the RGS, intrudes the upper portion of the Rooiberg Group. The composition of this 

porphyry corresponds favorably with the Schrikkloof LMF magma, supporting the notion that the 

granophyres are shallow LMF intrusions. 

A potential link between the LGS and the Rooiberg Group has been debated for several decades (see A52 

to A61 for discussion of various viewpoints). Most recent workers prefer the interpretation that the Bushveld 

granites and the Rooiberg volcanic rocks are genetically unrelated. This also leads to statements such as 

" ... it is not possible that the Rooiberg Group can represent the volcanic equivalent of the Lebowa Granites. 

Significant compositional differences exist between the volcanics and granites ... " (see Harmer and Farrow, 

1995; Appendix D, D2). 

This study reveals that previous attempts at correlating rhyolite and granite compositions were seriously 

hampered due to the absence of a properly defined stratigraphic subdivision of the Rooiberg Group and its 

associated magma types. Several Rooiberg magma types, for example, were averaged to then compare to 

granite compositions. This led to the conclusion that the rhyolites and granites are unrelated. When 

comparing individual LMF magma types with Nebo compositions (Table 2, A55) it is deduced that the 

Schrikkloof LMF most favorably compares to the granites. This is documented with regard to REE (Fig. 2, 

A56), major and trace element concentrations (Fig. 4, A58), and in the QzJOr/Ab system (Fig. 3, A57). It is 

consequently concluded that the Schrikkloof and granite magmas are derived from the same source. 
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Geochronological information (Walraven, 1997) suggests that the Bushveld Complex developed over a 

short duration of time, some 7Ma. The most reliable ages are summarized as follows: 

Rashoop Granophyre Suite: 

Lebowa Granite Suite: 

Rooikop Granite Porphyry: 

Rustenburg Layered Suite (Upper Zone): 

2053Ma ~12 (U/Pb, bulk zircon) 

2054Ma ~ 2 (Pb evaporation) 

2060Ma ~2 (Pb evaporation) 

2061 Ma ~27 (Rb/Sr) 

Armstrong (pers. communication, 1997) recently reported a zircon SHRIMP age of 2054Ma~1.5 for the 

Critical Zone. With the limited age information on the Rooiberg Group (see previous section), it is probably 

safe to assume that the Rooiberg Group rocks are genetically and temporally related to the Bushveld 

magmatic event. 

In summary: Compositional comparison between the Rooiberg volcanic rocks and the granophyres of the 

RGS reveals that the vast majority of granophyres are shallow intrusives of Rooiberg magmas with 

increasingly evolved granophyres encountered in the younging Rooiberg succession. The Rooikop Granite 

Porphyry is the shallow intrusive equivalent of most evolved and youngest Rooiberg magma. In addition, 

Nebo Granite compositions compare favorably with that of the youngest Rooiberg magma types, supporting 

that the Bushveld event was relatively short-lived. Findings strongly recommend inclusion of the Rooiberg 

Group into the Bushveld Complex. 

2.3 Logical Consequences 

2.3.1 New proposed subdivision 

During the course of this study it became evident that the newly defined stratigraphic subdivision of the 

Rooiberg Group (Fig 3, A4) held the key to improved understanding of not only the Rooiberg Group, but also 

the Bushveld Complex. Without the stratigraphic subdivision the following contributions, for example, could 

not have been achieved successfully: 

a) Definition of magma type versus stratigraphic level, and associated extrusive volumes (Fig. 3, A4; Table 

1, A101; Table 2, A102), 

b) Compilation of a regional map featuring the distribution of the four formations (Fig. 3, A 15), 

c) Granophyre/Rooiberg magma type comparison (Figs. 8 and 9, A47), 

d) Granite/Rooiberg magma type comparison (Figs. 2 to 4, A56 to 58), 

e) Evaluation of mineralizing events for individual stratigraphic level (Fig. 2, A28; Fig. 3, A29). 
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A composite profile through the Rooiberg Group suggests a maximum thickness of 9 km. The Dullstroom 

Formation is best developed in the eastern portion of the Complex (4.9 km {2.5 km and 2.4 km in the floor 

and roof, respectively}), with the thickness of the Damwal (1.5 km), Kwaggasnek (1.4 km), and Schrikkloof 

(1.2 km) Formations being fairly constant. The areal extent of the Formations increases towards the top of 

the Rooiberg Group, which is indicative of larger eruptive volumes. The newly defined Dullstroom Formation 

comprises 20 vol.% basalt, 15.5 vol.% basaltic andesite, 19 vol.% dacite, and 45.5 vol.% rhyolite, and is far 

from being a basalt formation, sensu strictu. A conservative estimate of total eruptive volume for the 

Rooiberg Group is 112 000 km3 (Table 1, A 101 ), out of which 94 vol.% are dacites and rhyolites. 

2.3.2 Plume-related origin of the Bushveld Igneous Complex 

The Bushveld components (RLS, RGS, LGS, Rooiberg Group) are chemically and spatially related, and age 

dating suggests that the related magmatic event was relatively short-lived. It is therefore proposed that the 

Bushveld magmatic event is the result of a short-lived geological process such as either a mantle plume or a 

1 meteorite impact. 

\ 

Workers preferring a meteorite impact origin for the Complex argue that the thermal effects eliminated all 

evidence of high pressure. Bushveld magma types (Table 1, A53) emplaced at high temperatures (LGS 

>900°C, RLS >1200°C, Rooiberg Group >1000°C, see A53 for various references), justifying this statement. 

The findings of this study, however, lead to prefer a mantle plume origin rather than a meteorite impact 

origin for the Complex (see A 75-A 77 for detailed discussion). 

It is noted that compositional similarities exist between the rhyolites and basalts of the Yellowstone area, 

proposedly plume-related, and the volcanic rocks of the Bushveld Complex (Fig. 6, A44; Fig.7, A45). 

Compositional and depositional similarities are also noted when comparing Rooiberg rhyolites to those of 

the plume-originated Jozini and Etendeka (Table 3, C57; Table 4, C58; Fig. 3, C61). Hot, large volume 

rhyolites that flowed for long distances are, in addition, commonly related to mantle plume settings (see 

C28ff). 

The initial proposal of a plume ascending through the lithosphere and into the crust at the present site of the 

Bushveld Complex was subsequently discarded (Fig. 10, A48). The plume initiation model considers 

significant uplift prior to first magma emplacement. The unconformity beneath the Rooiberg Group is 

undisturbed and evidence of uplift is not detected (also see 89 to B12). Flow directions of early Rooiberg 

sediments are from north to the south. Is this taken together with the uplift that occurred towards the north, 
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possibly along the Thabazimbi Murchison Lineament, it is deduced that a mantle plume was positioned 

towards the north of the present-day outcrop of the Complex. 

None of the Rooiberg magma types can be regarded as a primitive mantle melt (Table 1, A40). Mafic 

Rooiberg magmas have MgO contents generally <5 wt.%, SiO2 >53 wt.%, and Ni and Cr concentrations 

varying between 16-158 ppm, and <367 ppm, respectively. Sr,ratios are 0.705 (LTI BasalticAndesite) and 

0.709 (LMF, Dullstroom Formation; see Appendix D, D1 to 08). Youngest rhyolites have MgO of <1 wt.%, Ni 

<35 ppm, and Cr <19 ppm. The HMF, and to some extent the Basal Rhyolite, have compositions that closely 

resemble Proterozoic upper crustal compositions (Table 1, A40). This upper crustal signature could have 

been caused by intraplating at the lower-upper crustal boundary. This is deduced from the chemistry of the 

intrusive mafic rocks (Hatton, 1995), and the composition of the initial, silicic extrusions. The Basal Rhyolite 

and the HMF are interpreted to represent the crustal melts that formed above the intraplated mafic magma. 

The L Tl Basaltic Andesite and HTI Basalt are probably mixtures of mantle and crustal material. lntraplating 

must have occurred in pulses and these are also reflected in the periodic evolution of the Complex. Multiple 

intraplating events probably resulted in the melting of higher, upper crustal levels, expressed by the various 

LMF magma types that have, for example, a rare earth element pattern similar to the Basal Rhyolite and 

HMF (Fig. 2, A56). 

The Bushveld magmatic event affected a major portion of the Kaapvaal Craton. This is manifested in 

regional metamorphism and several synchronous satellite intrusions and extrusions (e.g. Fig. 2, A 106). 

Bushveld parental magmas are also associated with the Uitkomst Complex (de Waal and Gauert, 1997). 

2.3.3 Economic potential 

The mineralization that occurs in the Rooiberg Group is related to the stratigraphic subdivision (Fig. 2, A28). 

It is noted that individual types of mineralization are not only confined to distinct stratigraphic levels, but also 

to distinct geographic regions. Tin and fluorspar mining, for example, is restricted to the central, western and 

northern regions of the Complex (Fig. 3, A29), where the granites are closely associated with the Rooiberg 

volcanic rocks. 

It is deduced that the Rooiberg Group underwent four major mineralizing events, based on which a regional 

exploration model is established. Two of the events are linked to the RLS, one is attributed to granophyre 

intrusion, and the final event produced exogranitic fluorspar and tin deposits. Major volcanogenic ore 

deposits appear to be absent from the Rooiberg Group, possibly due to its intracratonic setting. 
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First Mineralizing Event 

Localized Cu diggings are present in the Dullstroom floor succession. Cu occurrences are present in 

epidotized zones along fault planes. This type of mineralization is tentatively linked to the initial intrusions of 

the RLS. 

Second Mineralizing Event 

Localized arsenic pyrite and pyrite occur at the base of the Kwaggasnek Formation (Fig. 2, A28). This 

mineralization is associated with later base metal enrichment (see Third Mineralizing Event). Arsenic 

mineralization is associated with sericitization and silicification. This style of mineralization is tentatively 

attributed to contact metamorphism associated with shallow granophyre intrusion. 

Third Mineralizing Event 

A hydrothermal convection system driven by the RLS heat source concentrated Pb and Zn into the roof 

rocks of the RLS. This gave rise to elevated Zn concentrations over the entire roof succession with 

maximum Pb (Fig. 12, A21) and Zn (Fig. 4, A31) enrichment towards the base of the Kwaggasnek 

Formation, some 1.4 km above the contact with the RLS. Increasing Pb and Zn enrichment is accompanied 

by increasing hydration (Fig. 8, A20). Maximum Zn contents represented by samples of the massive, interior 

portions of rhyolite flows, exceed 900 ppm, whereas unaltered rhyolite typically has Zn concentrations of 

about 50 ppm. It is proposed that Zn originated from the RLS, whereas Pb could have been derived from the 

volcanic rocks. As stated above, significant Zn concentrations are encountered in the massive portions of 

the flows. Porous layers, such as sedimentary intercalations or flow top breccias represent targets for 

potentially economic Zn and Pb concentrations. 

Sinter deposits towards the top of the volcanic roof rocks, testify that the hydrothermal system affected the 

complete roof package. Surface sintering is accompanied by pronounced silicification, which is also 

expressed by a high paleoweathering index (Fig. 8, A33). These sinter deposits are potential targets for gold 

exploration. 

Fourth Mineralizing Event 

Tin and fluorspar mineralization in the volcanic and sedimentary Rooiberg rocks are exogranitic, and are 

found between 2 and 1 0 km from the granite. A review of the tin production (Tables 2 to 4, A30) only 

considers the Bushveld rock types (including the Rooiberg Group), and reveals that the majority of the tin 

was derived from the Rooiberg Group (about 69%). This anticipates that the tin derived from sedimentary 
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rocks predominantly originated from the Union Tin Shale and the associated agglomerate. It is noted that the 

newly defined stratigraphic subdivision (Fig. 4, AS) and the map featuring the distribution of the four 

Rooiberg formations (Fig. 3, A29) enables to regionally target the Union Tin Member as a potential host for 

tin and fluorspar. 

3 Conclusions 

On the strength of the evidence obtained in this study, it is concluded that the Dullstroom Basalt Formation 

(SACS, 1980) forms the basal succession of the Rooiberg Group. The Rooiberg Group, in turn, is spatially, 

geochemically and temporally related to the Bushveld Complex and not to the Transvaal Supergroup as 

hitherto considered (SACS, 1980). Both hypotheses, as defined at the beginning of this study, have thereby 

been falsified. It is furthermore concluded that the Rooiberg Group should be redefined and subdivided, from 

bottom to top, into four formations i.e. Dullstroom, Damwal, Kwaggasnek and Schrikkloof Formations. The 

name Dullstroom Basalt Formation accordingly becomes redundant. 

The granophyre of the RGS, compositionally identical to the silicic magma types of the Rooiberg Group 

represents the shallow intrusive equivalents of the rhyolites. The succession of LMF magma is 

compositionally mimicked by the granophyre intrusions. The granophyre intrusions must therefore be 

synchronous with the extrusion of the Rooiberg Group. 

The Schrikkloof LMF correspond chemically to the granites of the LGS, implying that these rocks were 

derived from the same source. Granite intrusion may have overlapped in time with the last LMF extrusions, 

or represent a continuation of the Rooiberg event. 

The relationship between the Rooiberg Group and the RLS is not fully established yet. The RLS intruded in 

four major pulses, i.e. the Lower Zone, Lower and Upper Critical Zone and the Main Zone. These events 

must reflect events of the source area that triggered crustal melting and the extrusion of Rooiberg lavas. 

Magma intraplating, due to a plume positioned towards the north of the Complex, is suggested to have 

triggered the Bushveld magmatic event. Such intraplating could have occurred along the lower-upper crustal 

boundary (Conrad discontinuity). Melting of upper crust accounts for the huge amounts of silicic Bushveld 

magmas. lntraplating effected the majority of the Kaapvaal craton, also causing the formation of several 

satellite intrusions, and a regional metamorphic event. 
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Regional lithochemical stratigraphy of the Rooiberg Group, upper Transvaal 

Supergroup: A proposed new subdivision 

J.K. Schweitzer 1, C.J. Hatton2 and S.A. de Waal 
Geology Deparlment, Pretoria University, Hillcrest, 0002 Republic of South Africa 

Accepred 6 December 1994 

The regional stratigraphy of the Rooibcrg Group is re-evaluated in terms of lithology. geochemistry, and new information 

on the Dullstroom formation and the Rooiberg and Stavoren Fragments. On the strength of this study a new subdivision for 

the Rooiberg Group is proposed; the Rooiberg Group should be divided into the Dullstroom, Damwal, Kwaggasnek, and 

Schrikkloof Formations. The Union Tm Member marks the top of the Kwaggasnek Formation and is comprised of a succes

sion of pyroclastic and sedimentary rock types. Employing this subdivision the Rooibcrg Group may be further subdivided 

into a western Nylstroom Package (comprising Kwaggasnek and Schrikkloof Formations) and an eastern Both3.Sbcrg Pack

age (comprising the complete Rooiberg succession). The basal Dullstroom succession is also preserved in the Stavoren 

Fragment. In the Rooiberg Fragment the Dullstroom formation is overlain by the Kwaggasnek and Schrikkloof Formations 

and the Damwal Formation is absent. 

Die regionalc stratigrafie van die Rooiberg Groep is herevalueer in terme van litologie, gcochemie, en nuwe inligting oor 

die Dullstroom Formasie en die Rooiberg- en Stavorenfragmente. Op grond van bierdie studie word 'n nuwe onderver

deling van die Rooiberg Groep voorgestel, naarnlik dat die Rooiberg Groep onderverdeel word in die Dullstroom, Damwal, 

Kwaggasnek, en Schrikkloof Formasies. Die Union Tm Lid maak die bokant van die Kwaggasnek Formasie uit en bestaan 

uit 'n opeenvolging van piroklastiesc en sedimentcre gesteentetipes. Om hierdie onderverdeling te irnplcmentccr, kan die 

Rooiberg Groep verder onderverdeel word in 'n westelike Nylstroompakket (bestaande uit die Kwaggasnek en Schrikkloof 

Formasies) en 'n oostelike I3othasbergpakket (bestaande uit die hele Rooibergopcenvolging). Die basalc Dullstroomopeen

volging is ook bewaar in die Stavorenfragmenl. In die Rooibcrgfragment word die Dullstroom Formasie oorlc deur die 

Kwaggasnek en Schrikkloof Fonnasies, en die Damwal Formasie is afwesig. 

Present Addresses: 1 Miningtek/CSIR. P.O. ilox 9 I 230, Auckland Park, 2006 Republic of South Africa 
2Anglo American Research Laboratories (Pty) Ltd .• P.O. Box 106, Crown Yiines. 2025 Republic of South Africa 

Introduction 

The Rooiberg Group. previously regarded as the uppermost 
portion of the Transvaal Supergroup, is preserved over a vast 
area and is encountered throughout the Transvaal (Figure 1 ). 
This Group has been identified as a major, acid volcanic suc
cession, covering at least 50 000 km2 with an estimated 
erupted volume that, according to Twist & French ( 1983), 
may have exceeded 300 000 krn3• 

The stratigraphic subdivision which is currently accepted 
by SACS ( 1980) is shown in Figure 2. Rocks of the Rooibcrg 
Group arc largely confined to the roof of the Bushveld Com
plex, and show a discordant contact with the acid and basic 
rocks of the complex. This relation has hampered the lateral 
correlation of previous subdivisions and the establishment of 
a regionally applicable stratigraphy. In addition, previous 
studies on the Rooiberg Group were isolated in nature and 
incorporated different approaches in subdividing this succes
sion. Subdivisions were frequently based on texture, struc
ture, or colour. These features are, however, likely to vary 
significantly on a regional scale due to primary differences in 
the style of deposition and alteration processes prevailing in 
the various depositional settings (Eriksson & Cheney, 1992; 
Schweitzer & Hatton, 1995). 

The need for the modification of the current stratigraphic 
subdivision (Figure 2) has recently been emphasized by 
Eriksson et al. ( 1993) and Schweitzer & Hatton ( 1995). Revi
sion of the upper Transvaal stratigraphy is required because it 

has been shown (e.g. Schweitzer & Hatton. 1995) that the 
Dullstroom Formation and the Rooiberg Group were one con
tinuous succession prior to dislocation by the intrusive rocks 
of the Bushveld Complex. This is supported by the existence 
of an unconformity beneath the Dullstroom Formation 
(Cheney & Twist. 1991 ). The Dullstroom Formation there
fore, represents the lowermost portion of the Rooiberg Group 

The terms 'Rooiberg Felsitc' or 'felsite' are commonly
applied to the predominantly dacitic and rhyolitic volcanic 
rocks encountered in the roof of the Bushvcld Complex. This 
term is potentially misleading as not only basaltic and ande
sitic magma types, but also dacites and rhyolitcs, constitute a 
significant portion of the Dullstroom Formation. The term 
fclsite is considered to be obsolete (IUGS, 1989), but is 
retained in this paper to refer to the dacitcs and rhyolites as 
preserved in the roof of the Bushveld Complex (e.g. Twist. 
1985). It is noted, for clarity, that the volcanic flows referred 
to as high magnesium felsite (HMF) arc dacites in composi
tion. The majority of the low magnesium fclsites (LMF) rep
resent rhyolitcs with some Uv1F dacitcs which are 
encountered towards the base. 

In this study the lithological and geochemical characteris
tics of the Rooiberg Group are employed to show that this 
Group exhibits regionally persistent characteristics. This 
approach has resulted in the present proposal of a regionally 

• applicable stratigraphic subdivision for the Rooiberg Group. 
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Stratigraphic subdivision of the Rooibcrg Group using tex
tural and structural features was undertaken by early workers 
(e.g. Lombaard, 1932; Wolhuter, 1954; Glathaar. 1956). 

These subdivisions cannot be employed for regional strati

graphic correlations, due to the lateral variability of the crite

ria used (e.g. Du Plessis, 1976; Twist & French. 1983). 

Strauss (1954) and Menge (1963) examined rocks of the 
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Rooibcrg Group in the nonhern Transvaal (Figure 3), identi

fying a lower and an upper succession. These successions arc 

separated by a volcaniclastic unit, overlain by a shale or 

thinly bedded. acid tuff. A comparable stratigraphic subdi\i

sion was proposed by Coetzcc ( 1970). Rhodes & Du Plessis 

( 1976). and Du Plessis ( 1976) for the Rooibcrg Group occur-
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Figure 2 Currently defined stratigraphic subdivision of the upper Transvaal Supergroup (after SACS, 1980). 
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Figure 3 Stratigraphic subdivisions for the various Rooibcrg Group occurrences obtained from the literature. The nomenclature is as pro

posed in this paper. The stratigraphic information of the various horizons comprising the Rooiberg Group in the various regions has been 

deduced from the following sources: Cl and C2 = Clublcy-Armstrong (1977); C = Coetzee (1970); dB= De Bruiyn (1980); dP = Du Plessis 

(1976); G = Von Grucncwaldt (1968); M = Menge (1969); Rd= Rhodes & Du Plessis (1976); R = Richards (1987); ST= Strauss (1954); SI, 

S2, and S3 = this study; T = Twist ( 1985). 

rcnccs towards the west of those examined by Strauss (1954) 

and Menge (1963) (Figure 3). The latter authors all used an 

agglomerate and the overlying tuffaceous shale to distinguish 

a lower and upper fclsite succession (Figure 3). A prominent 

zone of quartzite xcnolilhs is encountered bcncalh the 
agglomerate in the lower fclsite occurrences towards the 

north of Nylstroom and Warm baths and west of Potgictersrus. 

An additional feature of lhc vulcanic rocks common in the 
above areas is the strongly flow-banded nature of lhe upper 
rhyolitc succession. These flows arc commonly overlain by 
an ash-1low tuff. 

Rooibcrg Group occurrences towards lhe north of Pretoria 
(De Bruiyn, 1980) and those of lhe Ilolhasbcrg Plateau (Mid
dclhurg area, Von Gruencwaldl, 1968; Rhodes & Du Plessis, 

1976; Clublcy-Armstrong, 1977; 1980; Twist, 1985) arc pre

served more than 200 km towards lhe southwest of lhose 
described above (Figure 3). North of Pretoria a prominent 

agglomerate. overlain by shaly tuffaceous beds. separates a 
lower Kwaggasnek from an upper Schrikkloof Formation (De 
Bruiyn, 1980). Characteristics of the volcanic nows benealh 

and above the agglomerate and shale horizons arc similar to 

those observed in the Warmbalhs. Nylstroom, and Pot
gictcrsrus areas, namely a prominent zone of quartzite xeno

lilhs ( 1 - 3m in length) towards lhe upper portion of the lower 

succession (i.e. Kwaggasnek Formation), and pronounced 

flow-banding in lhe upper rhyolites (i.e. Schrikkloof Forma

tion). terminated by an ash-flow tuff. 

The volcanic succession at the Bolhasberg Plateau has been 

intensively studied. Near Loskop Dam. Rhodes & Du Plessis 
( 1976) identified a succession similar lo lhe one observed 
towards lhe norlh of Nylstroom (Figures 1 and 3). A more 
detailed description of lhe 4 lo 5 km-lhick package in lhis 
area was given by Von Grucnewaldt ( 1968). Clubley-Arm
strong ( 1977), and Twist ( 1985) (Figure 3). Von Gruenewaldt 
identified a lower, middle, and upper felsite zone on the basis 
of textural characteristics in the various volcanic Dows. The 

middle and upper zones are separated by an agglomerate/ 
shale succession, which is overlain by flow-banded rhyolite, 

similar to the succession described in lhe central, western, 

and northern Transvaal. Subsequent workers, studying the 
Rooiberg Group towards the west and east of Loskop Dam, 

also identified lhe agglomerate/shale succession as volcanic 
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brcccia or tuff overlain by a lithology interpreted as mud
stonc, sandstone, shale, and/or tuff. 'This horizon was used by 
Clubley-Armstrong ( 1977) lo subdivide the upper Scions 
River Formation into a lower Doornkloof and an upper Klip
nek Member. ·1ne latter author employed, in addition, a pro
minent quartzite further towards the base of the succession 
(Figure 2) to separate a lower Damwal from an upper Scions 
River Formation. 

The stratigraphic subdivision proposed by Clubley-Arm
strong ( 1977) was adopted by Twist ( 1985), who further sub
divided the volcanic succession inLo 9 units (figure 3). Using 
the geochemical units deft ned by Twist ( 1985) the Damwal/ 
Scions River formation contact in Clublcy-Armstrong 's sec-

tion is at the unit 6n contact (Schweitzer & Hatton, 1995). 
where a major compositional break and a marked change in 
the amount of phcnocrysts is observed (Twist, 1985). The vol
canic succession of the Bothasberg Plateau has various f ca
turcs that compare to the previously described localities. 
These are the agglomerate and tuffaceous shale horizon, a 
prominent zone of quartzite xenoliths beneath this agglomer
ate. and the strongly flow-banded nature of the uppermost 
rhyolites, which arc capped by an ash-flow luff. 
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STOFFBERG AREA 
Basal Waterberg 

/ unconformity 
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LOSKOP DAM AREA 

(Schweitz.er, 1986; Eriksson et 

al., 1993; Schweitzer & Hat
ton, 1995; Schweitzer et al .. 

1995) and is subdivided into a 
basal and an upper stage on the 
basis of magma types and the 
abundance of sedimentary 
intcrcalations (Figure 4). High 
magnesium fclsites (}·IMF) of 
the upper stage arc continuous 
into the lower portion of the 
succession above the Rusten
burg Layered Suite (Figure 5). 

·n1ey represent the majority of 
the flows contained within 
units I and 2 as described at 
Loskop Dam (Twist. 1985); 
(figure 5). 
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berg Fragment (e.g. Recknagcl, 
1908; Stear, 1977) have pre
viously been assigned to the 
K waggasnek Formation (Rich
ards. 1987; Richards & Eriks
son. 1988). Acid nows of the 
Stavorcn Fragment (Figure I) 

were first described by Mellor 
( I ')0)) and Wagner ( 1 921; 

I 927). A detailed study of the 

Figure 5 Reconstructed emplacement level of Rustenburg Layered Suite for the C.1Stern portion of the 

I3ushvc!J Complex using the lithological and geochemical characteristics of the volcanic rocks of the 

Rooibcrg Group. Magma types within the Loskop Formation possess exceptionally high TiO2 

(>4wt.'7o) and P2O5 (>lwt.'io) and their possible link to the underlying Rooibcrg magma types still 

needs to be investigated. Also shown arc the distribution of the various magma types throughout the 
proposed formations. 

LTiba = Low-1i b:i_,;altic andesite; BR= Bas~ Rhyolitc; HTI = High-Ti basalt; HMF = High-Mg fcl-

site; Uv1F = Low-Mg fclsitc; High Fe-Ti-P = High Fe-Ti-P andcsite. 

seJimcntary and volcanic rocks of this fragment still needs to 
be undertaken. 

It should be clear from the above that certain marker hori
zons arc persistent over the entire extent of the volcanic rocks 
under consideration, which arc: 

• Top of Schrikkloof Formation/Klipnek Member: pyroclas
tic flow; 

• Throughout Schrikkloof Formation/Klipnck Member: pro
nounced flow-banding; 

• Top of Kwaggasnek Formation/Doornkloof Member: shale/ 
luff horizon; 

• Top of K waggasnck Formation/Doornkloof Member: 
agglomerate and/or volcanic breccia; and 

• Top of K waggasnck formation/Doornkloof Member: quart
zite xcnoliths. 

Large disc-shaped amygdalcs have been described towards 
the top of the Damwal Formation (Figures 2 and 4; Von 
Grucncwaldt, 1968; Clubley-Armstrong. 1977). However, the 
question of their regional persistence warrants further atten
tion. 

Table 1 Proposed new subdivision for the 
Rooiberg Group 

GROUP 

ROOII3ERG 

FORMATION 

Schrikkloof 

Kwaggasnck 

Damwal 

Dullstroom 

MEMBER 

Union Tin 

A regionally applicabl~/stratigraphic subdivision of the 
Rooibcrg Group employing lithological characteristics 
appears to be justified. Accordingly a new subdivision as out
lined in Figure 4 is proposed (Table 1 ). The Rooiberg Group 
is proposed to be comprised of four formations. namely Dull
stroom, Damwal, Kwaggasnek, and Schrikkloof. The forma
tion status is assigned due to the complexity of the lithologics 
and magma types encountered in these formations. This facil
itates the establishment of members within these formations, 
such as lhc proposed Union Tin Member (Figure 4). The 
name Union Tin Member is preferred to the 'Sterk River 
Shale' or Member. the name originally given to this horizon 
by Mellor ( 1909). A Sterk River Formation has previously 
been recognized by SACS (1980). 

Kwaggasnek. Schrikkloof, Doornkloof, and Klipnek arc 
terms previously applied to the upper Rooiberg (Figure 2), 

and were proposed to SACS within the sa:nc year (SACS. 
1980). Kwaggasnek and Schrikkloof arc proposed as the 
names for the two uppermost Rooiberg Formations. Firstly, 
both already possess formation status (Figure 2). and the 
upper Rooiberg succession was assigned these names over the 
majority of the Transvaal. The terms Doornkloof and Klipnek 
have only been applied locally in the eastern Transvaal and, 
considering their correspondence to the Kwaggasnek and 
Schrikkloof. these terms are redundant. 

The incorporation of the Dullstroom and Damwal Forma
tions into one subgroup is not justified due to the diversity of 
lithologies encountered within these formations (M. Johnson. 
pcrs. comm .. 1994). Similar lithologies are, in contrast, 
encountered in the Kwaggasnek and Schrikkloof Formations. 
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Fi~urc 6 Tola) FeO versus stratigraphic height for the four magma 

types of the Dullstroom formation as preserved in the floor of lhe 

Rustenburg Layered Suite. FeO represents an inert clement wilhin 

the Bushvcld floor volcanic rocks (Schweitzer & Hatton, 1995). 

However, the authors regard the Union Tin Member as repre

senting a major break in Rooiberg evolution and, therefore, do 

not propose to include the uppermost Rooiberg formations 

into a subgroup at this stage. This renders the term 'Scions 
River' obsolete. 

The newly proposed stratigraphic 
subdivision will be applied in the fol-
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positions of the various magma types in terms of these immo
bile clements arc provided in Table 2 . 

TIO2 and Zr concentrations were found to be the most use
ful for the regional geochemical comparison. Not all of the 
600 samples were analysed for their TiO2 and Zr contents. so 
about 400 analyses were employed for the regional compari
son. 

Bothasberg and Nylstroom Packages 

The combination of lithological and geochemical characteris
tics results in the recognition of an eastern Bothasbcrg and a 
western Nylstroom Package (Figure 4 ). which delineate the 
distribution of the various Rooiberg Formations. Volcanic 
nows of the Bothasbcrg Package arc, according to the current 
evidence, encountered in the floor of the Rustcnburg Layered 
Suite (figure 5), the Both:isbcrg Plateau, and the Angcwcczen 
Basin (cast of Groblersdal). Four compositional magma types 
of the basal Dullstroom Formation, arc preserved beneath the 
Rustcnburg Layered Suite (Figure 6). Low titanium basaltic 
andesites (LTib,.), high titanium basalts (HTI basalt), and 
Basal Rhyolites arc not encountered towards the top of the 
Dullstroom Formation (Figure 4). The High Fe-TI-P magma 
type is the only basic magma type in the Rooiberg Group 
above the Rustenburg Layered Suite and is compositionally 
distinct from the remaining basic magma types of the Dull
stroom Formation (Table 2). The basic magma types of the 

lowing section. Table 2 Average (Avg) concentrations and standard deviations (Std) of TiO2 , P2O5 , 

Nb, Zr, and Y for the major magma types of the Rooiberg Group 

Regional geochemical compar
ison 

It has previously been shown that the 
volcanic rocks of the Damwal. Kwag
gasnck, and Schrikkloof Formations 
arc geochemically distinct (Club
lcy-Armstrong, 1977; De Bruiyn, 
1980; Twist, 1985). The composi
tional variations as observed in the 
various Rooibcrg Group occurrences 
arc, in the following, utilized to estab
lish their relationship to the newly 
proposed stratigraphic subdivision. 
The compositions of nows of the 
Dullstroom Formation arc also uti
lized to idcntif y possible occurrences 
of the magma types in other parts of 
the Bush veld roof rocks. 

The regional lithological correla
tions arc confirmed using the geo
chemical characteristics of the 
Rooibcrg volcanic rocks. More than 
600 whole-rock analyses of volcanic 
now units have been considered dur
ing the regional chemostratigraphic 
comparison (sec Appendix for the 
source of data). In this comparative 
exercise only elements known to be 
immobile (Schweitzer & Hatton, 
1995) are utilized. The average com-

Dullstroom Formation 

Ti02 P2Os 

Av Std Av Std Av 

LTib:i/a 0.62 (0.09) 0.12 (0.03) 3 

BR 0.31 (0.06) 0.08 (0.01) 6 

!IT! 1.87 (0.22) 0.23 (0.05) 13 

ll~ff 0.60 (0.04) 0.13 (0.01) 8 

LMF 0.64 (0.07) 0.16 (0.03) 16 

High-Fe 1.02 (0.06) 0.35 (0.03) 14 

-Ti-P 

Damwal Formation 

TiO2 P2O5 

Avg Std Avg Std Avg 

LMF 0.57 (0.06) 0.15 (0.03) 15 

High-Fe I. 19 (0.07) 0.38 (0.04) 13 

-Ti-P 

K wagga.snek Formation 

TiO2 P2Os 

Avg Std Avg Std Avg 

0.34 (0.07) 0.05 (0.01) 22 

Schrikkloof Formation 

TiO2 P2Os 

Avg Std Avg Std Avg 

0.25 (0.01) O.o3 (0.01) 24 

Sb 

Std 

(3) 

( I) 

(3) 

(2) 

( 1) 

(2) 

1'b 

Std 

(2) 

(I) 

:--:b 

Std 

(3) 

:--:b 

Std 

( 4) 

Zr y 

Av Std Av Std 

130 (42) 21 (5) 

228 (33) 25 (5) 

206 (51) 30 (6) 

214 (33) 28 (4) 

328 (20) 50 (7) 

282 (19) 49 (3) 

Avg Std Avg Std 

330 (32) 51 (13) 

271 (24) 43 (4) 

ZI y 

Avg Std Avg Std 

447 (53) 67 (7) 

ZI y 

Avg Std Avg Std 

486 (93) 71 (9) 

:--: 

77 

24 

35 

54 

29 

5 

86 

3 

39 

20 

Only analyses of strati graphically well constrained samples were taken. The stratigraphic position of these 

magma types is shown in Figure 4. i\ refers to number of analyses 
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Figure 7a Compositional variations of 261 samples of volcanic 

rocks of the Rooiberg Group _as preserved in the 13othasberg Pack

age. Basic magma types which occur in the lower and middle por

tion of the Dullstroom Formation arc not shown. Stars identify 

samples that cannot be stratigraphically placed using their TiO 2 and 

Zr concentrations. A magma type previously classified as high Fc

T1-P (Twist, 1985) locally occurs towards the base of the 13othasberg 

Package but is not considered here. The average composition of this 

flow-type is given in Table 2. 
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Figure 7b Compositions of the volcanic rocks of the Rooiberg 

Group in the Nylstroom Package (82 analyses) compared to the 

compositional fields of the acid magma types as observed within the 

Rothasbcrg Package. The analyses of De Bruiyn (1980) arc identi

fied due to their comparably lower Zr concentrations. The source of 

the remaining analyses is listed in the Appendix under Nylstroom 

Package. 

Dullstroom Formation underlying the Rustcnburg Layered 
Suite arc. therefore. only utilized for comparison with the 
hasic volcanic flows within the Rooiberg and Stavorcn Frag
ments. 

The chcmostratigraphic subdivision of the acid magma 

types of the Bothasbcrg Package is given in Figure 7a. Low 

magnesium felsitc flows (LMF) arc characterized by decreas

ing Ti01 and increasing Zr concentrations towards the top of 

the Rooiberg Group. Distinct breaks. especially notable in 

terms of 1i02• separate the LMF of the Dullstroom and 

S.-Afr.Tydskr.Gcol..1995.98(3) 

0,8 ~---=-----,-,=----------------, 
(c) 

0,7 

0,6 

0,1 L---...1..---......L---.L---...J-----'----'-----' 

100 200 300 400 500 600 700 800 
Zr (ppm) 

Figure 7c TiO2 versus Zr concentrations of the acid volcanic flows 

preserved in the Rooibcrg (64 analyses) and Stavoren Fragments. 

Also shown arc the compositional fields for the acid magma types of 

the 13othasberg Package. Sec Appendix for the source of analyses. 

Damwal Formations from the magmas of the K waggasnck 
and Schrikkloof Formations (Figure 7a). High magnesium 
fclsitc (HMF) above and below the layered mafic sequence is 
compositionally comparable. H1v1F and Basal Rhyolitcs have 
lower Zr concentrations than the other acid magma types 
encountered in the Rooibcrg Group (Figure 7a). 

The Nylstroom Package is geochemically defined by ana
lyses of volcanic flows sampled towards the north of Pretoria. 
northwest of Warmbaths and Groblcrsdal. towards the west of 
Naboomspruit, and in the vicinity of Potgictcrsrus and Villa 
Nora. The compositions indicate that the magma types 
encountered within the Dullstroom and Damwal Formations 
arc absent in the Nylstroom Package (Figure 7b). Therefore. 
only volcanic rocks of the Kwaggasnck and Schrikkloof For
mations arc preserved in the central. western, and northern 
Transvaal. 

Volcanic rocks of the Rooiberg and Stavoren Fragments 

Previous stratigraphic correlations of the rocks of the Rooi
bcrg and Stavorcn Fragments suggested that these rocks cor
respond to upper Transvaal Supergroup deposits (e.g. Stear. 
1977; Schreiber et al., 1991; Eriksson et al., 1993). 

Rhyolitc flows on the eastern edge of the Rooibcrg Frag
ment (figure 1) correspond to compositions observed in the 
Schrikkloof Formation (Figure 7c). Richards ( 1987) exa
mined the volcanic rocks along the Elandsberg which are pre
served along the northern rim of the fragment. Ti02 

concentrations indicate that flows belonging to the Kwaggas
nek Formation arc the majority of the Elandsberg. An 
agglomerate/shale horizon at the base of the volcanic succes
sion has previously been described (Rozendaal et al .. 1986) 
and has been mapped at the Rooibcrg. 

Basic flows which underlie the rhyolitcs in the Rooiberg 
Fragment arc intercalated with sedimentary rocks of the 
Smeltcrskop formation (Stear, 1977). The composition of 
these basic flows correspond best with those of the LTiba (Fig
ure 8), confined to the basal Dullstroom Formation (Figure 
4). The fact that the basic flows of the Rooiberg Fragment are 
intercalated with sedimentary layers implies that the Smel-
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Figure 8 TiO 2 versus P2O5 plot illustrating the similar compositions 

of the LTiba and the basic magma types preserved in the Rooibcrg (9 

analyses) and Stavoren ( 1 analysis) Fragments. 

1erskop Formation may be correlated with the basal stage of 
the Dullstroom Formation (Figures 3. 4, and 6). 

Compositions of the acid flows of the Stavorcn Fragment 
compare with those of the IJasal Rhyolitc, observed towards 
the base of the Dullstroom formation (Figures 4, 6. and 7c). 
As in the Rooibcrg Fragment, basic volcanic flows arc inter
calated with sedimentary rocks in the strata beneath the Basal 
R.hyolite. Only one analysis is available from these flows, and 
this compares favourably with LTiba compositions (Figure 8). 
1ne volcanic succession as observed within the Stavorcn 
Fragment, therefore, may be correlated with rocks of the 
basal stage of the Dullstroom Formation (Figure 3). 

In conclusion. volcanic flows of the basal Rooibcrg Group 
arc preserved in both fragments. This succession is overlain 
by the Kwaggasnck and Schrikkloof Formations within the 
Rooibcrg Fragment. 

Summary and discussion 

Regional stratigraphic characteristics and geochemical varia
tions of volcanic flows of the Rooibcrg Group provide the 
basis for a regionally applicable stratigraphic sub-division as 
proposed in Figure 4. The lowermost two formations of the 
Rooibcrg Group arc largely confined to the eastern Transvaal 
and regionally persistent marker horizons appear to be absent. 
Stratigraphic subdivision in this area has to be made on the 
macroscopic features in the various magma types and Lheir 
corresponding geochemical characteristics. The HMF magma 
type is a mappable unit and is confined to the Dullstroom vol
canic rocks in the floor and roof of the Rustenburg Layered 
Suite. 1nis defines the Dullstroom/Damwal Formation con
tact. Since basic flows intercalated with the Smelterskop For
mation of the Rooiberg Fragment compare to a magma type 
of the basal Dullstroom Formation. unconformities must be 
present. These arc positioned beneath the Kwaggasnek and 
Schrikkloof Formations (Figure 3. profiles R and S3). 

The Kwaggasnck and Schrikkloof Formations arc the 
upper Rooibcrg Group. Volcanic and sedimentary rocks of 
these Formations are widespread and found throughout the 
Transvaal. The correlation of the previously defined Kwag-
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gasnek and SchrikkJoof Formations with the pamwal and 
Sclons River Formations (Cocnzc et al .. 1977; SACS. 1980) 
is unsubstantiated. ·n1is confirms De nruiyn \' (1980) fin
dings. 

The newly proposed subdivision of the lower Rooibcrg 
Group results from the finding that 1hc volcanic flows pre
viously assigned 10 the Pn.'toria Group (i.e. the Dullstrnom 
Formation) arc the basal portion of the Rooiherg Gro11p. 1l1c 
s1ra1igraphic subdivision of the upper Ruoibcrg Group repre
sents a combination of previous stratigraphic proposals. made 
for the western and eas1crn Transvaal. respectively (sec 
SACS. 1980 for more detailed discussion). 

'Inc previous correlation of the K waggasnck and Schrik
kloof with the Damwal and Scions River, respectively. 
resulted from the fact that regionally persistent marker hori
zons arc largely confined to the Kwaggasnek and Schrikkloof 
Formations. The relevant regional marker horizons are a zone 
of quartzite xenoliths in the uppermost portion of the K wag
gasnck Formation, the Union Tin Member which constitutes 
the top of the Kwaggasnek Formation. and the strongly 
flow-banded nature of the SchrikkJoof Formation, frequently 
terminated by a tuffaccous deposit. The lateral persistence of 
these marker horizons and the regional occurrence of chemi
cally comparable magma types strongly suggests that similar 
processes were active over the entire area considered in this 
study. 

Other incompatible, immobile trace clements and clement 
ratios can be used to chemically subdi\'ide the Rooibcrg 
Group. and the Ti02 and Zr ratio has been chosen as an exam
ple. Variations in this ratio arc attributed to processes such as 
fractional crystallization and partial melting, which were con
trolled on a regional scale. The identification of these pro
cesses and their possible link to the I3ushveld magmatic 
events will receive more detailed attention in the future. 
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Wagner ( 1927) 
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(in Wolhuter (1954)) 

Lombaard (1932) 
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Lombaard (1934) 
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Lenthal & Hunter ( 1977) P()(gietcrsrus area 

pp.89,90 

Van der Walt (1978) 

pp. 18, 22 
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pp.44-47 

Walraven ( 1982) 
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Lomha:ud ( I 932) East of Groblcrsdal 

Wolhuter (1954) p. 13 Witbank area 

Liehenberg (1961) (in East of Groblcrsdal 

Von Gruenewald! ( 1972) 

Von Gruenewald! ( 1968) East of Groblersdal 

p. 1966 

Von Gruenewaldt ( 1972) East of Groblcrsdal 

p. 128 

Club Icy-Armstrong 

(1980) pp. 14, 15 

Bolhasberg Plateau 
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20 Niemand (1982) Loskop Dam area 18 

pp. 18, 19 

43 Walraven ( 1982) East of Groblersdal 8 

pp. 159, 162, 163 

Sumher of analyses Kleeman (1985) East of Groblcrsilil 26 

pp. 159, 162, 163 

2 Twist ( 1985) Loskop Dam area (analyses courtesy of 167 

Pretoria University, D. Twist) 

This study 13othasbcrg Plateau 43 

This study East of Groblersdal 8 

This study Dullstroom area 157 

2 Basic magma types of the Rooiberg and Stavoren Fragments 

Richards (1987) p. 31 'Smeltcrskop lavas'. 4 

2 :--:orthcrn Rooiberg Fragment 

This study 'Smclterskop lavas', 4 

23 Eastern Rooibcrg Fragment 

This study Stavoren Fragment 8 
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Chemical Alteration within the Volcanic Roof Rocks of the Bushveld Complex 

J. K. SCIIWEITlEH 0 AND C. J. IIATIO:--:·· 

Geology lJi7wrt11u·11t, l'rrtoria U,iii;crsity. llillcn~st 0002. South Africa 

Abstract 

Fil'l~I rl'lations, pctrograplty. and gc-od1cmistry identify mobile and immobile elements ,,;thin the Hooibcrg 
\'~)lcan1c rocks of the floor and roof of the mafic: H11stcnburg Layered Suite of the 2.06 Ga Bushveld Complex. 
1 he floor ro<:ks show th_ermal_ mctam0'7Jhisrn accompanied by dehydration. Two major alteration processes 
affccte<l the roof rocks. fhc first follO\vcd cxtrnsion of the fdsic Damwal Fonnation and is marked by \'Cins 
of pyrite and arsenopyrite. The second is related to the intrnsion of the RustenburCJ L,yered Suite· which 

l l 
C, • • 

pro< ucel an aureole I .4 km thick in tl1e ovcrl)ing fdsic: rocks. Pb, Zn, and ~f n attain maximum concentrations 
of 335 ppm, 92\l ppm, and 0.45 wt perc:cnt, in th<' ml'tasomatizcd roof rocks. The economic sicrnificance of 
l'levatc•d Ph and Zn t·onc1•11trations at tht• lop of tht• a11rl'ole d1·s1•n•ps f11t11n• attPnlion. Primary cc~1cc•ntrations 
of Si, Mn. Ca, ~a. K, Fe, t--:1g, Sr, T~1. Ba. U, llf, Ni, Cu, Zn. Ph. ~b. Zr. and Y were m~lified to var~ing 
degrees, Ot'pt•ndmg on loc:ahty and distance· from the Bushvcld intrnsions. Ti, Al. P. Ga, Sc. and hcaw REE 
were immobile; concentrations of these c•k•ments in the Hooiberg volcanic rocks indicate that at 1<.'~st one 
geochemic.:ally distinct magma type is pr<.'scnt in both the floor and the roof sequences. This confirms that 
the volcanic Hoar and roof successions originally formed as a continuous sequence.'. 

T~e col~r of th~_ r?of rocks is controlled by the contact metamorphic processes and cannot be used for 
strat1grapl11c subd1v1s1on, nor should the red color of these rocks be used for inferences about the evolution 
of the Proterozoic atmosphere. Hydrothermal altcr..ition was also responsible for the aberrant radiometric 
dates in the Hooiberg Croup. 

Introduction 

STUDIES considering alteration processes in the floor and, 
especially the roof zone, of mafic intmsions are scarce. The 
volcanic rocks of the Hooiberg Group are exceptionally well 
preserved in the roof of the 2.05 to 2.06 Ga Bushvel<l Com
plex (Fig. 1), prm;<ling the opportunity to study alteration 
processes. Schweitzer et al. (199.5a) successfully used geo
chemical characteristics, combined \a.;th field e\;dencc, to 
establish the stratigraphy of the Rooiberg Group, but the 
gc.>ochcmical an<l petrogenetic relationships between the vol
canic roch can only be properly evaluated after the effects 
of alteration have been determined. 

The geochemistry of the Rooiberg Group has been modi
fied by the Rustcnburg Layered Suite. This paper describes 
the geochemical and textural characteristics of this alteration 
in the volcanic suite, identifying which elements were mobi
lized during the alteration processes. Some mobile elements 
may have been concentrated to economic levels (Schweitzer 
et al., 19956). Four major mineralizing events caused enrich
ment of Cu in the volcanic rocks of the floor and of As Pb 
Zn, Sn and F in the roof zone of the comple~ (Schweitz~r e~ 
al., 19956). The alterations that accompanied the enrichment 
of the roof by As, Pb, and Zn are the concern of this study. 

Geologic Setting 

Regional geology 

The Bushveld Complex is of enormous extent (Fig. 1). The 
Complex comprises the mafic Rustenburg Layered Suite, the 

• Present address: Miningtek/CSIR, P.O. Box 91230, Auckland Park 2006, 
Johannesburg, South Africa. 

•• Present address: Anglo American Research Laboratories, P.O. Box 106, 
Crown Mines 202.5, Johannesburg, South Africa. 

Rashoop Granophyre Suil@-, and the Lebowa Granite Suite. 
The intrnded rocks consist of a number of >2.7 to <2..1 Ga 
major unconformity-bounded units and >3.0 Ga crystalline 
basement (Cheney and Winter, 199.5). The Bushveld Com
plex predominantly intruded the regional unconformity below 
the Rooiberg Group, so that the most common footwall rocks 
arc the largely elastic rocks of the Prcto1ia Group (Cheney 
and T\,ist, 1991). Subsequently, the Bushveld Complex and 
its enclosing rocks were deformed to produce the map pattern 
of Figure 1. 

The volcanic rocks of the Rooiberg Group are predomi
nantly preserved in the roof of the Bushvcld Complex. These 
volcanic rocks are geochemically related to the Rashoop 
Granophyre Suite (Walraven, 1985; Schweitzer and Hatton, 
199.5) and the Hustenburg Layered Suite (Hatton and Sharpe, 
1988; Schweitzer and Hatton, 1995). The Lebowa Granite 
Suite intrndes the Rooiberg Group, Rashoop Granophyre 
Suite and Rustenburg Layered Suite. The 2061 :t 2 Ma age 
of the Rooiberg Group (Walraven, 1995) is indistinguishable 
from the age of the Rustenburg Layered Suite (2060 :t 27 
Ma; Walraven et al., 1990) but is older than the Lebowa 
Granite Suite (2054+2 Ma; Walraven and Hattingh, 1993). 
The Rooiberg Group is, therefore, cogenetic \Vith the Bush
veld igneous episode (Schweitzer and Hatton, 1995). Sedi
mentary and volcanic xenoliths occur in the Rustenburg Lay
ered Suite. The most prominent xenolith is a 70-km-long 
screen of the Dullstroom Fonnation in the eastern portion 
of the Rustenburg Layered Suite (Fig. 1). 

The Rooiberg Group is one of the most extensive siliceous 
volcanic successions in the world. Eruptions exceed 300 000 

3 ' km and cover about 50,000 km2 (Twist and French, 1983). 
Many of the Rooiberg units appear to be felsic lava flows of 
great extent, resembling flood basalts (Tv.rist et al., 1995; writ. 
commun.). West of Belfast and Dullstroom (Fig. 1), volcanic 
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Fie. I. Geologic map shm,ing the geographic distribution of the volcanic rocks fanning the floor and roof of the 
Bushvdd Complex. Lcx·alitics: 1 = Dullstroom Fonnation, 2 = Dullstroom xc-nolith. 3 = Bothasberg plateau. 4 = Ta11tcs
hooi,c. S = Loskop Dam. 6 = Stavoren fragment. 7 = Hrxiibcrg fragment. Also shO\m arc the study areas of Engelbrecht 
( l 9<-J0. locality H) and \Vallrnach ( 1988. s,1'1arcs in eastern lohe of the Hustcnburg L1yc>rcd Suite mark the loc.·ation of c:alc
silicatc xcnuliths). 

rocks of the Dullstroom Fonnation underlie the Rustenburg 
Layered Suite, whereas elsewhere the Rooiberg Group is the 
roof of the Bushveld Complex. The Hooiberg Group in the 
roof has only low-grade metamorphic characteristics (Martini, 
1988), and the striking freshness of these old rocks is one of 
their most conspicuous features (Twist and French, 1983). 

Schweitzer et al. (1995a), building on the findings of Clu
bley-Armstrong (1977, 1980), De Brniyn (1980), Rhodes and 
Du Plessis (1976), and, especially, Twist (198.S), used the 
dist1ibution of eight magma types to subdivide the Rooiberg 
Group stratigraphically. Four magma l)1_)es are in the Dullst
room Fonnation, in the floor of the Hustenburg Layered 
Suite, and fh·e are in the roof of the Hustenburg Layered 
Suite, in the Dullstroom, Damwal, Kwaggasnek, and Scluik
kloof Fonnations (Table 1, Figs. 2, 3, and 4). These magma 
t:ves are defined by titanium and other high field strength 
elements. One magma t)1)e, the high Mg felsite, is common 
to both roof and Hoor (Fig. 5), establishing that the floor and 
roof volcanic rocks are the same succession (Fig. 6). 

The Dullstroom Formation in the Rustenburg Layered 
Suite floor consists of massive lava flows. Pvroclastic flows and 
sedimentary rocks occur toward the base {Fig. 2). Pyroclastic 
intercalations are. more abundant in the fom1ations overlying 
the Dullstroom, some being strongly kaolinitized. The major
ity of the flows above the Rustenburg Layered Suite possess 
thick, massive interior zones, and much thinner flow-banded 
(and commonly How-brecciated) basal and upper portions 
(Twist and Bristow, 1990). The flows are up to 400 m thick. 
The porous pyroclastic horizons and basal and upper portions 
of flows may have facilitated the circulation of hydrothem1al 
fluids. The geochemical analyses employed in this study were, 
however, taken from the dense (nonporous) portions of the 
volcanic flows. 

Metamorphism 

Engelbrecht (1990) stressed that in tJ1e western Bushveld 
the thermal effect of the Rustenburg Layered Suite on the 
underlying sedimentary rocks (Fig. 1, localit)' 8) \Vas domi-
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TABLE I. Comparison of Strati~rJphic S11hdi\isim1s ,L~ Ddincd by South African Cornmillt'c for StratigrJph~· (SACS, )980) and Schweitzer et al. 
( W9.5a) for the \'okanic Hocks of tht' Fhx,r and Hoof of the Bushwld Complex 

Croup 

Hooilwr~ 

l'n•lnria 

SACS (19i;0) Schweitzer ct al. (1995a) 

Formation ~!ember Croup Fonnation ~kmlwr 

Selom Hin·r Kliprwk Hooiberg Scl1rikkloof 
Doomkloof Kwa~!,g;asnek Union Tin 

Damw;J Damwal 
Dullstroom 

D111lstroom 

LITHOLOGY MAGMA TYPE 

C Ash-flow, tuffaceous material (· v ·) 
0 II II 0) 

·1a ~ 

E II II i 
0 0 

II II Predominantly (strongly) ...J (I) 

LL - -.t: 
flow-banded ( - ) rhyolite; rare 0 Cl) 

0 II II o-
quartzite r. : ~ lenses and occasional 

_ (I) 

0 -""-

~ quartzite xenofrths towards the base ~ 

~ ..c 
Intrusive Level .c u 

Cl) 
Rooiberg Fragment u 

(/) 

------------------ ---------
Shale/Tuff t: :) } Union Tin (I) 

8 
Agglomerate (A A) Member ·~ 

-~ Quartzite xenoliths ( ~ ) in rhyolite; ~ 
0) 

E locall-f flow-folded at top; minor ~ 
0 discontinuous sedimentary rocks (: : : ) i 
LL and pyroclastic flows (· v •) 0 
..l<'. ...J 
(I) -"" 
C (I) 

en C 
ro <O 

m 
~ 0) 

0) 
ro al 

a.. 3: ~ 
::, ~ :x::: 
0 
a: Quartzite ... and roclastic flows • V. 
(.'.) ---------- -
(.'.) 

Large, disc-shaped amygdales ( o ) 
a: Massive (amygdaloidaQ dacites and 
w rhyolites; 
CD Intercalated quartzite (: : :) and 

(I) 

6 C -~ 
0 pyroclastic flows (· v •) ~ 0 "i a: E 

0) 

~ 
0 Cl.. ' 

LL ' ~ i= 0 
ro '...J 

3: (I) ~ E' Cl) ;r 

E .t: U) ..c (I) Intrusive Level 
Ill "' ~ .2>.g Bothasberg Plateau (I) 

0 "O 0) 
I m 

C 

{! 
& Tauteshoogte 

GI ~ 
0 .c 
E .s:: 0) 

Quartzite t: :) and _eyroclastic flows .L v •) GI m I 
U) "' -m---Ul· 

..0 ..0 

Various magma types becoming ~ ~ Intrusive Level 

C 
increasingly siliceous towards top; minor, Loskop Dam & 

0 localised sedimentary and pyroclastic Dullstroom Aiea 
~ rocks 

E 
0 

< < ~ LL 0 
E < < >, 

0 -E e < < al 
E1 .., 

< < m 
"S 0) 

0 Basic and acid flows (with lithics ~). 

• 
< < 

discontinuous sedimentary rocks (: : : ) 
and pyroclastic flows (· v ·) 

Intrusive Level 
Stavoren Fragment 

Fie. 2. Hegional strati~raphic subdivision of the Hooiherg Group as deduced from lithological an<l geochemical cbarac
tcristic.:s (mcx.lified after Schweitzer et al., H.)\.J.Sa). 
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F1(;. 3. Geo~raphic distribution of the four Hooiberg Croup formations (rno<lified after Schweitzer et al., 1995b). 

nantly dehydration. He found no <liffcrences in the composi
tions of the homfelses in the floor compared to the average 
shale of Blatt et al. ( 1972). 

In the eastern Bushvel<l in the lower(> 1,000 rn below the 
Rustenburg Layered Suite) and rni<l<lle (1,000-400 rn below 
the Rustenburg Layere<l Suite) portions of the Dullstroorn 
Formation, secon<lary minerals include tremolite-actinolite, 
sericite, and quartz (Schweitzer, 1987; Fig. 7A and B). Chlo
rite is confined to the lower portion. The 'arnp~1iboles have 
low Na2O contents ( < 1 wt%), which indicates low to me<lium 
metamorphic grades (e.g., Harte and Graham, 1975; Gelinas 
et al., 1982). Less than 400 m below the mafic rocks, gra
noblastic textures completely ove'1)rint the original volcanic 
textures (Fig. 7C). Actinolite is transfonned to hornblende, 
a transition that takes place at about S00°C (Winkler, 1979). 
Coexisting amphiboles and clinopyroxenes in the upper por
tion of the Dullstroom Formation have similar FeO/!v1gO 

ratios, which are, in turn, similar to whole-rock ratios, sug
gesting that these elements have not been remobilized. On 
the contact \\ith the Rustenburg Layered Suite pegmatitic 
zones contain prismatic and euhedral plagioclase and arnphi
bole. Where the Dullstroorn Formation is not present, similar 
temperatures are recorded in calc-silicate assemblages 
(Sharpe and Foertsch, 19S1). 

For 1 to 2 km above the contact \\~th the Rustenburg 
Layered Suite, felsite is biotite homfels (von Gruenewaldt, 
1972). About 1.4 km above the contact, on the Bothasberg 
plateau (Fig. 3), is a hydrothermally altered zone (Martini, 
1988) of silicification and sericitization with distal chlorite, 
epidote, and calcite (Fig. 7D). Between 2 and 3 km above 
the contact are intergrowths of quartz and sericitized albite 
in felsitic and granophyiic rocks. De\~trified glass in the felsic 
rocks is altered to quartz, chlorite, and epidote; mafic pheno
crysts are usually altered to hornblende ancVor chlorite. In 
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SCHRIKKLOOF FORMATION 

KWAGGASNEKFORMATION 

DAMWAL FORMATION 
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81 Bolhaaberg Plateau 

0.8 

* * 
DULLSTROOM FORMATION 

I (Roof) 

lntn.al,,e kMtl cl Austenburg Layered Suite 
Ill l.oskop Dam and Dullstrocm 

DULLSTROOMFORMATION 
(Floor) + 

++ 
+ 

+++ 

-4 + 
.... + 

2.0 22 24 

Symbol Magma Type 

<l Low Magnesium Folslte (LMF) 

◊ Low Magnesium Felsita (LMF) 

C> Low Magnesium Felsite (LMF) 

6. Low Magnesium Felsita (LMF) 

V Low Magnesh,.n Felsite (LMF) 

0 Low Magnesium Felsite (LMF) 

0 Low Magnesium Felsite (LMF) 

◊ Low Magnesium Felsite (\..MF) 

X High Fe-TI-P Lava 

* High Fe-Tt-P Lava 

□ Low Magnesliin Felsite (LMF) 

~ High Magnesium Felsl'te (HMF) 

I High Fe-Tt-P Lava 

[ji Xenolllh 

i;;;i High Magnesium Felsite (HMF) 

+ High r11an1um Basalt (KTI) 

... Basal Rlyoli1B 

• Low r11an1um Basaltic Andesl1e 

Locality 

L.oskop Dam 

8o1hasberg Pla\Bau 

Rooiberg Fragment 

L.oskop Dam 

Bothasberg Pla1eau 

L.oskop Dam 

8o1hasberg Plaleau 

Tauteshoogte 

L.oskop Dam 

Bothasberg Plateau 

L.oskop Dam 

L.oskop Dam 

L.oskop Dam 

Dullstroom Area 

Dullstroom Area 

Dullstroom Area 

Dullstroom Area 

Dullstroom Area 

Fie. 5. Variations in TiO2 \\ith stratigraphic height for the volcanic rocks of the Dullstroom an<l Rooiberg succ<.>ssions. 
Stratigraphic heights for fclsite occurrences from the Bothasbcrg plateau (loc-.i.lity 3), the Tauteshoogtc area (locality -1), 
and the Rooiberg fragment (locality i) are a<ljuste<l to allow str.itigr.iphic comparison \\ith Loskop Dam (locality 5). 
Localities are shown in Figure l. Y :Lxis right = unc:orrcctcd stratigraphic height for Bothasb<"rg plateau; Y :L\is left = 
strati~r.1phic units at Loskop Dam. The numerical sub<li,ision of units at Loskop Dam (after T,,ist, 19S5) on the left Y 
aris allows stratigr.1phic comparison ,\;th the fonnations of the Bothasberg plateau. Although TiO2 concentrations for low 
Ti basaltic an<lesite an<l high Mg fclsitc compositions are comparable, these flows <liffor in other clements (Scl1weitu·r et 
al., 1995a). 

Floor rocks 

2223 

Formation 

S:: hrikldoof 

Kwaggasnek 

Damwal 

Damwal 

Dullstroom 

felsites more than 3 km above the Rustenburg Layered Suite, 
silicification is associated with calcite, quartz, epi<lote, and 
hornblende. In the Rooiberg fragment (Fig. 1, locality 7) 
these features arc even more prominent than in the Loskop 
Dam area (Fig. 1, locality 5). There, plagioclase phenocrysts 
and matrix are almost entirely replaced by chlorite, calcite, 
and sericite. 

Geochemical Effects of Alteration 

The degree of alteration is indicated by volatile contents 
(L.O.I., loss on ignition) of the rocks, nonnative compositions 
(particularly nonnative corundum), variation in compositions 
,,ith stratigraphic height, and comparison of the geochemistry 
of the equivalent magma types recognized by Schweitzer et 
al. (1995a) in different settings (Table 2, Fig. 4A-E). 

Chayes (1966) and l1Yine and Baragar (1971) considered 
igneous rocks with L.O.I. > 2.5 wt percent to be altered. 
Only fi\'e of the 162 massive lava flows of the Dullstroom 
volcanic rocks have L.O.I. greater than this value (Fig. 8). 
Nonetheless, the criterion of Irvine and Baragar (1971) is for 
low-grade, regionally metamorphosed terranes, whereas the 
Rooiberg Group has undergone high contact metamorphic 
grades. However, Figure 8 illustrates that some high Mg 
felsite magma t)pes in the roof of the Rustenburg Layered 
Suite have higher L.O.I. than equivalents in the floor. 

Nonnative corundum in mafic rocks is an indication of 
metasomatism (Hatch et al., 1972) or alteration (Chaves, 
1969). Most of the Dullstroom lavas in the floor lack nor;.na-

Fie. 4. Comparison of element concentrations of stratigr.iphically corresponding magma types: A. Basal rhyolite
Dullstroom Formation. The basal rhyolite occurrences from the Stavoren fragment (n = 7) are normalized to their 
equivalents from the Dullstroom area (n = 24). B. High Mg fclsite-Dullstroom Formation. This magma type in the roof 
(n = 28) is normalized to its equivalent from the floor, in the Dullstroom area (n = 26). C. Low .Mg felsite-Damwal 
Formation. Loskop Dam (n = 75) an<l Tauteshoogte (11 = 8) areas normalized to their str.itigraphic equivalents from the 
Bothasberg plateau (n = 11). D. Low ~vlg felsite-Kwaggasnek Formation. Loskop Dam occurrences (n = 15) normalized 
to their equi\.h.tlcnts from the Bothasberg plateau (n = 24). E. Low Mg felsite-Schrikl<loof Formation. Loskop Dam (n 
= 14) and Rooiberg fragment (n = 43) occurrences nonnalize<l to their equivalents from the Bothasberg plateau (n = 6). 
Al2O3, P2O5, and Sc compare favorably for the various localities under consideration. The sequence of elements was 
detennined by sorting the nonnalize<l clement concentrations, in ascending order, for the high ~lg felsite magma t)1)e 
from the Loskop Dam. The av<.>rage compositions of magma types that are considered in this study, but which have no 
equivalent at another locality, are gi\'en in Table 2. 
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Fie. 6. Hcmnstrnl"tc<l intrusi\'c le\'d of tlw H11stenllllrg L1ycred Suite for the eastern B11sh\'cld Complex (after Schweitzer 
et al.. WU.Sa). ·n,c stratigr.1phic distribution of the follcming 111agma types arc shmm: LTl 1 .. .-. = low Ti b;L~altic arnlesitc. BH 
= ba.d rh~iJ!itc, IITI = high Ti h;L,alL. ll~IF = high ~lg felsitc. L~IF = low ~lg felsite. and high Fc-Ti-P = hil,!h Fe-Ti
p andesite. Note that tl,e high ~lg fpJsil1• magma t)1x· is prcsen·ed bcm•ath and al>O\'l' the H11stenb111'):?; L1ycrcd Suite. Damwal. 
Kwagg:L,;nek, :me! Schrikkltx>f low ~lg ldsitc magma t)l>t.'S art• l'o1111x>sition:JI~· disti11l1 (e.g .. Fig. 5). 

. . . > '-'-"":. 
. . -:,, 

• ·~nttl!-•--·. 

Fie:. 7. A. Alteration texture an<l minf'ra.l :L,;semblage in a low Ti h;L,;altic anclcsitc in the lower Dullstroom zone(> 1.000 
m distance to the l111stcnllllrg L1y(•red Suite). Chloritc is present hut tht' original ophitic texture is preser\'ed. B. Trc.>molite
actinolite ,L~sociate<l \\ith plagioc:lase in a low Ti basaltic amlesite •-IOO to 1,000 m below the Bushveld mafic rocks: c:hlo1ite 
is absent. C. Cranobh,;tic texture in a low Ti ba.saltic andesite <400 m from the contact \\ith the B11sh\'cld mafic rocks. 
lntC'rlcx:king plagioc:lase (74 \"OJ 'ic\. hiotite (8 rnl '"k). pyroxene (S rnl 'ic). l,omblende (~ rnl 'k), quartz (5 \'OJ 'k). and 
ma)._TJlc.>tite (3 \'OI %) are the pn·clominant minerals. D. lligh ~lg fplsitc of the Hooilwrg Croup about 1.000 m ahon' the 
intrusin' contact. C:hloritC' (black palt'hes). cpidote. and cak-ilt· are abundant in the rocks < 1.4 km from the B11~Jiq•)d 
contact. Long dim<'nsion for :\ to D is I .4 nun. 
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TABLE 2. Avl'ra~c Cl'oc:lll'mical Analyst>s of the Magma Types of the Dull.st room Formation 

Dullstroorn Fom1ation 

LTl 1 .. IITI High Fc-Ti-P LMF 

II 77 35 5 29 
Std Std StJ StJ 

Si02 Si.30 2.30 5.'H)() 2.20 61.30 1.60 67.90 1.10 
Ti02 0.62 0.09 l.8i 0.22 1.02 0.06 0.&3 0.07 
Al20 1 14.70 U.60 13.60 0.70 12.00 0.20 12.00 0.30 
Fl·O· 8.87 0.44 II.SO 1.22 10.69 1.20 7.16 0.6.5 
!-.1110 0.16 0.02 0.17 0.()2 0.2,"> 0.0.5 0.21 0.27 
M1-,,0 5.06 l.1-l -U:i2 0.54 0.81 0.21 0.53 0.20 
CaO 7.92 0.84 8.37 l.21 3.56 0.25 2.04 0.80 
Na20 2.28 0.41 3.00 0.45 2.S6 0.41 2.81 0.63 
K20 1.43 0.40 l.38 0.38 3.25 0.26 4.43 O.H6 
P20~ 0.12 0.03 0.23 0.05 0.3.5 0.0-1 0.16 0.03 
L.0.1. 1.31', 0.56 0.95 0.39 l.95 0.49 1.19 0.50 
Total 99.00 99.50 98.10 99.10 

Nb 3 3 13 3 14 2 16 
Zr 130 42 206 51 2S2 19 328 20 
y 21 5 30 6 49 2 49 7 
Sr 252 47 389 58 159 16 136 60 
Hb 58 22 50 20 126 11 169 36 
Zn 79 17 94 22 407 131 2.46 168 
Cu 60 W9 .55 49 52 38 46 36 
Ni 81 32 90 28 13 4 14 9 
Ba 394 109 3:36 12.5 431 :26 659 2:26 
Sc 30 3 2.-1 3 :20 3 1:2 :2 
Ga 14 I I!) I I!) l 16 2 
!If 1 3 I 4 7 3 
u 0 2 0 I 4 0 8 12 
Th 12 8 JU 3 15 3 IS 2 
pl, 7 13 4 2 98 6,S 48 48 

~1agma types listcJ arc those not c:omparc<l to stratigraphic C<juivalents from other locations (Fig. 4A-E); data from Schweitzer (1987) and Twist (1985); 
major clements in ,.,,1 percent, trace elements in ppm, FcO" = total iron as FcO 

Abhrl•,iations: lligh Fc-Ti-P = high Fl·-Ti-P andcsitc. IITI = high Ti h.L~alt, L~1F = low ~lg felsitc, LTl 1_ = low Ti basaltic andcsite, Std = stanclarcl 
dl•,iatiun 

live conm<lum (Fig. 9) an<l have positive correlations between 
CaO an<l FeO° or MgO (Schweitzer, 1987). These relations 
arc l)l)ical of unaltcre<l igneous rocks (Gelinas et al., 1982). 
Thus, any metasomatism or alteration in the Boor rocks was 
limited to <lehydration with little, if any, mobilization of the 
major rock-fom1ing elements. 

Hoof rocks 

The roof volcanic rocks have increasingly higher normative 
comndum \\ith increasing height above the Rustenburg Lay
ered Suite (Fig. 9), suggesting a much greater degree of 
alteration than in the floor. The almost twofold increase in 
Ca and generally higher Sr concentrations in flows without 
normative comndum (Table 3), suggests that Ca and Sr were 
removed from the corundum-nonnative Hows. Corundum
normative flows are especially prominent at Loskop Dam, 
where the Ca concentration of low Mg felsite flows above 
the Dullstroom Formation correlates positively with L.O.1. 
(Fig. 10). 

The striking increase in volatiles in the roof away from the 
Hustenburg Layered Suite (Fig. 8) is accompanied by a gen
eral increase in Zn, Pb (Figs. 11 and 12), and to a lesser 
extent, Mn (Sclnveitzer et al., 1995b). Alteration in the lower 

1.4 km of felsites occurs irrespective of magma type (Figs. 8, 
11, and 12). 

Zn contents decline in the middle portion of the roof rocks 
but are higher than in the floor rocks (Fig. 11). L.O.I. is 
generally high (Fig. 8). Thus, this portion of the pile appears 
to be pervasively altered. 

At the top of the succession, Zn contents decline (Fig. 11 ), 
normative corundum contents are variable (Fig. 9), and silica 
commonly exceeds magmatic values (Fig. 13). These charac
teristics indicate that leaching and silicification were the dom
inant processes at the top of the succession. 

Concentrations of mobile elements have been modified to 
varying degrees at the localities under consideration (Figs. 
11, 12, and 13). Immobile elements, such as Ti an<l P, exhibit 
limited scatter and comparable concentrations for the \'arious 
localities (Fig. 14). 

Regional Vaiiations in Alteration 

Stavoren f ragme11t 

Zn and Hf enrichment is pronounced in the Dullstroom 
volcanic rocks of the Stavoren fragment (Fig. 1, locality 6), 
when compared with the equivalent magma type in the floor 
of the Rustenburg Layered Suite in the eastern Bushveld 
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(Fig. 4). Nom,ati\·e corundum, which is almost completely 
absent in the Dullstroom basal rhvolite, is characteristic: of 
the rhyolites of the Stavoren f ragn{ent. The b~L<;al rhyolitc of 
the Stavoren fragment has relatively higher K, Rb, Ba, L.O.I., 
Hf, Zn (Fig. 15A), and Si, and lower Na, Sr, Cu, and Ca (Fig. 
15B) concentrations than its equi\·alents in the Dullstroorn 
area, suggesting that the Sta\·oren flows are se\·erely altered. 

4.0 ,-------------------------
Ernelope tor Scx.'lasbetg Pl:a!eau 

SCHRIKKl.OOF FORMATION 

KWAGGASNEK FORMATION 

DAMWAL FORMATION 

DULLSTAOOM FORMATION 
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lntrusNe le-.oel d Rusa~ layered 
Sude at l..oskop Dam and Oullslroom 
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DULLSTROOMFORMATION 
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12 14 

Fie. 9. \'ariations in nonnatin• c:ornndum ,,ith strati):!raphic: height in 
the Rooiberg rnlc:anic rocks. Immobile elements indic:atl' tliat low :\lg fclsite 
'"ith and \\ithout nom1ative corundum occurs ,,ithin regional!~• comparable 
stratigraphic horizons. See Figure .5 for legend. 

Loskop Da111 area 

A comparison between the high Mg felsite magma type in 
the Dullstroom Formation, below (Dullstroom area) and 
above (Loskop Darn area) the Rustenburg Layered Suite, 
suggests an increase of, in increasing or<ler, K, Mg, Rb, Cu, 
L.O.I., ~i. Mn, U. Hf, Zn (Fig. 15A), and Pb an<l a depletion 
in Ba, Ca (Fig. 15B), Th, and Sr at Loskop Dam (Fig. 1, 
locality 5; Fig. 4 ). Corundum oc:curs in the norm of some 
high Mg felsites of the Loskop Dam succession but not in 
the same magma t)pe in the Rustenburg Layered Suite Aoor 
(Fig. 9). 

At Loskop Dam, the low Mg felsites in the Damwal Forma
tion have higher conc:entrations of Ca, Mn, Zn, Ni, L.O.I., 
and Pb and lesser Ba, Na (Fig. 16), Th, Sr, Mg, and Si (Fig. 
13) than stratigraphic and compositional equivalents in the 
Both,Lo;berg plateau (Fig. 4E). 

A c:omparison of the low Iv1g felsite magma type of the 
Kwagga.<;nek Formation at Loskop Dam with its equivalent 
in the Bothasber~ plateau (Fig. 4D shows that the Loskop 
Dam occurr(•nc:es are severelv altere<l. The verv low Na con
tents of Loskop Dam low Mi felsites (Fig. 16),are accompa
nied hy low Zr, Ba, Th, Sr, and Mg (Fig. ·1D). Th<' Loskop 
Da111 area sl1ows a rl'lative innease in Z11, L.O. I., Ca, Ni, U. 
and Pb. 

The Sc:hrikkloof Formation in the Loskop Dam area h;L<; 

TABLE 3. Comparison of Low Mg Felsite Compositions (unit 6 of T,,ist. 
HJS.5) \\ith and without :--:ormativt> Conmdum 

Low M!! ft>lsitc magma t:ve- Damwal Fonnation 

\\'ithout normative \\'ith normative 
c:onmtlum (11 = JU) c:ornndum (n = 9) 

Std Std 
SiO2 fi.5.97 1.0.5 67.77 1.27 
Ti0 2 0..54 0.07 0 . .58 O.OS 
AlzO3 11.31 0.30 11.62 0.25 
F<'O° 6.96 0.73 7.31 0.9S 
MnO 0.16 O.o3 0.15 0.0.5 

:\lgO 0 . .50 0.16 0.59 0.16 
CaO 3.28 o .. 55 1.85 0.76 
Ka2O 1.90 0.75 1.84 1.01 
K20 3.97 0.50 3.88 0.6-'i 

P2O~. 0.17 0.03 0.18 0.03 
L.O.1. 4.IG O.S2 3.0,'i 0.61 

NI, 14 2 15 2 
Zr 316 25 316 19 
y .so 9 5-1 14 
Sr 92 23 73 2i 
Hb ]60 31 1.58 41 
Zn 207 70 236 101 
Cu 31 24 26 18 
Ni 13 u 1.5 s 
Ba 752 230 7D9 224 
Sc: 13 l 14 2 
Ca Ji l 17 I 
Hf 7 2 7 l 
u 3 () 3 0 
Th Ji 2 Ii 2 
Pb 52 9.t 34 19 

Std = standard deviation; major elements in weight percent, trace ele
ments in ppm, FeO° = total iron as FeO 
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ft>l~itc flows from tlw Loskop Dam exhibit a pro11011nel'J (re:= 0.S:36) correla
tion \\ith L.O.1. 

exceptionally low Na (Fig. 16) an<l correspondingly high Si 
(Fig. 13) comparc<l to other are;L<;. Silicification and secondary 
calcite, cpi<lote, and hornblende also indicate that the Schrik
kloof Formation in the Loskop Dam area is se\·crely altered. 
Geochemically the Schrikkloof Formation at Loskop Darn is 
relatively cnriche<l in Fe, Ca, Zn, Pb, U, Ni and Si and de
pleted in Y, Nb, Zr, Th, Sr, Hf, htg, Ba, and :'\a, compared 
to equivalents from the Both;Lo;;berg plateau (Fig. 4E). 

Rooiberg fragment 

In the Rooiberg fragment (Fig. 1, locality 7) leaching of 
Na in some flows of the Schrikkloof Formation (Fig. 16) is 
almost as pronounced as in the Loskop Dam area. Silicifica
tion, however, is not as severe (Fig. 13); Si is higher than in 
stratigraphically equivalen.t flows of the Bothasberg plateau. 
These flows exhibit an alteration pattern similar to the upper
most flows from the Loskop Dam and are characterized by 
Fe, Zn, Hb, Ca, Mn, Ni, and U enrichment and by Zr, Y, 
Nb, Ba, Na, Sr, and Mg depletion (Fig. 4E). 
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Fie. 11. \"ariatio11s in Z11 \\ithin Dullstroom and Hooiberg volcanic rocks 
related to the distance to the B11sll\'elJ intnision. Sc-c· Fi~ure 5 for legend. 

Botlwshcrg plateau and Tauteshoogte area 

The lavas of the Bothasberg plateau (Fig. 1, locality 3) 
have Si and ~a contents \\'hich are consi.stent with magmatic 
origins (Fi~s. 13 an<l 16). ~lil<lly elevated normative corun
dum (Fig. 9), Zn ,·alues (Fig. 11), and low L.O.I. values (Fig. 
4C-E) indicate that these rocks are moderatelv altered. Low 
Mg felsites from Tautcshoogte possess comp~rable concen-
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abo\'e the Rustcnlmrg Layered Suite. See Figure 5 for Jp~end. 
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FIG. 13. TiO2 an<l SiO2 variations in low ~lg fclsitP Hows of the Rooiberg 
Group. 

trations but have e\·en lower Zn, L.O.I., Cu, and Mg, and 
higher Hf (Fig. 4C). 

In summarY, Ti, P, Al, Ga, and Sc concentrations are the 
same at all lo~.tlities, whereas other elements scatter broadly 
or are relatively increased or depleted (Fig. 4A-E). Re¢on
ally, the roof rocks are depleted in Sr. Na, and Th and en
riched in L.O.I., ~i. Zn. The lower portion of the roof rocks 
is depleted in Ca, \\ith Ca enrichment in the upper portion 
of the volcanic pile. ~[g has the reverse trend. The uppermost 
portion of the roof rocks has U and Fe enrichment. Nb, Zr, 
and Y reflect primary compositions in the lower portion of the 
Rooiberg Group, but depletion of these elements occurred 
in the K\l.:aggasnek and Schrikkloof Fom1ations (Fig. 4D 
and E). 

Discussion 

Although heat from the Rustenburg Layered Suite devola
tilize<l about 1 km of the floor volcanic rocks, elemental redis
tribution \\ithin these rocks was minor. A possible reason for 
this is that with the heat source above the fluid. cooling an<l 
recirculation of the fluid were impossible, with the water 
migrating into the Rustenburg Layered Suite magmas. 

The primary compositions of the magma types in th<' 
Hooiberg Group overlying the Rustenburg Layered Suite 
were significantly modified. The degree of alteration varic-s 
from locality to locality and with stratigraphic height. Distinct 
magma types cannot he <listinguishe<l using mobile elements. 
Onlv a limited number of ele1nents (Ti, Al, P, Ga, Sc, and 
hea~)' REE) were immobile during alteration. These can be 
regionally useful for lithochemical an<l petrogenetic studies. 
Other elements may be utilize<l selectively. Fe concentra
tions, for example, are comparable for the same floor and 
roof magma types, an<l stratigraphically equivalent roof rocks, 
for the lower portion of the succession (Fig. 4A-C). It is 
therefore deduced that primary Fe concentrations are en
countered in the Dullstroom and Damwal Formations, 
wherea.'i Fe enrichment occurred in the upper Rooiherg 
Group (Fig. 4D and E). 

The zone of b,L'ie metal concentration in the immediate 
roof zone is of special economic importance. Martini (1988) 
described two phalies of mineralization at the transition from 
the Damwal to the Kwaggasnek Formation in the Botha.-;herg 
plateau. The first caused pyrite and arsenopyrite minerali:1.a
tion, which may have be<.>n initiated by shallow intrnsion of 
granophyre Ov1artini. 1988). Because the arsenopyrite miner
alization <loe.s not extend upward into the Kwa~gasnek For
mation, mineralization may have preceded the emplacement 
of the Kwaggasnek Formation. 

Martini (1988) showed, in addition, that Pb and Zn wne 
introduced later, hut he could not explain this change in 
mineralization. Our results suggest that this second stage of 
mineralization is linked to the emplacement of the Rusten
burg Layere<l Suite: fluids penetrated the bottom portion of 
the Rooiberg Felsite Group. In particular Zn, Pb, and ;\ln 
were introduced or redistributed into hydrated rocks. Aver-
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FIG. 14. \'ariations in TiO2 and P2O5 within the \'arious stratigr.iphic 
units of the Hooibng Group. The distincti\'e ranges in concentration can he 
usnl to correlate units at different localities. See Figure 13 for legend. 
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A and B. G<'ochC'mical c:ompa1iso11 of corresponding flcxir and 

age Zn contents of siliceous ,·olcanic rocks nom1ally are low 
(about 48-53 ppm), but the average concentration in massive 
Hc>0ihcrg felsitc roe-ks from Loskop Darn is 318 ppm. The 
comparison of equivalent Aoor and roof magma types indi
cates that the majority of the Bushveld roof rocks show hydro
thc>rmal enrichment of Zn, Ph, and l\1 n, and that this enrich
nwnt is not restricted to intercalated quart7Jtes as Ma1tini 
( l ~)SS) suggestc<l. 

\'olatiles are int<.>rprded to ha\'l' 01igi11ated from the floor 

rocks an<l from xenoliths in the Hustenburg Lavercd Suite 
(W,Jlmach, HJSS). A \\ide variety of saline ... Auicls migrated 
through the Bushn~ld Complex (Schiff ries and Sl-.;nner, 
1987), and they could ha,·c transported appreciable amounts 
of dissol\'ed metals. The formation of vesmianite is a direct 
reflection of the availability of H:?O-rich fluids in xenoliths of 
the upper zone of the Hustenburg Llyered Suite (W.ulmach, 
1988; see Fig. 1 for locality of \'arious calc-silicate xenoliths). 
The hydration reactions to \'esmianitc occur at low tcmpC'ra
tures ( <.500°C) and are relatively insensith·e to changes in 
pressure (Ito an<l Arem, 1970). 

F i<rure 17 sucrnests that Zn was also redistributed in the t:, ::-,...-, 

upper portion of the Rustenburg Layered Suite. Fluids that 
percolated through the upper zone may ha,·e originated from 
wet magma undcrl)ing this zone. The lack of Pb enrichment 
,,;thin the upper zone of the Rustenhurg Laypred Suite sup
ports the inl<.·rence that the source for this element was the 
volcanic rocks. 

The overall geochemical pattern of alteration of the ,·olca
nic roof rocks is consistent ,,ith fluid migration away from 
the Hustenburg Layered Suite with leaching at the top of the 
Rooiberg Group. T,,ist (1985) suggested pervasive alteration 
of the 11ppennost Hooiberg succession at Loskop Dam. He 
sug_gested that this feature resulted from a prolonged period 
of deep \\'eathering <lming post-Rooiberg times. \Ve propose 
that the se\'ere alteration of the uppermost Rooiberg package 
could .. Jso be linked to the Busln·eld hnlrotherma.l S\"Stem. 

The color of the felsite in the roof h·as been one c1iterion 
to suhdi,ide the felsite package stratigraphically (Clubley
Armstrong. 1977; T,,ist, 1985) and to mark the transition to 
an oxidizing atmosphere (T\\ist and Cheney, 1986). The color 
of stratigraphically equivalent rnlcanic rocks is regionally vari
able (Sch\\'eitzer et al., 199.Sa), resulting in erroneous strati
graphic correlations. This supports the .. tltemati\·e interpreta
tion ( Eriksson an<l Cheney, 199:2) tl1at the color of these rocks 
is the result of postdcpositional processes and is unrelated to 
the e\·olution of atmospheric oxygen. 
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Fie. 17. Zn variations \\ithin the Rustenburg Layl.'red Suitl.' and Rooib
erg volcanic rocks relati,·e to the stratigraphic position of the P)TOXl'nite 
marker. Note the increase in Zn content ,,ithin the upper portion {upper 
zone) of the Rusten burg Layered Suite. 

aberrant, whole-rock, Rb/Sr and U/Pb ages for the Rooiberg 
Group in the roof zone of the Rustenburg Layered Suite 
(see Walraven, 1995, for re\iew of ages). Economically viable 
clements could be enriched in porous Rooiberg rocks. Exam
ples of economically \iable deposits in pyrocl.L<;tic rocks simi
lar to those interbe<l<le<l in the Hooiberg Group arc Creede, 
Colorado; Roun<l ~1ountain, Nevada; and McDermitt, Ne
vadi: (Hetherington and Cheney, 1985). 

Conclusions 

Primary and secondary geochemical concentrations in the 
Rooiberg Group are identifiable by comparing composition
ally equivalent magma types of the floor and roof zone of the 
Bushveld Complex. This comparison reveals that the degree 
of geochemical alteration in the Rooiberg rnlcanic rocks is 
geographically variable. Ti, P, Al, Ga, Sc, and heavy REE, 
which were regionally immobile, indicate that the Dullstroom 
and Dam\\·al Formations were a continuous succession, be
fore being separated by the intrusions of the Rustenburg 
Layered Suite. 

To date, studies have only considered the massive, wddell 
po1iions of the volcanic succession. This led to the misperc:ep
tion. that the Hooiherg Group is "amazingly fresh.'' Studies 
on the permeable pyrocla.stic and nonwel<le<l portions of the 
Rooiberg Group would contribute to a better understanding 
of the alteration processes and might lead to the discovery 
of economic deposits. 
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Economic potential of the Rooiberg Group: 
volcanic rocks in the floor and roof of the Bushveld Complex 

.J.1'. Schweitzer*, C.J. Hatton**. and S.A. de \V:1:11 

Gcl1l0fy Department. Pretoria Uni,rn,ity. Hillcrest 0002. South :\fric:i 

Rccci,ed: 17 :--.tay 199-l Accep11.:d: 9 December 199-l 

Ahstr:ict. Volcanic rocks of the Rooiberg Group arc 
preserH~d in the floor and roof of the mafic R ustcnburg 
Layered Suite of the 13ushYeld Complex. Field and geo
chemical characteristics of these \'Olcanic rocks imply that 
they arc genetically related to the Rustenburg Layered 
Suite. Four major ore-forming e,·ents arc identified in the 
Rooibcrg Group. The first phase was accompanied by 
\'Olcanic hosted. fault controlled. hydrothermal copper 
mineralisation. which is found in the lowermost portion of 
the Rooiberg Group. underlying the R ustenburg Layered 
Suite. This type of mineralisation is tentati\'ely linked to 
initial Rustenburg Layered Suite intrusions. Strata bound 
:1rsenic mineralisation that possibly formed in response to 
contact metamorphism. ch;.Hactcrises the second phase. 
~111J occurred after extrusion of the Damwal Formation. 
possibly due 10 shallow granophyric intrusion. The third 
mineralising e,·ent occurred in rc:-:.ponse to contact meta
morphism during the final sta~es of the Rustcnburg 
L1yered Suite. where especially Pb :-ind Zn \\'ere introduc
ed into the fclsite roof rocks. This type of mineralisation 
affected the majority of the Rooiberg Group. but is most 
pronounced towards the contact \\·ith the Rustcnburg 
Layered Suite. The fourth phase is restricted to the 
Rooiberg Group in the Nylstroom area and is linked 10 

the granite intrusions of the Lebowa Granite Suite, from 
\\'hich Sn and F were introduced into the uppermost felsite 
succession: \1ineralisation in the Rooiberg Group ap
pears to be controlled by the character and intrusion le\'el 
of the associated Buslweld ma!:.mas. DilTcrent stvles of 
mineralisation in Rooiberg Gro~p rnlcanic rocks ;re en
countered at \·arious stratigraphic levels. Major primary 
volcanogcnic ore deposits appear to be absent. 

Pre:-.elll addresses: 
• :--1iningtek CSIR. P.O. Box 91230 . .-\uckbnd Park. 2006, 
Johanne~burg. South Africi. 

•• Anc.10 American Re~earch Laboratories. P.O. Box 106, 
Crow~ \lines. 2025. fohannesburg. South Africa 

The e,·rnts comprising the Bushveld Complex (i.e. 
the R ustenburg Layered Suite. R LS; Lebowa Granite 
Suite. LGS; Rashoop Granophyre Suite, RGS; SACS. 
1980) in southern Africa are of enormous spatial 
extent. Volcanic rocks comprising the Rooiberg Group of 
the Transvaal Sequence are closely associated with the 
Bushveld magmatic events. in time and space (e.g. Twist, 
19S5; Hatton and Sharpe, l 98S; Schweitzer and Hatton, 
1994b). 

We first re\'iew the !!eolo!!ical settin!! of the Rooibcr£ 
volcanic rocks :-is presc-rvcd beneath and above the RLS. 
Then we identifv and catc!!orisc the mineralised zones 
contained in thc~Rooibcrg. Group. outline criteria to dis
tin!!uish ,·arious stvlcs of mineralisation. and link the 
deposits to the difT~rent phases of Bushveld magmatism. 
We conclude by considering the potential for undis
CO\'cred miner:1! dq,osits. 

Geological setting 

The Bush,cld Complex predomin:rntly O\'erlies scdi:11en1ary rocks 
of the Trans\'aal Sequence (Fig. I). In the southeast the RLS 0,·erlics 
a p:icbge of volcanic rocks. the Dullstroom Formation. which \\'3S 

long considered 10 be part of the Pretoria Group. Trans\'aal Se
quence (SACS. I 9SO). and unrelated 10 the Rooiberg Group abon: 
the R LS (Table I). Our in\'estigations (Schweitzer. l 9S6: Eriksson 
ct al.. 1993: Schweitzer and H:itton 1994a: Schweitzer ct al.. I 994) 
established th:it one magma type is common to the ,·olcanic floM 
:ind roof rocks of the RLS. It is therefore clc:i.r th:i.t the RLS intruded 
into the Dullstroom-Rooiberg ,·olcanic pile. separating the Dull
st room \'Olcanic rocks from the remainder of the Rooiber!! fclsites. 
Accordingly we redefine the Rooiberg Group to include t-he Dull
stroom ,·olcanic rocks as its lowermost f orm:ition (Schweitzer ct al.. 
! 994). (Fig. 2). resulting in a proposed new subdi\'ision into four 
formations (Table I). 

The rocks comprising the Rooiberg Group. especially the upper 
K wagpsnek and Schrikkloof Formations (Fig. 2). exhibit regionally 
persistent lithological and geochemical characteristics (Schweitzer 
et al.. 1994). Specifically. these include a zone of prominent quartzite 
xcnoliths towards the top of the Kwaggasnek Formation (e.g. Rho
des. 1975: Du Plessis. 1976: Rhodes and Du Plessis. 19761. o\·erlain 
bv an a!!!!lomerate and shale (Fi!!. 2L The latter zone. The Union Tin 
\1cmb;r: is succeeded by strongly flow-banded rhyolites comprising 
the Schrikkloof Formation. which is terminated by a tuff at its 10p 
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Fig. I. Rooibcrg Group occurrences related 10 rocks comprising the Bush veld Complex and those of the lower portion of the Trans\ :i:il 
Sequence (modified after Walr~n·en. l9S2) 

T.ihle 1. Newly proposed Rooibcrg Group subdi\ision (after Schweitzer ct al.. 1994) compared to the one currently considered by S,\CS 
( 1980) 

SACS. 19S0 

Group Formation \I ember 

Rooibcrg Scions Ri\er Klipnek 
Doornkk1of 

Damwal 

Pretoria Dullstroom 

(e.g. Clubley-Armstrong. 1977. 19S0; Twist, 19S5). The regional 
recognition of these features permits the stratigraphic correlation of 
previously mined Rooiberg deposits or mineral occum;nces (Fig. 2) 

and the targeting of potential economic areas. 
We have reviewed and examined occurrences oi the Rooiberg 

Group O\'er its extent and find that the complete Dullstroom 
Formation is present only in the eastern Transvaal (Fig. 3). The 
Dullstroom Formation therefore constitutes a localised phase of 
early volcanic acti,·ity. preceding the more widespread volcanism of 
the Kwaggasnek and Schrikkloof Formations (Figs. 2 and 3). A hi
atus between the Damwal and Kwaggasnek Formations is defined 
by the appearance of sedimentary rocks showing a strong volcanic 
component (Eriksson, P.G., personal communication. 199-i). and by 
the last extrusion of the Bothasberg low-Mg Felsite (LM F) magma 
type (Fig. 2). 

Schweitzer ct al.. 1994 

Group Formation \lcmbcr 

Rooiberg Schrikkloof 
Kwaggasnck Cnion Tin 
Damwal 
Dullstroom 

According to the distribution of the formations comprising the 
Rooibcrg Group (Fig. 3). four regions can be defined. The two major 
regions arc. in present outcrop. the Bothasbcrg Package (where all 
Rooibcrg formations arc present) ~nd the ;\ylstroorn Package 

, (where only the Kwaggasnek and Schrikkloof Formations :.ire pres
ent. Fig. 3). Rooiberg fclsitc of the Bothasbcrg Pacbgc is. to a large 
extent, underlain bv the R LS. whereas granite of the LGS (Wal
raven, 1985) intrude.ct into the upper portion of the Rooibcrg Group 
in the Nvlstroom Package. Two further regions arc defined bv the 
fclsite o~currences withi~ the Sta\'oren a;d Rooibcrg Frac~ents 
(Figs. I and 3). There. the basal succession of the - Dull;troorn 
Formation is prescn·cd (Schweitzer ct al.. 199➔). This succession is 
overlain by !lows of the Kwaggasnck and Schrikkloof Formations 
within the Rooibcn:: Fragment. The Rooibcrl! succession within 
both fragments abuts agai-nst the LGS. -
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Fig. 2. Stratigraphic subdi\"ision of the Rooibcrg Group as deduced from regional lithological and chemical features (modified after Schweitzer 
cl al.. 1994). :-.1 incs and localised diggings arc rcbtcd 10 the commodity mined and arc listed according to their stratigraphic position 

J\ lincral deposits and occurrences in the Rooiberg Group 

The stratigraphic and geographic position, and the type of 
mineralisation. of the major and minor deposits that have 
been mined within the Rooiberg Group. are shown in 
Figs. 2 and 3. Inspection of the:;e figures reveals that no 

major deposits ha\·e been discovered within the area de
lineated bv the Bothasberg PackaQe. However. various 
mineral oc~urrences ba\·e b;en described within this pack
a2e (Fi!:!. 2: Twist 19S3: Martini. l 98S. 1990: Schweitzer 
a~d Hatton. 1994) and these will. also be discussed in the 
following. 
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Fig. 3. Gcogr:iphic distribution of the \·arious Ro01bcrg Group 
formations. Also shown arc the positions of dcf unct and operating 
mines within R.ooibcrg Group rocks. The Stavorcn and Rooibcrg 

\'olcanogcnic massive sulphide deposits are indigenous 
to felsic volcanic rocks throughout the \\'Orld and their 
potential in the Rooibcrg Group should not be neglected 
(Twist, 1983). Ho\\'e\·er, massive sulphide deposits appear 
to be absent (or minor) in the Rooiberg Group, possibly 
due to the intracratonic character of l3ushveld magmatism 
(Sa \\·kins. 1984). 

Tin and fluorspar arc, to date. the only major commodi
ties that have been mined within the sedimentary and 
volcanic rocks of the Rooiberg Group. In general. the 
granite intrusion resulted in updoming of Rooiberg felsite, 
creating favourable structural traps in which mineralisa
tion resulted from volatile enrichment. In the absence of 
structural traps or fissures, pipe deposits formed within 
the granite or the adjacent rock(s). Deposit distances from 

Fr;igments ;ire c0mpriscJ of 11oLH scdimc111;1ry rock) :ind Rooiberg 
Group volc:inic rocks. and :ire situated within Bush\cld Granite 

the source rock vary between 2-10 km (Crocker and 
Callaghan. 1979). 

Production statistics referring to indi\·idual mines or 
mines within a region (as only one producer may exist in 
a re~ion) arc onlv available in limited c;1ses. due to confi
dentiality const;aints. An accurate assessment of the 
quantity of the various deposits mined is therefore not 
possible. Only limited production figures are published 
( Lenthall. 1974; Crocker and Callaghan. 1979; Crocker, 
1986: Pringle, 1986a and b) and these are summarised in 
Tables 2 to 4. 

Rooibcrg and Zaaiplaats tin mines were two major tin 
producers that mined in rocks not included in the 
Rooiberg Group, and arc therefore excluded from the 
statistics presented in Table 2. The sedimentary rocks 
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referred to in Table 2 most probably relate to deposits 
encountered in the sc<limcntan· rocks intercalated within 
the Rooibcrg Group. cspeciall;• the Union Tin Member. 
mined at various localities (e.g. Union Tin t\·tines. the 
second l::lrgcst tin producer in South Africa). Granophyrcs 
:-ire genetically linked to the volcanic rocks of the 
Rooiberg Group (Walraven. 1982. 1985). However, they 
do not form part of the Rooiberg Group. arc of minor 
economic significance (e.g. Table 2). and arc not con
sidered in this study. 

Comparison of T:1bles 3 and -+ rc\·cals th<ll only about 
a tenth of South :\frica·s tin production. 99% of which is 
derived from the rocks associated with the Bushveld Com
plex (Crocker and Callaghan. I 971 ). was derived from 
deposits located within the Rooibcrg. Group. 

T:.ihl<.> 2. Tin rr0du(tit,n as Jcri,cd from Jdkn:nt host rocks (ex• 
cl11Jin:= Roo1l'll..'rf ;ind Zaaipb;11S tin 1111111..'~). mod11'1cJ afta Lcnth;.dl. 
l97~ 

Host rock 

Granite 
Granophyrc 
F clsitc 
Scdimcnt:iry 
Rocks 

C0nccn• 
1 r;11cs 
(Tons) 

11 -l-l2 
229 

11 S35 
l-l 3SO 

3'7 956 

% of 
TotJI 

30. 12 
O.S6 

31. I 6 
:n.s6 

100.00 

t'.lctallic % of 
Tin Total 
(Tons) 

7 sss 3-l.S9 
167 0.7i 

5 521 25.39 
S-l67 3S.95 

21 7-:0 100.00 

T:1hll· J. Tin produc1i0n from , ari0us fCOgraphic areas ( Fig . .>I. 
ml)dificd :iftcr Lcnth:ill. 19i-l. The fi~urcs c.i\·cn for the metallic tin 
reccn-crcd comidcr the period bct,,c~n 19O-l and 1971 

Arca 

Rooibcrf 
Potfictcrsrus 
:-.:ylstroom 
Marble Hall 
Warmb:iths 
Pretoria 

Conccn-
1ra1es 
(Tons) 

62 366 
31 288 
1 I 599 
4 862 ..,,.., 

170 
110507 

~~ or 
Total 

56.-l.> 
2S.32 
1050 
-lA0 
0.20 
0.15 

100.00 

i\lctallic ¾ of 
Tin Total 
(Tons) 

39150 56 06 
21 9-!~ 31.56 

5 ,:;95 7.72 
3 03-l 4.3-l 

I JS 0.17 
104 0.15 

69 7-l9 100.00 

i\Jiner:ilising cn~nrs 

\Ve distincuish four mincralisinc e\'cnts which we link to 
the \'ario~s intrusi\'e phases c-omprising the Bush\'c)d 
Complex. These C\'cnts arc described in inferred chrono
lor.ical order, simultaneous!\' rclatin!! the mineral occur
rc~ces and deposits to thcir.stratigra-phic position within 
the Rooiberg Group. 

First 111i11eralisi11g cre111: Dullstroom Formatio11 beneath RLS 

Dullstroom Formation \'Olcanic flows as prescn·ed in the 
R LS floor ( Figs. 3 and 4) show. despite their proximity to 
the R LS. minor si£ns of clement redistribution (Schweitzer 
and Hatton. 1994). The R LS apparently dehydrated these 
floor rocks and fluid flo\l,: was consequently minimal. 
DctJJ!cd field work. howe\·er. re\'cals that localised copper 
occurrences in cpidotised zones along fault planes do 
occur. Copper could ha\'e originated from the \'Olc~rnic 
rocks. \1Jfic intrusions arc also likely to introduce copper 
into their host rocks and we rcbte the loc~!liscd copper 
mincralis:ition in the Dullstroom Formation of the R LS 
floor to the initial intrusions of this suite. 

The base of the Dullstroom Formation is marked by an 
unconformity (Cheney and Twist. I 991 ). Three pal::leo\'al
leys. initially described as eruption centres (Schweitzer, 
19S~). ha,·e been mapped. The establishment of the char
acter of these depressions requires further attention but it 
is noted that chalcopyritc and pyrite (disseminated :rndior 
as amygdale fillings) arc encountered in these areJs. 

Second 111inerdising crcnt: KH·aggasnek Formation 

\tineralisation. mainly pyrite and arsc:-10;.,yrite. is largely 
confined to a quartzite layer marking the base of the 
Kwag.gasnck Formation (Fig.. 2). The zone of mineralisa
tion is also characterised b\' silicification and sericitisa
tion. interpreted to ha\·c rcs.ulted from shallow intrusion 
of granophyrc of the RGS (>tanini, 198S). \1artini ob
scr\'cd that Pb and Zn were introduced at a later stage 
and he could not find any possible explanation for this 
change in mineralisation. We relate this phase of later 

Table 4. Production ~ta1is1ics of dcf unct and operating mines within deposits of the Rooibcrg Group. Period. where indicated. docs not imply 
the period of opcrati0n but the period O\'Cr "hich tonnages were recorded. Tin recovery from -1.h·c \\'armbaths area was mainly deri,ed from 
deposits within fclsitc. where a tot:il of I 1~ tons of metallic tin w:is reco\'ercd · 

Arca t\1ine 

Potgictersrus Salomons Temple 
PotgictcrHus \\'clgc,ondcn 
Potgictcrsrus \VclfClcfCn 
~ylstroom Union Tin 
Warm baths \\':Herberg Tins 
\\':irmbaths Hock berg 
\\'armbaths Century 
\\'armbaths Zwankloof 
Pretoria \'crgenocf 

Commodity 

Sn 
Sn 
Sn 
Sn 
Sn 
Sn 
Sn 
F 
F 

Period 

l9)3-19S3 
1909-1910 
= 1912 
::: 1912 

1971-1973 

- Production figures :ire n0t aYailablc. Sec Fig. 2 for stratigraphic positi0n of \'Jrious deposits 

Tons 
trc:ncd 

2 616 650 

509117 

Tons 
rcco,·ered 

4S 
125 

10000 

99 J-l9 
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Fig.~- Zn variations in the volcanic rocks of the Rooibcrg Group. 
related to the Bush veld con1:1c1 metamorphic :1urcolc (modified after 
Schweitzer and Hatton. 199-n The Zn vari:1tions within the R LS arc 

mineralisation to the system of magmatically driven circu
lation of base metal-rich fluids, being part of the third 
mineralising event (sec below). 

Third mineralising ercnt: D11//s1room Formation abnre RLS 

The only occurrence of Dullstroom Formation !lows 
abo\'e the RLS is preserved in the Loskop Dam ;.1r~a 
( Figs. 3 and 4; units I and 2 of Twist, 1985). The top of the 
Oullstroom Formation is marked by the last extrusion of 
the high-r-.·tg fclsite (Hr.ff) magma (Fig. 2) and the first 
sedimentary and pyroclastic rocks of the Damwal Forma
tion. The primary composition of the flows comprising 
this Dullstroom succession has been severely altered due 
to l3ushveld contact metamorphism (Fig. 4). 

Base metal occurrences arc encountered in this part of 
the Dullstroom Formation above the R LS (i\lineral i\lap 
of the Republic of South Africa, 1976). Howc\'er, no major 
deposits ha\'e been discovered. The base metal mineralisa
tion is linked to the intrusions of the R LS. A detailed 
geochemical study of felsite overlying the R LS rc\'ealcd 
that a zone of increasing hydration is de\'elopcd away 
from the contact with the R LS (Schweitzer and Hatton, 
I 994). A zone of maximum Zn (Fig. 4), Pb and Mn con
centration is encountered about 1.4 °kilometers away from 
the contact \\·ith the R LS. Zn contents in the volcanic 
rocks exceed 900 ppm (Fig. 4), as opposed to average 
concentrations of about 50 ppm in unaltered siliceous 
volcanic rocks. The presented Zn values renect concentra
tions of the interior, massive portion of the volcanic !lows. 
Significantly higher Zn and Pb concentrations arc to be 
expected in, for example, porous sedimentary rocks, inter
calated with these volcanic rocks. 

Evaluation of the enrichment and/or depiction of Pb 
and Zn considering volume and/or mass changes in the 
volcanic rocks within the contact metamorphic aureole, 
using Gresen's method (e.g. Grant, 1986) reveals that gains 
have been balanced by losses. Both Pb and Zn have been 
int reduced. Zn is likely to have originated r rom the R LS, 

also shown. The str::itigr::iphic level of the R LS Rooibcrg Group 
package is normalised to the position of the pyroxenite m.:irker. 

whereas Pb could ha\'e possibly been derived from within 
the volcanic flows of the Rooiberg Group. 

Ele\'ated Zn concentrations are also encountered in the 
Rooiberg volcanic rocks o\·erlying the Dullstroom 
Formation (Fig. 4). \\'e consider the hydrothermal system 
to have modified primary concentrations of the complete 
Rooibcrg package. Base metal-rich fluids were dri\·en 
away from the heat source. manifested in the cont.1ct 
metamorphic aureole. to ascend through the \·olc~rnic pile. 
Cooling near the surface resulted in the sinking of these 
fluids back towards the heat source. The resultant circub
tion produced the elevated base metal concentr.::itions 
obscn·ed in the Rooiberg package O\·erlying. the Dull
stroom Formation in the Bothasberg area. 

Dullstroom Formation nows also occur in the Rooi
bcrg and Stavorcn Fragments (Fig. 3). but no economic 
mineral dcrosits ha\'c b~cn described for the lowermost 
Rooiberg Group in these areas. 

Fourth mi11eralisi11g crent: K11·aggasnek and Schrikklonf 
Formations 

The fourth mineralising event afTected the rnlcanic rocks 
comprising the top of the Rooibcrg Group. the K wag
gasnek and Schrikkloof Formations (Fig. 2). This event is 
linked to the intrusive events comprising the LGS. result
ing in tin and fluorspar mineralisation (Fig. 2, Tables 
2 to 4). 

Kirnggasnek Formation. !\fajor mineral deposits within 
the K waggasnek Formation of the Bot has berg Package 
have not been described. In the Nylstroom Package this 
formation hosts Union Tin ~·1ine Ltd., \Velgelegcn Mine, 
and Watcrbcrg Tins (Fig. 3). 

Welgclcgen represents the southernmost, defunct tin 
mine west of Potgietersrus (Fig. 3). It is positioned 
towards the top of the Kwaggasnek Formation. close to 
the Union Tin Member. Crocker ( 1986) described this 
deposit in a breccia at a granite porphyry:'K waggasnek 
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lava contact. He further states that the granite intruded 
the highest lc\·cls in the southern portion of these 
Rooibcrg Group occurrences. with the granite plunging 
towards the north. Therefore. he interprets the tin occur
rences at \Velgclegen to have formeJ in the ruptured roof 
zone of the granite intrusion. 

Union Tin ~tines Ltd., northwest of Naboomspruit 
(Fig. 3) was the major tin producing mine situated in 
Rooiberg Group deposits (Table 4). The cassiterite occur
rences arc similar to those in the Potgietcrsrus area and 
occur in agglomcra te as odd blows or pockets, or in 
pipe-form replacements in the Union Tin Shale, along 
hair-like fractures or bedding partings (Crocker and Cal
laghan. 1979). A more detailed description of the cas
sitcritc occurrences at and around Union Tin Mines is 
pro\'ided by Menge ( 1963). Crocker ct al. ( 1976). and 
Pring.le ( 1986a). and is summarised in the following para
graph. 

The tin deposits at Union Tin ~ 1 ines occur close 10 

fractures within the 150 m thick Union Tin ivtembcr 
(Fig. 2). Three prominent fracture orientations arc ob
scr\'cd. which arc 350'/35-45'E. 120c,/65-70cNE. and 
S0\'65- 70 ~N. Other minerals associated with cassiterite 
arc mJgnctitc. hJcmatitc, chalcopyrite, arscnopyritc and 
galena. The intensity of mineralisation varies with the 
fracture orientation. The cassiterite is microscopic in oc
currence and mining directions were therefore decided 
upon by continuous panning. Alteration of the associated 
fclsite is expressed by fcrruginisation, sericitisation and 
silicification (±tourmaline). The agglomerate underlying. 
the shale of· the Union Tin .i\lcmber is interpreted as 
an ignimbrite deposit (!\tcnge. 1963) and possesses 
a transitional upper contacl. Low-grade cassiterite lodes 
occur within this ignimbrite and limited mining has been 
undertaken in this horizon towards the southeast of 
Union Tin t\·1ines (Erasmus Workings). The deposit at 
Union Tin Mines has been interpreted to be of hydro1her
mal-pncum:11olitic replacement type or of hydrothermal 
ongm. 

Waterberg Tin mine is situated towards the west of 
Warmbaths and little is known about this deposit. Cas
siterite occurs as a lode in a well-defined fissure system 
and accompanied breccia zones in the volcanic flows 
(Crocker and Callaghan, 1979). 

Schrikkloof Formarion. Both tin and fluorspar deposits 
occur in the rocks comprising. the Schrikkloof Formation. 
Tin was mined in the Potgietersrus (Salomons Temple. 
\Vclge\'Onden) and \Varmbaths (Century, Hoekbcrg) 
areas and fluorspar at Zwartkloof and is still mined at 
Vergcnoeg (Fig. 3). 

Smaller. defunct. tin mining operations within the 
Schrikkloof deposits are Salomons Temple and Wel
gevonden (Fig. 3). The mineralisation has been described 
in detail by Strauss ( 1954). \Velgevonden is a breccia-type 
deposit. similar to the one previously described for Wel
gelegen. Howc\'cr. Crocker ( 19S6) grouped the tin occur
rences in the Potgietersrus area into three major types 
which are contact breccia. bedded brcccia and fracture 
stockwork. The bedded. tourmaline breccia in the Union 
Tin Shale. \vhich is sandwiched bern:een competent felsite, 
is generally of low grade. The fracture stockwork type of 

mineralisation, which is best known from Salomons Tem
ple, is most payable at two horizons, i.e. immediately 
above the contact with the intrusion and close to the 
brcccia in the Union Tin r--.-tcmber. 

Limited information is available from the tin producers 
towards the west of Warmbaths, such as Hoekberg and 
Century mines. Tin was mined along the contact of LGS 
and felsite and within a pyroclastic layer of the Union Tin 
Member (Crocker and Callaghan. 1979). 

Zwartkloof fluorspar mine, towards the \\'est of Warm
baths (Fig. 3) was first described by Kynaston and Mellor 
( 1909), and a detailed description is given by Pringle 
( 1986b). Fluorite is associated with (in decreasing order) 
siderite, quartz. chlorite. sphalcrite, fayalite. pyrite. chal
copyrite. g:.ilena. magnetite, ilmenite and accessory molyb
denite. The nuorspar is in fractured and brecciated felsite 
and the fracture pattern conforms with the joint pattern 
obser\'ed in :rnticlinal structures (Zwartkloof anticline: 
Pringle, l 9S6b). 

The lluorite-hematite deposits al Vergenocg arc situ
ated in a uniquely preserved area. Stratigraphically the 
rocks at Yergenoeg ha\'e been incorporated into the Rust 
De Winter Formation (SACS. 19S0), conformably O\'erly
ing the Rooiberg Group, or the Vergenoeg volcanogenic 
province (Crocker, 1985), encompassing the Vergenoeg 
mine brcccia pipe ore body and the Vergcnoeg pyroclastic 
rock suite. However, mineralisation in the Rooiberg. 
Group is exogranitic, similar to the tin deposits described 
above. Vergenoeg represents the only deposit currently 
being mined in Rooiberg Group rocks. The Fe-rich 
lithologies and mineralisation at Vergenoeg appear 10 be 
a product of a combination of plutonic. \'Olcanic exhala
ti\'c and metasomatic acti\'itics, \,·hose nature is. not 
clearly understood ( Pi raj no, 1992). 

Exsolution and degassing of HF represented the dri\'ing 
force behind the Fe-F-alteration. and HF could have 
passed through Fe-rich lithologics of the R LS to leach Ca 
and Fe to form fluorite. chlorite. Fe-actinolite and hema
tite ( Pi raj no, I 992). The mushroom-shaped ore body ex
tends to a depth exceeding 600 m. The \'ergenoeg pyro
clastic suite is bimodal in character, comprised of felsic 
and iron-rich pyroclastic rocks. High grade specularite
hematite iron ore contains about 60% CaF 1 . Crocker 
( 1985) proposed that two immiscible liquids were present 
in the late stage granite magma fraction. a silica-sodium
rich melt and an actinolite-rich mafic mel1. These melts 
migrated upward and collected in a chamber, possibly 
beneath the Rooiberg Group rocks, to finally result in 
violent eruption. The siliceous melt erupted first followed 
by the rnafic melt. Pressure release at constant temper
atures resulted in the conversion of ferroactinolite to mag
netite-siderite-fluorite + residue. 

Schrikkloof Formation flows are terminated by a de
posit previously described as an ash-flow or tuff (rnn 
GruenewaldL 1968, 1971; Clubley-Armstrong, 1977, 19S0; 
Twist, 1985: Fig. 2). Within and beneath this stratigraphic 
horizon, the flows are prominently silicified, with silica 
contents exceeding magmatic rnlues ( > 80 wt¾). De\'it
rificarion is associated \\'ith secondary calcite, quartz. 
epidote and hornblende. The total disappearance of the 
original minerals and a strong depletion in, for example, 
MgO, CaO and Na 10 (Fig. 5) is similar to chemical 
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Fig. 5. PJlaeowc:ithering index (Vogt indo. Harnois. 198S). ,ersus strJtigrJphic height for the Rooiberg Group as preserved in the roof of the 
R LS ( Loskop Dam :irca) 

characteristics observed in palacosol horizons (e.g. Bar
rientos and Sih·crston. 19S7). Palaeowe~1 thering and 
ground water circulation producing silcrcte horizons may 
therefore be accountable for the alteration pattern ob
sen·cd towards the top of the Rooiberg Group (i'vbrtini, 
1990: Sch\,·citzer and Hat ton, I 99-i). These horizons ha vc 
been described as having economic potential for gold 
mineralisation (e.g. Sawkins. 19S4). 

;\lincral potential of the Rooiberg Group 

The mineral potential of the rocks comprising the 
Rooiberg Group may also be viewed in the light of com
parable deposits that occur elsewhere. The comparison to 
similar mineral deposits and occurrences is hampered, 
possibly due to the uniqueness of the events that comprise 
the Bushveld Complex. 

Mineralisation within the lowermost Rooibcrg Group 
is controlled by the intrusive events comprising the RLS. 
The layered mane rocks of the Stillwater and Sudbury 
intrusions have been, similarly to the RLS, emplaccd in 
anorogenic environments (Sawkins, 1984). However, we 
arc not aware of any contact metamorphic mineralisation 
or deposits that have been documented for these 
intrusions. 

The Bushvcld tin deposits arc among the oldest known 
and may be similar to those formed du ring vertical graben 
tectonics in stable platform areas (Crocker and Callaghan, 
( 1979). Rifting resulted in fr act uri ng and depression of 

crust with subsequent anatexis. Crocker and Cal!Jghan 
(op. cit.) compare the South Afric~in tin deposits to those 
located on a failed limb of a triple junction such as in 
Nigeria. Zimbabwe, Brazil. Namibia and the various tin 
deposits described in Europe. 

Union Tin. representing open systems. may belong to 
the sub-volcanic class of tin deposits. Differences in these 
deposits appear to be related more to the competency of 
the roof rocks than to the depth of intrusion of the granite 
sou rec rock (Crocker and Callaghan, 1979). Tourmaline, 
as observed in the tourmaline breccia in the Union Tin 
Shale. is interpreted to ha\·e formed after in siru replace
ment of pre-existing aluminous lithologics. similar to the 
Permian tourmalinitcs described by Zhang et al. ( 1994). 

The exogranitic tin deposits in the Rooibcrg Group 
may also be related to the distal and proximal deposits of 
the Xinlu ore field in southern China. where proximal 
deposits developed at relatively high intrusion levels, 
whereas distal deposits were developed \\·here the intru
sion was emplaced relatively deeply (Chi et al. 1993). 

Conclusions 

Re-examination of the mineral potential of the rocks com
prising the Rooibcrg Group results in the identification of 
four phases of mineralisation. Three of these arc possibly 
related to the emplacement of the RLS and the fourth 
mineralising phase originated frbm the LGS. An explora
tion model, therefore, has to collectively consider the 
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\':trious characteristics or the Rooiberg Group, RLS. LGS 
and RGS. 

l.3asc metals arc the major mineral occurrences in fclsitc 
O\'Cr- and underlying R LS. Only sub-economic deposits 
h:l\'C~ been described. The rocks comprising the R LS in
truded the Rooiberg package at \'arious stratigraphic 
levels. The lowest lc\'cl of intrusion is the StofTberg area 
where the mafic suite Jiscordantly underlies !lows of the 
Dullstroorn and Darnwal Formations. Base metal min
eralis.;1tion is thererore largely con1111cd to the two b;1sal 
Rooibcrg formations (Fig. 2). Sedimentary intercabtions 
:1re encountered towards the base or the Dullstroom 
Fornution and within the Damwal Formation. These 
horizons may represent suitable host rocks for base mct:il 
mineralisation. 

Of special importance is the zone or Zn and Pb enrich
ment in the Rooiberg Group approximately 1.4 km abo\'e 
the roor cont:1c1 or the R LS. X-ray di!Traction studies 
(\'crryn ct al.. 1994). sho\r that Zn-enrichment is positi\·ely 
corrcbted with pcr\'aSi\·c alteration :ind hydration of the 
primary minerals. 

Deposits hosting Sn and F formed in the uppermost 
portion of the Rooiberg Group. and arc associated with 
the LGS in the Nylstroom Facics. These deposits arc 
cxogranitic and their characteristics rellect the intrusion 
le\'cl and nature of the gr:initcs. The uppermost portion of 
the K waggasnek Formation ( Fig. 2 and 3). the Union Tin 
Member. comprised of :1gglomerate and shale, acted as an 
impcrmc:ible barrier. This horizon appe:.irs to be the most 
prominent host of this type or mineralisation. 

In summary. it is concluded that exploration 
models ha\'e to consider the complex inter-relationship 
of the \·:irious extrusi\'e and intrusi\'C events of the 
Bush\'cld Complex. It is unlikely that large. ncar
surf:ice deposits. will be discovered within rocks of 
the Rooiberg Group. There is. ho,vc\·cr, potential for 
smJll gold deposits in the silcrctc of the Schrikkloof 
Formation. These and other. shallow deposits, suitable for 
small sG!lc mining. arc likely to exist :rnd ha\'c to be 
explored through drilling and the application of geophysi
cal techniques. 
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Knopcr arc thanked for pro,iding the whole rock :rnalyscs from the 
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Abstract - The intracratonic, 2.06 Ga volcanic rocks of the Rooiberg Group of southern Africa consist of nine 
magma types, varying in composition from basalt to rhyolite. Basalts and andesites, intercalated with dacites and 
rhyolites, are found towards the base; rhyolite is the chief magma composition in the upper succession. The ab
sence of compositions intermediate to the magma types and variations itl major and trace element concentrations 
suggest that fractional crystallization was not prominent in controlling magma compositions. REE patterns are 
comparable for all magma types and concentrations increase for successively younger magmas; LREE show en
riched patterns and HREE are flat. Ele~ted Sr,-ratios and high concentrations of clements characteristically en
riched in the crust suggest that the Rooiberg magmas were crustally contaminated or derived from crustal mate
rial. Some Rooiberg features are related to the intrusive events of the Bush veld complex. 

Petrogenesis of both the Rooiberg Group and the mafic intrusives of the Bushveld complex is linked to a mantle 
plume, melting at progressively higher crustal levels. The basal Rooiberg magmas have undergone a complex his
tory of partial melting, magma mixing and crustal contamination. Crustal melts extruded as siliceous volcanic 
flows to form the Upper Rooiberg Group, simultaneously intruding at shallow levels as granophyres. Crustally 
contaminated plume magma synchronously intruded beneath the Rooiberg Group to produce the ma.fie rocks of 
the Rustenburg Layered Suite. Granite intrusions terminated the Bushveld event. The Bushveld plume was short
lived, which conforms, together with other features, with younger, voluminous plume environments. 

Resume - Les roches volcaniques intracratoniques a 2,06 Ga du Groupe de Rooiberg en Afrique du Sud, con
stituent neuf types de magmas, variant en composition du basalte a la rhyolite. Les basaltes ct !cs andesites, inter
calees avcc des dacites ct des rhyolites, se situent a la base, les rhyolites etant majoritaires clans la partie superieure 
de la succession. L'abscnce de compositions intermediaires ainsi que les variations des elements majeurs ct en 
traces suggerent que la cristallisation fractionnee n'ait pas controle d'une manierc preponderantc la composition 
des magmas. Les spectres de terrcs rares sont scmblables dans tousles magmas, la concentration totale augmcntant 
avcc la jeuncsse des magmas. Les terres rares legeres definissent des spectres enrichis et !es tcrrcs rares lourdes des 
spectres plats. Les rapports initiaux du strontium eleves et les fortes teneurs en elements classiquement enrichis 
dans la croute suggercnt que les magmas de Rooiberg soient contamines par la croute ou proviennent de la croutc. 
Certains caracteres de Rooiberg sont lies aux cvenements intrusifs du complexe de Bushvcld. 

La petrogenese du Groupe de Rooiberg ct des roches intrusives mafiques du Bushveld est lice a une plume 
mantellique provoquant unc fusion a des niveaux crustaux de plus en plus eleves. Les magmas de la base de 
Rooiberg ont subi une histoire complcxe de fusion partielle, de melange de magmas et de contamination crustalc. 
Les magmas crustaux se sent epanches comme coulees volcaniqucs riches en silice pour former la partic supcrieurc 
du Groupe de Rooiberg et en meme temps se sont intrudes a faible profondeur en tant que granophyres. Les 
magmas derivant de la plume et contamines par la croute sc sont intrudes simultanement sous le Groupe de 
Rooiberg pour former !es roches mafiques de la Suite Lltee de Rustenburg. Les intrusions granitiques closent 
l'evenement Bushveld. La plume du Bushveld fut de courte duree, cc qui est comparable, ainsi que d'autrcs 
caracteristiques, aux environnemcnts volumineux, plus jeunes, de type plume. 

INTRODUCTION 

The Rooiberg Group of South Africa is one of the 
largest accumulations of siliceous volcanic rocks (Figs 
1 and 2; see Schweitzer et al., 1995a, b; Schweitzer and 
Hatton, in press for general geological setting). De
scriptions of the Rooiberg Group as unique (Harmer 
and von Gruenewaldt, 1991), catastrophic (Rhodes, 
1975), problematical ( de Bruiyn, 1980) and enigmatic 
(Sharpe et al., 1983) indicates that its genesis is poorly' 
understood. Similarly, the genetic relationship be-
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tween the Rooiberg Group and the various intrusive 
events of the Bushveld complex is far from clear (e.g. 
Twist and French, 1983). 

Poor understanding of the Rooiberg Group has re
sulted from an ill-defined, regionally applicable 
stratigraphy and the mistaken perception that these 
rocks are significantly older than the intrusive phases 
of the Bushveld complex [currently defined by SACS 
(1980) to consist of the Rustenburg Layered Suite 
(RI.S), the Rashoop Granophyre Suite (RGS) and the 
Lebowa Granite Suite (LGS)]. Some evidence, such as 
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Figure 2. Stratigraphical column of the Rooiberg Group. Also shovm are the stratigraphical 
levels at which the various magma types occur (modified after Schweitzer et al., 1995b). 

the intrusion level of Bushveld sills and dykes (e.g. 
I Sharpe, 1985), suggests that at least portions of the 
1 volcanic pile are pre-RLS in age. 

In th.is paper the authors present evidence indicating 
that the Rooiberg volcanic event was synchronous with 
the events of the Bushveld complex, suggesting that the 
volcanic suite should be incorporated into the Bushveld 
complex. The Bushveld magmatic event is interpreted to 
be a result of mantle diapirism, as was initially sug
gested by Sharpe et al. (1981) and Saw kins (1984). 

THE ROOIBERG GROUP 

General geology 

The intracratonic Rooiberg Group is largely con
fined to the roof of the Bush veld complex, except for 
parts of the Dullstroom Formation preserved in the 

sou th eastern Bush veld floor (Fig. 1 ). The Rooiberg 
Group predominantly roofs the RLS in the east, 
whereas granite of the LGS underlies the volcanic 
rocks in the west. 

The Rooiberg Group consists of nine magma types 
(Figs 2 and 3). The largest variety of magma types is 
encountered in the basal Dullstroom Formation 
(listed in order of first appearance): low-Ti (LTI) ba 
saltic andesite, basal rhyolite, high-Mg felsite (HMF), 
high-Ti (HTI) basalt, high Fe-Ti-P lavas and low-Mg 
felsite (LMF) (Fig. 2). L TI basaltic andesites, basal 
rhyolites, HMF and HTI basalt are interspersed to
wards the base of the Dullstroom Formation. The 
formation becomes increasingly more siliceous to
wards the top, where LMF (rhyolites) and HMF 
(dacites) predominate over high Fe-Ti-P basaltic an
desites. Discontinuous sedimentary intercalations are 
only prominent towards the base of the Dullstroom 
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Figure 3. Total FeO versus Zr/Ti02 delineating the discrete geochemical compo
sition of the various Rooiberg magma types. The LMF's of the Dullstroom For
mation arc not shown but fall within the compositional field defined by the 
LMF's of the Damwal Formation (see Table 1). 

Formation, where the volcanic flows also contain 
abundant sedimentary xenoliths. The average flow 
thickness of the mafic flows is about 5 m with rhyolite 
sheets being less than 250 m thick. 

The HMF of the Dullstroom Formation has been 
identified as a magma type common to the volcanic 
rocks preserved in the floor and roof of the Rl.S. This 
led to the proposal that the volcanic rocks of the 
Dullstroom package should be included into the 
Rooiberg Group and the new stratigraphical subdivi
sion (Schweitzer, 1987; Eriksson et al., 1993; Schweit
zer et al., 1995b; Figs 1 and 2) is applied in this paper. 
The inclusion of the volcanic floor succession into the 
Rooiberg Group is supported by the presence of a ma
jor unconformity beneath the Dullstroom Formation 

(Cheney and Twist, 1991). This unconformity there
fore marks the top of the predominantly sedimentary 
Transvaal Supergroup. 

Compositionally distinct LMF magmas constitute 
the majority of the Damwal Formation and the entire 
Kwaggasnek and Schrikkloof Formations (Fig. 2). 
Compositional variations within individual LMF 
magma types are minor (Fig. 3). Flow thicknesses 
may reach up to 400 m and thicknesses increase to
wards the top. Flow banding is most pronounced in 
the upper succession. Sedimentary intercalations are 
present throughout. Sedimentary xenoliths are abun
dant at some stratigraphical levels (Fig. 2). The 
Kwaggasnek and Schrikkloof Formations are no
where in contact with the Rl.S. 
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Table 1. Average major (wt.%), trace (ppm) and REE (ppm) compositions of the nine Rooiberg Group magma types 

Dullstroom Formation Damwal Fom,ation Kwar,gasnek Formation Schrikkloof Formation Lower Upper 

LTI Basal Rhyolite HMF J-fTT High Fe-Ti-P LMF LMF LMF LMF continental continental 

n=77 Std n,•24 Std n=26 Std n=35 Std n=5 Std n"'29 Std n=ll Std n=24 Std n'''6 Std crust crust 

SiOi 57.30 2.30 74.00 2.70 66.60 1.70 53.90 2.20 61.30 1.60 67.90 1.10 68.30 0.80 72.30 1.00 74.40 0.70 5-U 66.0 

TiOi 0.62 0.09 0.31 0.06 0.60 0.05 1.87 0.22 1.02 0.06 0.63 0.07 0.60 0.06 0.35 0.02 0.24 001 1.0 0.5 

AliO:i 14.7 0.60 11.30 0.60 13.30 0.60 13.60 0.70 12.00 0.20 12.00 0.30 12.20 0.30 11.60 0.40 11.60 0.40 16.1 15.2 

FeO 8.87 0.44 3.28 0.81 5.87 0.65 11.50 1.22 10.69 1.20 7.16 0.65 7.18 0.34 5.24 0.51 3.20 0.33 10.6 4.5 
MnO 0.16 0.02 0.08 0.02 011 0.03 0.17 0.02 0.28 0.05 0.21 0.27 0.14 0.03 0.14 0.08 0.03 O.ot 
MgO 5.06 1.14 1.66 0.57 1.96 0.49 4.62 0.5-1 0.81 0.21 0.53 0.20 1.09 0.32 0.66 0.21 0.61 0.08 6.3 22 
eao 7.92 0.84 2.94 0.72 4.31 0.76 8.37 1.21 3.56 0.25 2.0-1 0.80 2.31 0.53 0.69 0.51 0.24 0.28 8.5 4.2 
NaiO 2.28 0<11 1.64 0.20 3.01 0.30 3.00 0.,15 2 8(, 0.41 2.Rl 0.63 2 R-1 0.3-1 2.69 0.53 2.62 0 52 2.8 3.9 

KiO 1.43 0.40 3.75 0.6-1 2.77 0.29 1.38 0.38 3.25 0.26 443 0.86 4.17 0.46 5.07 0.89 5.82 0.71 0.3-1 H 
P;iO, 0.12 0.03 0.08 0.01 0.13 0.02 0.23 0.05 0.35 O.D-1 0.16 0.03 0.15 0.02 0.05 0.01 0.02 0.01 

LOI 1.38 0.56 0.89 0.33 1.13 0.33 0.95 0.39 1.95 0.49 1.19 0.50 1.27 0.49 1.52 0.36 1.26 O.D7 
Total 99.90 99.90 . 99.80 99.50 98.10 99.10 100.10 100.30 100.00 - 100.00 99.90 

Nb 3 3 6 1 8 2 13 3 J.I 2 16 1 18 3 23 3 30 2 6 25 
Zr 130 42 228 33 229 25 206 51 282 19 328 20 376 47 475 49 601 56 70 190 
y 21 5 25 5 29 3 30 6 49 2 49 7 56 9 69 7 81 8 19 22 
Sr 252 47 223 22 292 36 389 58 159 16 136 60 145 32 101 62 34 10 230 350 
Rb 58 22 142 36 103 12 so 20 126 11 169 36 163 27 215 30 232 32 5.3 112 

Zn 79 17 32 13 68 18 9-1 22 407 131 246 168 150 53 152 61 46 22 83 71 
Cu 60 199 3 10 21 19 55 49 52 38 46 36 38 48 13 9 4 6 90 25 
Ni 81 32 22 11 18 10 90 28 13 4 1-1 9 6 9 4 7 1 2 135 20 

Co 68 10 89 21 74 12 68 7 77 18 79 258 120 27 35 10 
Cr 134 93 181 45 76 62 67 109 8 1 5 2 2 2 235 35 
V 170 25 55 18 104 27 212 65 3 5 0 0 0 0 285 60 

Ba 394 109 1055 184 740 119 336 125 431 26 659 226 862 78 1012 297 1349 128 150 550 
Sc 30 3 9 3 18 2 24 3 20 3 12 2 13 1 7 1 1 0 36 11 
Ga 14 1 11 1 15 1 19 1 19 i 16 2 17 1 17 2 18 2 18 17 

Hf 1 3 0 2 1 3 1 4 7 3 4 6 8 6 16 2 2.1 58 
u 0 2 0 0 0 0 0 1 4 0 8 12 I 2 1 2 1 1 0.28 28 

Th 12 8 17 8 16 2 10 3 15 3 18 2 23 2 26 2 28 1 1.06 10.7 

Pb 7 13 6 3 6 2 4 2 98 68 48 48 10 3 11 3 9 2 4 20 

n•3 n=l n=7 n"'5 n=2 n"'3 n"'8 n=2 n=2 
L., 23.9 3.7 35.1 - 35.3 3.1 30 9 6.9 53.2 4.0 61.0 0.9 60.1 1.9 70.4 0.3 81.2 2.2 11 30 
Ce 48.4 9.0 70.0 69.9 6.4 70.9 7.8 133 5 117 3 114 4 132 1 158 1 23 6-1 

Nd 19.6 1.1 22.1 25.9 2.3 3-1.0 4.3 44.9 2.6 49.3 0.8 48.8 2.0 56.0 0.1 60.3 0.3 12.7 26 

Sm 4.3 0.4 5.0 5.5 0.5 7.3 1.0 9.7 0.4 10.2 0.3 10.1 0.5 11.6 0.1 12.5 0.1 3.2 4.5 
Eu 1.0 0.1 1.0 1.2 0.1 1.9 0.1 2.1 0.1 2.0 0.1 2.0 0.2 2.2 0.1 1.9 0.1 1.2 0.9 

Gd - 4.3 0.3 8.7 0.3 8.6 0.3 8.6 0.5 9.8 0.1 9.6 0.1 3.1 3.8 
Dy - 3.9 0.3 84 0.1 8.5 0.4 8.2 0.6 10.0 0.2 10.0 0.1 3.6 3.5 

Er 2.0 0.2 4.3 0 4.4 0.2 4.4 0.6 5.4 0.1 5.4 0.1 2.2 2.3 

Yb 1.9 0.1 1.9 2.3 0.2 3.0 0.4 4.5 0.1 4.8 0.2 4.7 0.4 5.9 0.1 6.5 0.1 2.2 2.2 

Lu 0.25 0.02 0.25 0.34 0.02 0.4-1 0.04 0.67 0 0.67 O.o? 0 7(1 0.06 0 89 0 0.92 0.1 0 29 0.32 

Analyses arc compared lo the chcmic,11 composition of the lower and upper continental crusts (after Taylor ,1mi Mclennan, 1985). Only ,m,1l pes of !i,1mples from least altered localities (sec Schweitzer and l latton, i11 prr~~ for 

detail) are considered. n"numbcr of samples; Std=slandard deviation. 
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Initial Rooiberg volcanism was localized in occur
rence with the upper formations becoming increas
ingly more widespread. Phenocrysts are absent, or 
minor, in all the magma types of the Rooiberg Group; 
quench-textures are abundant throughout. These 
textures have, in conjunction with flow distances and 
thicknesses, been taken as evidence for high magma 
temperatures (<1100°C), resulting in the interpreta
tion that the upper Rooiberg erupted as 'flood rhy
olites' ([wist et al., in prep.). Mantle xenoliths are not 
encountered in the Rooiberg volcanic rocks. 

Previous petrogenetic studies 

A detailed petrogenetic study considering the nine 
magma types of the Rooiberg Group has not been 
carried out. Some workers considered individual 
Rooiberg magma types ([wist, 1985; Harmer and von 
Gruenewald t, 1991 ), where as others regarded the 
volcanic succession, or portions thereof, as a homo
geneous volcanic pile (e.g. Sharpe et al., 1983; Myers 
et al., 1987; Crow and Condie, 1990). 

Sharpe et al. (1983) deduced that the volcanic 
rocks of the Dullstroom Formation underwent 10%, 
shallow level, fractional crystallization of equal pro
portions of olivine and orthopyroxene. Modelled and 
observed concentrations show a poor match. Up to 
75% of shallow level, fractional crystallization of oli
vine (40% ), clinopyroxene (50% ), plagioclase (10% )± 
magnetite was proposed for the same rocks by Crow 
and Condie (1990). The LMF magma types were in
terpreted as exhibiting smooth differentiation trends 
with breaks suggesting cyclicity in evolution (Club
ley-Armstrong, 1977, 1980). 

Sharpe et al. (1983) regarded the Dullstroom 
magma types, using a limited number of analyses 
(<10 samples), as the product of 2-3% of partial 
melting of a previously depleted mantle source, fol
lowed by minimal contamination (about 5% ). Myers 
et al. (1987) deduced that the Dullstroom volcanic 
rocks, like the older volcanic successions of the 
Kaapvaal craton, originated by the melting of a mo
dally metasomatized, LREE enriched and Fe and Ti 
depleted subcontinental lithosphere. Crow and Con
die (1990) suggested that the Dullstroom tholeiitic to 
calc-alkaline rocks were derived by 15-20% melting of 
an undepleted garnet lherzolite. The mantle source 
was interpreted as _having been enriched in LILE 
relative to the HFSE and HREE, similar to the source 
of young continental-margin arc basalts. High con
centrations in Th, Rb and Ba were related by Crow 
and Condie (1990) to a subduction component that 
was acquired by the subcontinental lithosphere dur
ing earlier subduction regimes. A subduction compo
nent within the andesitic units and a volcanic arc com
ponent of the acidic components of the Dullstroom 
Formation was also recognized by Harmer and von 

Gruenewaldt (1991). These authors proposed mag
matic underplating at the time of crustal formation, 
similar to the suggestion of Crow and Condie (1990). 

Twist (1985) proposed that the HMF and LMF 
magma types were derived from separate, normally 
and reversely zoned magma chambers, respectively. 
Both have a related origin due to their interstratified 
nature. The high Fe-Ti-P magma type was interpreted 
as having originated from the LMF magma chamber 
on the basis of comparable geochemical trends and 
the inclusions of high Fe-Ti-P magma into LMF flows 
(Twist, 1985). The variations within the HMF and 
LMF have been ascribed to the fractionation of simi
lar mineral assemblages during partial melting from 
chemically distinct sources (Twist and Harmer, 1987). 

SOME GEOCHEMICAL CHARACTERISTICS OF 
ROOIBERG VOLCANIC ROCKS 

Primary element concentrations of the Rooiberg 
Group have been modified during alteration proc
esses with varying degrees of alteration at different 
localities (Schweitzer and Hatton, in press). After the 
effects of alteration have been taken into account, 
none of the Rooiberg magma types can be regarded 
as a primitive mantle melt (Table 1). In contrast to 
primitive mantle melts, mafic Rooiberg magmas have 
MgO generally <5 wt.%, SiO2 >53 wt.%, and Ni and 
Cr concentrations varying between 16-158 ppm, and 
<367 ppm, respectively. Sri ratios of 0.705 (LTI basal
tic andesite) and 0.709 (LMF, Dullstroom and Dam
wal Formations) have been recorded (Harmer and 
Farrow, 1995). The youngest rhyolites have MgO of 
<1 wt.%, Ni <35 ppm, and Cr <10 ppm (fable 1). 
Some magma types have major, trace and REE con
centrations that compare remarkably well with upper 
crustal compositions (compare, e.g. basal rhyolite, but 
especially HMF concentrations with upper continen
tal crust in Table 1). Some LMF flows of the Dull
stroom Formation that have been affected by meta
morphism due to the RLS, have Pb concentrations of 
up to 900 ppm. Geochemical studies suggest that 
these volcanic rocks were originally rich in Pb with 

•this element being subsequently redistributed due to 
RLS metamorphism (Schweitzer and Hatton, in press). 

Elements that have been identified as having been 
regionally immobile are employed in Fig. 4. The in
compatible elements Zr, Nb and Y generally increase 
towards the top of the succession, whereas the re
verse is commonly observed for P2Os, TiO2 and Sc. 
This is especially well exhibited by the LMF magma 
types (Fig. 4b). AhO3 forms clusters, implying that 
the fractionation of plagioclase was subordinate. FeO 
and Sc exhibit limited variations within individual 
magma types, suggesting that fractional crystalliza
tion of mafic mineral phases was not pronounced. 
The increase in incompatible element concentrations 
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Figure 4. Spidergrams considering the average concentrations of immobile ele
ments, as defined by Schweitzer and Hatton (i11 press), normalized to lower crustal 
compositions (normalizing values after Taylor and McLennan, 1985, except for P20s 
- taken from Taylor, 1964, crustal average page 1280). (a) LTI basaltic andesite 
(n=77); basal rhyolite {n=24}; HMF (n=26); HTI basalt (n=35). (b) LMF - Dullstroom 
Formation (n=29); LMF - Oamwal Formation (n=75); LMF - Kwaggasnek Formation 
(n=15); LMF - Schrikkloof Formation (n=14). 
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is accompanied by an increase in the light and heavy 
REE's (Fig. 5). The flat, heavy REE pattern shows that 
residual garnet was absent in the source region. 

The magma types of the Rooiberg Group are also 
identified using their Na:z()+K:z(), FeO· and MgO concen
trations (Fig. 6). Some scatter is introduced due to the 
mobility of the alkaline elements. Most mafic Dullstroom 
magmas (Hil and L TI) plot to the left of the line separat
ing the calc-alkaline and tholeiitic fields (Fig. 6). These 
magma types, together with the H11Ps and the basal 

rhyolites, show broad variations in Cr (Fig. 7) and Ni 
(Table 1). The LMF magma types plot along the 
Na:z()+K:z()/FeO· edge of an AFM diagram (Fig. 6) and 
have low Cr (Fig. 7), V and Ni (Table 1) concentrations. 

EVIDENCE FOR SYNCHRONOUS ROOIBERG 
AND BUSHVELD MAGMATISM 

Geochemical characteristics of the Rooiberg Group 
have previously been related to those of Bushveld 
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Figure 5. MORB normalized (normalizing factors after Sun and 
McDonough, 1989) REE concentrations for the Rooibcrg magma types. 

intrusive events. Geochemical similarities behveen 
the LebO\va Granite Suite (LGS) and the volcanic 
rocks were proposed by several authors (e.g. Hall, 
1932; Lombaard, 1932; de Bruiyn, 1980; Kleemann, 
1985). The majority of the 2053±12 Ma (Pb evapora
tion technique, Walraven, in prep.) Rashoop Grano
phyre Suite (RGS) was interpreted as representing 
intrusive Rooiberg magmas (Walraven, 1979, 1982, 
1985), although this has been debated (von Grue
newaldt, 1971, 1972). Links have also been proposed 
between the mafic cumulates of the Rustenburg Lay
ered Suite (RLS) and the volcanic rocks. Geochemical 
similarities between the HMF and initial RLS magma 
were noted (Hatton and Sharpe, 1989). Metamorphic 
and alteration signatures of the Rooiberg volcanic 
rocks have also been linked to the various intrusions 
of the RLS (Schweitzer et al., 1995b). 

Some characteristics of the Rooiberg Group are 
listed below as additional support for synchronous 
Rooiberg and Bushveld magrnatism. Firstly, there is 
the close spatial association of the Rooiberg Group 
with the mafic and siliceous intrusions (Fig. 1). The 
Lower Dullstroom Formation is localized in occur
rence, the Damwal, Kwaggasnek and Schrikkloof 
Formations cover increasingly larger areas (Fig. 1) 

and the volcanic rocks exhibit remarkable regional, 
lithological and geochemical uniformity. Second is 
the close temporal relationship. An age of 2061±2 Ma 
from zircons extracted from the Kwaggasnek LMF 
flows is indistinguishable from the RLS age (2061±27 
Ma; Pb evaporation technique, Walraven, in prep.). 

Finally, the geochemical stratigraphy established 
for the Rooiberg volcanic rocks (Schweitzer et al., 
1995b) provides unambiguous evidence that the vast 
majority of granophyres are not remelted felsites, pro
viding additional support for the synchronous nature 
of the Rooiberg volcanism and the Bushveld magma
tism. A co-magmatic origin of the Stavoren grano
phyre, comprising the vast majority of the RGS and the 
Rooiberg volcanic rocks, was previously proposed by 
Walraven (1979, 1985). The authors of this paper em
ployed more than 140 granophyre analyses from vari
ous geographical regions and from different geological 
settings and compared these compositions to those of 
the associated Rooiberg magma types (fable 2, Fig. 8). 
Except for the Potgietersrus area (Granophyre7, Table 
2), granophyre compositions differ from the composi
tions of the abutting felsite, but correspond to compo
sitions of younger felsite magmas (Fig. 8). Damwal
type granophyre intruded beneath the LMF of the 
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Figure 6. AFM plot for the Rooiberg Group magma types and the basalts and rhyolites 
from the Yellowstone area (after Hildreth ct al., 1991). A=Na20+K20; F=FeO-; M=MgO. 
Compositions of LMF's of the Dullstroom, Damwal, Kwaggasnck and Schrikkloof Forma
tions arc summarized as one field. Basalt and andesite fields are shaded; dacite and rhv
olitc fields are hatched. The High Point lavas are highly fractionated (and contaminated), 
Fe-rich, intermediate lavas and occupy a field similar to the high Fe-Ti-P lavas. 

Dullstroom Formation (Granophyre1, Table 2) in the 
eastern Transvaal, whereas Schrikkloof-type grano
phyre intruded beneath the Kwaggasnek Formation 
towards the north of Pretoria and east of Groblersdal 
(Granophyres4• s. 8, Table 2, Figs 8 and 9). This implies 
that granophyres corresponding to progressively 
younger LMF magma compositions intruded continu
ously younger volcanic rocks of the Rooiberg Group. 
Felsites and granophyres are therefore co-magmatic. 
However, the RGS is currently included in the Bush
veld complex and the Rooiberg Group is the upper
most part of the Transvaal Supergroup (SACS, 1980). 

Granophyres compositionally corresponding to 
the Kwaggasnek and Schrikkloof LMF are in contact 
with sedimentary rocks beneath the volcanic pile 
(Granophyres3• 6, Table 2, Fig. 9) in the Rooiberg and 
Stavoren fragments (isolated occurrences of floor 
rocks surrounded by Bushveld intrusions). 

DISCUSSION 

Proposed sequence of events 

Certain aspects of the relative timing of events, 
during the Bushveld magmatism are· not in doubt. 
Granites of the LGS intrude granophyre (Walraven, 
1982; Granophyre2, Table 2), the Rooiberg Group and 
also mafic rocks of the Rl.S (Hammerbeck, 1969), sug
gesting that the LGS represents the terminal phase of 
the Bushveld magmatic event. The relation between 
the granophyres and the felsites has been disputed, but 
the relations presented here clearly support the view 
that the granophyres are, by and large, intrusive 
equivalents of the felsites (Walraven, 1979, 1985) rather 

than remelted felsites (von Gruenewaldt, 1971, 1972). 
The relation between the mafic intrusives of the 

RLS and the Rooiberg volcanic rocks is rather more 
complex. In general terms, the RLS consists of the se
quence: Lower Zone, Critical Zone, Main Zone and 
Upper Zone (e.g. von Gruenewaldt et al., 1985). Field 
relations show that the Dullstroom Formation was 
intruded by the Main and Upper Zones (Visser, 
1984), but this allows the possibility that the Dull
stroom Formation preceded the Lower and perhaps 
even Critical Zone. The Kwaggasnek and Schrikkloof 
Formations are nowhere in contact with the RLS (Fig. 
2) and their relation to RLS events is unconstrained. 
The sequence of events proposed here is that the 
Dullstroom Formation extruded first and the Lower 
Zone of the RLS intruded below this volcanic cap. 
The low overburden pressures (0.15 GPa, Wallmach 
ct al., 1989) recorded by calc-silicate xenoliths in the 
Lower Zone ·support this. The Damwal Formation 
extruded in late Lower Zone to early Critical Zone 
times. Lavas of the Kwaggasnek extruded prior to 
and during emplacement of the Critical Zone and the 
Schrikkloof Formation extruded prior to and during 
emplacement of the Main Zone. 

Nature of magrnatism 

Suggestions that the Rooiberg volcanic rocks are 
melts that were derived from subduction-modified 
mantle (Hatton and Sharpe, 1989; Crow and Condie, 
1990; Harmer and von Gruenewald t, 1991) and then 
evolved by fractional crystallization (Sharpe ct al., 

1983; Crow and Condie, 1990) are not supported by 
the detailed geochemical data presented here (fable 1). 
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Figure 7. Yttrium and Cr concentrations of the Rooiberg magma types. Vectors are after Hil
dreth et al. (1991) and represent partial melting of spinel-lherzolite mantle and fractional 
crystallization (FC) of assemblages containing olivine and Cr-rich spinel. Also shown are the 
compositional fields of the Yellowstone basalts and rhyolitcs (after Hildreth et al., 1991). 

None of the magmas are close to primary mantle 
melts (e.g. relatively high Si02 contents, Table 1) and 
the limited variation of Fe and Sc within, and of Al 
(Fig. 4) between, magma types, does not support the 
idea of fractional crystallization. Instead the pattern 
of Rooiberg magmatism shows similarities to acid 
magmatism above an intracratonic plume (e.g. Yel
lowstone, Figs 6 and 7; Hildreth ct al., 1991). A char
acteristic observed at Yellowstone is an initial phase 
of bimodal basaltic and rhyolitic magmatism. This is 
matched by the initial pairing of the L TI basaltic an
desite and the basal rhyolite, followed by the HTI ba
salt - HMF pair, accompanied by LTI eruptions (Figs 
2 and 6). The main stage is marked by extensive 
rhyolite magmatism with an intermediate stage of Fe
rich lavas (Rooiberg high Fe-Ti-P, Yellowstone High 

Point; Figs 2 and 6). The similarities with Yellowstone 
are striking, but so are the differences. At Yellow
stone, mixing between basaltic and rhyolitic magmas 
is in.ferred by some stretching of the basalt field to
ward rhyolites (Fig.6). In the Rooiberg, the mixing 
lines inferred at Yellowstone are largely filled by the 
data points from the HMF and basal rhyolites (Fig. 6). 

The composition of the HMF is very similar to that 
of upper continental crust, as estimated by Taylor 
and McLennan (1985) (fable 1; Hatton and Sharpe, 
1989). Two alternatives can be considered: either the 
HMF are very high degree melts of upper continental 
crust, or the process which generated the upper conti
nental crust is similar to the process which generated 
the HMF. Figure 6 suggests that the HMF could have 
been generated by mixing betvveen a broadly basaltic 
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Table 2. Average concentrations and standard deviations of TiO2, P2Os, Nb, Zr and Y for lhe low-Mg felsite (LMF) nows and 

com positionally corresponding granophyrcs from various regions 

Damwal Formation Kwaggasnek Formation 
LMF Granophyre 1 LMF Granophyre2 Granophyre3 

n=86 Std n=2 Std n=39 Std n=10 Std n=26 Std 
TiO2 0.57 0.06 0.46 0.02 0.34 0.07 0.32 0.03 0.33 0.04 
P2Os 0.15 0.03 0.13 0.01 0.05 0.01 0.04 0.01 na 
Nb 15 2 15 1 22 3 na 21 2 
Zr 330 32 327 26 447 53 467 63 400 38 
y 51 13 46 1 67 7 na 68 11 

Schrikkloof formation 
LMF Granoehi:'.re"' Granoehi:'.re5 Granoehyre6 Granoehyre7 Granoehi:'.re8 

n=20 Std n=15 Std n=41 Std n=23 

TiO2 0.25 0.01 0.28 0.03 0.26 0.02 0.28 

P2Os 0.03 0.01 0.04 0.03 na 

Nb 24 4 na 26 2 22 
Zr 486 93 420 90 498 24 440 
y 71 9 na 84 6 78 

n: number of analyses; na: not analysed; Std: standard deviation. 

Source of granophyre analyses and geographical locations are as follows: 

1: Twist (1985); Loskop Dam area; between RLS and Dullstroom Formation. 

2: De Bruiyn (1980); Blink.water granophyre, northeast of Pretoria; between RLS and granite. 

3: Walraven (1982); Stavoren area; between granite/ sediments. 

Std 
0.04 

na 
2 

32 
6 

4: De Bruiyn (9180); Sterk river granophyre, northeast of Pretoria; between granite/ Kwaggasnek Formation. 

5: Walraven (1982); Groblersdal area; between RLS-granite/Kwaggasnek Formation. 

6: Walraven (1982); Rooiberg area; between granite/ sediment. 

7: Walraven (1982); Potgietersrus area; between granite/Schrikkloof Formation. 

8: Kleeman (1985); Groblersdal area; between RLS-granite/Kwaggasnek Formation. 

n=24 Std n=34 Std 
0.24 0.04 0.24 0.04 

na 0.02 0.01 
26 3 26 6 

466 47 507 48 
94 17 78 12 
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Figure 8. Intrusion levels and other details of the granophyres listed in Table 2. 
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Figure 9. Chemostratigraphical subdivision of the siliceous volcanic rocks of the Rooiberg Group using Ti02 
and Zr concentrations. Also shown are, as examples, the compositional fields of the granophyres as pre
served in the Stavoren fragment and the Angeweezen basin (modified after Schweitzer and Hatton, 1995). 
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Figure 10. Sketch outlining the proposed sequence of events for the Rooiberg/Rustenburg 
Layered Suite system. 

component and a broadly rhyolitic component derived 
by the melting of some component of the Proterozoic 
crust. The nature of these components is explored fur
ther later. Before this, the implications of the geo
graphical arrangement of Bushveld magmatism for the 
source of these components are set down. 

Distribution of magmatism 

The predominant feature of the Bushveld outcrop 
pattern is the central disposition of acid rnagmatism 
with the peripheral distribution of mafic intrusives 

(Fig. 1). This geometry is consistent with that ex
pected above a mantle plume (Hatton, 1995). In more 
detail, the Dullstroom and Damwal Formations have 
a more localized distribution and are more closely as
sociated with the mafic intrusives than the more 
widespread Kwaggasnek and Schrikkloof Forma
tions. This geometry can also be accounted for by a 
mantle plume (Fig. 10; also see Hildreth et al., 1991 for 
further details). 

Unconformities beneath the Kwaggasnek and 
possibly also the Schrikkloof Formation have been 
described for the western portion of the Bushveld 
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complex (Schweitzer ct al., 1995b). In this area, upper 
Rooiberg formations rest on the lower Dullstroom 
Formation. The Kheis orogeny, situated at the west
ern margin of the Kaapvaal craton, was active be
tween 2000 and 2200 Ma (Bcukes and Smit, 1987). 
Compression from the west may have caused uplift 
of the western Bushveld complex during Rooiberg 
times. This resulted in unconformities being best de
veloped in the west and the formation of north-south 
trending folds in the eastern Bushveld floor (Sharpe 
and Chadwick, 1982). 

Plume origin 

The predominant theme in the hypothesis de
picted in Fig. 10 and outlined below is the interaction 
between dominantly crustal melts, produced by 
heating of the crust, and mantle melts, derived from 
the mantle diapir. The diapir penetrates the crust to 
levels which may be as shallow as 18 km (Hatton, 
1995). A blanket of crustal melt is produced and this 
blocks the ascent of magma and stops it segregating 
from the diapir. Those crustal melts that are heavily 
contaminated by mantle melts (Fig. 7) are the first to 
ascend (Fig. 2) and leak out from the base of the 
blanket of crustal melt as the diapir flattens and ex
pands. The degree of contamination is likely to have 
been variable and this may have produced bimodal 
compositions. Alternatively, variation in crustal com
position may have been an important factor. The 
most mafic component ascends as the LTI basaltic 
andesite and the less mafic magma ascends as the ba
sal rhyolite. As crustal melting and mixing continues, 
the nature of the magmas changes. The basal rhyolite 
melt ceases and the HMF and HT! lavas join the L TI. 

Large compositional variations in Ni and Cr (Fig. 
7) suggest that these elements were incompatible 
during melting. Vanadium behaved as a compatible 
element, implied by limited V variations in Rooiberg 
magma types. These features point towards a spinel
rich source, possibly in the lower to middle crust. 

Continuing with the evolution of the plume, the 
Lower Zone magma escapes on the margins of the 
blanket and intrudes below the volcanic rocks (Fig. 
10a). Selective diffusion (e.g. Watson, 1982) from the 
crust leads to high I: and high initial Sr isotope ratios 
in the Lower Zone magma (Hatton, in press). After 
further flattening and expansion of the diapir, high 
volumes'of crustal melt of more uniform composition 
(Fig. 7) ascend from the blanket to erupt as the 
Kwaggasnek lava. Contaminated mantle melt of 
tholeiitic composition intrudes the chamber to pro
duce the Critical Zone (Fig. 10b). Finally, further ex
pansion and flattening produces the widespread 
Schrikkloof lavas, while the corresponding crustally 
contaminated mantle melt intrudes the chamber to 
produce the Main Zone (Fig. 10c). 

Details of the evolution of the RLS and the associ
ated generation of economic mineralization can be 
found in Kruger and Marsh (1982), Sharpe (1985) and 
Hatton (in press), while the relation betv-.·een minerali
zation and lava extrusion in the Rooiberg Group is 
described by Schweitzer et al. (1995a). 

SUMMARY 

Evidence suggests that the Rooiberg Group should 
be excluded from the predominantly sedimentary 
Transvaal Supergroup. The Rooiberg volcanism and 
Bushveld magmatism were co-magmatic, requiring 
the incorporation of the Rooiberg Group into the 
Bushveld complex. Similar relationships have been 
described for the Yellowstone area (Hildreth et al., 
1991) and the Kanye volcanic rocks of the Gaborone 
Granite Suite (Moore et al., 1993). 

The mechanism, \vhich simultaneously generated 
intrusive and extrusive rocks, is considered to be the 
intrusion of a mantle plume into the middle crust. 
The alternative hypothesis, that a meteorite impact 
was responsible for these events (e.g. Rhodes, 1975), 
has been rejected by Twist and French (1983) because 
shock metamorphic features have not been found. 
The Bushveld complex is not a unique phenomenon, 
rather it is a larger and older example of processes 
currently operating at Yellowstone (Hildreth ct al., 
1991) and recorded in various forms throughout the 
geological record (e.g. Anderson, 1994; Kerr, 1994). 
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Link between the granitic and volcanic rocks of the 
Bushveld Complex, South Africa 

J. K. SCHWEITZER,1.2 C. J. HATTON'· 3 and S. A. DE WAAL1 

'Geology Department, Pretoria University, Hillcrest, 0002, South Africa 

Abstract-Until recently, it was proposed that the Bushveld Complex,. consisting of 
the extrusive Rooiberg Group and the intrusive Rashoop Granophyre, Rustenburg 
Layered and Lebowa Granite Suites, evolved over a long period of time, possibly 
exceeding 100 Ma. Most workers therefore considered that the various intrusive 
and extrusive episodes were unrelated. 
Recent findings suggest that the intrusive, mafic Rustenburg Layered Suite, siliceous 
Rashoop Granophyre Suite and the volcanic Rooiberg Group were synchronous, 
implying that the Bushveld igneous event was short-lived. Accepting the short-lived 
nature of the complex, the hypothesis that the granites are genetically unrelated to 
the other events of the Bushveld Complex can be reconsidered. 
Re-examination of the potential Rooiberg Group/Lebowa Granite Suite relationship 
suggests that the granites form part of the Bushveld event. Rhyolite lava, granite 
and granophyre melts originated from a source similar in composition to upper crustal 
rocks. This source is interpreted to have been melted by a thermal input associated 
with a mantle plume. Granite intruded after extrusion of the last Rooiberg rhyolite, 
or possibly overlapped in time with the formation of the youngest volcanic flows. 0 

199 7 Elsevier Science Limited. 

Resume -Jusque recemment, ii etait propose que le Complexe du Bushveld, 
comprenant le Groupe de Rooiberg extrusif ainsi que les Suites intrusives du 
Granophyre de Rashoop, du Complexe Lite de Rustenburg et du Granite de Lebowa, 
s'est forme au cours d'une longue periode de temps ayant pu durer plus de 100 Ma. 
Pour cette raison, la plupart des chercheurs consideraient que les episodes intrusifs 
divers et extrusif ne presentaient pas de relation entre eux. 
Des donnees recentes suggerent que la Suite Litee de Rustenburg, intrusive et 
mafique, est synchrone de la Suite saturee du Granophyre de Rashoop et du Groupe 
volcanique de Rooiberg, impliquant que la mise en place de !'ensemble du Complexe 
du Bushveld s'est operee en un bref laps de temps. Sur cette base, l'hypothese des 
granites ne presentant pas de relation genetique avec les autres termes du Complexe 
du Bushveld doit etre revue. 
La re-examination des relations potentielles entre le Groupe de Rooiberg et la Suite 
des Granites de Lebowa suggere que ceux-ci appartiennent au Complexe du Bushveld. 
Pour les liquides des laves rhyolitiques, granites et granophyres, une source de 
composition similaire a celle de la croute superieure peut etre envisagee. La fusion 
de celle-ci resulte du rechauffement attribue a un panache du manteau. Les granites 
se sont intrudes apres !'extrusion des dernieres rhyolites de Rooiberg ou 
eventuellement sent contemporains des coulees volcaniques terminales. 0 1997 

Elsevier Science Limited. 

(Received 2 May 1996: revised version received 5 September 1996) 
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Table 1. Summary of Bushveld components and subdivisions 

Subdivisions Magma Types 

Rooiberg Group Schrikkloof Formation LMFs (Low-Mg Felsite) 

Kwaggasnek Formation LMFK (Low-Mg Felsite) 

Damwal Formation LMFo (Low-Mg Felsite) 
High-Fe-Ti-P (High Fe-Ti-P andesite) 

Dullstroom Formation High-Fe-Ti-P (High Fe-Ti-P andesite) 

LMFo (Low-Mg Felsite) 
HMF (High-Mg Felsite) 
HTI (High-Ti basalt) 
Basal Rhyolite 
LTI (Low-Ti basaltic andcsite) 

Rashoop Granophyre Suite Rooikop Porphyry LMFs 
Stavoren LMFs 

LMFK 
LMFo 

Zwartbank 
Lebowa Granite Suite Klipkloof 

Makhutso 

Nebo LMFs 
Rustenburg Layered Suite Upper Zone 

Main Zone 
Critical Zone 
Lower Zone 

The Rooiberg Group is included as part of the Bushveld Complex, adapting the proposal of Hatton and Schweitzer ( 1995). 
Magma types of the Rooiberg Group are listed in order of extrusion and are, where possible, related to the Rashoop Granophyre 
and Lebow a Granite Suites. Low-Mg Felsite compositions of the Damwal (LMF 

0
). Kwaggasnek (LMF .) and Schrikkloof (LMF 

5
) 

Formations are distinct. See Kleeman and Twist ( 1989). and SACS ( 1980) for more detail on granite subdivision, and Harmer 
and Sharpe ( 1985) and Hatton ( 1989) for definition of the mafic Rustenburg Layered Suite magma types. 

INTRODUCTION 
The Bushveld Complex contains the largest 
known example of A-type granite plutonism 
(the Lebowa Granite Suite; Kleeman, 1985; 
Kleeman and Twist, 1989), the largest known 
accumulation of siliceous volcanism {the 
Rooiberg Group; Twist and French, 1 983) and 
the largest intrusions of layered mafic rocks 
(the Rustenburg Layered Suite; von 
Gruenewaldt and Harmer, 1992; Table 1 ). 
Exceptionally large intrusive and extrusive 
volumes are accompanied by high 
temperatures (Rooiberg Group > 1000°C, 
Elston, 1995; Lebow a Granite Suite > 900°C, 
Kleeman and Twist 1989; Rustenburg Layered 
Suite > 1 200°C; Sharpe, 1 985). 

Emplacement of these enormous volumes of 
magma was accompanied by the intrusion of 
granophyres (Rashoop Granophyre Suite; 
Walraven, 1985). Previous age determinations 
implied that the complex evolved over a period 
in excess of 100 Ma (e.g. Burger and Coertze, 
1975; Coertze et al., 1978; see also Walraven 

96 Journal of African Earth Sciences 

and Hattingh, 1993 for a review of ages), 
influencing the debate on the petrogenetic 
relationship of the various components of the 
Bushveld Complex. This also led to the 
proposition that the Rooiberg Group and the 
Lebowa Granite Suite are older and younger, 
respectively, than the mafic rocks of the 
Rustenburg Layered Suite, consequently 
excluding their derivation from a common 
parental magma (e.g. Twist and Harmer, 1987). 
A petrogenetic relationship was excluded despite 
the close geographical association of the rocks 
under consideration and the existence of 
common geochemical traits between the 
Rooiberg volcanic rocks and those of the 
Rustenburg Layered Suite {Hatton and Sharpe, 
1989), the Lebowa Granite Suite {Hartzer, 1994) 
and the Rashoop Granophyre Suite (Walraven, 
1985; Hatton and Schweitzer, 1995). The 
relationship between the granites and the 
volcanic rocks of the Rooiberg Group is 
re-examined in this study. 
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Table 2. Average compositions of the youngest Rooiberg Group rhyolites, the Rooikop Granophyre 
(intrusive into the youngest Rooiberg rhyolites), the bottom and top compositions of the Nebo 
Granite as preserved towards the north of Groblersdal (after Kleeman and Twist, 1989) and the 
upper continental crust (after Taylor and McLennan, 1985, except for P

2
O

5
, which represent bulk 

crustal compositions after Taylor, 1964) 

ROOIBERG GROUP RASHOOP LEBOWA UPPER 
GRANOPHYRE GRANITE CONTINENTAL 

Oamwal Kwaggasnek Schrikkloof Rooikop Nebo Nebo CRUST 
Formation Formation Formation Porphyry Granite (b) Granite (t) 

SiO2 68.30 72.30 74.40 73.91 69.45 76.01 66 
TiO2 0.60 0.35 0.24 0.25 0.42 0.13 0.5 
Al 2O3 12.20 11.60 11.60 11.97 12.56 11.48 15.2 
Feo• 7 .18 5.24 3.20 3.45 6.00 1.92 4.5 
MnO 0.14 0.14 0.03 0.08 0.09 0.03 
MgO 1.09 0.66 0.61 0.53 o.oo· o.oo· 2.2 
Cao 2.31 0.69 0.24 0.30 1.69 0.41 4.2 
Na2O 2.84 2.69 2.26 3.12 3.71 3.60 3.9 
K20 4.17 5.07 5.82 5.48 4.64 5.70 3.4 

P2Os 0.15 0.05 0.02 0.03 0.04 0.01 -0.105 
LOI 1.27 1.52 1.62 1 .21 0.71 0.56 
Total: 100.10 100.30 100.00 100.33 99.31 99.85 99.9 
Nb 18 23 30 38 27 19 25 
Zr 376 475 601 628 607 180 190 
y 56 69 81 109 71 40 22 
Sr 145 101 34 82 144 26 350 
Rb 163 215 232 289 147 225 112 
Zn 150 152 46 188 109 53 71 
Cu 38 13 4 0 5 3 25 
Ni 6 4 1 0 6 7 20 
Co 77 79 120 105 10 
Cr 8 5 2 3 35 
V 3 0 0 0 60 
Ba 862 1012 1349 846 2294 449 550 
Sc 13 7 1 3 2 <1 11 
Ga 17 17 18 20 21 20 17 
Hf 4 8 16 14 11 7 5.8 
u 1 1 1 4 5 8 2.8 
Th 23 26 28 31 19 34 10.7 
Pb 10 1 1 9 1 1 14 18 20 
La 60.1 70.4 81.2 59 74 30 
Ce 114 132 158 118 149 64 
Nd 48.8 56 60.3 73 80 ,26 
Sm 10.1 11 .6 12.5 1 1 • 4.5 
Eu 2 2.2 1.9 0.8• 0.9 
Gd 8.6 9.8 9.6 3.8 
Dy 8.2 10 10 3.5 
Er 4.4 5.4 5.4 2.3 
Yb 4.7 5.9 6.5 6.9• 2.2 
Lu 0.7 0.89 0.92 1.05• 0.32 

• Note that the granites towards the north of Warmbath have MgO contents of up to 0.28 wt% (Du Plessis, 1976). • = data 
from Robb et al. ( 1994). 

BACKGROUND 
Several features sug.gest that the Bushveld 
Complex owes its existence to a short-lived 
event ( < 7 Ma; Walraven, in press), interpreted 
to be triggered by a mantle plume (Sharpe et 

, al., 1981; Walraven, 1982; Sawkins, 1984; 

98 Journal of African Earth Sciences 

Hatton, 1995a, b; Hatton and Schweitzer, 1995; 
Schweitzer and Hatton, 1 995a): 

i) An unconformity beneath the Rooiberg Group 
(Cheney and Twist, 1991) shows that the 
volcanic rocks are unrelated to the Transvaal 
Supergroup. 
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Figure 2. Rare earth element patrern of the youngest Rooiberg rhyolice normalised co Che upper cruse, compared to those of 
the unaltered, average Nebo Granite north of Pretoria (after Robb et al., 1994} and those of the older High-Mg Fe/site 
(Rooiberg Group). See Hatton and Schweitzer (1995) for the average composition of the High-Mg Fe/site. Circled numbers 
refer to the sequence of ex crusions. 

ii) A magma type common to the volcanic floor 
and roof succession of the Rustenburg Layered 
Suite (Schweitzer et al., 1995a; Schweitzer and 
Hatton, 1995b) testifies that the volcanic pile 
was continuous before the intrusion of the 
Rustenburg Layered Suite. 

iii) Employing field and geochemical evidence, 
the extrusion of the Rooiberg Group is suggested 
to have been synchronous with the intrusions 
of the Rustenburg Layered Suite and Rashoop 
Granophyre Suite (Walraven, 1985; Hatton and 
Schweitzer, 1995). Several workers also 
proposed that the rhyolite and granite are 
genetically linked, considering their geochemical 
similarities and close geographical association 
(e.g. Hall, 1932; Lombaard, 1932; Lenthall and 
Hunter, 1977). Hartzer ( 1994) suggests that the 
Rooiberg rhyolite could be the less fractionated 
equivalent of the granite. Geochemical 
similarities were also detected between the 
granite and granophyres towards the north of 
Warmbath, leading to the proposal that the 
granophyre represents earlier granite intrusions 
(du Plessis, 1976). 

iv) The geographical distribution of the various 

Bushveld rock types is in accord with a 
short-lived, mantle plume event (Hatton and 
Schweitzer, 1995). Siliceous rocks are centrally 
placed within the outcrop pattern of the Bushveld 
Complex, with mafic intrusive and extrusive 
rocks emplaced at the periphery (Fig. 1). 

v) The short-lived nature of the Bushveld event 
is confirmed by recent age determinations, 
implying a duration of less than 7 Ma for the 
emplacement of the entire Bushveld Complex 
(Walraven, in press}. The Rusten burg Layered 
Suite, the Rashoop Granophyre Suite, and the 
Rooiberg Group were all emplaced 
penecontemporaneously at 2061 Ma, v,ith the 
youngest age obtained for the Lebowa Granite 
Suite (2054 Ma; Walraven, in press). 

The currently favoured hypothesis is that the 
Lebowa Granite Suite and other siliceous 
components of the Bushveld Complex are 
unrelated (e.g. Fourie, 1969; Rhodes, 1974; 
Rhodes and Bornhost, 1975; Twist and Harmer, 
1987; Kleeman and Twist, 1989). However, 
considering recent findings, the relationship of the 
Lebowa Granite Suite to the other components 
of the complex is still open to debate. 
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Figure 3. Ternary quartz, orthoclase, a/bite diagram considering the distributional fields of the Lebowa Granite Suite (after du 
Plessis, 19 76; de Bruiyn, 1980; Kleeman and Twist, 1989) and the dacite and rhyolite of the Rooiberg Group. Circled 
numbers refer to the sequence of extrusions. Bulk and upper crustal compositions after Taylor and McLennan (1985). 

SILICEOUS ROOIBERG VOLCANIC ROCKS 
AND THEIR RELATIONSHIP TO THE 

LEBOWA GRANITE SUITE 
Smooth element patterns are observed when the 
siliceous Bushveld magma types are normalised 
to upper crustal compositions (Table 2, Fig. 2). 
Compositional similarities between the High-Mg 
Felsite and the upper crust are striking (Fig. 2). 
The youngest Rooiberg Group rhyolites of the 
Low-Mg Felsite group have REE patterns 
comparable to those of the High-Mg Felsite, with 
Low-Mg Felsite concentrations 2-3 times higher 
than those of the upper crust. REE 
concentrations of the Nebo Granite are similar 
to those of the Low-Mg Felsite, except for a 
pronounced, negative Eu anomaly. However, a 
positive Eu anomaly has been observed at the 
base of the Nebo Granite sheet (J. Harmer, pers. 
comm., in Kleeman and Twist, 1989) and the 
negative Eu anomaly as shown in Fig. 2 cannot 
therefore be used to geochemically distinguish 
the Bushveld granite from the rhyolite. With the 
exclusion of Eu, the REE concentrations of 
Low-Mg Felsites and those of the Nebo Granite 
are essentially indistinguishable. 

100 Journal of African Earth Sciences 

The compositional fields of the youngest 
Low-Mg Rooiberg rhyolite and the Nebo Granite 
also compare favourably on a ternary quartz/ 
orthoclase/albite diagram (Fig. 3). Compositions 
are again shown to be close to those of the 
upper crust. Early Rooiberg Group High-Mg 
Felsite and Basal Rhyolite are compositionally 
distinct from the granite. 

The compositions of the Low-Mg Felsite are 
also indistinguishable from the Nebo Granite 
on a multi-element spidergram plot (Fig. 4a). 
Both are characterised by Sr, P 

2
0

5
, TiO

2 
and, 

to a lesser degree, Nb depletions when 
normalised against the upper crust. The 
remaining elements are about 2-3 times 
enriched when compared to upper crustal 
concentrations. Except for lower Nb 
concentrations, the high-Mg Felsite closely 
reflects upper crustal compositions (Fig. 4b). 
Element concentrations of a granite porphyry 
(Rooikop Granophyre; SACS, 1 980; Tables 1 
and 2) intruded into the upper Low-Mg Felsite 
succession, are also indistinguishable from 
those of the Nebo Granite and the youngest 
Low-Mg Fe I site (Fig. 4b). 
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In summary it is concluded that the chemical 
composition of the Low-Mg Felsites, the Nebo 
Granite and the youngest Rashoop granophyre 
are closely matched, suggesting that the 
Rooiberg Group and the Lebowa Granite Suite, 
as well as the Rashoop granophyres, are derived 
from a similar source. 

DISCUSSION 
Granite/rhyolite comparison is hampered by 
_element redistribution. Concentrations of mobile 
elements vary substantially within otherwise 
comparable (using immobile elements) rhyolite 
flows from different localities (Schweitzer and 
Hatton, 1995b; Schweitzer et al., 1995b). The 
extent and degree of alteration is therefore 
geographically variable within the Rooiberg 
rhyolite. In addition, it has been recorded that the 
Rooiberg magma type compositions are eruption 
centre specific (Schweitzer et al., in prep.). 
Accepting that granite formation immediately 
succeeded the last rhyolite extrusions, or even 
overlapped in time with tr.e Upper Rooiberg Group, 
lateral variations, reflecting alteration processes 
(Crocker and Callaghan, 1 979) and compositional 
inhomogeneities of the source, may also be 
present in the Bushveld granite. 
· The incorporation of crustal material into the 
mafic rocks of the Bushveld Complex has been 
frequently proposed (e.g. von Gruenewaldt and 
Harmer, 1992; Kruger, 1994). The findings of 
this study suggest that the granitic and rhyolitic 
magmas broadly resemble upper crustal 
composition. Derivation of these melts from the 
subcontinental lithosphere appears to be unlikely 
considering the huge amounts of silicic Bushveld 
magmas. Large volumes of silicic magma may 
be generated by a plume positioned at the lower 
lithosphere, with magma being emitted to 
shallow crustal chambers. There, crustal 
contamination and melting can occur. 
Alternatively, the mantle plume may have 
intruded into crustal levels, as proposed by 
Hatton and Schweitzer ( 1995). Lithospheric, or 
even crustal thinning may be expecte,j, 
especially beneath major basins such as the 
Transvaal Basin, into which the Bushveld 
Complex intruded. The association of thinspots 
and depositional basins has previously been 
suggested (Thompson and Gibson, 1 991). 

Distinct element concentrations and variations 
exhibited by the rhyolite and granite led Twist 
and Harmer ( 1987) to propose that these rocks 
are genetically unrelated. Twist and Harmer 
( 1987) compare the average composition of 1 82 
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Low-Mg Felsite with an average of 170 Bushveld 
granite analyses. Their average Low-Mg Felsite 
is biased towards the Low-Mg Felsite magma 
type of the Damwal Formation (Table 2), which 
is from the Lower Rooiberg succession. When 
the Low-Mg Felsite magma types are subdivided 
(Schweitzer et al., 1995a) it becomes clear that 
the rhyolites of the Schrikkloof Formation are 
very similar in composition to the Nebo Granite 
(Table 2), or the average Bushveld granite (Twist 
and Harmer, 1987). Further inspection of the 
Twist and Harmer (1987) data (their Fig. 4) also 
reveals that altered, silicified rhyolite samples 
(Schweitzer and Hatton, 1995b), with SiO 2 

concentrations exceeding 78 wt% were 
employed during the rhyolite/granite comparison. 

After emplacement, the granitic magma has 
undergone crystal fractionation, making it 
difficult to recognise the original magma. Twist 
and Harmer ( 1987) propose that the different 
trends observed in the granites and rhyolites 
showed that these magmas were unrelated, and 
possibly originated from different sources. 
However, it is clear that extensive fractional 
crystallisation has occurred in the granites 
(McCarthy and Hasty, 1976; Groves and 
McCarthy, 1978; McCarthy and Fripp, 1980; 
Walraven et al., 1985; Kleeman and Twist, 
1 989) while the extrusives have undergone very 
little modification after emplacement. The 
different trends cannot therefore be taken as 
evidence for different sources. It is proposed 
that the geochemical similarities between the 
rhyolites and granites show that they are 
genetically related and derived from similar 
.crustal source rocks. 

CONCLUSIONS 
Field and geochemical evidence suggest that the 
Bushveld event was short-lived. Extrusion of the 
volcanic rocks was synchronous with the 
intrusions of the Rustenburg Layered Suite and 
the Rashoop Granophyre Suite. In addition, 
evidence presented here indicates that the most 
evolved granophyre and the youngest rhyolite of 
the Rooiberg Group are geochemically comparable 
to the intrusions of the Lebowa Granite Suite. 
These rocks are suggested to have been derived 
from similar sources of upper crustal composition. 
The source rocks are interpreted to have been 
melted by a heat source that is related to a mantle 
plume. The data support the hypothesis that the 
Rooiberg Group/Rustenburg Layered Suite/ 
Rashoop Granophyre Suite event was 
immediately followed by granite intrusion. 
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Abstract 

The 2.05 Ga Bushveld Complex is a short-lived event (< 7Ma) 

containing volcanic rocks, granites, granophyres and layered 
intrusives. The short-lived nature is compatible with a 
meteorite impact or a mantle plume. Features at the base of the 
volcanic pile, the Rooiberg Group, place strong constraints on 
these possible origins. 

The Rooiberg Group is a predominantly siliceous volcanic 
sequence that covers an area of at least 40 000 km2 , with 
extrusive volumes in excess of 100 000 km3 . The Dullstroom 

Formation, the lowermost unit of the Rooiberg Group, is the 

first surface expression of Bushveld magrnatism, and the 
Formation is best exposed along the southeastern perimeter of 
the Complex. This Formation overlies unconformably the 
predominantly sedimentary rocks of the Transvaal Supergroup 
(>2.2 Ga). Erosional remnants of distal Dullstroom deposits are 
preserved in floor-originated fragments in the central Bushveld 
Complex. Dullstroom volcanic rocks are also associated with the 
Molopo Farms Complex, Botswana, more than 200 kilometers 
towards the west of the Bushveld Complex. 

A mature sand sheet, which was unconsolidated at the onset 
of Dullstroom volcanism, developed along the relatively flat 
unconformity above the Transvaal sediments. Localised 
depressions are superimposed on the unconformity, and are 
inferred to have formed in the vicinity of eruption centres. 

Volcanism started abruptly with the widespread emplacement 

of Low-Ti basaltic andesites (average TiO2 = 0.62wt.%), 
accompanied by debris flow deposition. Much of the debris 
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originated from the underlying unconformity sand sheet. Within 

the Low-Ti basaltic andesites two compositionally distinct 
magmas are encountered, and these are linked to different 
eruption centres. Initial Low-Ti basaltic andesite eruption was 

followed by local extrusion of rhyolite lava flows, close to 

the inferred eruption centres. These rhyolites are up to 200m 
thick, are strongly flow-folded, and have large eruptive 

volumes (>20 km3 ). Initial rhyolite eruptions are the least 

siliceous and flowed furthest, up to 7 km. Minor, discontinuous 
sedimentary intercalations and pyroclastic flows are preserved 

in the basal Low-Ti basaltic andesite/rhyolite/debris flow 
association. 

Sedimentary intercalations are almost completely absent 
above the stratigraphic level of the basal rhyolites. There, 

two new magma types, the High-Ti basalts (average TiO2 = 
l.87wt.%) and the dacitic High-Mg Felsites (average MgO = 

l.96wt.%), are intercalated with Low-Ti basaltic andesites. 
Features of the initial Bushveld manifestation also include 

relatively undisturbed sedimentary rocks, interstratified, 
distinct magma types and sedimentary layers, and lateral 
compositional and textural variations of initial lava flows, 
related to distinct eruptive centres. Evaluation of these 

features suggests that the origin of the Rooiberg Group, and 

the associated Bushveld components, is best explained by a 
mantle plume. Findings, taken together with evidence from 
beyond the present-day exposure of the Bushveld Complex, 
indicate that the Bushveld plume was positioned towards the 
north of the present-day Complex. Intraplating of the Kaapvaal 
Craton from north to south resulted in regional Bushveld 
magmatism, expressed by several satellite intrusions, and a 
regional metamorphic event at 2.05Ga. 

* Corresponding author 
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1. Introduction 

The intracratonic, predominantly volcanic, Rooiberg Group is 
geographically associated with the mafic Rustenburg Layered 
Suite (RLS) and siliceous (Rashoop Granophyre and Lebowa 

Granite Suites) plutonic rocks of the Bushveld Complex (e.g. 
Twist, 1985; Fig. 1). The Group overlies unconforrnably 

sedimentary rocks of the Transvaal Supergroup (Cheney and 

Twist, 1992), which contain volcanic rocks dated at 2.2 Ga 

(Cornell et al., 1996). The Rooiberg Group forms an integral 

part of the Bushveld magmatic event (Hatton and Schweitzer, 
1995; Schweitzer et al., 1997). Radiometric ages show that the 
volcanic, granitic, granophyric and mafic intrusive rocks of 

the Complex had a life-span of less than 7 Ma, from 2061 to 

2054 Ma (Walraven, 1998; Table 1). 
Several previous workers have related the Rooiberg Group to 

a major astrobleme impact event (see Elston, 1995, for review 
of previous work). For example, Dietz (1961, 1963) suggested 
that the Rooiberg Group may represent a fallback breccia, which 
was deposited after crater excavation by a meteorite. Large 
quartzite xenoliths are often present in the Rooiberg Group at 
distinct stratigraphic levels (Schweitzer et al., 1995a and b), 

and these have been interpreted as relict fragments of almost 

completely melted crater-floor rocks (Rhodes, 1975). The 
absence of volcanic detritus in sedimentary rocks of the lower 

Rooiberg Group, above the RLS, was proposed as additional 
evidence for an impact origin of these rocks by Eriksson et al. 
(1994). 

Other studies have failed to identify any unequivocal 
shock-metamorphic features (such as shatter cones, 
pseudotachylites, megabreccias or high pressure minerals) in 

rocks associated with the Bushveld Complex (French and 
Hargraves, 1971; Twist and French, 1983). 

The Transvaal Supergroup/Rooiberg Group contact was 
identified as a potential target for tracing impact features 
(Elston, 1995). The best exposure of this contact is preserved 
in the southeastern portion of the Bushveld Complex, although 
its presence has been documented at other localities, even 

beyond the perimeters of the Complex (Fig. 2). This study 
concentrates on the previously undocumented basal portion of 
the Rooiberg Group in the Dullstroom area (Fig. 1), and 
evaluates its significance for the genesis of the Bushveld 
Complex. 
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2. Geological background 

The Bushveld igneous event consists of the intrusive Rustenburg 

Layered Suite (RLS), the Rashoop Granophyre Suite, the Lebowa 
Granite Suite (SACS, 1980), and the extrusive Rooiberg Group 

(Hatton and Schweitzer, 1995). Intrusion of the RLS began with 
the emplacement of a relatively hot, primitive and siliceous 
high-Mg basaltic magma that gave rise to the Lower Zone of the 
RLS. Subsequent crustally contaminated, tholeiitic magmas of 

the Lower Critical, Upper Critical, and Main Zones were cooler 
and more dense (Irvine and Sharpe, 1986; Sharpe, 1985; Hatton, 

·1989; Hatton and Sharpe, 1989; Kruger, 1994; Hatton, 1995, 

1996) and were, at the time, sequentially emplaced between the 

cumulate pile and current residual Lower Zone magma. The 

intrusive volume of the RLS increases towards the top, in a 
manner similar to that of the Rooiberg Group (Table 1). 

The Rashoop Granophyre Suite was geochemically subdivided 
and related to three Rooiberg magma types (Hatton and 
Schweitzer, 1995). The granophyre sheets therefore represent 
shallow intrusive equivalents of the youngest Rooiberg magmas. 
Granites of the Lebowa Granite Suite intrude all the other 
components of the Complex, terminating the Bushveld event. The 
oldest granites of the Lebowa Granite Suite are comparable 

geochemically to the youngest rhyolites of the Rooiberg Group, 
indicating that these are genetically related and derived from 
a common source (Schweitzer et al., 1997). The huge amounts of 

intrusive and extrusive rhyolitic magmas of the Complex imply 

substantial melting of crustal material. 
Four magma types are confined to the Dullstroom Formation 

(Tables 1 and 2) the basal portion of the Rooiberg Group, 
occurring below the RLS. These are the Low-Ti (LTI) basaltic 
andesite (Table 3), first rhyolite extrusions (termed Basal 
Rhyolite, Table 4), High-Mg Felsite (HMF, dacitic in 
composition; average MgO = 1.96wt.%) and High-Ti (HTI) basalt 
(average Tio2 = 1.87wt.%). The three Rooiberg formations 
overlying the RLS exhibit less textural and compositional 
diversity, with compositionally-distinct Low-Mg Felsite (LMF) 
making up the bulk of the Darnwal (average MgO = 1.09wt.%), 
Kwaggasnek (average MgO = 0.66wt.%), and Schrikkloof (average 
MgO = 0.6lwt.%) Formations (Tables 1 and 2, Fig. 1). 

Towards the top of the Rooiberg Group an increase in areal 
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extent and eruptive volume of the magma types is apparent (Fig. 

1, Table 1). Eruptive volumes of 300 000 km3 over an area of 50 
000 km2 were proposed for the Rooiberg Group by Twist and 
French (1983), who extrapolated the Rooiberg Group thickness of 

the Loskop Dam area (Fig. 1, southeastern Bushveld Complex) 

across the areal extent of the Bushveld Complex. The Rooiberg 
Group is, however, thickest in the southeastern portion of the 

Complex, with internal, onlapping unconformities towards the 

north and northwest (Schweitzer et al., 1995b). We therefore 
recalculate the eruptive volumes and areal extents of the 
Rooiberg formations employing average thicknesses of the 
individual formations, and derive a minimum cumulative eruptive 
volume of about 110 000 km3 (Table 1). Nonetheless, the 

Rooiberg Group still remains one of the largest known 

accumulation of siliceous volcanic rocks. 

3. The Dullstroom Formation: General field description 

Dullstroom occurrences associated with the Bushveld Complex 
have been documented in the Rooiberg- and Makeckaan Fragments, 
the area north of Pretoria, the Dennilton Dome, and along the 
southeastern extent of the Complex (Figs. 1 and 2). Sedimentary 
intercalations are least prominent with the latter, with the 
volcanic pile being thickest. Dullstroom equivalents are also 
present beyond the perimeter of the Bushveld Complex, in the 
Lobatse and Molopo Farms Complex areas (Figs. 1 and 2; 
Crockett, 1972; Key, 1983; Reichhardt, 1994; Hartzer, 1995). 
The Molopo Farms Complex intruded into strata equivalent to the 
Transvaal Supergroup. Uplift and faulting predated the 
intrusion (2044±24Ma; Kruger, 1989), potentially synchronous 
with the Bushveld Complex. Although Dullstroom occurrences 
associated with the Molopo Farms Complex (Reichhardt, 1994) are 
not well documented, it is suggested that Dullstroom volcanism 

extended over an area exceeding 600 kilometers. 
The Dullstroom Formation is best exposed in the southeastern 

portion of the Bushveld Complex (Fig. 1). This occurrence is 
therefore considered in detail. The described features could 
well be of regional significance, and this is highlighted where 
recognised. 

In the southeastern Bushveld Complex the Dullstroom 
Formation is a basalt to rhyolite association (Fig. 3; Tables 1 
and 2). Limited field investigations were carried out by Hall 
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(1913) and Groeneveld (1968). Together with acidic flows, which 

were first documented by Groeneveld (1968), highly vesicular 

lavas with pronounced scoriaceous flow tops (now termed HTI 
basalts) are a characteristic magma type of the Dullstroom 

Formation (Sharpe et al., 1983). Some flows of this Formation 
are recorded to reach thicknesses of 60m (Tankard et al., 
1982). 

The Dullstroom Formation overlies unconformably the 
sedimentary rocks of the Steenkampsberg Quartzite and Houtenbek 
Formations, both part of the upper Pretoria Group, Transvaal 

Supergroup (Figs. 2 and 3; SACS, 1980). Rocks of the Pretoria 

Group are preserved in fault-bounded basins that may have 
developed due to reactivation of Ventersdorp (<2700 Ma, 

Armstrong et al., 1991) rift zones (Eriksson and Clendenin, 
1990). The upper Pretoria Group also contains arkosic sediments 
(Schreiber et al., 1991), that were deposited under unstable 
tectonic conditions (Schreiber and Eriksson, 1992). The source 

areas were positioned to the northeast and east of the 
present-day exposure (Schreiber et al., 1991) with the most 
proximal deposits in the north (Schreiber and Eriksson, 1992) 
Carbonate chert with algal laminations and stromatolitic domes 
is a prominent rock type in the southern Houtenbek exposures. 

The Houtenbek Formation has been interpreted as sediment 
deposited in a supratidal marginal platform environment 
(Button, 1973, 1976), or in a shallow-lake and wind-tidal flat 

setting (Schreiber and Eriksson, 1992). 

The outcrop of the Dullstroom Formation is sandwiched 
between the broadly north-south striking gabbroic rocks of the 
Main Zone of the RLS and the underlying Transvaal Supergroup 
(Figs. 1 and 3). The northernmost outcrop of the volcanic rocks 
occurs as a small north-south striking strip and the succession 
exceeds 2.5km in thickness some 25km to the south, adjacent to 
the Laersdrif fault (Fig. 3). A primary thickening of the 
Dullstroom Formation from north to south is suggested by the 
increasing thickness of individual flow-units and an increase 

in the number of flows (Fig. 4). To the south, the preserved 
formation thins gradually, due to its unconformable 
relationships at the base and top, thinning to 500m near 
Belfast, some 50km south of the Laersdrif fault. The 
southernmost exposures of the Dullstroom Formation are covered 
by sedimentary rocks of the Karoo Supergroup (about 300Ma old). 

The N145°E-trending Laersdrif fault divides the volcanic 
rocks into two sectors. Displacements of 2310m at the base and 
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2750m at the top of the Dullstroom volcanic rocks result from 

rotation along the fault plane. South of the fault, the units 

dip more steeply (±35° towards the west) than in the northern 

sector (±15° towards the west), but dips flatten out towards 

the southernmost outcrop area. Minor faults are developed 

parallel to the major Laersdrif structure. 
The bulk of the Dullstroom succession consists of lava 

flows. These are intercalated, especially towards the base of 
the succession, with pyroclastic flows and minor sedimentary 
and volcaniclastic rocks. The upper portion of the Dullstroom 

Formation, in contrast, represents a succession of rapidly 

erupted lava flows, and sedimentary intercalations are almost 
completely absent. 

The different Dullstroom magma types, all lava flows, are 

interstratified (Figs. 3 and 4). LTI basaltic andesite lavas 

are present throughout the Dullstroom Formation but decrease in 

abundance upwards. Towards the base, Basal Rhyolites are 

intercalated with the LTI basaltic andesites, with HTI basalts 
and HMF's being absent (Figs. 3 and 4). The Dullstroom 

succession becomes increasingly siliceous towards the top 
(Table 2). 

An account of metamorphic effects on the primary 
petrographic and geochemical features of the Dullstroom magma 
types was provided by Schweitzer and Hatton (1995a and b). 
Metamorphic grades vary from lower greenschist facies, 
generally at the base of the succession, to 
amphibolite/granulite facies at the contact with the mafic 
rocks of the RLS. Metamorphism had little effect on primary 

element concentrations but altered primary textures, especially 

pronounced towards the contact with the RLS. 
A description of the basal Dullstroom rock types (Figs. 4 

and 5) is provided in the Appendix. Certain field 
characteristics are photographically documented in Figures 14 
a-i, and these are also referred to throughout the text. 

4. Nature of basal contact 

4.1 Dullstroom Area 

A sand sheet situated on the basal unconformity (Fig. 5) 

contaminated the earliest Dullstroom lavas and pyroclastic 
flows. A variety of lava and pyroclastic flows are preserved 
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above the sand sheet, within the approximately 300m thick basal 

Dullstroom succession. Pillow structures are absent. 
Incorporation of the sand sheet into overlying deposits is 
especially pronounced in three areas (Fig. 3, arrows), on the 

farms Messchunfontein, Kwaggaskop, and Rietvallei. These areas 

are associated with debris flows, LTI basaltic andesites, 
discontinuous volcaniclastic sediments and sedimentary rocks, 

and Basal Rhyolites. Contamination of initial Dullstroom flows 

by the underlying sand sheet is evidenced by xenocrystic sand 
grains in initial flows, sand-filled cracks (Messchunfontein 

area), and peperites (Kwaggaskop area). Pipe amygdales (e.g. du 
Toit, 1907; Petrov, 1984) in earliest LTI basaltic andesites 
suggest that the sand sheet was wet at the time of first magma 

extrusion. Inspection of the regional map (Fig. 3) indicates 
that the depressions are spaced at intervals of about 17km. 

The lithologies typically associated with Messchunfontein, 
Kwaggaskop, and Rietvallei, the three areas characterised by 

depressions (Fig. 3), are generally comparable. Extensive 
debris flows, which contain volcanic clasts exceeding lm in 

length were deposited in close proximity to the depressions. 
Areal extents of these deposits decrease towards the south 
(Fig. 5), from Messchunfontein, over Kwaggaskop, to Rietvallei. 
The unconformity sand sheet is overlain by two to four lava 

flows of LTI basaltic andesites, intercalated with debris flow 
deposits beyond the depositional range of the Basal Rhyolites. 
There a succession of interstratified LTI, HTI and HMF lavas is 
superimposed (Fig. 5). 

4.1.1. Messchunfontein depression 

Deposits at Messchunfontein (Figs. 3 and 5) show pronounced 
changes in strike and dip relative to the surrounding areas. 

Several faults locally disrupt the strike of the basal layers 
(Fig. 6a). Units confined to the depression are LTI basaltic 
andesites, volcaniclastic sediments and shales (Fig. 14a), and 
an overlying debris flow (Figs. 14b and c). 

The floor of the Messchunfontein depression is formed by 
coarse-grained quartzite (Fig. 5), representing the basal 
unconformity sand sheet. The 100m thick sequence that lies 
above the sand sheet consists of volcaniclastic quartzite, in 
which randomly-oriented planar cross-beds have wavelengths of 
about meter-size and angles of up to 30°. These cross-beds 
suggest a north to south flow direction (G. Germs, pers. 
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communication, 1996). Discontinuous LTI basaltic andesite and 

volcaniclastic shale are intercalated with volcaniclastic 

quartzite. The latter is overlain by a sequence that commences 
with LTI basaltic andesite, followed by thick debris flow 
deposits containing three distinct layers of volcaniclastic 
shale. LTI basaltic andesites contain quartzite and shale 
fragments, derived from the underlying Transvaal Supergroup 

(Figs. 14d and e). 

Outside the bounds of the depression, two lava flows of LTI 
basaltic andesite underlie the debris flow and one rests on 

top. Pipe amygdales, consisting of tubular concentrations of 

gas bubbles, are common in basal LTI basaltic andesites where 
they are bent towards the south. The pipe amygdales formed when 

the lava transgressed over the wet sand sheet and gas or steam 

bubbles penetrated upwards through the flowing lava (Waters, 

1960; MacDonald, 1967; Wyatt, 1976). The orientation of these 

pipe amygdales, observed over many kilometres, together with 
the southward thinning of the lava flows, suggests a north to 
south flow direction. 

Twenty readings of the longest axes of volcanic fragments 
(Fig. 14c) were taken at individual outcrops approximately 
every 200m along strike of the debris flow (Fig. 6), to 
determine any size variations relative with distance to the 

depression. The clasts appear to increase in size towards 
Messchunfontein from an average of 0.7cm to about 10cm at a 

point immediately south of the depression. There the largest 
clasts exceed 0.5m in size. The proportion of blocky fragments 
increases in accordance with average clast sizes. At the 
southernmost outcrops of the debris flow, quenched rhyolite 
fragments are more common than basaltic andesite material, but 
the latter increase in frequency towards the north. In common 
with the underlying LTI basaltic andesite lavas, a north to 
south flow direction is indicated for the debris flow deposit. 

Well laminated volcaniclastic shales (Fig. 14a), interbedded 
with the volcaniclastic sediments, the debris flow and 
discontinuous LTI basaltic andesites are restricted within the 
bounds of the depression. 

The Basal Rhyolite - Messchunfontein Area: The Basal Rhyolite 
is on average 110m thick, but it attains a maximum thickness of 
140m some 1.5km south of Messchunfontein and then decreases in 
thickness to pinch out some 5.5 km further towards the south 
(Fig. 6a). Taking an average thickness of 100m and considering 
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that the rhyolite covered an area of 200km2 , the estimated 

extrusive volume is 20 km3 . The lowest portion of the rhyolite 

is pale grey, and becomes even paler upwards whilst 
simultaneously becoming enriched in amygdales (Fig. 14f). The 

central part of the flow is strongly spherulitic. Amygdales 

become increasingly more common in the uppermost portion of the 
lava, until at the contact with the overlying LTI basaltic 

andesite, the Basal Rhyolite is strongly quartz-amygdaloidal. 

The flow-top of the Basal Rhyolite becomes increasingly 
brecciated and irregular southwards; simultaneously, the extent 
of autobrecciation in the interior of the flow becomes greater. 
These observations are compatible with increasing degrees of 
cooling away from Messchunfontein, i.e. from north to south. 

A thin section traverse through the Basal Rhyolite considers 

the average length and width of quenched quartz plates (Fig. 
7). This, in combination with the field and geochemical 

evidence enables the identification of cooling units. Thinnest 

quartz plates (average width< 0.17mm) occur at the base of the 
rhyolite and in areas of autobrecciation. Relatively wider 
plates are present in the interior and in the upper portion. 
The Basal Rhyolite may be geochemically subdivided into a 
bottom and a top portion (see 5. Geochemical characteristics of 
the basal volcanic succession). The weight of evidence suggests 
that the bottom portion extruded as one sheet. A horizon of 
autobrecciation, associated with thin quartz plates is 
intercalated in the geochemically distinct top portion (Table 
4) of the Basal Rhyolite, implying that this portion extruded 
as two, geochemically homogeneous sheets (Fig. 7). Wide quartz 

plates (average= 0.4mm) at the upper Basal Rhyolite/LTI 
basaltic andesite contact could have resulted from LTI basaltic 
andesite extrusion shortly after the formation of the Basal 
Rhyolite. This is supported by comparable compositions of LTI 
basaltic andesites beneath and above the Basal Rhyolite (data 
not shown here but are available on request), and the 
incorporation of brecciated rhyolite material into the lower 
portion of the LTI lava. 

Cracks filled with coarse, quartzo-feldspathic detrital 
material are widespread within the Basal Rhyolite close to the 
depression (Fig. 14g), but not elsewhere. Beyond the 
depression, detrital material also occurs as dismembered and 
rotated fragments, generally 10cm in diameter, surrounded by 
concentrically arranged, flattened amygdales. These structures 
formed by fragmentation and rotation of the sand-filled cracks 
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during flow of the rhyolite. 
Within the body of the Basal Rhyolite, elongated, stretched 

amygdales, alternating layers of spherulites and microlites, 
and rotated sand fragments are taken as indicators of the flow 

direction. In the vicinity of Messchunfontein, the rhyolite is 

deformed on a micro (cm) and macro (tens of metres) scale 

(Figs. 8 and 14h). Although most of the flow was from north to 

south, as indicated by stretched amygdales, and thinning of the 

lava flow towards the south of Messchunfontein, a local change 

in direction is suggested west of the depression (Fig. 6a). 
Orientation of fold axes parallel to the north-south strike of 

the rhyolite suggests that an east-west pressure constraint was 
applied to the viscous lava (Fig. 8b). The minor folds present 

within the contorted flow increase progressively in both 
amplitude and frequency when traced westwards. This is also 
considered to be diagnostic of flow direction. The resultant 
overall flow close to the depression was therefore from the 

northeast to the southwest. 
One lobe of the Basal Rhyolite is exposed 7 km south of the 

depression (Figs. 6a and 9). The surface of the lobe is 
irregular, and flow-top breccia, debris and crust that formed 

on top of the flow are preserved, similar to the lava 
flow-front described by Borgia et al. (1983). Four cross 

sections through lava toes, referred to as folds in the 
following, are identified; these folds are marked by crusts of 

debris and zones of stretched and oriented lithophysae and 
amygdales beneath these crusts. Folds are interpreted to have 
formed due to relatively low and high viscosities in the 
central and marginal areas of the rhyolite, respectively. The 
main fold (Fig. 9, fold I) is exposed in the northeastern part 
of the front and stretched lithophysae and amygdales formed for 
approximately 28m at the bottom of the flow. Blocks of debris 
and parts of the crust were apparently dragged along the base 
during high viscosity flowage. Two minor folds developed near 
the edge of the lobe (Fig. 9, folds II and III), each 

accompanied by debris and fragments of the crust in the centres 
of the folds. The main fold (Fig. 9, fold I) draped over a 
large area of the floor; then, as magma broke through it, the 
second and third folds formed with a small volume of magma 
breaking through the third fold to the southern limit of the 
lobe. Continued flow of magma allowed escape of magma through 
the top surface and formation of the fourth fold (Fig. 9, fold 
IV). 
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The rhyolite and debris flows interfinger, in the vicinity of 

the Laersdrif fault (Figs. 3 and 6a), with LTI basaltic 

andesite lavas. Pipe amygdales, up to 1.60m long and 7cm wide, 

indicate a flow direction of these andesites from south to 
north. 

4.1.2. Kwaggaskop depression 

As in the Messchunfontein area, volcaniclastic sediments, 
debris flows and a Basal Rhyolite are preserved in the 
Kwaggaskop area (Figs. 3, 5 and 10). Algal stromatolites of the 

Houtenbek Formation unconformably underlie the sand sheet (Fig. 

10). The sand sheet, in turn, is overlain by a massive debris 

flow and/or a LTI basaltic andesite. The Basal Rhyolite, 

locally under- and overlain by a debris flow, attains a maximum 
thickness of 210m and its lobe is observed some 5km towards the 
north of Kwaggaskop (Fig. 10). This Basal Rhyolite exhibits 
macroscopic and microscopic features comparable to the 
Messchunfontein Basal Rhyolite. The pocket-surfaced debris flow 
(Fig. 14b) overlying the Kwaggaskop Basal Rhyolite terminates 
some 100m towards the north of the rhyolite lobe. This debris 
flow is overlain by LTI basaltic andesite which, in turn is 
overlain by HTI basalt (Fig. 10). 

Pipe amygdales in initial LTI basaltic andesites are 
inclined towards the north, indicative of northward flowage. 

Flow direction indicators in the Basal Rhyolite, similarly, 

suggest lava propagation towards the north. Clasts of basement 
rocks and LTI basaltic andesite in the debris flow are largest 

close to the Kwaggaskop depression. Spectacular peperites, 
resulting from interaction between initial LTI basaltic 
andesite and the unconformity sand sheet are developed close 
to, and in the vicinity of Kwaggaskop (Figs. 5 and 14i). They 
formed due to shallow invasion of the initial lava flow into 
the, probably water saturated, sand sheet. This resulted in the 
brecciation of the flow, with blocks of lava being surrounded 
by baked sand. The baked sand intruded the initial lava flow as 
multiple dykelets (see Walton Jr. and O'Sullivan, 1950, for 
mechanics of intrusion). The lava blocks are concentrically 
jointed, similar to the blocks in the Pomona peperites 
described by Schmincke (1967; see also MacDonald, 1967; 
Ladnorg, 1976; Boulter, 1993). 
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5. Geochemical characteristics of the basal volcanic succession 

Some geochemical characteristics of the Rooiberg magma types 

have been described and summarised by Twist (1985), Hatton and 

Schweitzer (1995), Schweitzer and Hatton (1995b), and 

Schweitzer et al. (1995a and b). Palaeoenvironmental 
reconstruction in an environment as old as the Bushveld Complex 

is hampered, mainly due to limited, two-dimensional exposures, 

and metamorphism. We therefore employ immobile element 
concentrations (Schweitzer and Hatton, 1995b), to provide 

additional clues for palaeoenvironmental reconstruction. 
Identification of the petrogenetic processes, such as partial 
melting, crustal contamination, or fractional crystallisation, 

causing the observed element variations, will be considered by 

Schweitzer and Hatton (in prep.). 
Although an individual magma type predominates over a 

stratigraphic interval of some 300m, interstratification of 

compositionally distinct magmas is apparent (Fig. 11). HMF lava 

flows predominate in the upper portion of the Dullstroom 
Formation, where they are intercalated with LTI and HTI lavas. 
No systematic variations in element concentrations are observed 
for the individual magma types, implying that fractional 
crystallisation was not a major process. Towards the base, 
pyroclastic flow compositions are similar to those of the Basal 
Rhyolite. Total FeO concentrations are distinct for the magma 
types so is, to a lesser extent, V. HTI basalts and HMF lavas 

have high TiO2 (1.44 to 2.13 wt.%) and SiO2 (62.93 to 68.73 
wt.%), respectively. The magma types have overlapping Zr 
concentrations. 

Comparison of Al 2o3 , MgO and Tio2 concentrations of initial 
LTI basaltic andesite lavas from the Kwaggaskop and 

Messchunfontein regions (Tables 3 and 4) reveals that the 

Messchunfontein lavas generally have higher TiO2 and Al2O3 
(Fig. 12a). MgO contents tend to be higher in initial 
Kwaggaskop LTI basaltic andesites (Fig. 12b). LTI basaltic 
andesites from the Makeckaan and Rooiberg Fragments (Fig. 1) 
exhibit compositional affinities to the stratigraphically 
corresponding lavas from the Messchunfontein and Kwaggaskop 
areas, respectively (Figs. 12a and b, Table 3). The geochemical 
characteristics confirm the field evidence; the distinctly 
different compositions of the Kwaggaskop and Messchunfontein 
LTI basaltic andesites support the notion that these lavas 
originated from separate eruption centres. 
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The Messchunfontein Basal Rhyolite may be compositionally 

subdivided into a bottom and top portion (Figs. 13a and b; 
Table 4). When considered in conjunction with the petrographic 
evidence (Fig. 7) it can be deduced that the Messchunfontein 
Basal Rhyolite erupted as two compositionally distinct flow 
units. The bottom, least siliceous portion of the rhyolite 
flowed furthest and its lobe is exposed some 7 km towards the 

south of Messchunfontein (Figs. 6a and 9). The Kwaggaskop Basal 

Rhyolite is equivalent in composition to the lowermost Basal 

Rhyolite from Messchunfontein. The Basal Rhyolite from the 

Makeckaan Fragment is similar in composition to the top portion 

of the Messchunfontein Basal Rhyolite (Figs. 13a and b), 
suggesting that Basal Rhyolite compositions are more evolved 
towards the north. 

6 Discussion 

The Bushveld igneous event commenced with the deposition of the 
basal Dullstroom succession (Hatton and Schweitzer, 1995). 

Field and geochemical characteristics of this succession are 
utilised to better understand Bushveld genesis. The relatively 
short time interval (<7Ma) during which the Bushveld Complex 

evolved suggests that a meteorite impact or a mantle plume were 
the triggering mechanism. Proposals in favour of an impact 

origin for the Bushveld Complex obviously considered the 
Rooiberg Group as an integral part of the Bushveld event. 
Opponents of this origin argue that the Rooiberg Group is older 
than the intrusive mafic and siliceous rocks of the Complex 
(e.g. Harmer and Farrow, 1995). We are in agreement with the 
proposal that the volcanic rocks and the Bushveld event are 
synchronous (Hatton and Schweitzer, 1995; Schweitzer et al., 
1997). 

Elston (1995) presents the most recent view on the impact 

origin of the Bushveld Complex, also proposing that the 
Vredefort Dorne is a time equivalent (i.e. multiple impact). The 
meteorite impact genesis for the Bushveld (Elston, 1995), is 
summarised as follows: Only the periphery of the Bushveld 
basins is exposed and shock phenomena should not be expected in 
autochthonous rocks, with heat phenomena taking precedence over 
shock phenomena. The Crocodile River and Marble Hall Fragments 
(south of the Rooiberg and Makeckaan Fragments, respectively; 
Fig. 1) are interpreted as autochthonous segm Lts of the walls 
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of transient impact cavities. Overturned strata, megabreccias 

and folding are present in these fragments. The Rooiberg and 

Makeckaan Fragments (Fig. 1) are interpreted as allochthonous 
blocks that slid into the transient cavities as their unstable 

walls collapsed. Makeckaan quartzite is found in various stages 

of melting. Rooiberg rhyolites are suggested to have formed at 
temperatures of at least 1 200 °c. Element concentrations of 
HMF's, and to a lesser degree those of the Basal Rhyolites, are 

similar to Proterozoic, upper crustal sediments (Hatton and 
Schweitzer, 1995), as defined by Taylor and McLennan (1985). 
This led Elston (1995) to suggest that these lavas are impact 
melts. 

The regionally developed, mature unconformity sand sheet 

overlies a relatively undisturbed unconformity surface. The 

sand sheet would have been severely disturbed due to a 
meteorite impact. However, we observe an abrupt onset of 

volcanism, interacting with a previously undisturbed sand 
sheet. The rock assemblage at the base of the Rooiberg Group is 
diverse and complex. Individual lava flows, in addition, 
exhibit proximal/distal relationships. A relatively homogeneous 
impact melt is absent. HMF's possess upper crustal compositions 
but this magma type extruded only in the upper portion of the 
Dullstroom Formation, and not at the base. Siliceous magma 

types exhibit textures attributed to supercooling throughout 
lavas up to 200m in thickness. Considering an impact event, 
supercooling is likely to only have occurred close to the 
crater floor. Sedimentary intercalations, present in the lower 
Dullstroom and overlying Damwal, Kwaggasnek and Schrikkloof 

Formations are, in addition, not in accord with a rapid impact 

origin of the Rooiberg Group. We have inferred localised 
eruption centres, only some 20 km apart (e.g. Figs. 12 and 13). 

This is difficult to reconcile with a meteorite impact. 

Quartzite fragments in rhyolite flows have been interpreted as 
crater floor remnants or debris avalanche fragments (Elston, 
1995). The two most prominent stratigraphic horizons containing 
quartzite fragments are defined by the Basal Rhyolites and the 
rhyolites towards the top of the Kwaggasnek Formation 
(Schweitzer et al., 1995b). Sedimentary fragments of basement 
rocks are, in addition, present in the initial eruptions of 
each new magma type. This evidence suggests that the origin of 
the quartzite fragments is related to volcanic processes. 

The regional occurrence of Bushveld-related rocks would 
necessitate that the Kaapvaal craton was hit by a meteorite 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



A77 

swarm at about 2054Ma. Current age dating results suggest that 
the Vredefort structure is about 30Ma younger than the Bushveld 

Complex (2024Ma; U/Pb zircon age from pseudotachylites 
interpreted to date the time of impact, Karna et al., 1995). 

This is in accord with the findings by Gibson and Wallmach 

(1995), i.e. the Bushveld magmatic event metamorphosed the 

Vredefort area before the formation of the Vredefort structure. 

The depressions are interpreted to have formed in the 

vicinity of inferred eruption centres, representing laterally 

extensive topographic features that may have formed due to 
collapse in the vicinity of vent areas e.g. (Ararnaki and Ui, 
1996), or due to gravity sliding (Roobol et al., 1983). From 
the two-dimensional view afforded by present-day outcrop it is 
possible to make some inferences about the original disposition 
of extrusive centres. The spacing of about 20 kilometres 
between centres, when extrapolated, suggests that each centre 
could have fed an area of some 300 krn2 . On this basis the 66 

000 krn2 surface area of the Bushveld Complex (von Gruenewaldt 
et al., 1985) could have been covered by lava emanating from 
approximately 200 extrusive centres. Comparable eruption centre 

densities are encountered in present-day environments (Houghton 
et al., 1995). Multiplicity of extrusive centres also resulted 

in compositional, lateral variations (providing scope to even 
further subdivide individual magma types, Figs. 12 and 13) and 
varying lava flow features due to distal/proximal 
relationships. 

There is considerable debate on the nature of extensive, 
voluminous rhyolite flows, such as the Basal Rhyolite. Fluidal, 
siliceous lava flows are thought to be characterised by limited 
areal extents (flow-lengths of about 1 km; Henry et al., 1988; 
Nakada et al., 1995). However, large volume rhyolite lava flows 
covering great areal extents have also been described (e.g. 
Manley, 1995). High eruption rates of rhyolititc lava flows 
could reflect high temperatures, high alkali or volatile 
contents, and enhanced fluor (e.g. Creaser and White, 1991). 
Ash flows, alternatively can, through viscous laminar flow just 
before halt, destroy all evidence of shards and pumice, so that 
they resemble lava flows (e.g. Schrnincke and Swanson, 1967; 
Elston and Smith, 1970). 

It has been suggested that high temperature and large-volume 
rhyolites may be common in plume related settings (e.g. Parson 
et al., 1994; Manley, 1995), such as the Yellowstone area (e.g. 
Ekren et al., 1984; Bonnichsen and Kauffman, 1987; Honjo et 
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al., 1992). Field and geochemical features of the upper 

Rooiberg rhyolites also compare favourably to other high volume 

flows, such as those of the Karoo Supergroup (Twist and 
Bristow, 1990). Irregular flow tops, increasing degrees of 
autobrecciation away from the depressions, flow-banding and 

folding, elongated amygdales, and the absence of shards and 
pumice fragments and shattered crystals in the Basal Rhyolites 

suggest that they erupted as fluidal lava flows with eruptive 

volumes of about 20km3 . The Basal Rhyolites are therefore taken 
as another example of extensive, high volume rhyolite lavas 

genetically linked to plume activity. 
Taking all evidence, we prefer to view Bushveld genesis in 

the light of a mantle plume. The plume or initiation model 

predicts that uplift occurs 10-20 Ma before the onset of 
volcanism (e.g. Campbell and Griffiths, 1990; Griffiths and 
Campbell, 1990; Parson et al., 1994; Rainbird, 1993). The 
relatively undisturbed, uniform nature of the unconformity sand 
sheet and the absence of a hotspot track argue against a plume 
head being positioned beneath, or in close proximity to, the 
Complex. Features observed in the uppermost Pretoria Group 
sediments (Eriksson and Clendenin, 1990) are therefore 
unrelated to mantle plume uplift. The time-gap between the 
Transvaal Supergroup and the onset of Bushveld magmatism is 
implied to be significant. North to south flow direction in the 
sand sheet and unconformities in the overlying Rooiberg Group 

that onlap towards the north and northwest (Schweitzer et al., 

1995a), suggest that crustal uplift in response to an ascending 
mantle plume occurred towards the north of the present day 
outcrop of the Bushveld Complex. Uplift along the Thabazimbi 
Murchison Lineament, north of the Complex, is also proposed by 
Uken and Watkeys (1995). It is suggested that the plume magma 
intraplated the Kaapvaal Craton from north to south, also 
melting the huge amounts of crustal material. The intraplating 
event coincides with the magmatic event that metamorphosed the 
Vredefort structure (Gibson and Wallmach, 1995; Merkle and 
Wallmach, 1977), and was also responsible for the formation of 
the Molopo Farms Complex and several other Bushveld satellite 
intrusions (Coetzee and Kruger, 1989; Stettler et al., 1998). 
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7. Summary 

No detailed studies were previously performed on the Dullstroom 

Formation, the basal portion of the Rooiberg Group. The field 

evidence presented here, viewed in conjunction with recently 

published geochemical studies (Hatton and Schweitzer, 1995; 
Schweitzer et al., 1995a and b; Schweitzer and Hatton, 1995a 
and b; Walraven, 1998) reveals that the basal Rooiberg 
succession provides clues towards an improved understanding of 
the genetic processes involved in Bushveld magmatism. 

The basal Rooiberg unconformity formed during an extended 
period of erosion that was succeeded by the regional 
development of the mature sand sheet during a prolonged period 

of quiescence (Fig. 5). Eruption of the initial LTI basaltic 

andesites was preceded by local subsidence, expressed by three 
depressions at the base of the Dullstroom succession. The 
depressions are characterised by increasing subsidence from 

south to north, and are interpreted to have developed close to 
eruption centres. Field and geochemical evidence reveal that 

early magmas of distinct compositions flowed away from the 

depressions. 
The onset of Bushveld magmatism is manifested by a complex 

succession of lavas, pyroclastic flows, and associated minor 
sedimentary intercalations. Interaction of the initial, aphyric 
lavas and pyroclastic flows, with the sand sheet was important. 
Rhyolites possess large extrusive volumes and a maximum flow 
distance of 7 km is recorded. 

Volcanic activity succeeding the basal Dullstroom event was 

short-lived, with areal extents and extrusive volumes 
increasing towards the top of the Rooiberg Group (Table 1). The 
extrusive rocks are proposed to be contemporaneous with the 
intrusions of the mafic Rustenburg Layered Suite (Hatton and 

Schweitzer, 1995), with the Bushveld igneous event being 
concluded by the intrusion of granites belonging to the Lebowa 
Granite Suite (Schweitzer et al., 1997). 

Considering all evidence, we prefer to relate the Rooiberg 
Group, and the remainder of the Bushveld Complex, to a mantle 
plume. Field evidence suggests that the plume was positioned 
towards the north of the present-day outcrop of the Complex, 
and that the Bushveld magmatic event affected a large portion 
of the Kaapvaal craton. This points towards a regional 

intraplating event at about 2054Ma. 
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APPENDIX 

Description of rock types and similar stratigraphic successions 
in other areas of the Bushveld Complex 

The following describes the rock-types under consideration, in 
ascending stratigraphic order, together with some petrographic 

(as observed in the area of lower greenschist facies 

metamorphism) and depositional features. 

The Sand sheet 

A mature quartzite forms the base of the Dullstroom Formation. 
This quartzite represents a laterally-extensive sheet that 
formed over a long period of time and covered large areas of 

the unconformity/land surface. Accidental sand grains and sand 
breccias in the initial lavas and pyroclastic flows leave 
little doubt that the quartzite was unconsolidated at the time 
of first magma extrusion. 

Volcaniclastic sediments 

Volcaniclastic quartzites, exhibiting a variety of sedimentary 
structures are confined to three depressions at the base of the 

Dullstroom Formation (Fig. 3, arrows). These quartzites consist 
predominantly of rounded to subrounded quartz grains with minor 
volcanic material contained in the matrix, and occasional LTI 

basaltic andesite fragments. 
Volcaniclastic shales are restricted to the northernmost 

depression (Figs. 3, 5 and 6b). They exhibit a variety of 
sedimentary structures, such as cross-bedding, microripples, 
folds and dunes (Fig. 14a), locally displaced by microfaults. 
These faults may be the result of low-frequency earthquakes 
that have been observed to precede volcanism in other areas 
(e.g. Rainbird, 1993; Nakada et al., 1995). Volcaniclastic 
shale thicknesses vary along strike, from less then tens of 
centimetres to a maximum of four metres. In thin section, these 
rocks possess variable ratios of volcanic to sedimentary 

material. Accidental quartz fragments are similar to those in 

the debris flow (see below). The volcanic matrix consists 
predominantly of plagioclase, amphibole and quartz. Plagioclase 
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and amphibole needles are in places broken. Opaque minerals may 
locally cluster into stringlets. These rocks are interpreted to 

have been generated by reworking of volcanic material. Further 
studies may consider their formation as pyroclastic flows, for 

example as base surges (e.g. Fisher and Waters, 1970). It is 

noted that sedimentary rocks have been reinterpreted as 
pyroclastic surge deposits in younger, and less complex 

environments (e.g. McDonough et al., 1984) than the setting 

considered here. 

Debris flows 

Pyroclastic flows are widespread, but confined to the basal 
Dullstroom succession. They are predominantly debris flow 
deposits (>90%) that range from clast- to matrix-supported. 
Angular fragments of the sedimentary basement rocks (quartzite, 

shale, and limestone; Fig. 14b) and Dullstroom volcanic rock 

(mainly of LTI basaltic andesite; Fig. 14c), range from a few 

millimetres to sizes exceeding 1 metre. The debris flows are 
unsorted, completely free of sedimentary structures, and 

exhibit varying clast/matrix ratios along strike. Subrounded to 
rounded quartz grains, similar to those forming the sand sheet, 

are set in a microlitic, volcanic matrix. The proportion of 
quartz grains to matrix is highly variable. Zoned zircon grains 
are occasionally observed. 

Low-Ti (LTI) basaltic andesites 

LTI basaltic andesites are typically quartz amygdaloidal. Lower 

lavas frequently contain xenoliths of basement rocks 
(quartzite, shale and limestone; Figs. 14d and e) and 

accidental quartz grains. There is a distinction between basal 
and upper lava flows of this magma type. The basal lavas are 
aphyric with original textures generally well preserved 
(Schweitzer and Hatton, 1995b). Subophitic textures of twinned 

plagioclase and needle-like, swallow-tailed 
actinolite/tremolite crystals (both generally <0.3mm), are set 
in a microlitic matrix. Opaque minerals do not exceed 2%. The 
equigranular groundmass consists predominantly of micrographic 
intergrowths of plagioclase, amphibole and interstitial quartz. 

In contrast to the basal flows upper lava flows are 
typically porphyritic (phenocryst contents generally less than 
10%) and commonly contain apatite and magnetite as inclusions 
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within other phenocryst phases. Plagioclase 

(labradorite/bytownite, generally 0.5mm in size), and amphibole 

(<0.6mm) phenocrysts also form glomerocrysts. 

Basal Rhyolites 

Quartz- and amphibole-amygdaloidal (Fig. 14f), flow-banded 

(Fig. 14h), and spherulitic rhyolites are found locally at the 

base of the Dullstroom Formation. In outcrop, these flows do 
not exceed 7 km in strike length. Fragments of sedimentary 
basement rocks and sand sheet material (Fig. 14g) are found 

throughout.these rhyolites. 
In thin section, quenched, polycrystalline quartz plates 

from microlites (<0.lmm) to 1mm plates are common; phenocrysts 
are absent. The quartz plates are usually straight but can 
sometimes be broken or bent and may represent pseudomorphs 

after tridymite (Green, 1970; Rhodes, 1975; Twist and French, 
1983). Small, randomly oriented quartz plates are abundant in 
the spherulites, which are spherical to subspherical. Long, 
apparently quenched, quartz plates transect these spherulites. 

Plagioclase forms radiating fans in the strongly devitrified 
matrices. Opaque minerals occur as accessory phases. 

Sedimentary rocks 

Minor, lensoid and thin beds of pure to impure quartzite, 
feldspathic quartzite, arkose and shale are occasionally 
intercalated within the basal Dullstroom succession. These beds 
are also deposited on the irregular surfaces of Basal 
Rhyolites. 

High-Ti (HTI) basalts 

HTI basalts are characteristically quartz-amygdaloidal and have 

brecciated (strongly amygdaloidal, angular fragments) 
flow-tops. Sedimentary and volcanic fragments are found within 
the lowermost lavas. This magma type extends for significant 

strike lengths. HTI lavas are more porphyritic (phenocryst 
contents up to 20 Vol.%) than LTI basaltic andesites. 
Plagioclase (<lmm) and amphibole (<0.4mm) occur in 
glomeroporphyritic clusters. Magnetite phenocrysts, generally 
less than 0.2mm in size, are abundant. 
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High-Mg Felsite (HMF) 

HMF's are predominantly aphyric, amphibole-amygdaloidal lavas 
with granophyric textures. Like the Basal Rhyolite they contain 

oriented, swallow-tailed and polycrystalline quartz plates as 

the main constituent. In plane polarised light the plates are 
seen to be surrounded by rims of granophyric material. The 
quartz plates are sometimes broken or bent. Apatite is a common 

mineral phase in the devitrified groundmass, which consists of 
micrographic intergrowths of plagioclase and quartz. Quartz 
forms an intimate intergrowth with plagioclase in spherulites. 

Opaque minerals are found as accessory phases. 

Rock types in the Makeckaan and Rooiberg Fragments 

The fragments consider sedimentary and volcanic rocks of the 
Bushveld floor and roof succession, entirely irnbedded by 
granite. Andesitic lava flows are intercalated with sediments 
of both the Rooiberg and Makeckaan Fragments (Fig. 1). These 
lavas correspond stratigraphically and chemically with the LTI 
basaltic andesites of the lower Dullstroom Formation (Truter, 
1949; Visser, 1969; Eriksson et al., 1993; Hartzer, 1995; 
Schweitzer et al., 1995b; Fig. 12). Both fragments are 

characterised by an abrupt transition from the basal 
sediment/lava association into the overlying rhyolite sequence 
(Rhodes, 1972; Stear, 1977; Fig. 2). 

Elston (1995) considered the Rooiberg and Makeckaan 
Fragments as allochthonous blocks that slid into the craters as 

the unstable impact crater wall collapsed. Alternatively, these 

fragments have been suggested to represent palaeohighs, 
preserved in eastern and western sub-basins separated by a 
central palaeohigh (Eriksson and Clendenin, 1990; Hartzer, 
1995). 

Makeckaan Fragment 

The highly faulted rocks of the Makeckaan Fragment (Fig. 1) are 
part of the roof of the Bushveld Complex (Wagner, 1921, 1927). 

Mellor (1905) first recognised the felsite occurrences within 
the fragment, which form part of the Makeckaan Formation 
(Rhodes, 1972), a correlative of the lower Rooiberg Group 

(Eriksson et al., 1993; Schweitzer et al., 1995b; Hartzer, 
1995). The Makeckaan Formation consists of a variety of 
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sedimentary rocks intercalated with mafic and siliceous 

volcanic rocks (Rhodes, 1972; Hartzer, 1995). Unconformable 

relationships between these rocks and the underlying Transvaal 

Supergroup are observed (Hartzer, 1995). 

Peperites, similar to those observed at Kwaggasnek, are 

developed in the initial LTI basaltic andesite lavas of the 

Makeckaan Fragment (F. Hartzer, personal communication), 

implying that the unconformity sand sheet was regionally 
developed. The LTI basaltic andesite lava of the Makeckaan 
Formation (Fig. 12) contains phenocrysts of clinopyroxene 
(<0.3mm), amphibole (±0.4mm) and minor plagioclase (<0.lmm), 

intergrown in an ophitic texture, with a matrix of 
clinopyroxene, amphibole and plagioclase. 

The rhyolites of the Makeckaan Fragment correspond, 
petrographically and geochemically, to the Basal Rhyolites 
(Schweitzer et al., 1995b; Fig. 13; Table 4). Flow-banding is, 

in contrast, absent in the Makeckaan Basal Rhyolites. 

Spherulites weather out as round, pea-sized nodules. Vesicles 
filled with quartz, calcite and chlorite are common. Lithic, 

recrystallised quartzite fragments are confined to discrete 

zones within the Basal Rhyolite. They show all gradations from 
angular to rounded and range from a couple of centimetres to 
metres in size. Some quartzite blocks show preserved 
stratification, such as cross-bedding and ripple marks. The 
contacts of the quartzite zones with the neighbouring rhyolites 
are gradational, as are the contacts between lithic fragments 
and rhyolite. 

Rooiberg Fragment 

The succession at Rooiberg Hill within the Rooiberg Fragment 
(Fig. 1) consists of the lower Dullstroom Formation, formerly 
termed Smelterskop Formation (Stear, 1977; Fig. 2), overlain by 
the 340m-thick Schrikkloof Formation, both of which have been 

gently folded into a syncline (Schweitzer et al., 1995b; 
Hartzer, 1995). Several authors have proposed a conformable 
relationship of the felsites and the underlying sediments and 
intercalated andesitic lava flows (Humphrey, 1909; Boardman, 
1946; Coertze et al., 1977). In contrast, Schweitzer et al. 
(1995b) and Hartzer (1995) suggested that the upper Rooiberg 
Group overlies unconformably the lower Dullstroom succession in 

the Rooiberg Fragment. 
The lower Dullstroom Formation in the Rooiberg Fragment is 
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280m thick. It consists of a basal quartzite member, four or 

five discontinuous feldspathic quartzite units, and occasional 
tuffaceous shales. The sedimentary rocks were deposited in a 
fluviatile environment (Stear 1977). LTI basaltic andesite 

lavas are intercalated with these sedimentary rocks (Fig. 12). 

The lavas are strongly vesicular, with the vesicles partly 
filled by quartz, calcite, chlorite and sulphides (pyrite and 

minor chalcopyrite). Numerous plagioclase phenocrysts (<0.6mm) 

make up to 30 Vol.% of the rock, and are almost completely 

replaced by chlorite, calcite and sericite. The groundmass 
consists of plagioclase, chlorite, calcite, interstitial quartz 
and opaque minerals. 
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Table Cantions 

Table-1: Estimated erupted volumes and areas covered by 
individual Rooiberg Group formations. The figures for the 
Dullst~oom Formation were constructed by considering evidence 

from the Dullstroom area and the Makeckaan and Rooiberg 
Fragments. Thicknesses were adjusted for the occurrence of 

sills and Rooiberg internal unconformities. Average thicknesses 

for the Damwal (1.5km), Kwaggasnek (1.4km), and Schrikkloof 
(1.2km) Formations were deduced considering various localities 

(Schweitzer et al., 1995b). See Walraven (1998) for source of 

radiometric ages. ZE = single-grain zircon Pb evaporation 
technique; ZB = U-Pb bulk zircon chemistry technique. The 
Rooikop Granite Porphyry intrudes the upper levels of the 
Rooiberg Group and its compositions compare favourably to the 
lava compositions of the Schrikkloof Formation and those of the 
Lebowa Granite Suite (Schweitzer et al., 1997). 

Table 2: Approximate percentages of Dullstroom magma types as 
preserved in the floor and roof of the Rustenburg Layered 

Suite. About 65% of the about 5km thick Dullstroom Formation is 
made up of dacites and rhyolites. 

Table 3: Average compositions of the first LTI basaltic 
andesite eruptions from various areas. Total iron is given as 

FeO, major elements in weight percent, normalised to 100% water 
free, and trace elements in parts per million. Standard 
deviation is given in brackets; n = number of analyses; na = 
not analysed. The average of the Rooiberg LTI flow is deduced 
from five analyses originating from samples along strike of 
one, individual flow. 

Table 4: Average compositions of the Basal Rhyolite (BR) magma 
type as determined for Messchunfontein, bottom and top portion, 

Kwaggaskop, and the Makeckaan Fragment. Total iron is given as 

FeO, major elements, normalised to 100% water free, in weight 
percent and trace elements in parts per million. Standard 
deviations are given in brackets, n = number of analyses. 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



A98 

Figure Captions 

Figure 1: Distribution of the four formations of the Rooiberg 
Group relative to the other components of the Bushveld Complex. 

Also identified are the Makeckaan and Rooiberg Fragments, and 
the Dullstroom Formation in the floor of the Rustenburg Layered 
Suite. A thin package of Dullstroom Formation is also preserved 
in the basal portion of the Rooiberg succession at Loskop Dam 
(Schweitzer et al., 1995b), but can not be shown on the scale 

considered. Insert schematically identifies the mafic 

intrusives of the Bushveld and Molopo Farms Complexes 
(Simplified after Reichhardt, 1994). 

Figure 2: Regional correlation of the basal Dullstroom 

succession and underlying unconformity. The distance between 
the Dullstroom occurrences in the eastern Bushveld and at the 

Molopo Farms Complex is about 600 kilometer. See Figure 1 for 

approximate location of profiles. 

Figure 3: Simplified map of the Dullstroom Formation (floor of 
Rustenburg Layered Suite), outlining the distribution of magma 
types. Individual horizons were mapped; magma type distribution 
was also determined employing the composition of 157 samples 
taken throughout this occurrence of the Dullstroom Formation. 
Pyroclastic horizons, individual lava flows, and some 
intrusions can not be shown. 

Figure 4: Sections through the Dullstroom Formation identifying 

the stratigraphic position of the four Dullstroom magma types, 
and associated pyroclastic rocks. See insert for position of 
section lines. 

Figure 5: Schematic north/south section through the basal 
Dullstroom succession. The occurrence of the Rooiberg Group in 
the roof of the Rustenburg Layered Suite is also sketched. 

Figures 6 a and b: a) Geological map of the Messchunfontein 
depression and associated rocks. Positions of Figures 7, 8, and 

9 are given in squares. Averages and variations of clast sizes 
in the debris flow consider 20 measurements at each station 

(Fig. 6b). The unconformity sand sheet is omitted. 

Figure 7: Cross section through the basal Dullstroom succession 
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in the vicinity of Messchunfontein (see Figure 6a for 

approximate location of section line). Also shown are the width 

variations of quenched quartz plates (20 measurements per thin 

section) throughout the Basal Rhyolite. 

Figures 8 a and b: Plan view and cross sections of flow 
lineations in the Basal Rhyolite west of Messchunfontein. The 

fragments consist of dismembered quartz detritus. See Figure 6a 

for locality. 

Figure 9: Section through the lobe of the Messchunfontein Basal 
Rhyolite. Numbers refer to the different toe (fold) structures. 
See text for explanation and Figure 6a for locality. 

Figure 10: Geological map of the Kwaggaskop area. See Figure 3 
for locality. 

Figure 11: Selected element concentrations of the four 
Dullstroom magma types and a basal debris flow deposit related 
to the three stratigraphic profiles presented in Figure 4. 

Matrix material was analysed to derive the composition of the 
debris flow/pyroclastic flow deposit. 

Figures 12 a and b: Ti02 vs Al 2o 3 (a) and MgO (b) for initial 
LTI eruptions of flows sourcing from the Messchunfontein and 
Kwaggaskop regions. The compositions of these flows are 
compared to the equivalent magma type from the Rooiberg and 
Makeckaan Fragments (see also Table 3). 

Figures 13 a and b: Tio2 vs Al 2o 3 (a) and Sc (b) for the bottom 
and top portion of the Messchunfontein Basal Rhyolite compared 

to the compositions of the Kwaggaskop and Makeckaan Fragment 
Basal Rhyolites. The average compositions of these flows are 
given in Table 4. 

Figures 14 a-i: Fine-grained volcaniclastic shale deposit on 
Messchunfontein (a). Note cross-beds and disturbed layering. 
Kwaggaskop debris flow deposit (b). The pock-marked surface 
appearance is due to the preferential weathering of 
stromatolitic limestone clasts. Other clasts are LTI basaltic 
andesites. The Messchunfontein debris flow contains prominent 
LTI basaltic andesite fragments (c). LTI basaltic andesite 
containing quartzite {d} and shale {e} fragments from the 
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underlying Transvaal Supergroup. Stretched amphibole-filled 

amygdales (f), sand-filled cracks (g), and prominent 
flow-banding (h) in the Messchunfontein Basal Rhyolite. 
Peperites in the basal LTI basaltic andesite at Kwaggaskop (i). 
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Formation 
Estimated 

volume (km3) 

Schrikkloof 47 000 

Kwaggasnek 48 000 

Damwal 15 000 

Dullstroom 2 000 

Total 112 000 

-+ Intrusive level of 
Rustenburg Layered Suite 

ROOIBERG GROUP 

Estimated area First occurrence of 
Age First definition of magma type 

covered (km2) magma type 
""'I 

40 000 Low-Mg Felsite Schweitzer et al. (1995b) 

40 000 Low-Mg Felsite 2061 ±2 (ZE) > Twist (1985); Schweitzer et al. (1995b) 

11 000 Low-Mg Felsite Schweitzer et al. (1995b) 
> 

3 000 Low-Mg Felsite 
~ -' 

High-Fe-Ti-P andesite Twist (1985) 

-+ High-Mg Felsite Twist (1985) 
High-Ti basalt Schweitzer et al. (1995b) )> 

--1,, 

Basal Rhyolite Schweitzer et al. (1995b) 0 
--1,, 

Low-Ti basaltic andesite Schweitzer et al. (1995b) 

Other Bushveld Complex Ages 

Lebowa Granite Suite 2054 ±2 (ZE) 

Rustenburg Layered Suite (Upper Zone) 2061 ±27 (Rb - Sr) 
-

Rashoop Granophyre Suite 2053 ± 1 2 (ZB) 

Rooikop Granite Porhyry 2060 ±2 (ZE) 
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Approximate volume percentage of magma types 
Dullstroom Formation 

Dullstroom Formation Dullstroom Formation Dullstroom Formation 
(Floor to RLS) (Roof to RLS) (Total) 

(Thickness: 2.5 km) (Thickness: 2.41 km) 

Low-Mg Felsite 89 45.0 

High Fe-Ti-P andesite 1 0.5 

High-Mg Felsite (roof) 10 
19.0 

High-Mg Felsite (floor) 28 

High-Ti basalt 41 20.0 

Basal Rhyolite 1 0.5 

Low-Ti basaltic andesite 30 15.0 

-----►• Intrusive level of Rustenburg Layered Suite 

Table 2: 

:i,, 
r1 
0 
N 
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LTI LTI LTI LTI 
Messchunfontein Kwaggaskop Rooiberg Makeckaan 

( Il= 6) (n=ll) ( n=5) ( Il= 1) 

SiO2 56.78 (0.61) 57.88 (0.84) 58.41 (0.43) 55.96 
TiO 0.67 (0.10) 0.46 (0.02) 0.40 (0.01) 0.71 
Al363 15.35 (0.30) 14.57 (0.31) 14.19 (0.12) 15.27 
Fe 9.15 (0.48) 8.85 (0.34) 11.89 (0.31) 9.76 
MnO 0.18 (0.03) 0.16 (0.02) 0.08 (0.01) 0.18 
MgO 5.58 (0.35) 6.55 ( 0. 31) 7.60 (0.55) 5.45 
cao 8.88 (0.58) 7.91 (0.46) 2.61 (0.51) 7.73 
Na6o 2.13 (0.24) 2.21 (0.32) 2.46 (0.32) 4.14 
K2 1.18 (0.53) 1. 34 (0.24) 2.27 (0.36) 0.72 
P2O5 0.10 (0.00) 0.07 (0.01) 0.09 (0.02) 0.08 

Nb 4 ( 2) 1 ( 2) 0 ( 0) na 
Zr 127 (14) 91 (17) 97 ( 9) na 
y 22 ( 2) 15 ( 2) 12 ( 4) na 
Sr 291 ( 2 8) 208 ( 2 9) 80 ( 4) 456 
Rb 44 (16) 61 (15) 200 ( 4 7) 19 
Zn 81 ( 2 0) 79 ( 2 6) 35 ( 7) na 
Cu 46 (44) 21 ( 2 7) 135 (166) na 
Ni 82 ( 6) 129 (12) 139 ( 2) na 
Co 81 (15) 68 ( 5) 47 ( 4) na 
Cr 112 (90) 274 (18) 427 ( 51) na 
V 159 ( 2 0) 165 ( 8) 141 ( 3) na 
Ba 293 (112) 324 ( 61) 125 ( 41) na 
Sc 30 ( 1) 32 ( 2) 28 ( 1) na 
Ga 15 ( 1) 13 ( 1) 12 ( 1) na 
Hf 0 ( 0) 0 ( 0) 0 ( 0) na 
u 0 ( 0) 0 ( 0) 0 ( 0) na 
Th 11 ( 1) 15 (16) 12 ( 1) na 
Pb 6 ( 2) 11 (22) 5 ( 1) na 

Table 3: 
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BR - Bottom BR - Top BR BR 
Messchunfontein Messchunfontein Kwa1gaskop Makeckaan 

( n=4) ( Il= 7) n=4) ( Il= 7) 

SiO2 70.22 (0.18) 76.26 (1.35) 73.42 (0.52) 76.87 (1.20) 
TiO 0.40 (0.01) 0.27 (0.02) 0.39 (0.01) 0.26 (0.05) 
Al363 12.56 (0.10) 10.99 (0.35) 11.93 (0.15) 10.75 (0.64) 
Fe 4.69 (0.13) 2.76 (0.40) 4.13 (0.21) 3.17 (0.89) 
MnO 0.11 (0.02) 0.07 (0.02) 0.07 (0.02) 0.10 (0.03) 
MgO 2.72 (0.05) 1. 37 (0.43) 1. 71 (0.27) 1. 72 (0.46) 
cao 4.24 (0.25) 2.35 (0.41) 3.43 (0.37) 0.96 (0.42) 
Na6o 1. 72 (0.25) 1. 72 (0.17) 1. 67 (0.05) 1. 29 (0.95) 
K2 3.25 (0.39) 4.13 (0.59) 3.16 (0.44) 4.79 (0.72) 
P2O5 0.09 (0.00) 0.08 (0.01) 0.09 ( 0. 01) 0.09 (0.01) 

Nb 6 { 1) 7 { 1) 7 ( 1) 5 ( 2) 
Zr 194 ( 2 0) 237 (20) 210 ( 5) 231 ( 3 5) 
y 21 ( 3) 27 ( 7) 24 ( 2) 21 ( 5) 
Sr 222 (19) 235 ( 9) 222 (11) 111 (135) 
Rb 110 ( 2 3) 165 ( 4 3) 124 (19) 194 (70) 
Zn 55 (13) 27 ( 5) 29 (10) 135 (152) 
Cu 1 ( 2) 2 ( 5) 14 ( 2 0) 1 { 2) 
Ni 36 (10) 21 ( 9) 22 ( 2) 16 ( 9) 
Co 65 (12) 104 (18) 68 ( 13) 93 (15) 
Cr 139 ( 4) 164 (17) 256 ( 5 9) 508 ( 2 74) 
V 80 ( 5) 42 ( 8) 77 ( 4) 39 ( 13) 
Ba 885 ( 121) 1190 (168) 903 (92) 1433 ( 277) 
Sc 14 ( 1) 8 ( 1) 12 ( 1) 6 ( 2) 
Ga 12 ( 1) 10 ( 1) 12 ( 1) 9 ( 1) 
Hf 0 ( 0) 1 ( 3) 0 ( 0) 2 ( 4) 
u 0 ( 0) 0 ( 0) 0 ( 0) 0 ( 0) 
Th 14 ( 1) 16 ( 2) 15 ( 1) 16 ( 1) 
Pb 7 ( 2) 5 ( 1) 7 ( 4) 7 ( 3) 

Table 4: 
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SYNCHRONOUS EMPLACEMENT OF THE FELSITES, GRANOPHYRES, GRANITES AND MAFIC INTRUSIVES 
OF THE BUSHVELD COMPLEX 
J. K. Schweitzer* and C.J. Hatton+ 
Geology Department, Pretoria University, Hillcrest, 0002, South Africa 

BACKGROUND 

As currently defined by SACS (1980), the Bushveld Complex is comprised of the Rustenburg Layered Suite (RLS). 
the Rashoop Granophyre Suite (RGS), and the Lebowa Granite Suite (LGS). Volcanic rocks of the Rooiberg 
Group are in spatial association with the rocks of the Bushveld Complex (e.g. Twist, 1985). The correlation and 
continuity of stratigraphic horizons comprising the RLS and the Rooiberg Group has been described as 
remarkable (Hatton and Sharpe, 1988; Schweitzer et al., 1994). 

In a new subdivision proposed to SACS (1980; SACS does not yet consider the Dullstroom to be part of the 
Rooiberg volcanic event) the Rooiberg Group is comprised of the Dullstroom, Damwal, Kwaggasnek and 
Schrikkloof Formations (Schweitzer et al., 1994; Figs. 1 and 2). Some evidence suggests that at least portions 
of the volcanic pile are pre-RLS in age, such as the intrusion level of Bushveld sills and dykes (e.g. Sharpe, 1985) 
or the existence of a contact metamorphic aureole within the volcanic rocks above the RLS (Schweitzer and 
Hatton. 1994). In this abstract we present evidence indicating that the Rooiberg volcanic event was synchronous 
with the events comprising the Bushveld Complex, suggesting that this volcanic suite could be incorpornted into 
the Bushveld Complex. 

EVIDENCE FOR SYNCHRONOUS INTRUSIVE AND EXTRUSIVE BUSHVELD MAGMATISM 

The high Mg-Felsito (HMF) was identified as a magma typo common to tho volcanic rocks prosorvcd In tho floor 
and roof of the RLS. This led to tho proposal that the volcanlc rocks comprising the Dullstroom package should 
bo Included into the Rooiborg Group (Schwcitzor, 1987; Eriksson et al., 1993; Schweitzer ot al., 1094; Figs. 1 
and 2). The inclusion of tho floor volcanics Into tho Rooibcrg Group Is supported by tho prosonco of an 
unconformity beneath tho volcanic pllo, in tho floor of tho Intrusion (Cheney and Twist, 1991). This suggests that 
tho Rooibcrg Group should not form part of tho Transvaal Suporgroup. as Is currently proposed (SACS, 1980). 

The granophyres and their relationship to the other rocks of the Buslwcld Complex. and those comprisino tho 
Rooiberg Group, provide evidence for the synchronous nature of Rooiberg volcanism and Bushvcld mngm.-itism. 
A co-magmatic origin of the Stavoren granophyre, comprising the vast mt1jority of tho RGS. and the Rooibcrg 
volcanic rocks was already proposed by Walraven (1979. 190S). We employ more thun 1'10 granophyro nnalyscs 
from various geographic regions and f rorn different geological settings and comp;ire these compositions to those 
of tho associated felsite (fable 1, Fig. 1 }, employing a geochemical subdivision of Rooiborg volcanic rocks using 
immobile elements (Schweitzer et al., 1994). Except for the Potgictersrus area (Granophyre 7

, Table 1 ). granophyre 
compositions do not compare to the compositions of the abutting felsite but correspond to compositions of felsite 
further up in the succession (Fig. 1 ). Damwal-type granophyre intruded beneath low-Mg Felsitc (LMF) of the 
Dullstroom Formation (Granophyre 1

, Table 1) in the eastern Transvaal, whereas Schrikkloof-type granophyre 
intruded beneath the Kwaggasnek Formation towards the north of Pretoria and east of Groblersdal 
(Granophyres

4
·:i.e. Table 1, Figs. 1 and 2). This implies that granophyres corresponding to progressively younger 

felsite compositions are associated with continuously younger volcanic rocks of the Rooiberg Group and suggests 
that younger felsite magma intruded beneath older felsite roof rocks. Granites of the LGS intrude granophyre 
(\'Valraven, 1982; and Granophyre2

, Table 1 ). the Rooiberg Group, and also mafic rocks of the RLS (Hammerbeck, 
1969), suggesting that the LGS represents the terminal phase of the Bushveld magmatic event. 

Granophyre compositionally corresponding to Kwaggasnek and Schrikkloof LMF are in contact with sediments 
beneath the volcanic pile (Granophyres3

·
6

, Table 1, Fig. 1) in the Rooiberg and Stavoren Fragments. Kwaggasnek 
and Schrikkloof LMF flows are not preserved in the Stavoren Fragment, implying that this succession was eroded 
in this area. 

Present Addresses: • Miningtek/CSIR, P.O. Box 91230, Auckland Park. 2006, Johannesburg. South Africa 
+ Anglo American Research Laboratories, P.O. Box 106. Crown Mines, 2025. Johannesburg. South Africa 
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Bushveld magmatism has been related to mantle plume, hot-spot activity (Sawkins, 1984; Hatton, 1994}. This 
suggests that one heat source was responsible for the Bushveld magmatic event. The Rooiberg volcanic rocks 
and those of the RGS are co-magmatic (e.g. Walraven, 1979, 1982), with the former being currently included in 
the Transvaal Supergroup and the latter into the rocks comprising the Bushveld Complex (SACS, 1980). If the 
events involved in Bushveld and Rooiberg magmatism are a result of hot-spot activity it is most unlikely that the 
Rooiberg Group and the RGS, both comprised of several, but comparable magma types (Table 1; Figs. 1 and 
2), were produced in the same geographic region, but at different times. The volcanic rocks of the Rooiberg 
Group are, therefore, closely linked, in time and space, to the events currently included in the Bushveld Complex, 
similar to the relationship exhibited by the Gaborone Granite Suite and the Kanye Formation (Moore et al., 1993). 
This suggests that the Rooiberg Group could be included into the events comprising the Bushveld Complex. 

The volcanic rocks comprising the Rooiberg Group could have erupted in response to processes involved in the 
formation of the RLS, and this is considered In 1he following hypothesis: We propose that eruption of the HMF 
magma, confined to the Dullstroom Formation, Is linked to the formation of the lower zone. A genetic link between 
the lower zone source magma and the HMF was already suggested by Hatton and Sharpe (1988). LMF magma 
of the upper Dullstroom and the Damwal Formations erupted in response to the processes involved in the 
formation of the critical zone. Both Dullstroom and Damwal Formations and lower and critical zone are localized 
in occurrence. Events resulting in the Intrusion of the widespread main zone magmas could possibly be linked 
to the regional eruption of LMF magmas of the Kwaggasnek and Schrikkloof Formations. 

T,1blo 1: Avcrago (Avg) concentrations and stJndard deviations (Std) of TiO2 , P:,O:i, Nb, Zr and Y for the low-Mg 
fclsito (LMF) flows nnd compositionally corresponding granophyres from various regions. N refers to number of 
nnalysos. na :: not analysed. Sources of granophyre analyses ore ns follows: Granophyre': Twist (1985); 
Granophyro-': Do Bruiyn (1980): Granophyre:i: Walraven (1982); Granophyrc.c: De Bruiyn (1980): Granophyre~: 
Wnlrnven (1982); Grnnophyren: Walraven (1982); Granophyre 7

: Walraven (1982); Granophyre6
: Klecmann (1985); 

soo Flouro 1 for f ur1hor dctnil. 

CONCLUSIONS 

A magma typo common to tho volcanic rocks in the floor and roof of tho RLS and an unconformity beneath the 
volcanic pilo su~rnosts that tho volcanic Rooiberg Group should bo excluded from the predominantly sedimentary 
Transvaal Supcrgroup. Tho grJnophyre/felsite relationship Jnd the discordant behaviour of the LGS to the 
associc1ted rocks of the Bushvcld Complex suggest that Rooiberg volcanism and Bushveld magmatism were 
contemporaneous. 

O;-imw;il Formntion T,O? p 0., Nb Zr y N 

Avg Std Avg Std Avg Std Avg Std Avq Std 

LMF 0.57 (0.06) 015 (0.03) 15 (2) 330 (32) 51 (13) 86 
Granophyre 

, 
0 46 (0 02) 0.13 (0 01) 15 (1) 327 (26) 46 (1) 2 

Kwaaaasnek Formation 

LMF 0.34 (0 07) 0 05 (001) 22 (3) 447 (53) 67 (7) 39 

Granophyre2 0.32 (003) 0 04 (0 01) na 467 (63) na 10 

Granophyre:, 0 33 (0 04) na 21 (2) 400 (38) 68 (11) 26 

Schrikkloof Formation 

LMF 0.25 (001) 0.03 (0 01) 24 (4) 486 (93) 71 (9) 20 

Granophyre 
.. 

0 28 (0 03) 0.04 (0.03) na 420 (90) na 15 

Granophyre~ 0 26 (0 02) na 26 (2) 498 (24) 84 (6) 41 

Granophyre 6 
0 28 (0 04) na 22 (2) 440 (32) 78 (6) 23 

Granophyre 7 
0 24 (0 04) na 26 (3) 466 (47) 94 (17) 24 

Granophyre8 0 24 (0 04) 0 02 (0 01) 26 (6) 507 (48) 78 (12) 34 
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The World's Largest Platinum, Chromitite, and Gold Deposits, 
South Africa: Mantle Plume in Origin? 
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Mines 2025, Johannesburg, South Africa 
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The link between the Bushveld Complex, the world's largest 
repository of platinum and chrome, and the Witwatersrand 
Supergroup, the world's largest repository of gold, is 
established via lavas of the Ventersdorp Supergroup. The 
magma parental to the lower zone of the Bushveld Complex is 
high in magnesium, suggestive of a mantle source. In the 
Ventersdorp Supergroup are certain lavas with compositions 
similar to the lower zone magma, but without the high 
potassium contents. These lavas are thought to be the 
products of a mantle plume which melted at very shallow 
levels, at approximately 15-20 km depth. For this to happen 
the plume must have penetrated the crust. The lower zone 
magma is thus regarded as a mantle melt similar to the 
Ventersdorp lavas, but more extensively contaminated by the 
crust. 

The acid lavas of the Bushveld Complex can be modelled as 
very high degree melts of the shallow crust and can also be 
linked to a shallow mantle plume which generated secondary 
melting in the middle crust. 

The possible relevance of the mantle plume hypothesis to 
gold in the Witwatersrand arises from a number of 
possibilities. It is clear that gold was mobilised in the 
early stages of the Ventersdorp magmatic event. Sediments 
associated with the Westonaria Group, the lowermost of the 
Ventersdorp groups, are rich in gold. These sediments are 
the products of tectonism associated with the 2.78 Ga 
Westonaria plume. One possibility is that gold in the 
Westonaria sediments was remobilised from detrital gold in 
the underlying 2.93-2.87 Ga Witwatersrand sediments. The 
upper Witwatersrand sediments of the Central Rand Group are 
markedly coarser than the lower Witwatersrand sediments of 
the West Rand Group. This points to increasing tectonism in 
the later stages of Witwatersrand sedimentation, and we 
relate this tectonism to the- accretion of the Kimberley and 
Pietersburg terranes to the Wits terrane at 2.88 Ga. Gold 
mineralisation is frequently associated with terrane 
accretion, so these accretionary events may have generated 
source areas for detrital gold in the Central Rand Group. 

Another possibility is that gold was not detrital but was 
introduced by the Westonaria plume in one of two ways. The 
plume may have dehydrated the crust and so flushed gold into 
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the shallow crustal sediments. Alternatively the plume 
itself could have been the source of the gold. Early Archean 
plumes are likely to have been unusually rich in gold and 
platinum group elements, because earth accretion models show 
that all the gold and PGE in the mantle was added by a late 
accreting component which constituted only about one percent 
of the mass of the earth. Mixing of this component into the 
mantle was probably not instantaneous so many early Archean 
plumes could contain unusually high proportions of the 
gold-rich, late accreting component. 

Whatever the ultimate source of the gold, we suggest that a 
mantle plume played a major role in localising gold in the 
Witwatersrand basin and that the link between plumes and 
gold be given serious consideration in designing strategies 
to locate major gold ore-bodies. 

The similarities in the composition of some of the Bushveld 
and Ventersdorp magmas suggests that only a small portion of 
the gold associated with the Bushveld plume has been 
economically concentrated, or that major gold deposits are 
still to be found in the Bushveld aureole. 
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The Rooiberg Group: Missing link to the understanding of 
the Bushveld Igneous Complex? 

J.K. Schweitzer, C.J. Hatton and S.A. de Waal 

Initial work on the Dullstroom Formation (eastern Transvaal, 
Makeckaan and Rooiberg Fragments), and some occurrences of the 
acidic Rooiberg volcanic rocks (Bothasberg Plateau and 
Tauteshoogte) aimed to establish a link between the Dullstroom 
and Rooiberg successions, now prized apart by the mafic rocks 
of the Rustenburg Layered Suite. Field, geochemical and 
petrographic investigations (Schweitzer et al., 1997a) 
resulted in: compilation of the first map of the Dullstroom 
Formation (eastern Transvaal); identification of four magma 
types (and their vol.%, extrusive mechanisms, and petrographic 
characteristics) in the Dullstroom floor succession; 
identification of three potential eruption centers 
superimposed on the basal unconformity; and the exclusion of 
an impact origin for the Bushveld Igneous Complex. 

Further studies were aimed at the identification of primary 
and secondary element concentrations within the Rooiberg 
volcanic rocks (Schweitzer and Hatton, 1995; Schweitzer et 
al., 1995a). A geochemical database of available Rooiberg, 
major, trace and rare earth element analyses was compiled. 
Primary and secondary element concentrations were, as a 
result, identified by region, facilitating petrogenetic 
modelling and the correlation of magma types. Nine Rooiberg 
magma types were defined; the high-Mg Felsite (HMF) magma type 
is common to the volcanic floor and roof successions, 
unequivocally establishing that the volcanic sequence was 
continuous before separation by the mafic rocks occurred. 
Furthermore, the Rooiberg Group underwent four mineralizing 
events based on which a regional exploration model could be 
established. Mafic and siliceous volcanic rocks and associated 
sedimentary layers of the Makeckaan and Rooiberg Fragments can 
be related to the basal Dullstroom succession. 

The potential of establishing a regionally applicable 
stratigraphy of the Rooiberg Group was investigated by 
regionally reviewing previous field work on the Rooiberg Group 
and combining these findings with the geochemical database 
(Schweitzer et al., 1995b). Major findings are the 
establishment of a regionally applicable stratigraphy, the 
classification of previously undefined Rooiberg occurrences 
according to their stratigraphic position, the compilation of 
the first regional Rooiberg Group map detailing the 
distribution of the four formations, and the identification of 
intra-Rooiberg unconformities, which are onlapping towards the 
north and northwest (i.e. uplift in these areas). 

The potential link between the Rooiberg volcanic rocks and the 
other components of the Bushveld Complex was also considered 
(Hatton and Schweitzer, 1995). Firstly a database comprising 
the compositions of granophyres of the Rashoop Granophyre 
Suite was compiled and compositions were compared to those of 
the Rooiberg volcanic rocks. It was deduced that the vast 
majority of granophyres are shallow intrusive Rooiberg magmas, 
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with more evolved granophyres encountered in the u~per 
Rooiberg succession. The Rooikop Granite Porphyry is the 
shallow intrusive equivalent of most evolved, youngest 
Rooiberg magma. Findings suggest that the Rooiberg Group 
should form part of the Bushveld Complex, with extrusive and 
intrusive Bushveld magmatism probably having been synchronous. 
A mantle plume was identified as the most likely source, 
triggering the Bushveld magmatic event. 

In addition, a granite database was established which 
especially aimed at the comparison of the Nebo Granite and 
Rooiberg volcanic rocks (Schweitzer et al., 1997a). Nebo 
compositions compare favorably with youngest Rooiberg magma 
types, supporting that the Bushveld event was short-lived 
(<7Ma). 

Current and future studies consider two major aspects, i.e. 
the potential petrogenetic link between the Rustenburg Layered 
Suite and the Rooiberg magmas, and petrogenetic modelling to 
investigate the potential interrelationship of the nine 
Rooiberg magma types. 
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Volcanic rocks of the Ventersdorp Supergroup (2714 Ma, Armstrong 
et al., 1991) and the intrusive and extrusive rocks of the 
Bushveld Complex (2054 to 2061 Ma, Armstrong, 1997), are related 
to mantle plumes (Hatton, 1995). Sedimentary rocks at the base of 
these two major magmatic events are the Ventersdorp Contact reef 
(VCR), part of the Venterspost Conglomerate Formation (SACS, 
1980), and the Sand Sheet (Schweitzer et al., 1997), respectively. 

The VCR contributes some 6% to the world's gold production and 
unconformably overlies the sedimentary rocks of the Witwatersrand 
Supergrou~. A hiatus of about l00Ma has been pro~osed for the 
unconformity separating the VCR from the underlying rocks (see 
Hall, 1997 for review of ages). The VCR is interstratified with 
komatiitic flows and, taken together with the pronounced basal 
unconformity, should be considered as the basal formation of the 
Ventersdorp Supergroup (Germs and Schweitzer, 1994). VCR 
characteristics are strongly controlled by topographic variations 
exhibited by the basal unconformity (Schweitzer et al., 1994; 
McWha, 1994; Henning et al., 1994), and elevation differences of 
up to 200m are observed where the Booysens Shale is the footwall 
to the orebody (Schweitzer et al., 1992, 1993). Various 
topographic elevations exhibit distinct gold concentrations. 
Individual levels are connected by thin (generally< 25cm) slope 
conglomerates that posses a low gold tenor. The VCR landscape was 
continuously uplifted with the oldest VCR deposits occupying 
topographic highest elevations. Topographic lows are associated 
with prominently trough cross bedded to planar bedded quartzites, 
and variable amounts of conglomerate. These are interpreted to 
represent channel deposits that were active prior to the eruption 
of initial Ventersdorp flows. The initial komatiitic flows are 
interstratified with the VCR in the low-lying areas. The VCR is 
over most of its occurrence capped by a thin (generally less than 
30cm) oligomictic conglomerate, which is interpreted as a desert 
pavement (Germs and Schweitzer, 1994). The VCR was at least partly 
unconsolidated at the time of lava outpouring, witnessed by the 
incorporation of detritus into initial volcanic flows, and the 
loading of magma into the soft sediment. 

The top of the Transvaal Su~ergroup is marked by a wides~read 
unconformity (Cheney and Twist, 1992; Hartzer, 1995). This 
unconformity marks the onset of the Bushveld igneous event (Hatton 
and Schweitzer, 1995). Depressions are locally superimposed onto 
this unconformity, and these could have formed close to eruption 
centres (Schweitzer et al., 1997). The Sand Sheet covering the 
unconformity, attains thicknesses of less than 7m and 3m within 
and beyond the depressions, respectively. However, the sand sheet 
is generally undisturbed, with pronounced topographic variations 
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being absent. The Sand Sheet was, similar to the VCR, 
unconsolidated at the time of initial outpouring of volcanic 
flows. The sheet is represented by a very mature, fine- to 
medium-grained quartzite, Within the depressions it is 
ubiquitously ripple marked and cross bedded, indicative of a flow 
direction from north to south. Sedimentary rocks beneath the basal 
unconformity were, in contrast, sourced towards the northeast and 
east (Schreiber, 1991). 

Both, the VCR and the Sand Sheet, overly an unconformity, are 
intimately associated with volcanic rocks, and exhibit features 
distinct from the underlying sedimentary rocks of the 
Witwatersrand and Transvaal Supergroups. The VCR, in contrast to 
the Sand Sheet, has deposited on a land surface characterised by 
major topographic variations and is associated with kornatiitic 
lavas, not found in the Bushveld Complex. Kornatiitic lavas and 
major crustal uplift are located close to and above plume heads 
(e.g. Campbell and Griffiths, 1990; Rainbird, 1992). Plume uplift 
influenced VCR deposition, with highest elevation differences 
encountered above the plume head and the outpouring of kornatiitic 
lavas in the associated lower-lying areas. 

The relatively undisturbed, uniform nature of the Bushveld Sand 
Sheet argues against a plume head being positioned immediately 
beneath the complex. North to south flow direction of the Sand 
Sheet and unconformities in the overlying, volcanic Rooiberg Group 
which onlap towards the north (Schweitzer et al., 1995) suggest 
crustal uplift in response to an ascending mantle plume occurred 
towards the north of the present-day outcrop of the Bushveld . 
complex. It is therefore suggested that the Bushveld plume was 
situated towards the north and that the complex may owe its origin 
to an intraplating event. The Bushveld rnafic rocks emanated from 
the intraplated magma, intruding as a sill above the Transvaal 
Supergroup. The intraplating event could coincide with the 
magmatic event that metamorphosed the Vredefort Dorne at the same 
time (Gibson and Stevens, 1997). 
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Schweitzer and Hatton ( 1994) identified two different alteration processes in the volcanic 
Rooibcrg Group, forming the floor and roof rocks of the Rustcnburg Layered Suite (RLS) 
of the Bushveld Complex. The dissipation of heat related to cooling of the Rooiberg 
volcanics, represented by pyrite and arscnopyrite mineralization, resulted in the first 
alteration event. This alteration is restricted to specific stratigraphic horizons. The second 
alteration process is related to the intru~ion of the Rustenburg Layered Suite which effected 
the hydrothermal migration of Pb, Zn, Mn and I IP av.ray from the contact of the RLS into 
the Rooiberg volcanics. This paper investigat<.:s the correlation of the Zn contents and the 
mineralogy of the Rooihcrg volcanics in the Loskop Dam area. Figure I shows the 
concentration of Zn in the RLS and its floor and roof rocks. The Zn concentration r<.:achcs 
a maximum in th<.: upper Dullstroom Member and then falls abruptly to l<m:er values. This 
pronounced enrichment of Zn in the Rooibcrg fclsites is rcgankJ in this study to be the 
result of metamorphic and mctasomatic processes due to the RLS. 

A total of 58 samples from the Dullstroom- and Damwal Members of the Bothashcrg 
Formation, and th<.: K waggasnt:k- and Schrikkloof Members of th<.: Scions River Form;1tinn 
were analyzed. Stratigraphically the samples range Crom the roof contact of the RLS with 
the Rooibcrg fclsite to a level 3500m above this contact (Figure I). The rock samples were 
powdered to -200 mesh and mixed \Vith Si powder, as internal standard, in a sample : Si 
ratio of 4 : I. The mixtures were analyzed, at the University of Pretoria, by X-ray 
diffractometry (XRD). After background corrections, the peak intensities of selected lines 
were normalized through division by the count rate of the Si( 11 1) line. The mineral names 
quoted in the following refer to these normalized XRD intensities of the quartz(l0l). 
plagioclase(202), chloritc(002), mica(00 I), arnphibolc( 110) and calcite( 104) lines measured 
in this study. 
Quartz, plagioclase, chlorite, mica (in the form of scricite), am phi bole, calcite and, in a few 
samples, epidote were detected through XRD. The normalized ratios for quartz indicate 
positive Pearson correlation (r = 0.62) with the distance above the roof contact of the RLS, 
those of plagioclase show a negative correlation with the same distance (r = -0.73). This 
results in a negative correlation between quartz and plagioclasc (r = -0.60) The other 
minerals display only weak insignificant correlations \Vith the distance from the 
RLS/Rooiberg contact. 

The Zn concentrations, of the 58 samples follow a log-normal distribution and the logarithm 
to the base of 10 of the Zn concentration in ppm (logZn) is used in the calculations. LogZn 
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shows a significant positive correlation with chloritc (r = 0.45) and a significant negative 
correlation with quartz (r = -0.49). The correlations between logZn, and plagioclase, mica, 
amphibole and calcite arc very v.:eak. 

In order to determine if any relation exists between the Zn concentration and the mineralogy 
of the fclsite, logZn was calculated in terms of the normalized XRD intensities using a 
multiple regression analysis. The highest correlation between the observed and predicted 
logZn values is achieved by the follov-.;ing relation: 

logZn = 2.81 - 0.54 • quartz - I. 10 • plagioclasc t 2.64 • chlorite (I) 

The correlation coefficient between logZn and the predicted values is estimated to be 0.61. 
Variation in the mica, amphibolc and calcite concentrations do not appear to significantly 
affect the amount of Zn present. 
Classification of the samples into two groups, i.e. samples, which origin:ite from the upper 
Dullstroom Member and samples taken above the upper Dullstroom l'vkmbcr, i.e. the 
Damwal-, Kwaggasnck- and Schrikkloof tvkmbcrs, yields quite different results than 
described above. 
Within the 22 samples from the upper Dullstroom Member, corrcbtions between logZn and 
the various minerals :u-e generally stronger. The correlation between pbgiocbse ;rnd logZn 
increases !'rum r == 0.06 to r = O.·l6. A multiple regression analysis yic!Js the follo\ving 
rdation: 

logZn " 3.06 - 0.'J8 • quartz - 0.87 • rl;1giocla~r.: 1- 2.59 • chloritr.: 
• J.'18 • calcite - 2.99 • arnphibok • 6.99 • mic.i (2) 

The logi'.n cstirnatcs for the upper Dullstroom Member, based on Equ:1tion 2 ~nc plotted 
~1gainst the observed logZn v;1lues in figure 2. The correlation coerlicirnt hctween the 
predicted anJ the observed logZn \';dues is estim;1teJ to be 0.89. All six minerals under 
discussion seem to influence the Zn contrnt. Thc primary minerals quartz. plagioclasc and 
probably amphibolc all have 111.:gativc coefficients in Equation 2. whereas the secondary 
chloritc, calcite anJ mica gi\·e positive coefficients. The coefficients for amphibole and 
mica, however, show low signi licancc levels of 0.1785 and 0.2263 respectively. These 
results indicate, that the ;::literation of plagioclasc to secondary chloritc and mica (sericite) 
is the dominating process associated with the Zn enrichment, \\'hich confirms the findings 
of Sclrn1eitzcr and Hatton ( 1994 ). 

Using the remaining 36 samples. taken from levels above the Dullstroom Member, in a 
multiple regression analysis. the following relation becomes C\'ident: 

logZn = 2.58 - 0.33 • quartz - 0.93 • plagioclasc + 1.78 • chlorite (3) 

The correlation coefficient bet\\·een logZn and the predicted values for this equation 1s 
estimated to be 0.41. 

The above shows that. taking all 58 samples as one population, the correlation between the 
observed and predictcJ Zn content seems fairly high. Separation of the samples in two 
groups, i.e. samples from the Dullstroom Member and samples taken stratigraphically above 
that shows, howc\-cr. th~t \Vithin the upper Dullstroom Mt:mbcr, the Zn concentration is 
well described by Equation 2. whereas abo\·c that. the Zn content cannot be as v . .-ell 
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shows a significant positive correlation with chlorite (r = 0.45) and a significant negative 
correlation with quartz (r = -0.49). The correlations between logZn, and plagioclasc, mica, 
amphibolc and calcite arc very weak. 

In order to determine if any relation exists between the Zn concentration and the mineralogy 
of the felsite, logZn was calculated in terms of the normalized XRD intensities using a 
multiple regression analysis. The highest correlation betv.,•een the observed and predicted 
logZn values is achieved by the following relation: 

logZn = 2.81 - 0.54 • quartz - 1.10 • plagiocla.sc + 2.64 • chloritc (I) 

The correlation coefficient between logZn and the predicted values is estimated to be 0.61. 
Variation in the mica, amphibole and calcite concentrations do not appear to significantly 
affect the amount of Zn present. 
Classification of the samples into two groups, i.e. samples, which origin:-itc from the upper 
Dullstroom Memher and s:-impks taken above the upper Dullstroom Member. i.e. the 
Damwal-, K waggasnek- and Schrikkloof Members, yields quite different results than 
described above. 
Within the 22 samples from the upper Dullstroom Member, correbtions bet\vccn logZn and 
the various minerals arc generally stronger. The correlation between pbgioclasc and logZn 
111<.:reascs rrom r ::.: ().06 to r = 0.--le>. /\ multiple regression analysis yidds the following 
relation: 

logZn :: J.06 - 0.98 • quartz - 0.87 • plagiocl,L"c + 2.59 • chloritc 
, 3.48 • calcite - 2.99 • amphibolc t (,.99 • mica (2) 

The logi'.n estimates for the upper Dullstroom Member, hascd on Equation 2 arc plotted 
~1gainst the observed logZn values in figure 2. The correlation coefficient hctween the 
predicted and the obserwJ logZn \·alucs is estimated to he 0.89. All six minerals under 
discussion seem to innuence the Zn content. The primary minerals quartz, plagioclase and 
probably amphibole all have negative coefficients in Equation 2, whereas the secondary 
chloritc. calcite and mica gi\'e positive coefficients. The coefficients for amphibole and 
mica, however, show low significance levels of 0.1785 and 0.2263 respectively. These 
results indicate, that the alter~Hion of plagioclase to secondary chlorite and mica (sericite) 
is the dominating process associated with the Zn enrichment, which confirms the findings 
of Sclnveitzcr and Hatton ( 1994 ). 

Using the remaining 36 samples. taken from levels above the Dullstroom Member, m a 
multiple regression analysis. the following relation becomes evident: 

log.Zn = 2.58 - 0.33 • quartz - 0.93 • plagioclasc + 1.78 • chloritc (3) 

The correlation coefficient bet\\'ccn logZn and the predicted values for this equation 1s 
estimated to be 0.41. 

The above shows that. taking all 58 samples as one population. the correlation between the 
observed and predicted Zn content seems fairly high. Separation of the samples in two 
groups, i.e. samples from the Dullstroom Member and samples taken stratigraphically above 
that shows, hov..'c\·er, that within the upper Dullstroom l\kmbcr, the Zn concentration is 
well described by Equation 2. \\'ht?reas abo\'e that. the Zn content cannot be as v;ell 
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predicted by this XRD method. 
It is evident that the Zn concentration is a function of the activity of H20, as reflected in 
the alteration mineralogy, as well as temperature and distance from the RLS. Above the 
Dullstroom Member the alteration effects were apparently much more erratic than within 
the upper Dullstroom Member. Such effects could be expected where fluid channelling 
occurred. 

The XRD method reported on here represents a first tentative step in the development of 
a relatively inexpensive method to explore for possible Zn and related mineralization in the 
Rooiberg volcanics. 

REFERENCES 

Schweitzer, J.K. and Hatton, C.J. (1994) Alteration Processes within the Volcanic r-loor and 
Roof Rocks of the Bushveld Complex. (submitted for publication) 

Schweitzer, J.K., Hatton, C.J. and de Waal, S.A. ( 1994) Regional Lithochemical 
Stratigraphy of the Rooibcrg Group, Upper Transvaal Sequence: A proposed 
new Subdivision. (submitted for publication) 

-E .....__., 
...... 
..c 
01 
Q.) 

I 
t) 

..c 
Q._ 

ro 
L 
0) 
...... 

8000-r------------------

4000 

-2000 

-4000 

Selons River Formation 
Schrlkkloof Member 

• -Dullstroom Membc 

Pyroxenite Merker 

Rustenburg Layered Suite 

~ -6000 1--=-r+'/hr---------------------...... 
en 

-8000 
Dullstroom Member 

-10000-+----.-, --....----,----.----,---~--,----.---~--~ 
0 100 200 300 400 500 600 700 800 900 1000 

Zn concentration (in ppm) 

Fig. 1 Zn variation within the volcanic rocks of the Rooiberg Group in the Loskop Dam 
area related to the distance from the roof of the Rustenburg Layered Sµitc of the 
Bushveld Complex (modified after Schweitzer and Hatton. 1994 ). Nomenclature 
after Schweitzer et al., ( 1994) 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



3 

lr=o.agl 
2.8 

C 2.6 
N 
C) 
0 

_J 2.4 
"O 
(l) 
~ 

t) 2.2 
"O 
(l) 
'-a. 2 

1.8 

1.6 
1.6 1.8 

B17 
939 

• 
• 

2 2.2 2.4 2.6 

Observed LogZn 

• 

2.8 3 

Fig. 2 Plot of observed logZn values versus predicted logZn values ([qu~1tion (2) in text) 
of 22 samples of the Rooihc:rg volcanics from the upper Dullstroom Member at the 
l .oskop Dam ~m~a. 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Appendix C: Co-authored Manuscripts 

Eriksson, P.G., Schweitzer, J.K., Bosch, P.J.A., Schreiber, 
U.M., van Deventer, J.L. and Hatton, C.J., 1993. The 
Transvaal Sequence: an overview. Journal of African Earth 
Sciences, 16, 25-51. ......................................... Cl - C27 

Twist, D., Cheney, E.S., Schweitzer, J.K., de Waal, S.A. 
and Bristow, J.W. (under review). Flood rhyolites in 
the Rooiberg Group of South Africa. South African Journal 
of Geology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C2 8 - C6 9 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Journal of African Earth Sciences. Vol. 16, No. 1/2, pp. 25-51, 1993. 
Printed in Great Brita.in 

C1 
0899-.5362'93 $6.00·0.00 

e 1993 Pergamon Press Ltd 

The Transvaal Sequence: an overview 

P. G. ERIKssoi--;, J. K. Srnv."EITZER 1
, P. J. A. Bosrn2

, 

U. M. SOIEREIDER, J. L. VA:-: 0EVE....,TER 3 and C. J. HAno:---"" 

Dept of Geology, University of Pretoria. Pretoria 0002. South Africa 
1COMRO. P. 0. Box 91230, Auckland Park 2006, South Africa 

2Gcological Survey of South Africa. Private Bag Xl 12. Pretoria 0001, South Africa 
3ISCOR, Private Bag X534, Thabazimbi 0380, South Africa 

4AARL. P. 0. Box 106, Cro\AIJl Mines 2025, South Africa 

Abstract - The l 5 000 m of relatively unmetamorphosed elastic and chemical sedimentary and volcanic 

rocks of the 2550-2050 Ma Transvaal Sequence as preserved within the Transvaal and correlated 

Griqualand West basins of South Africa. and in the Kanyc basin of Botswana are described. Immature 

elastic sedimentary and largely andcsitic volcanic rocks of the Wolkbcrg, Godwan and Buff elsfontein 

Groups and the Blocmpoort and Wachteenbcctje Formations probably represent rift-related sequences of 

V entersdorp age. The thin sandstones of the Black Reef Formation, developed at the base of both the Kan ye 

and Transvaal basin successions and correlated with the bas~! Vryburg siltstones of the Griqualand West 

Sequence, arc considcred here lo be the basal unit of the T~~vaal Sequence. The Black Reef f1uvial 

deposits grade up into the cpciric marine carbonates of the Malmani Subgroup. These strorn.a.to.l-i-tic 

dolomites and inter bedded cherts were laid do\AIJl within a steepened carbonate ramp setting~ transgressions 

from an initial Griqualand West compartment towards the northeast covered both the Kanyc and Transvaal 

basins. Iron formations of the succeeding Pengc Formation and Griqualand West correlates arc envisaged 

as relatively shallow water shelf deposits within the carbonate platform model; siliceous breccias of the 

Kanyc basin arc interpreted as re0c.cting subacrial brccciation of exposed silica gels. The Duitschland 

Formation overlying the Pengc iron formations is seen as a final, regressive elastic and chemical 

sedimentary deposit. as the Malmani-Pcnge sea retreated from the Transvaal basin. 

The interbed<led sandstones and mudstoncs of the unconformity-bounded Pretoria Group probably 

represent a combination of alluvial fan and fluviodeltaic complexes debouching into the largely lacustri.ne 

Transvaal and Kanye basins. A strong glacial influence in the lower Pretoria Group is reflected in the 

correlated Makganycnc diamictitcs of the Griqualand West Sequence. Sedimentation across all three 

basins was interrupted by the extrusion of the Hckpoort-Ongcluk_ andesites. Upper Pretoria Group 

sediments of the Silverton and Magalicsbcrg Formations probably reflect a marine transgression. These 

rocks arc not present in the Griqualand West basin, and were aff cctcd by B ushveld Complex-related thermal 

doming in the Transvaal basin; post-Magalicsbcrg sedimentation continued thereafter in separate eastern 

and western fluviodcltaic-lacustrine sub-basins. 
The largely volcanic Rooibcrg Group (scnsu lato) began with catastrophic basin floor collapse and 

Lceuwpoort Formation f1uvial sedimentation in the western sub-basin. The succeeding Smeltcrskop and 
Makcckaan Formations reflect a transition from fluvial deposition to volcanism, and arc succeeded by the 
widespread and voluminous. predominantly felsitic lavas of the Dullstroom. Darnwal and Selonsrivicr 
Formations. The correlated Loskop, Glcntig and Rust de Winter Formations which overlie the f cl sites 

conforrnably, represent the final sedimentary phase of the Transvaal basin. 

INTRODUCTION 

The Late Archaean-Early Proterozoic Transvaal 
Sequence provides one of the largest and best 
preserved examples of rocks from this geological 
time period in the world. In addition. researchers 
working on these rocks postulate that early plate 
tectonic processes may have played a role in their 
deposition, as did magmatic events leading up to 
the intrusion of the Bushveld Complex. The 

25 

Transvaal Sequence also encompasses a time period 
when significant changes may have taken place in 
the composition of the terrestrial atmosphere. 

The Transvaal Sequence is preserved within a 
main Transvaal or Bushveld basin within South 
Africa and southeastern Botswana and within the 
much smaller Kanye basin (Crockett, 1972) of 
Botswana (Fig. 1). Both basins show a degree of 
correlation with the Griqualand West Sequence of 
South Africa (Table 1). particularly in the case of 
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SOUTH AFRICA 
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Ftg. l. Geological map of the Transvaal Sequence of the Transvaal-Bushvcld basin. sho'wing the distribution of 
the principal stratigraphic units. Inset map illustrates the locaUon of the Transvaal-Bushveld. Kanye and 
Griqualand West basins. Also shown arc the Bushvcld Complex which intn.ldes the Transvaal rocks. the Vryburg 
rise between the Transvaal and Griqualand West basins, and isolated occurrences ofTransvaal rocks surrounded 
by Bushveld intrusives at the so-called Rooiberg, Crocodile Rlver, Dcnnilton, Marble Hall and Makcckaan 

the chemical sedimentary rocks in the lower por
tions of the two sequences. This has led certain 
reseachers to use the term Transvaal Supergroup 
to include both sequences (for example, Beukes. 
1986), an erroneous usage, as the lack of any 
contact between the Transvaal and Griqualand 
West basins precludes the use of an overall term 
according to normal stratigraphic terminology 
(SACS, 1980). The stratigraphic subdivision of the 
Transvaal Sequence adopted by the South African 
Committee for Stratigraphy (SACS) in 1980 is 
modified in this paper (Table 2). reflecting research 
carried out within the last decade. This review will 
concentrate on the succession within the 
Transvaal-Bushveld basin, and compare these 
rocks to those in the Griqualand West and Kanye 
basins. 

The Transvaal Sequence in the Bushveld basin 
comprises up to 15 000 m (Button. 1986) of 
relatively undeformed and low grade metamor
phosed mudrocks. sandstones, volcanics, dolo-

mites and iron formations (Table 2). A basal elastic 
sedimentary and volcanic unit (Wolkberg Group 
and correlates) is found only within parts of the 
Bushveld basin, and is succeeded by a very wide
spread development of the Black Reef Formation 
elastic sedimentary rocks and the overlying 
chemical sedimentary unit. found in both 
Bushveld and Kanye basins as well as 1n the 
Griqualand West Sequence (Table 1). The overlying 
elastic sedimentary /volcanic unit (Pretoria Group 
of the Bushveld basin) is poorly represented in the 
Griqualand West Sequence and incompletely 
preserved within the Kanye basin (Table 1). The 
uppermost. largely volcanic unit is restricted to the 
Bushveld basin. 

Modemresearch(ClendeninetaL.1988b; Cheney 
et al., 1990) has suggested that the pre-Black Reef 
Formation elastic sedimentary /volcanic rocks 
(Table 2) are correlates of the Late Archaean 
Ventersdorp Supergroup (Fig. 2). which has an age 
of approximately 2 700 Ma (Armstrong et aL. 1991). 
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Table 1 Correlat\on of Griqualand West, Kanye & Transvaal/Bushveld Basins 

TRANSVAAL SEQUENCE (Transvaal or Bushveld Basin) 

Overall lithology 
Griqualand West Sequence Kanye Basin (Transvaal Sequence) S.E. Botswana (Bushveld basin) South Africa (Transvaal basin) 

(Basin) (Botswana) 

Loskop dastics & volcanics 
Volcanic & elastic 

sedimentary unit 

Damwal / Selonsrlv i er 

Dullstroom lavas/ Smelterskop & 
Makeckaan dastics (lavas) 
Leeuwpoort sandstones 

Woodlands volcanlcs/dastics Ray1on sandstones & shales & volcanics 

Clastic sediments & Mooiwater dolomites & Sengoma sandstones Magaliesbeg sandstones 
volcanics Manganilerous Hotazel 

ironstones Sengoma shales Silverton shales 
a. 
:::, 

~ 
Mogapinyana & Gatsepane 0illhojana sandstones/conglomerates Daspoort sandstones 0 

t3 a. chert, sandstone & shale Strubenkoo shales 
Ol :::, --- ------ Dwaalheuwel/Droogedal sandstones :5 0 
.D ~ -
iii Ongeluk andesites Tsatsu andesites 0itlhojana volcanics Hekpoort andesite 
Ill Ill 
E ~ . r conglomerates Boshoek conglomerates /sandstones Ol iii ro OitlhoIana shales L shales shales 

Jrimeball 

0 ~ Ditlhojana & Tlaamcng shales, 0. Makganyene diamictites Ol Tsokwane sandstones sandstone Hill (1J sandstones & conglomeretes 
(/) r shalos shales 

Lephala L cong1omeraIes1sanasIonos Roofhooote conolomerates/ sandstonos 
Regional unconformity ~--- Duitschland carbonates, dastlcs 

Griquatown & 
Masol,;e lronstone/ferruglnous chert Ramotswa shale Kuruman PenQe Iron lormat1on~ 

r,,.s'oi~\)Q(ov~ iron formation~ 
a. 
:::, 
0 

Chemical sedimentary a. ~ Kgwakgwe chert breccla 
unit :::, 1..L. .he-

0 ~ :::, ci (1J 

~ E ~ Campbollrand dolomites 
C: Mogopone } 0 
a. Maholobota dolomites Maiman! dolomites a. ro c: :::, Ramonnedl dolomites ro u ~ ro Ramotswa ro I-

.c e- Lokamonna Formation (shale) c., .,, OI 
i5 .D Boomplaas Form. (dolomite) ·-:::, 
E en 

Clastic sediments -fi~ 
(/) "9 

Vryburg Formation Black Reef Formation Black Reef Formation Black Reef Formation 

Clastic sediments & Pro-Black Reef units -volcanics 
Wolkberg Group & correlates (Ventersdorp age) 

a. 
5 0 

41 

t3 ., 
r4 

Ol 

~ 
.0 

::, 

" r:: 
6 
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a: 
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a. 
5 
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Table 2. Lithostratigraphy and geochronology of the Transvaal/Bushveld Basin 

Sequence 
& Groups 

w 
u 
z 

0 

~~ 
~ .... 
.D 
0 :, 
0 Ill 

c:: r:: 
G) 

Ill 

Formation 

Loskop/Glent1g/Rust de 
Winter 

Selonsr1v1f'>r 
Oamwal 

Oull~troom / Smelterskop 
Leeuwpoon (Makeckaan) 

Rayton/ Steenkamosberg 

{ 

Houtenbek 

Woodlands Nedertiorst 
Lakenvlet 
Vermont 

Age (Ma) 

2060 (U-PbJ 

}<2090 

<2089 :! 1 5 (Rb-Sr) 

Lithology 

Mudrocks/sandstones/lavas 

Fels1tes (minor sandstones & mudrocks) 

Mahe & felsic lavas// Sandstones/mudrocks/ 
dast1c sediments lavas 

} 
M udrock s/sa nd stones/lAvas/pyr ocla st Ic 

rocks/carbonate rocks 

Ll..! 
::J Magahesberg Sandstones 

0 g Silverton Mudrocks/volcanic rocks/carbonate rocks 

~ ci Daspoon Sandstones 
VJ 0:: 
__J Strubenkop Mudrocks/sandstones 

-ct: Dwaalheuwel/Droogedal Sandstones/condomerates 
-ct: > Hekpoon 2?24 i 21 (Rb Sr) Basaltic andes1tes 

~ Boshoek Conglomerates/sandstones 

-ct: T1meball Hill 2263 (Rb-Sr) Mudrocks/sandstones/minor tilloids 

a: Rooihoogte Brecoas/conglomerates/sandstones/ 
I- t,.._ _ _._ _________ ~-------+--m_u:....:d:....:ro.:...ck:....;_: ---------------1 

C'O 
C'O 
> 
1/) 

C: 
C'il 
;: 

I 
Cl) 

a: 

Du1tschland 

Penge 

Fnsco 

Eccles 

Lynelton 

Monte Christo 

Oaktree 

X Blad< Reef 

~ 
0 
c:: 
.:,:_ 
u 
C: 

c5 

Buffelsfonte1n Group 

Godwan Group 

WachteenbeetIe Fm. 

Wolkberg Group 

Upper Groblersal Group 

Lr:iwer Groblersdal Group 

2432 .t 31 
(U-Pb SHRIMP) 

2557 .i 49 (U-Pb) 

Ages are unreliable 
due to weathered 
lavas & metamor
phic resening. 
Wolkberg probably 
about 2700 Ma. 

Mudrocks/carbonate rocks/minor volcanic 
rocks 

Iron formations 

} 

Dolom1tes/chert./m1nor shales & 
sandstones 

Sandstones/conglomerate 

Sandstones/mahc & lels1c lavas/mudrocks 

Sandstones/lavas 

Mudrocks/carbonate rocks/sandstones 

Mudrocks/sandstones/basalts 

Sandstones/lavas 

Metamorphic rocks 

Age data from Burger and Walraven (1980). Beukes (1987). Jahn et al (1990). 
Trendall et al (1990) and Harmer and Von Gruenewaldt·(1991). 

Stratigraphic correlation 

Oullstroom thought to be basal pan 
of Roo1berg Group 

Pyroclasttc Woodlands Formation ol 
Botswana correlated with Rayton 
Formation of central Transvaal 
and live formations ol eastern 
Transvaal 

MaIor unconformity and time gap 
of ± 150Ma 

Probable base ol Transva;il 
Sequence 

} 

Prov1s1onally considered to be 
equivalents of Ventersdorp 
Supergroup 

Most likely pre-Wolkberg basement 
material 

This View is supported by the present authors and 
we thus consider the basal unit of the Transvaal 
Sequence to be the Black Reef Formation (Table 2). 
The Black Reef sandstones grade up into the basal 
carbonate rocks of the Oaktree Formation 
(Table 2): rocks at the equivalent stratigraphic 
level in the Griqualand West basin are dated at 
2557 ±49 Ma (U-Pb) (Jahn et aL.. 1990). Ages 
determined at various stratigraphic levels within 
the Transvaal Sequence (Table 2) culminate in an 
age of 2060 Ma (U-Pb) for lavas in the uppermost 
Rust de Winter Formation (Burger and Walraven. 
1980). Walraven etaL (1990) have dated the intru
sion of the mafic phase of the Bushveld Complex. 
which truncated the uppermost formations of the 
Pretoria Group and the Dullstroom lavas (Button. 
1973, 1976). at 2061 ±27 Ma. An age constraint of 

approximately 2600/2500 • 2050 Ma may thus be 
placed on the Transvaal Sequence. 

The intrusion of the Bushveld Complex detached 
the Rooiberg Group lavas and overlying Loskop 
Formation sedimentary rocks from the underlying 
Pretoria Group. Metamorphism of the Rooiberg 
felsites. which now form the roof of the complex, 
led to partial melting of the lavas and to the 
formation of leptites (French and Twist. 1983). 
Contact metamorphic efTects on the Pretoria Group 
floor rocks included recrystallisation of sand-. 
stones to form quartzites, the formation of horn
f els es or even partial melting and plastic flow of 
mudrocks (Button. 1986). The metamorphic 
aureole of the Bushveld Complex in the western 
outcrops of the Pretoria Group includes rocks 
belonging to the albite-epidote-hornfels, horn-
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Ftg. 2. Uthostratlgraphy and correlation of the pre-Black Reef Formation units of the Transvaal Sequence. 
Note the profX>scd correlation of these units with the Ventersdorp Supcrgroup. Modified after Tyler (1979). 

Cheney et aL (1990), Myers (1990) and Bosch (1992). 

blende-hornfels and pyroxene-hornfels facies 
(Engelbrecht. 1986). Cross-cutting Bushveld 
intrusives in the northeastern Transvaal basin 
formed metamorphic minerals in the 
Chuniespoort Group chemical sediments (Button. 
1976, 1986). Bushveld related diabase sills 
commonly intrude the Pretoria Group strata. 
particularly the Silverton and succeeding for
mations (Table 2) (Button, 1976; Sharpe. 1981). 

The Transvaal strata dip at angles up to 20° 
towards the centrally placed Bushveld intrusives 
(Fig. 1). Locally, diapiric structures are found 
within Transvaal sediments along the contact zone 
(Button, 1978, 1986) and complex deformation of 
the sequence occurred along the northern margin 
of the preserved basin, and in the sou th around the 
Vredefort Dome (Button, 1986). Isolated occur
rences ofTransvaal rocks surrounded by Bush veld 
intrusives, ·lrn.own as "fragments", are found at 
Rooiberg, Crocodile River, Dennilton, Marble Hall 
and Makeckaan (Fig. 1). These are ascribed either 
to pre-Bushveld updoming of the basin floor 
(Button, 1986: Hartzer. 1987). or may be related 
to a late Pretoria Group synsedimentary thermally 
induced palaeohigh (Eriksson et al., 1990). 

PRE-BLACK REEF FORMATION UNITS 

Highly metamorphosed gneisses. schists and 
metavolcanics of the lower Dennilton Formation of 
the Groblersdal Group (Fig. 1) are inferred by the 
present authors to represent basement material to 
the pre-Black Reef units discussed here. The U-Pb 
age of 2460 Ma (Coertze et aL. 1978) obtained on 
rocks of this group is interpreted to be a reset,, 
metamorphic age. The overlying sedimentary and 
volcanic rocks of the Bloempoort formation are 
most likely correlates of the pre-Black Reef units 
(Hartzer, 1987). Both the 2600 m thick Wolkberg 
and 1 700 m thick Buffelsfontein Groups are 
thickest over palaeovalleys in the earlier Archaean 
floor rocks and wedge out against basement highs 
(Button. 1973: Tyler, 1978; SACS, 1980). These 
successions and the correlated Godwan Group 
(Myers. 1990) most likely represent Ventersdorp
age. largely rift-controlled sedimentation and 
volcanism (Clendenin et aL. 1991) (Fig. 2). pre
served around the present day northern and 
eastern margins of the succeeding Transvaal basin 
(Fig. 1). The 800 m of calcareous mudrocks. sand-
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stones and dolomites of the Wachteenbeetje 
Formation underlying the Crocodile River frag
ment in the west-centre of the Transvaal basin 
(Fig. 1) are ascribed to deeper basinal conditions 
(Hartzer, 1987). possibly related to thermal sub
sidence. 

The Wolkberg Group comprises basal immature 
sandstones and conglomerates of the Sekororo 
Formation (Fig. 2). laid down by braided stream 
and subordinate alluvial fan processes (Button, 
1973: Bosch, 1992). These are overlain by ande
sitic lavas of the Abel Erasmus Formation: erupt
ion was largely subaertal, with periodic pillow lavas 
and aqueous sedimentation indicating intermit
tent, localised lacustrine environments (Button, 
1973; Bosch, 1992). The succeeding Scheiern 
Formation (Fig. 2) is analogous to the Sekororo 
braided stream deposits: these lower three format
ions of the Wolkberg Group most likely represent. 
a lifting environment. with the succeeding Selati, 
Mabin and Sadowa Formations probably being 
related to thermal subsidence. The latter three 
units comprise predominant mudrocks, immature 
and mature sandstones (Fig. 2). which are 
ascribed to deltaic and marginal marine sediment
ation (Button, 1973): the basin may alternatively 
have been intracratonic (Bosch, 1992). The 
Wolkberg Group (sensu stricto. SACS. 1980) is 
thickest in the Selati trough of the northeastern 
Transvaal. where the Sadowa Formation is over
lain by a "main quartzite sequence" and the suc
ceeding 'The Downs sequence" (Fig. 3). both in
formal stratigraphic units not yet recognised by 
SACS (Schwellnus et al. 1962; Clendenin et al, 
1991). Fluviallydeposited siliciclastics of the "main 
quartzite sequence" are unconformably overlain 
by pebbly fluvial sandstones and the Serala Basalt 
Memberof'The Downs sequence" (Fig. 3) (Clendenin 
etal., 1991). Both of these informal. unconformity-

bounded units are considered here to be part of the 
Wolkberg Group (sensu lato) (Schwellnus et al., 
1962; ClendeninetaL. 1991) (Fig. 2) and formation 
status is recommended. Clendenin et al. ( 1991) 
related 'The Downs sequence" to thermal sub
sidence following the rifting which initiated lower 
Wolkberg deposition. 

The Bu1Ielsfontein Group comprises basal im
mature fluvial sandstones. overlain by up to 1050 
m of mafic to rhyolitic volcanics. and uppermost 
immature pebbly sandstones (Fig. 2) (Tyler, 1978). 
A similar rift environment to that inferred for the 
lower Wolkberg Group is thought to have control
led Bu1Ielsfontein deposition. Palaeocurrents for 
the Wolkberg and Bu1Ielsfontein Groups indicate 
sediment transport from the northeastern and 
northwestern Transvaal towards the central 
Transvaal. where the deeper water basinal depo
sits of the Wachteenbeetje Formation occur 
(Tankard etal .. 1982: Hartzer, 1987). The Godwan 
Group, a correlate of the Wolkberg Group in the 
eastern Transvaal (Fig. 2). consists of analogous 
immature arenites and medial pyroclastic rocks 
(Myers, 1990). with a maximum thickness of about 
1500 m (SACS, 1980): a similar fluvial-subaertal 
volcanic palaeoenvironment is envisaged. 

BLACK REEF FORMATION 

The Black Reef Formation. here regarded as the 
basal unit of the Transvaal Sequence, comprtses a 
thin veneer of arenaceous rocks. which uncon
formably overlie earlier lithologies. including the 
Wolkberg Group (Fig. 3) (Button, 1973: Clendenin 
et al. 1991). The formation is preserved around 
the present day margins of the Transvaal basin, 
(Fig. 1). Thicknesses are mostly between a few 
metres and· 30 m. with a maximum of 60 m being 
recorded in eastern Botswana (SACS. 1980; Key, 
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Fig. 3. Detailed l!thostratlgraphy of the upper part of the Wolkberg Group (sensu lato) illustrating the 
relationship of the Black Reef Formation with the underly1ng units. Modified after Clendenin et aL ( 1991). 
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1986; Herny et aL, 1990}. In the eastern Transvaal 
the maximum thickness of 30 m is attained over 
the pre-existing Selati trough (Fig. 3) (Clendenin et 
aL, 1991). The Black Reef Formation is correlated 
with the basal Vryburg Formation of the Griqua
land West Sequence (Table 1). composed of pre
dominant siltstone, with subordinate mudstone. 
quartzose sandstone and lava (SACS. 1980). 

Recent research on the Black ReefFormation has 
concentrated on the eastern Transvaal, where 
Herny et aL ( 1990} identified six lithologies: poorly 
sorted lenticular clast- and matrLx-supported 
conglomerates, trough and planar cross-bedded 
sandstones. plane laminated arenites and lami
nated carbonaceous mudrocks. These facies are 
stacked in a basal. locally developed. upward
fining sequence, overlain by a sheet-like upward
coarsening facies sequence (Fig. 4}. The uppermost 
mudrocks generally grade into the overlying dolo
mites of the Malamani Subgroup (Fig. 4) (Button. 
1973, 1986). A similar basal conglomerate
predominant arenite-interbedded mudrock 
association is found in the west of the basin. with 
the arenites or mudrocks grading up into the 
overlying dolomites (Key. 1983. 1986). 

Button ( 1973} interpreted the basal Black Reef 
conglomerates as fluvial deposits. with the suc
ceeding mature quartz arenites being envisaged as 
a subtidal sheet sand. laid down as an epeiric 
protobasin developed over the Kaapvaal craton. A 
similar marginal marine-fluvial model is proposed 
byKey(l983. 1986). HenryetaL (1990) interpreted 
the lowerupward-finingsequence (Fig. 4) as having 
been deposited in a sandy braided fluvial setting, 
locally channelised. analogous to Button's ( 1973) 
view. However. the upper upward-coarsening 
sequence (Fig. 4) is ascribed to a prograding braid
delta or braid-plain environment (Henry et aL. 

Oak Tree Formation dolomites 

carbonaceous mudrocks 

trough cross-bedded sandstone facies 

plane laminated arenites 

planar cross-bedded sandstone facies 
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Ftg. 4. fac!es sequence of the Black Reef formation In the 
eastern Transvaal basin. Modified after Henry et al. (1990). 

1990). The transgressive mudrock (Clendenin, 
1989) at the top of the formation (Fig. 4) reflects a 
tidal flat setting, marking the establishment of the 
epeiric marine carbonate platform of the 
Chuniespoort sea. Henry et al. ( 1991) ascribed the 
subtle unconformity at the base of the Black Reef 
Formation to northward tectonic tilting, related to 
thermal subsidence over the Kaapvaal craton 
following the Ventersdorp rifting: they saw these 
events as reflecting the closing stages of Venters
dorp age sedimentation. rather than being the 
protobasin deposits to the Chuniespoort sea. as 
envisaged by Button ( 1973) and Key ( 1983). 

MALMANI SUBGROUP 

The dolomites and interbedded cherts and 
mudrocks making up the Malmani Subgroup 
represent epeiric marine deposits which were 
deposited over a very large portion of the Kaapvaal 
craton. stretching well beyong the preserved out- . 
crops within the Transvaal, Griqualand West and · 
Kanye basins (Fig. 1). The widespread nature of the 
Chuniespoort Group epeiric rocks contrasts with 
the succeeding Pretoria, Postmasburg and 
Segwagwa Groups. which appear to have been 
largely restricted to these three basins. The 
Malmani Subgroup is correlated with the upper 
portion of the Schmidtsdrif Subgroup and the 
overlying Campbellrand Subgroup of the Griqua
land West Sequence and with the Ramonnedi 
dolomites of the Kanye basin (Table 1). Button 
(1973) and SACS (1980) subdivided the Malmani 
Subgroup into five formations (Fig. 5). based largely 
on chert contents anc}th-e-nalu_re of tli,e stromato-
lites in the rocks./ Interbedded chert-in-shale 
breccias. !T!udrocks' and sandstones are thin and 
commonly mark the location of marginal uncon
formities (Clendenin and Maske. 1986). On the 
basis of these unconformity-bounded sequences. 
Clendenin ( 1989} has subdivided the Malmani 
epeiric sea succession and overlying Penge and 
Duitschland Formations into five "packages": the 
lowermost package is found only in the Griqualand 
West basin and the uppennost package includes 
the Penge Formation and correlated Griqualand 
West iron formations which gradationally overlie 
the dolomites (Fig. 5). The modified stratigraphic 
subdivision of Clendenin (1989) makes use of the 
stratigraphic terminology originally devised by 
Button ( 1973) and is supported by the present 
authors (Fig. 5). The packages are generally 
thickest in the Grtqualand West basin and thin to
wards both the Transvaal and Kanye basins (Aldiss 
et aL. 1989: SACS. 1980; Clendenin and Maske, 
1986). Stromatolites characterise the carbonate
chert sequence of the Malmani Subgroup. with 
forms varying from crinkly laminations. domical 
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and columnar stromatolites to enormous, 
elongated algal mounds, up to 100 m long and 2 m 
high (Eriksson and Truswell, 1973). MacGregor 
et aL (1974), Nagy (1984) and Klein et aL (1987) 
success[ ully isolated algal microsttuctures in 
Malmani samples. Mechanically-formed sediment
ary structures are common in the dolomites, in
cluding numerous ripple marks, oolites, intra
elastic breccias and lesser cross-laminations 
(Button, 1973). 

The basic, tidally-influenced palaeoenviron
mental model supported by most researchers for 
the Mahnan1 Subgroup was first suggested by 
Truswell and Eriksson ( 1973), Eriksson and 
Truswell (1974) and Eriksson et al. (1975), for a 
number of isolated localities. These workers pro
posed a modified version of the limestone shelf 
model. encompassing supratidal deposits. 
columnar stromatolites in an intertidal zone. a 
high energy zone above wave base with oolites and 
mechanically-formed sedimentary structures. and 
shallow and deep subtidal zones characterised by 
large stromatolitic domes and mounds (Fig. 6a). 
Limestones and dolomites characterise the inter
tidal. high energy and shallow subtidal zones. with 
dolomites being found in the deep subtidal facies 
(Fig. 6a) (Eriksson et al.. 1975). 

Following upon the earlier work of Eriksson and 
co-authors. Beukes ( 1978. 1980, 1986. 1987) 
applied this basic tidally-influenced model to the 
carbonate rocks throughout the Transvaal and 
Grtqualand West Sequences. Beukes ( 1987) dif
ferentiated between an initial carbonate ramp set
ting characterised by giant stromatolitic mounds. 
and which deepened towards a deep shelf environ
ment in the west of the Kaapvaal craton. and a 
succeeding mature rimmed carbonate shelf model 
for the upper portion of the carbonate sequence 
(Fig. 6c). The latter encompassed eastern supra
tidal mudflats. passing westwards into broad zones 

r-- of intertidal mudflats and shelf lagoonal settings. 
with a deeper euxinic basin in the far west (Fig. 6c) 
which exhibited turbiditic deposits as well 
(Beukes. 1987). Geophysical investigations of the 
western part of the Kaapvaal craton support 
Beukes' concept of a carbonate basin which was 
shallower in the east and deeper towards the west 
(Geerthsen et al.. 1991). However. the south
western portion of the Griqualand West carbonate 
succession has been subjected to multiple folding 
and thrusting (Altermann and Halbich. 1990). and 
the resultant thickening of sediments may be 
partly responsible for the observed geophysical 
trends. Altermann and Herbig ( 1991) and Halbich 
etaL (1992) dispute the postulate that the carbon
ate basin became deeper towards the western 
margin of the Kaapvaal craton; they provide evt-

dence of supratidal to intertidal flats in the south
western region. analogous to the shallow water 
carbonate platform of Beukes (1987) to the east. 
The deepest portion of the basin is envisaged to 
have lain between these two shallow tidal plat
forms. co-incident with the Griquatown fault zone 
(Altermann and Herbig. 1991). Water depths 
within the carbonate platform/ shelf model are 
estimated to have been up to 80 min the euxinic 
deep basin (Klein et aL, 1987); REE chemistry of 
the carbonates also supports generally shallow 
water marine conditions, with the possibility of 
some freshwater mixing having taken place 
(Danielson, 1990). 

Clendenin (1989) and co-workers (Clendenin 
and Maske. 1986; Clendenin et aL. 1988b) refined 
the early shelf model of Eriksson et aL ( 1975) to 
include Beukes' ( 1987) distal shallow basin 
(Fig. 6b); in addition. Clenden1n (1989) related his 
carbonate ramp/ steepened carbonate ramp model 
to syndepositional tectonics. which formed part of 
a successor basin sequence within the Kaapvaal 
craton during the late Archaean (Clendenin et aL. 
1988a and b). Clendenin's broad facies belt model 
(Fig. 6b) inferred an arid and/ or tropical palaeo
climate. supported by palaeomagnetic data 
(Windley. 1979). and tides whose height may have 
increased as open ocean tides encroached onto the 
wide, shallow carbonate platform (Klein. 1982; 
Pratt and James. 1986); facies distribution was 
determined largely by water depth and regressions 
and transgressions of the vast Transvaal-Griqua
land West epeiric sea led to vertical stacking of 
deposits from the dilTerent facies within the car
bonate ramp model shown in Figure 6b. 
Transgressions were predominantly towards the 
north-nort_heast. as the depository expanded from 
an initial Griqualand West compartment (Figs 5 
and 6d). At the end of lower Monte Christo times. 
the sea retreated ofI the Kaapvaal craton. forming 
the erosional unconformity developed within this 
formation (Fig. 5). The north-northeastward trans
gressions were re-initiated three more times 
during Malmani deposition (Figs 5 and 6d). 
developing the sedimentary packages preserved in 
the rock record (Fig. 5). It should be noted that the 
final Malmani transgression had the greatest extent 
and continued on into the period of deposition of 
the succeeding Penge iron formations (Fig. 5); a 
final. fifth transgression-regression cycle was 
responsible for the deposition of the Duitschland 
Formation, the uppermost unit of the Chunies
poort Group (Fig. 5. Table 2). Dolomitization of 
primary limestones appears to have taken place 
shortly after deposition (Eriksson et al .. 1975): 
dolomitization was probably also related to meteo
ric waters which lowered the pH (Eriksson et aL. 
1976). 
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F1g. 6. Depositional mcxlels proposed for the Malmani Subgroup dolomites. (a) Limestone shelf model of Eriksson et aL (1975). 
(b) Carbonate ramp-steepened ramp model of Clendenin (1989). (c) Carbonate ramp - deep shelf mcxlel of Beukes (1987). 
d) Clendenin's (1989) proposed expansion of the Malmani epeiric sea from an initial Criqualand West compartment towards 

the north and northeast. 

PENGE AND DUITSCHLAND FORMATIONS 

The Penge and correlated iron formations of 
the Asbesheuwels Subgroup of Griqualand West 
(Table 1) overlie the Malmani dolomite sequence 

gradationally. As with the underlying dolomites, 
these iron formations formed part of a depositional 
system that covered a large portion of the Kaapvaal 
craton, including outcrops preserved in the 
Griqualand West. Transvaal and Kanye basins 
(Fig. 1). 
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The Penge Formation is composed predominant
ly of micro- to macro-banded iron formations with 
laterally persistent monomineralic or mlxed 
mineral laminae of quartz, magnetite, hematite, 
stilpnomelane, riebeck.ite, minnesotaite, grunerite 
and fenuginous carbonate minerals (Beu kes, 1973: 
Button, 1986: Van Deventer etal .. 1986). Stacked 
cycles of alternating ferruginous minerals are 
common (Beukes, 1978), with subordinate inter
beds of carbonaceous mudrock and intraclastic 
iron formation breccias (Button, 1986). Shard 
structures, mostly in the basal Penge Formation 
(La Berge, 1966) suggest volcanic influences in the 
formation of these ferruginous lithologies. 
Bushveld Complex related contact metamorphism 
of the Penge iron formations has resulted in large 
scale recrystallisation and gruneritisation 
(Beukes, 1973, 1978). In the west of the Transvaal 
basin, there is a gradation into the Ramotswa 
Shale Formation of Botswana (Table 1). where 
ferruginous and siliceous mudrocks overlie the 
dolomites gradationally (Key, 1983). Their ferrugi
nous nature appears to be due to diagenetic 
weathering of disseminated pyrite (Key. 1983). In 
the Kanye basin (Fig. 1). chert breccias are found 
at the stratigraphic level of the Penge Formation 
(Crockett. 1972) (Table 1): these rocks comprise 
equidimensional, angular chert andjaspilite frag
ments in a ferruginous matrix (Crockett, 1972: 
Aldiss et al.. 1989). 

Beukes (1978, 1983) postulates that the Griqua
land West-Transvaal iron formations were laid 
down within a clear water epeiric sea. covering 
much of the Kaapvaal craton. and bounded to the 
west and north by a deep basinal setting (Fig. 7). An 
external source of siliciclastic and volcanoclasUc 
material is inferred. with authochthonous iron 
formations being deposited in the deep basinal 
areas and orthochemical and allochemical iron 
formations on the central shallow platform region 
(Beukes. 1978, 1983) (Fig. 7). This basin may have 
beenfault.,controlled (Button, 1973: Beukes, 1977, 
1978, 1980). Mechanical reworking of iron forma
tions was widespread on the platform. and the 
elastic sediments in the Koegas Subgroup (Table 1) 
may have been laid down within a fresh water 
lacustrine setting (Beukes, 1986). 

The stratigraphic continuity on which Beukes' 
model relies. is challenged by Altermann and 
Halbich ( 1990). who present clear evidence for 
early tectonic displacement and karstification of 
both iron formations and underlying carbonate 
rocks in the southwest of the era ton. Halbich et al. 
( 1992) also demonstrate convincingly that shallow 
water and fresh water contamination conditions 
prevailed during genesis of the iron formations in 
this same southwestern region: in addition they 
dispute the importance of a volcanic influence in 

iron formation genesis. The shallow water setting 
proposed by Halbich et al. ( 1992) is in agx:-eement 
with REE patterns determined by Danielson ( 1990) 
and with Clendenin's ( 1989) carbonate ramp model 
in which iron formations are seen as a deeper water 
facies equivalent of the platform carbonates 
(Fig. 6b). Water depths of Clendenin's (1989) eu
photic zone (Fig. 6b) were equivalent to those of a 
shelf setting rather than the deep basin envisaged 
by Beukes ( 1983). The gradatlonal basal contact of 
the Penge Formation with the underlying Malmani 
dolomites supports a similar depositional setting 
for these chemical sediments (Eriksson and 
Clendenin, 1990). Shallow water conditions are 
also postulated for the ferruglnous mudrocks and 
cherts found ln the Bushveld and Kanye basins in 
Botswana (Table 1). The Ramotswa Formation 
mudrocks are ascribed to a regressive nearshore 
back-reef palaeoenvironmental setting and to 
mudflat deposition (Key. 1983). The Kgwakgwe 
breccias may reflect either tectonic formation along 
thrust soles (Rabie. 1958). karstification of chert
rich dolomite (Cullen. 1958), or dehydration of 
silica gels related to tectonic instability in the 
northwestern margin of the Penge basin (Crockett. 
1972). Tectonic studies do not support the first 
hypothesis and the petrology of the breccias can
not be explained adequately by the second theory. 
The most plausible explanation is that tectonic 
instability of the basin margin led to uplift and 
subaerial exposure. thereby promoting breccia
tion of exposed silica gels and the non-deposition 
of iron formation (Crockett. 1972: Aldiss et aL, 
1989). 

The Penge Formation (and correlates) is seen by 
Clendenin ( 1989) as part of a Frisco-Penge 
"package", laid down as the Transvaal-Griqualand 
West sea underwent maximum expansion. there
by depositing deeper water tron formations over 
the Malmani carbonate platform (Fig. 5). This 
primitive early Proterowic ocean is inferred to have 
been the source of both iron and silica. with 
possible subordinate contributions from external 
volcanic and terrestrial weathering sources 
(Beukes. 1983). The carbonaceous mudrocks. 
limestones and dolomites, with subordinate con
glomerates. diarnictites and lavas of the Duitschland 
Formation. which overlies the Penge Formation 
unconformably (Taussig and Maiden, 1986). are 
interpreted as a final. shallow. regressive facies of 
the Malmani-Penge epeiric sea (Fig. 5) (Clendenin. 
1989). 

THE PRETORIA GROUP 

The Pretoria Group overlies the chemical 
sedimentary rocks of the Chuniespoort Group un
conformably; the unconformity is commonly both 
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Fig. 7. Clear water epeiric platform - platform slope - deep basin model proposed for the Penge and 
correlated iron formations of the Transvaal and Griqualand West Sequences, after Beukes (1978, 1983). 

angular and karstic (Button, 1973) and radio- lithological differences across the basin, particu-
metrtc ages (Table 2) suggest a significant hiatus in larly in the upper part of the stratigraphy, and 
Transvaal deposition. The lithostratigraphy of the thicknesses are also variable (Fig. 8). Correlation of 
Pretoria Group (Fig. 8) comprises a predominant these rocks with the upper portion of the Grtqua
alternation of mud rocks and sandstones. with less land West Sequence and with sedimentary rocks of 
\important volcanic horizons and subordinate dia- the Kanye basin is poor (Table 1), with only the 
tnictites and conglomerates. There are significant Hekpoort-Ditlhojana-Tsatsu-Ongeluk andesites 
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Ftg. 8. Lithostrallgraphy of the Pretoria Group, illustrating thicknesses and lithological variation across the basin. 

providing a convincing marker unit. It is probable 
thus that the Pretoria Group of the Transvaal/ 
Bushveld basin. the Segwagwa Group of the Kanye 
basin and the Postmasburg Group of the Griqua
land West basin (Table I) developed to a large 
extent in separate basins. a concept first developed 

by Crockett ( 1972) and supported more recently 
by Eriksson et al. (1988, 1991) and Eriksson and 
Clendenin (1990). 

The basal Rooihoogte Forrnation of the Pretoria 
Group comprises a lowermost chert breccia
reworked conglomerate member, overlain by 
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mudrocks and an uppermost arenaceous member 
(Visser, 1969: Button, 1973: Engelbrecht, 1986) 
(Fig. 8). The breccias are mostly in situ residual 
deposits overlying the palaeokarst landscape 
developed on the Malrnani carbonates (Button, 
1973), with some of them possibly representing 
fault scarp talus deposits (Eriksson, 1988). Both 
matrix-supported and clast-supported conglome
rates are found, supporting the alluvial fan and 
fan-delta complexes proposed by Eriksson ( 1988). 
This postulate ls in sharp contrast to the trans
gressive martne/basinal environment inferred by 
previous workers (Visser. 1969; Button, 1973, 
1986; Beukes,1983), but is supported by recent 
detailed facles anlayses around the basin (Van der 
Neut. 1990; Schreiber. 1991): these workers were 
able to delineate a number of fan complexes and 
interpret the succeeding mudrock and sandstone 
members to be distal fan-delta and lacustrine 
sediments. Eriksson et aL (1991) suggest that a 
relatively steep northerly palaeoslope is indicated 
by the depth of karstic weathering in the under
lying dolomites. They also consider that this may 
have bounded a half-graben system. whose low 
angle hanging wall lay to the north (Fig. 9a). and 
which provided the major source of detritus. This 
postulated half-graben appears to have controlled 
Pretoria Group sedimentation through to the 
deposition of the Daspoort Formation. with a 
northern basin boundary which was re~ctivated a 
number of times. 

The Timeball Hill Formation consists of basal 
carbonaceous mudrocks. with micro-algal fossils 
(Nixon et al., 1988). which grade upwards into 
rhythmically lnterbedded ferruginous mudrocks 
and fine-grained sandstones. in turn passing up 
into the Klapperkop Sandstone Member (Fig. 8): 
uppermost carbonaceous and ferruginous 
mudrocks complete the stratigraphy of this forma
tion (Visser. 1969: Button. 1973: Eriksson 1973). 
The locally pyritic carbonaceous mudrocks indi
cate deep water anoxic suspension sedimentation 
(Eriksson, 1973), with the overlying mudrock
sandstone facies possessing sedimentary ·struc
tures compatible with turbidity current re
sedimentation of distal delta deposits (Rust. 1961: 
Kuenen, 1963: Visser, 1969, 1972; Button, 1973). 
The upward-coarsening sandstones of the 
Klapperkop Member support tidal reworking of 
delta front sands (Visser. 1969: Button. 1973; 
Eriksson and Clendenin. 1990). with localised 
oolitic ironstones having developed in a shallow 
offshore setting. The Tirneball Hill palaeoenviron
ment is thus thought to have comprised a relatively 
deep basin, filled by Ouviodeltaic complexes 
advancing from the north, northwest and east: 
with the exception of the arkoses preserved in the 
northeast of the basin (Fig. 8). only the more distal 

deltaic and basinal sediments appear to have been 
preserved. This postulate is compatible with the 
suggestion of a half-graben deriving sediment 
largely from northerly sources, or characterised by 
sedimentation parallel to the bounding faults 
(Fig. 9a). 

The diamictites within the upper Timeball Hill 
mudrocks and the conglomerates/ diamictites of 
the succeeding Boshoek Formation in the western 
and central portions of the Transvaal basin (Fig. 8). 
are correlated by Visser ( 1971) with the 
Makganyene diamictites of Grtqualand West: we 
suggest a broader correlation of the latter forma
tion with the full thickness of both Timeball Hill 
and BoshoekFonnations (Table 1). The diamictite
immature sandstone-conglomerate lithologies 
correlated by Visser are interpreted as being 
glacial. glaciofluvial and glaciomartne deposits 
(Visser. 1971). Schreiber et aL (1990) interpreted 
the Boshoek Formation. including the immature 
sandstones found in the northeast of the basin, as 
alluvial sediments. It is th us possible, particularly 
in view of palaeomagnetic data (Fig. 9b). that both 
the Timeball Hill and Boshoek Formations had an 
important glacial influence in their genesis. It is 
postulated here that the Timeball Hill lithologies 
compare closely with deep glacial lake deposits 
such as those in Lakes Constance and Geneva 
(Reineck and Singh, 1975). and that the coarse
grained diamictite-conglomera te-sandy assem
blages discussed by Visser (1971) represent more 
proximal glacial ablation deposits. The centre of 
glaciation probably lay on the Vryburg rise, an 
intra-basinal high lying to the south of the Kanye 
basin and separating the Griqualand West and 
Transvaal basins (Visser. 1971) (Fig. 1). 

The thick lavas of the Hekpoort Formation, with 
correlates extending across both the Kanye and 
Griqualand West regions (Table 1), have a basaltic 
to intracratonic andesitic chemistry (Sharpe et aL. 
1983: Engelbrecht. 1986): interbedded pyroclas
tics and resedimented volcaniclastic rocks appear 
to be widespread. with subordinate thin beds of 
mudrock and chert (Button, 1973; Engelbrecht. 
1986: Eriksson and Twist, 1986). The scarcity of 
pillow lavas and mudrock interbeds points to 
subaerial extrusion, with an uppermost basin
wide aluminous mudrock layer, mostly 1 - 2 m 
thick, being interpreted as either a palaeosol (Button 
1973) or due to chemical leaching of the lavas 
(Engelbrecht. 1986). Martini ( 1990) identified a 
semi-arid cool climate playa lake deposit within 
this aluminous mudrock horizon. The lavas in the 
Transvaal basin thicken southwards, possibly 
reflecting a half-graben basin setting (Fig. 9a). The 
lavas are overlain with a sharp contact by the 
conglomerates. immature sandstones and minor 
mudrocks of the Droogedal/Dwaalheuwel Forma-
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the centre of the depository. thought by Ertksson 
et aL ( 1988. 1990) to be a synsedimentary palaeo
htgh: the doming may have been thermal in 
nature. related to a rising plume of Bushveld 
magmas through the crust (Ertksson etaL. 1991). 
The sandstone isolith plot (Fig. 9c) indicates that 
sands may have been shed off the proposed dome. 
a postulate also supported by palaeocurrent data 
in the Magaliesberg Formation (Van der Neut. 
1990; Schreiber. 1991). If such doming did occur. 
it may have led to a retreat of the Silverton epeirtc 
sea. leaving the Magaliesberg shoreline sands 
subject to fluvial reworking. Such a postulate 
would be compatible with the beach-fluvial, delta
beach-shallow martne and tidal models proposed 

a 

Major hanging wall 
alluvial cones 
or fluvlo
deltalc lobes 

CONTINENTAL HALF GRABEN 

b 

for the Magallesberg Formation (Visser. 1969; 
Button. 1973: Eriksson et aL. 1987). Grain size 
patterns for the Magaliesberg Formation strongly 
support a fluvial influence in the deposition of 
these sandstones (Reczko et al.. 1992). 

Continued doming in the centre of the Transvaal 
basin may have been responsible for the develop
ment of separate eastern and western intracraton
ic sub-basins in post-Magallesberg times: a sepa
rate western lacustrtne basin was first proposed by 
Crockett ( 1972) and more recently supported by 
Ertksson et al. (1988, 1991) and by Schreiber 
( 1991). Lithostratigraphic differences between the 
far west and the east of the basin are also marked 
(Fig. 8). The five formations in the east of the 
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Fig. 9. Postulated controls on the Pretoria Group palaeocnvironment. (a) Half-graben tcctono-scdimentary setting proposed by 
Eriksson et al. ( 199 l). (b) Polar wandering curve for Africa for the Early Proterozoic; note location of Transvaal basin in cold 
latitudes at 2250 ma (Hekpoort Formation age) and movement away from polar latitudes in upper Pretoria Group times (Modified 
after Condie, 1989). (c) Thickness patterns of the Silverton and Magallesberg FormaUons; note possible central basin palaeohigh 

indicated by thinner total sediment cover and surrounding zone of thicker sandstones. 
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Uons: the former represents a sheet of sediment 
entering the Transvaal basin from the northwest 
and the latter formation two lobes which entered 
from the north and east (Eriksson etaL. 1991). All 
three sheets thin and fine towards the Pretoria 
region. where these formations are absent and the 
Hekpoort lavas are succeeded by the mudrocks 
and subordinate sandstones of the Strubenkop 
Formation (Eriksson et aL. 1991). The shallow 
marine model proposed for the Dwaalheuwel 
Formation (Button. 1973) is disputed by Eriksson 
et aL ( 1989. 1991) who suggest alluvi3l fan and 
distal fan-delta deposition for both Droogedal and 
Dwaalheuwel Formations. The Strubenkop 
mudrocks overlie these sandstone sheets and are 
thickest where the Droogedal/Dwaalheuwel are
nites wedge out. becoming thinner as the sand
stones thicken towards the northwest. northeast 
and east of the basin (Eriksson et aL. 1991). This 
led Eriksson et aL ( 1991} to propose that the 
Strubenkop Formation represents a more distal 
lacustrtne basin into which the Dwaalheuwel/ 
Droogedal fan-deltas debouched. Oolitic ironstone 
lenses. mudcracks. ripple marks. graded bedding. 
flute casts. flaser bedding and minor channel-fills 
(Visser. 1969; Button, 1973; Engelbrecht, 1986) 
are compatible with the shallow marine (Visser, 
1969). tidal flat (Button, 1973) and lacustrine 
(Eriksson and Clendenin, 1990) models proposed 
for the Strubenkop Formation. As suggested for 
the Rooihoogte and Timeball Hill Formations. the 
predominant northerly source of the Droogedal 
and Dwaalheuwel Formations may reflect a half
graben setting (Fig. 9a). 

The recrystallised. cross-bedded and planar stra
tified sandstones of the Daspoort Formation over
lie the Strubenkop mudrocks sharply. e..xcept in 
eastern Botswana, where the DltlhoJana Forma
tion (as the Daspoort is known in the far west of the 
Transvaal basin} (Table 1) lies on thin mudrocks 
developed above the Hekpoort la~as (Key, 1983). 
indicating erosion of the preceding Droogedal 
arenites and most of the Strubenkop mudrocks 
(Eriksson et aL under review). Planar stratified 
mature sandstones and very thin ironstones/fer
ruginous mudrocks in the east of the basin led 
Button ( 1973} to propose a shallow marine beach
barrier palaeoenvironment. A locally erosive base 
and pebbly-sandstones in the Pretoria region were 
taken by Visser (1969) to support a fluvial-beach 
model. The immature nature of the Pretoria region 
sandstones (Van der Neut, 1990) and the occur
rence of significant pebbly sandstones and mud
rocks in the north and far west of the basin (Key, 
1983; G. Potgieter. 1992 pers. comm.) support the 
distal fan-fluvial braidplain model of Eriksson et 
aL (under review). The latter is based largely on 
lateral and vertical facies relationships. palaeocur-

rents and thickness trends observed across the 
entire preserved Transvaal-Bushveld basin. rather 
than relying on the localised data used by Visser 
(1969) and Button (1973). Source areas were 
largely to the north of the Transvaal basin, possibly 
supporting the half-graben model. The Daspoort 
Formation also indicates a period of tectonic re
organisation within the Transvaal depository, as 
isopach maps of the preceding and succeeding 
Pretoria Group formations are quite different 
(Eriksson et aL. 1991). 

The thick. monotonous laminated mudrocks of 
the Silverton Formation encompass significant 
volcanic lithologies (Button, 1973). Carbonaceous 
mudrocks are relatively common, with sub
ordinate chert, sandstone and dolomite lenses: 
carbonate rocks become important in the north of 
the basin (Button 1973: Engelbrecht, 1986). In the 
eastern Transvaal, a medial Machadodorp 
Member includes lower agglomerates and tuifs 
and upper pillowed basalts. with bomb sizes de
creasing towards the north (Button, 1973): some 
agglomerates are found at the equivalent strati
graphic position in the Pretoria region (Visser, 
1969) and reworked tuffs are found in the west of 
the basin (Eriksson et aL. 1990). An upward
coarsening, 13 km long and 150 m thick sand
stone lens in the west of the basin, with planar and 
cross-bedding and ripple marks (Engelbrecht. 1986; 
Eriksson et al., 1991). supports the prodeltaic 
palaeoenvironment suggested by Button ( 1973). 
Eriksson and Clendenin ( 1990) and Eriksson et aL 
( 1991) proposed lacustrtne deltas and fan-deltas 
as an alternative model. In addition. the latter 
workers suggested that the Magaliesberg sand
stones which overlie the Silverton Formation 
gradationally. may represent the shoreline of the 
Silverton basin; this postulate is supported by the 
essentially similar thickness distribu lion of both 
formations across the Transvaal basin (Eriksson et 
aL. 1991). The Maga lies berg sandstones also wedge 
laterally into Silverton mudrocks in the west of the 
basin (Crockett, 1972: Engelbrecht. 1986: Key, 
1986: Eriksson and Clendenin, 1990). Herrtng
bone cross-beds. carbonate rocks, flaser bedding 
and interference ripple marks point to a marine 
influence in the Silverton-Magaliesberg basin, 
which is also evident from the palaeosalinity data 
of Eriksson ( 1992). It is thus possible that the 
intracratonic half-graben setting envisaged for the 
lower Pretoria Group (Eriksson et aL, 1991) 
(Fig. 9a) may have given way to a transgressive 
epeiric sea in Silverton-Magaliesberg times. 
Palaeomagnetism (Fig. 9b) indicates movement 
away from polar latitudes in late Pretoria Group 
time, thereby supporting the possibility of a 
marine transgression. The thickness patterns of 
these two formations (Fig. 9c) point to doming in 
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eastern sub-basin are correlated with the Rayton 
Formation of the Pretoria region (SACS. 1980). The 
alternating mudrocks. arkosic and quartzitic 
sandstones. with subordinate carbonate and chert 
lithologles. which make up the five easternmost 
formations (Schreiber, 1991) include interbedded 
tuffaceous mudrock layers (Schreiber and 
Eriksson. in press). The beach-intertidal mudflat
shallow marine model of Button ( 1973) and Button 
and Vos (1977) does not explain adequately the 
common mudcracks. arkosic sandstones and 
overall upward-coarsening successions in these 
rocks. The latter are. perhaps. explained better by 
shallow lacustrine and wind-tidal flat deposition 
for the argillaceous units and by fan-delta and 
deltaic sedimentation for the interbedded arenites 
(Schreiber. 1991; Schreiberand Eriksson, in press). 
Source areas were located to the south. east and 
north of this steadily shrinking sub-basin 
(Schreiber. 1991). The analogous Rayton Forma
tion succession of feldspathic arenltes. quartzose 
sandstones and mudrocks. with subordinate dolo
mites and lavas. is ascribed to fluvial (Visser. 1969) 
or a combination of fan. fan-delta and fluvial sedi
mentation (Van der Neut. 1990). In the proposed 
western sub-basin, post-Magaliesberg rocks in the 
western Transvaal are obscured largely by 
Bushveld intrusives (Engelbrecht. 1986): further 
to the west in Botswana. the Woodlands Formation 
comprises interbedded sandstones and mudrocks. 
with significant andesitic pyroclastic rocks and 
lavas and some conglomerates (Key, 1983). Major 
tectonic disturbance of the Woodlands rocks has 
made palaeoenvironmental interpretation dillicult: 
an intimate association between sedimentation. 
volcanism and tectonic instability is indicated 
(Crockett. 1969. 1972; Key, 1983). Crockett (1969, 
1972) proposed catastrophic syn- to post
sedimentary collapse of the western sub-basin 
floor. resulting in gravity sliding of large blocks of 
sedimentary rocks towards the b~sin centre. Key 
(1983) relates this tectonism to the late-Transvaal 
intrusion of the Gaborone Granlte to the west of the 
Bushveld basin: this postulate can perhaps be 
considered as related to the extrusion of the 
massive felsic lava prov1nce of the Rooiberg Group 
which succeeded Pretoria Group deposition in the 
east and centre of the Transvaal basin. No analo
gous late Pretoria sedimentary and volcanic rocks 
are preserved in either the Griqualand West or 
Kanye basins (Table 1). 

There is a long-standing debate whether. the 
sedimentary rocks of the Pretoria Group represent 
epeiric marine deposits or an intracratonic lacu
strine basin (Du Toit. 1954: Visser. 1957; Willemse 
1959; Visser, 1969; Crockett. 1972; Button. 1973; 
Button and Vos. 1977; Button. 1986; Eriksson 
and Clendenin, 1990). The epeiric postulate is 

supported by preserved tidal sedimentary struc
tures. oolites. stromatolites and hummocky cross
bedding: however. these characteristics are equal
ly compatible with the lacustrine alternative. The 
latter suggestion is in tum supported by common 
varves. the presence of palaeosols. predominantly 
arkosic to lithic sandstone petrography. inferred 
micro tidal conditions typical oflakes (Schop[. 1980) 
and an absence of swash-formed Iipple marks. 
The debate is discussed in some detail by Eriksson 
et aL ( 1991). Perhaps the best evidence in favour of 
an intracratonic basin is the Boron palaeosalinity 
data discussed by Eriksson ( 1992) (Fig. 10). Boron 
values detennined by Bohmer ( 1977) from four 
widely spaced boreholes in the south of the 
Transvaal basin. when plotted against strati
graphic height. exhibit a very similar. in-phase 
variation. summed up in the palaeosalln1ty curve 
of Eriksson (1992) (Fig. 10). This in-phase varta
tion from dilTerent localities supports a closed 
basin setting, and the rapid increases and de
creases in Boron values further support inhomo
geneous lacustrine basin chemistry rather than 
the far more uniform conditions typical of the 
marine environment (Schop[. 1980). The possible 
role of glacial and interglacial peiiods in the depo
sition of the Pretoiia Group and the postulated 
marine incursion during Silverton times are sup
ported by the palaeosalinlty curve for the lower 
Pretoria Group (Fig. 10). 

ROOIBERG GROUP 

In this review we present a modified stratigraphy 
for the upper portion of the Transvaal Sequence 
(Tables 1 and 2) which is not in accord with SACS 
( 1980). who consider the Rooiberg Group (sensu 
stricto) to comprise only the Damwal and Selonsri
vier Formations: our stratigraphy reflects research 
carried out within the last five years on the 
Dullstroom Formation. Rooiberg Group (sensu 
stricto. SACS. 1980) and sedimentary units 
associated with these rocks, by Schweitzer and 
Hatton (in prep.). SACS ( 1980) considers the large
ly sedimentary Leeuwpoort. Smelterskop and 
Makeckaan Formations to belong to the upper 
Pretoria Group and various correlations with post
Magaliesberg unlts have been proposed. (e.g., 
Button, 1973; Schreiber, 1991). We co;1sider the 
Leeuwpoort Formation. the basal unit outcropping 
within the Rooiberg "fragment" (Fig. 1), as the 
youngest post-Pretoria Group unit and assign it, 
tentatively. to the Rooiberg Group (sensu lato, as 
used here) (Table 2) as its basal unit; there do not 
appear to be any correlates elsewhere in the 
Transvaal basin, and no rocks equivalent to the 
Rooiberg Group (sensu lato) are found in either the 
Kanye or Griqualand West basins. 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



C18 
42 P. G. ERIKSSON, J. K. SCHWEITZER, P. J. A. Bosrn, U. M. SmEREIDER, J. L. VAN DEVEr-.TER and C. J. HArroN 

STRATIGRAPHY 
(formations) 

J 

\ 

PALAEOSALINITY 
(ppm. B-sample) 

H 

PALAEOENVIRONMENTAL 
HISTORY 

Basin expands = 
very shallow? 

Marine Incursion? 
(post-glacial?) 

L 
Meltwater (alluvfal
fluvlal sand Influx) 

? 

? 

' 

, > H 
Shallow lake & 

alluvial fans 

1!11111: 

vi VVVVJ 
Hekpoort v v v v v v 

'.I\ \I '.I \IV 

I) 

i 
E 
.:: 

Rool-
hoogte 

- 0. C::, 
co 0 
E .. 
-i 
:i~ 

~ 

" """ ". J ocoooceooo 
,00000•00 
,,. ..... , ,... .... r, 

........ 
r-,-

~t>i~) 
I I 

I 

I 
I 

I 
I 

I 

I I 
I 

I I 
I I 

I I 
I I 

I I 
I I 

/ true thickness not shown 

( 

Low--•---------•~-- H~h 
-r- I -,--

Q 80 300 

D Mud~·ock 

[] Sandstone 

vvv 
v v v Volcanics 
vvv 

~ Tlllold 
~ 
Rf7 Breccla/ 
L£J conglomerate 

~ Dolomite 

L 

H 

L 

L 

H 

H 

...J 

' :r: 
>, -c 
(ti 
rt:, 
0 
~ 
('0 

('0 

Cl. 

Volcanism 

Deep basin filled 
by meltwater 

(tlllolds = low) 

Basin shallow & 
filled by 

fluvlodeltalc sand 

Maximum meltwater 
(fluvloldeltalc sand 

Influx) 

Deep lake filling 
up with glacial 

meltwater 

Fans & shallow 
lakes 

Fig. 10. Palaeosallnity curve for the lower Pretoria Group, based on Boron values determined 
in widely spaced boreholes by Bohmer (1977). Also shown ls the possible role of glacial and 
lnterglaclal periods on the Pretoria Group palaeoenvironrnent. Modified after Eriksson (1992). 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



C19 
The Transvaal Sequence: an overview 43 

The approximately 1500 m of conglomerates, 
pebbly and arkosic sandstones and uppermost 
mudrocks which make up the Leeuwpoort 
Formation (Fig. 11) (Stear, 1976; Richards, 1987). 
are generally interpreted to represent lower braid
ed and upper meandering river deposits (Stear, 
1977a and b; Phillips, 1982; Rozendaal et al., 
1986: Richards and Eriksson, 1988). The coarse 
immature fluvial sandstones which cl1aracterise 
the Leeuwpoort Formation (Fig. 11) do not com
pare well lithologically with the alternating sand
stones and mudrocks of the post-Magaliesberg 
units in either the east or west of the Pretoria 
Group basin. We thus suggest that the Leeuwpoort 
Formation is part of the Rooiberg Group (sensu 
Lato) and postulate that these coarse. immature 
fluvial deposits are probably related to the catas
trophic collapse proposed by Crockett ( 1969. 1972) 
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for the western Pretoria Group sub-basin floor, 
duiing and after deposition of the Woodlands 
Formation. The gravity sliding of large blocks of 
sedimentary rocks in Botswana (Crockett, 1972) 
may have been accompanied by more subdued 
immature fluvial deposition on the eastern margin 
of the collapsing sub-basin, today preserved at the 
base of the Rooiberg "fragment". Predominantly 
southwesterly palaeocurrent directions in the 
Leeuwpoort sandstones (Stear, 1977a; Richards, 
1987) are compatible with this postulate. 

The Smelterskop Formation conformably over
lies the Leeuwpoort Formation (Richards and 
Eiiksson, 1988) (Fig. 11) and comprises a thick
ness of about 280 m. with a basal quartzose 
sandstone member. four to five lenticular arkosic 
sandstone units and subordinate tuffaceous 
mudrocks, conglomerates and wackes (Stear, 
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Fig. 11. Lithostratlgraphy of the Leeuwpoort, Smelterskop and Selonsrivier Formations in the 
Rooiberg "fragment" (see Fig. 1 for location). Modified after Stear (1977a) and Richards (1987). 
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1977a. Richards. 1987). Braidedfluvialandcoarse
grained meandering river systems are thought to 
have laid these sediments down (Stear. 1977a; 
Richards and Eriksson. 1988). Im persistent fel
sitic and andesitic lava flows are intercalated 
with the sedimentary rocks of the Smelterskop 
Formation; the andesites are flow-banded and 
strongly vesicular. and the uppermost felsite is 
flow-banded and petrographically similar to the 
basal nows of the overlying Rooiberg (sensu stricto) 
lavas. 

The Makeckaan Formation. preserved in the 
Makeckaan (or Stavoren) "fragment" comprises 
lower and upper feldspathic sandstone members 
with large scale cross-beds and Iipple marks. 
separated by mature. recrystallised quartzitic 
sandstones and micaceous wackes (Fig. 12) 
(Rhodes. 1972). Andesites and felsites are inter
calated in the upper arkosic member (Fig. 12), and 
the sedimentary succession of the Makeckaan 
Format.ion is succeeded concordantly by felsitic 
lavas (Mellor. 1905; Wagner. 1921. 1927; Schweit
zer and Hatton in prep.). here assigned to the 
Dullstroom Formation. The felsites are spheru
litic. vesicular and abundant matrtx-supported 
lithic fragments suggest emplacement as ignim
brites. The Makeckaan sediments are interpreted 
as nuvial to neritic (Rhodes. 1972) or 11uviodeltaic 

Makeckaan 
Formation 

330 :·:~:~: 

·.·.·.·.·.·.·.· 

Poorly sorted. arkosic sandstones 
Sandstones with intercalated 
andesites and felsites (wackes) 

Cross-bedded feldspathic sandstones 
with pebble beds, minor 
conglomerates (upper feldspathic 
snndstone beds) 

Ripple marked minor cross-bedded 
white quartzite with basal feldspathic 
conglomerate (white quartzite beds) 

Well bedded, micaceous sandstone 
and siltstone beds, b<1sal contact 
gradational (micaceous sandstone 
beds) 

Similar to upper teldspathic sandstone 
beds (lower feldspathic sandstone 
beds) 

Base of Formation not explored due to 
Bushveld intrusives 

F1g. 12. Lithology of the Makeckaan Formation. Nole the 
similarity to the rocks of the Smeltcrskop formation 

(Fig. 11), and the overlying Dullstroom felsitcs. 
Modified after Rhodes (1972). 

(Schreiber. 1991) deposits. The similarity between 
the apparently nuvially-deposited Smelterskop and 
Makeckaan feldspathic to quartzitic sandstones 
and their intercalated andesitic-felsiUc lavas. leads 
us to suggest that these two formations may be 
correlated with each other, representing the tran
sition from lower Rooiberg Group (sensu lato) 
nuvial sedimentation (Leeuwpoort Formation) to 
the vast outpourings of the main Rooiberg felsitic 
lavas. These two largely sedimentary formations 
are thus also, tentatively, correlated with the basal 
stage of the Dullstroom Formation (Figs 13 and 14) 
(Truter. 1949; Visser. 1969). 

Lavas assigned to the Dullstroom Formation 
outcrop along a narrow strip in the eastern 
Transvaal basin and also overlie the Makeckaan 
Formation sediments in the Makeckaan "frag
ment" (Figs 13 and 14). The former is the type 
locality of the Dullstroom Formation, which un
conformably (Cheney and Twist. 1991) succeeds 
the Houtenbek Formation of the Pretoria Group 
(Table 2). A maximum thickness of 1.4 lan of this 
basalt-rhyolite association (Schweitzer, 1986) is 
preserved and the lavas are truncated in the north 
by Bushveld Complex intrusives (Fig. 13). 
Schweitzer (in prep.) and Schweitzer and Hatton 
(in prep.) distinguish a basal stage and an upper 
stage in the Dullstroom succession (Fig. 14). The 
former comprises about 300 m of nuidal and 
pyroclastic nows. with thin interbedded lenticular 
quartzitic and arkosic sandstones and mudrocks: 
the absence of pillow structures. and the presence 
of pipe amygdales and peperites suggests sub
aerial extrusion with localised shallow water con
ditions. Arnygdaloidal low titanium andesites pre
dominate. with flow-banded. amygdaloidal and 
spherulitic rhyolites ref erred to as the basal rhyo
lites (Fig. 14). occurring locally at the base. Volca
niclastic sediments and debris flow deposits are 
also found locally. The upper Dullstroom stage 
comprises more uniform lavas with almost no 
intercalated sedimentary r~ks. Three major now 
types are distinguished: porphyritic high titanium 
basalts with amygdaloidal and brecciated flow 
tops: high magnesium amygdaloidal and sparsely 
porphyritic flow-banded felsites: and low titanium 
andesites similar to those in the basal stage 
(Fig. 14). These different flow types are closely 
associated and interlayered, with a general up
ward increase in high magnesium felsites at the 
expense of the high titanium and low titanium 
nows. 

A largexenolith within Bushveld mafic intrusives 
to the north of the Dullstroom outcrops (locality 2. 
Fig. 13) appears to comprise altered equivalents of 
the uppermost low magnesium felsites of the 
Dullstroom Formation and succeeding high Fe-Ti
p lavas at the base of the Damwal Formation 
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(Fig. 14). The Damwal Formation is found within 
the Bothasberg. Tauteshoogte and Loskop Darn 
areas (respectively. localities 3. 4 and 5 in Fig. 13) 
(Fig. 14). The succeeding Selonsrivier Formation. 
which is subdivided into a lower Doornkloof and 
upper Klipnek Member, is found at Bothasberg, 
Loskop Dam and overlying the Smelterskop 
Formation in the Rooiberg "fragment" (Figs 13 and 
14). These two felsitic formations were first defined 
by Clubley-Armstrong (1977. 1980), and together 
comprise a succession of very extensive siliceous 
eruptives within the central and eastern parts of 
the Transvaal basin (Fig. 13): the original volume 
of these eruptives is estimated to have reached up 
to 300 000 lan3 (Twist and French. 1983). although 
this is probably an overestimate. The Darnwal 
Formation comprises largely dark flows of low 
magnesium felstte. with subordinate high Fe-Ti-P 
lavas, whereas the Selonsrivier Formation is cha
racterised by red-coloured, flow-banded flows of 
low magnesium felsite in the Doomkloof Member 
and intercalated sedimentary rocks and low-Mg 
felsites in the Klipnek Member (Fig. 14). Twist 
(1985) distinguished nine major units separated 
by sedimentary intercalaUons within the felsite 
succession at Loskop Dam, placing the Damwal
Selonsrtvier contact at the boundary of units 5 and 
6; the same stratigraphic level was inferred to 
mark the transition to an oxygen-rich atmosphere 
in the upper Transvaal Sequence (Twist and 
Cheney, 1986). However. Eriksson and Cheney 
( 1992) showed that the colouration of the felsites in 
the Selonsrtvier Formation was formed diageneti
cally. and proposed that the transition to an atmo
sphere rich in free oxygen lay rather at the Loskop 
Formation-Waterberg Group unconformity. The 
lavas of the Damwal and Selonsrivier Formations 
are predominantly rhyolitic to dacitlc in composi
tion. with both high- and low-Mg types occurring 
(TwistandFrench, 1983;1\vistandHarmer. 1987). 
Extrusion was subaertal and feldspathic sand
stone interbeds with some preserved sedimentary 
structures such as cross-bedding, channel-fills, 
ripple marks and mudcracks (Clubley-Armstrong. 
1977}, point to _intermittent periods of deposition 
between volcanic eruptions, possibly by a combi
nation of fluvial channels, small lakes and gravity 
flows. 

Many authors (Button, 1976; Coertze et al.. 
1977; Sharpe etal .. 1983: Twist and French, 1983) 
support the view expressed here. that the 
Dullstroom and Damwal-Selonsrivier volcanic 
events originally formed one continuous eruptive 
succession, implying that the latter two formations 
are also older than the intrusive mafic suite of the 
BushveldComplex(VonGruenewaldt. 1971. 1972): 
this view is confirmed by geochemical data 

(Schweitzer. 1986, Schweitzer and Hatton in prep.) 
(Fig. 15). The sedimentary rocks of the correlated 
Loskop. Glentig and Rust de Winter Formations 
(Fig. 1) overlie the Selonsrivier f els it es conf ormably 
(SACS, 1980: Cheney and Twist. 1991); they 
represent the final sedimentary phase of the 
Transvaal basin. Minor interbedded volcanic flow 
deposits range in composition from basic to sili
ceous and probably represent continued eruptions 
of magmas related to the Damwal-Selonsrivier 
lavas (Clubley-Annstrong. 1977; Coertze et al., 
1977). This leads us to suggest here, tentatively. 
that these uppermost sedimentary formations also 
be considered part of the Rooiberg Group (sensu 
Lato) (Tables l and 2). 
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FLOOD RHYOLITES IN THE ROOIBERG GROUP OF SOUTH AFRICA 
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Abstract 

Voluminous, sheet-like flows of dacitic to rhyolitic composition occur in 

the Rooiberg Group of South Africa. The conventional classification of 

lava versus pyroclastic flow is difficult to apply because these units 

show features common to both. This applies in particular to dacitic and 

rhyolitic flows that extend for kilometres, but have the fluidal textures 

of lavas. These rocks probably erupted like flood basalts and may be 

termed flood rhyolites. 

Flow units in the upper Rooiberg Group have flow-banded lower zones, 

thick, massive interior zones and much thinner, commonly brecciated upper 

zones. Individual flows are mineralogically homogeneous, and typically a 

few hundred metres thick. Phenocrysts usually constitute less than 10% of 

the rock; some flows are essentially aphyric. The phenocrysts are 

generally anhydrous, with mineralogy and textures caused by supercooling, 

implying eruption at 1000 to 1100°c. Eruption centres are uncommon. 

Compositions of associated rocks are typically basaltic, and the 

bimodality of many such provinces and other features suggests that mantle 

plumes may have been a factor in their genesis. 
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Introduction 

Rhyolitic, rhyodacitic, and dacitic rocks (here collectively referred to 

as rhyolites or felsic rocks) occur as lavas, pyroclastic flows, and 

air-fall deposits. Most felsic lavas are viscous and congeal as domes, 

or flows that rarely are more than a few kilometres long (e.g. Nakada et 

al., 1995). In contrast, pyroclastic flows are highly particulate and 

represent deposits of great lateral extent. Air-fall deposits may cover 

even larger areas than pyroclastic flows. Pyroclastic flows that contain 

flow-banding were first recognised in peralkaline rocks and were termed 

rheoignimbrites (Rutten and Van Everdingen, 1961; Rittman, 1962); they 

are relatively common in such peralkaline associations (Table 1). 

In recent years a controversial type of rhyolitic extrusion, that shows 

the contrasting features of lavas and pyroclastic flows (Fig. 1, Table 

2), has been recognised in southern Africa (e.g. Bristow 1980, 1989; 

Bristow and Armstrong, 1989; Twist, 1985; Milner and Duncan, 1989; Twist 

and Bristow, 1990; Figs. 1 and 2) and elsewhere (Tables 1 and 2). This 

type typically forms extensive and voluminous flows, pyroclastic features 

are scarce or absent, and flow-banding tends to be concentrated in the 

lower and upper portions of flow units (Fig. 3). Terminologies that have 

been employed for this type of flow are rheoignimbrite, agglutinate, 

froth-flow, tuffolava, high-temperature ash-flow, ignimbrite, lava-like 

tuff, lava flow, flood silicic lava, and flood rhyolite (Fischer and 

Schminke, 1984; Ekren et al., 1984; Henry et al., 1988; Bristow, 1989; 

Petrini et al., 1989; Branney et al., 1992; Henry and Wolff, 1992). The 

nature of the structures or edifices from which the volcanic rocks were 

erupted is not always clear. A few are known to have erupted from 

fissures (Henry and Wolff, 1992; fig. 9). In the case of the Jozini 

rhyolites, Bristow et al. (1995) proposed eruption from elongate 

caldera-like structures. Milner and Ewart (1989) proposed the Messum 

Complex to be the site of some quartz latite eruptions. 
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Some of the first "flood rhyolites" to be described were the Jozini 

rhyolites of the Lebombo monocline (Fig. 1). The felsic rocks of the 

Jozini Formation and those of the Nuanetsi and Etendeka provinces (Fig. 

1) erupted in continental, extensional settings at different times during 

the break-up of Gondwana. The Etendeka rocks are contemporaneous with 

those of the Parana province of Brazil, where extensive lava-like felsic 

rocks also occur (Whittingham, 1989). Urie and Hunter (1963) concluded 

that the Jozini rhyolite units were ignimbrites. However, Wachendorf 

(1973) regarded similar rocks in the Mozambiquan portion of the province 

to be lava flows. Bristow and Cleverly (1979) argued that these rocks 

were high-temperature ash-flows. Similar conflicting opinions have been 

expressed in many other regions (Ekren et al., 1984; Bonnichsen and 

Kauffman, 1987; Henry et al., 1988; Whittingham, 1989; Petrini et al., 

1989; Branney et al., 1992; Henry and Wolf, 1992). 

This paper describes relevant field and textural features of the 2.06 Ga 

(Walraven, 1997) Rooiberg Group of South Africa. These features, and 

their comparison with other high-volume and large extent rhyolite 

occurrences may provide clues towards the mode of eruption of these 

volcanic rocks. 

The Rooiberg Group 

General 

The tectonic setting of the Bushveld Complex and the Rooiberg Group has 

been discussed by several authors. Twist (1983) suggested intra-cratonic 

rifting. Hatton (1996), and Hatton and Schweitzer (1995) suggested that a 

mantle diapir (see also Sharpe et al., 1981; Sawkins, 1984) triggered 
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Bushveld formation. Rhodes (1975) and Elston (1995) advocate an impact 

origin for the Bushveld Complex, with some of the Rooiberg flows 

representing impact melts. 

Field and geochemical features of the Rooiberg volcanic rocks were 

documented and reviewed by Twist and French (1983), Twist (1985), Twist 

and Harmer (1987), Cheney and Twist (1991), Cheney and Winter (1995), 

Schweitzer et al. (1995a and b), Schweitzer and Hatton (1995), Hatton and 

Schweitzer (1997), Walraven (1997), and Schweitzer et al. (1998). The 

Rooiberg Group (Fig. 2) is mainly rhyolite and dacite, typically 3 to 5 

km thick. To date, no eruption centres of the felsites have been 

described. The felsites were intruded by, but are virtually synchronous 

with, the 2.05 - 2.06 Ga Bushveld Complex (Walraven, 1997; Hatton and 

Schweitzer, 1995). 

The estimated extrusive volume of the Rooiberg Group is about 100 000km3 

(Schweitzer et al., 1998). Eruptive volumes per formation increase from 

the base to the top, i.e. from the Dullstroom to the Damwal, Kwaggasnek 

and finally Schrikkloof Formation (Fig. 2). The diversity of magma types 

decreases upward with a total of nine geochemically distinct magma types 

documented (Schweitzer et al., 1995a). Four magma types (Low-Ti basaltic 

andesite, Basal Rhyolite, High-Ti basalt, and High-Mg Felsite) are 

present in the basal Dullstroom Formation; in the Damwal, Kwaggasnek and 

Schrikkloof Formations compositionally distinct Low-Mg Felsites are the 

predominant magma type. The Low-Mg Felsites are the major concern of this 

study. One magma type (the High-Mg Felsite) is common to the Dullstroom 

Formation, in the floor and roof of the Rustenburg Layered Suite 

(Schweitzer et al., 1995a). This and the existence of an unconfoimity 

beneath the Dullstroom Formation (Cheney and Twist, 1991), establishes 

that the volcanic rocks were a continuous succession separated by 

intrusion of the Rustenburg Layered Suite. 
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Basalts and basaltic andesites towards the base of the Dullstroom 

Formation (Fig. 2), and the Rustenburg Layered Suite contrast with the 

siliceous components of the Complex, i.e. the Rashoop Granophyre and 

Lebowa Granite Suites, and the remainder of the Rooiberg Group. Bimodal 

magmatism is also documented in other areas of extensive felsic flow 

occurrences (Branney et al., 1992; Henry and Wolff, 1992; Milner et al., 

1992). 

Field Relations, Textural Features and Whole Rock Geochemistry 

Field Relations 

The southeastern portion of the Rooiberg province has distinctly mappable 

units (Clubley-Armstrong, 1977; Twist, 1985); individual flows range in 

thickness from a few meters to 390 m. Siliceous flows are extensive, and 

some extent for more than 40 km. 

The Rooiberg rhyolites have thick, massive interior zones (Fig. 3). 

Flow-banding and breccias typically occur only in the basal and upper 

portions of the units, respectively. Flow-banded bases are more 

consistent with lava than pyroclastic flow (Henry and Wolff, 1992). 

Spherulites, rarely 10 centimetres in diameter, are common throughout. 

Amygdales and lithophysae are irregularly distributed but locally occur 

in great abundance. Intensely amygdaloidal flow-tops about a metre thick 

are developed locally (Fig. 4). 

Flows in units 6 and 7 (Twist, 1985), the transition from the Damwal to 

the Kwaggasnek Formation as exposed at Loskop Dam (Figs. 2 and 5) exhibit 

comparable characteristics. Significantly, flows 2 and 3 do not have 
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basal breccias, which are characteristic of the "tractor tread" 

advancement of conventional (viscous) felsic lava flows (Henry and Wolff, 

1992). Furthermore, none of the other flow units in the Rooiberg Group 

seem to have basal breccias (Twist and Elston, 1989), and none have 

unwelded bases or tops that are so characteristic of pyroclastic flows. 

Each flow is capped by a zone of irregularly oriented, flow-banded blocks 

separated by dykelet-like bodies of siliceous, fine-grained material. We 

interpret these as flow-top breccias that were cut by hydrothermal 

chalcedonic veins as the underlying part of the flow cooled. 

Flow 3 is capped by a tuffaceous-looking, weakly limonitic rock 

containing accretionary lapilli ~ 13mm in diameter (Fig. 6). X-ray 

diffraction and petrographic investigations show that this 

lapilli-bearing unit consists largely of quartz and secondary mica. 

Opaques commonly form the nuclei of individual lapilli. The lapilli, 

together with extensive limonite at the contact with the underlying 

flow-top breccia of flow 3 suggest supergene weathering of a pyritic 

tuff. 

Textural Features 

In outcrop and thin section, the upper Rooiberg felsites contain rare 

shards, fiamme, and broken crystals are extremely rare; flow-banding, 

breccias, and euhedral phenocrysts are widespread. 

Insights into the emplacement history of the uppermost part of unit 9 of 

Twist (1985), the Schrikkloof Formation (Schweitzer et al., 1995a), comes 

from an outcrop normally submerged by Loskop Dam. Three lithotypes occur 

in the outcrop. Lithotype 1 exhibits strongly flattened, devitrified 

inclusions that resemble densely welded fiamme (Fig. 7a): In thin 

section, despite pervasive devitrification, highly compacted shards are 
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visible. Over about 5 m, lithotype 1 grades into a more densely welded 

variety, containing more elongate, flattened fiamme (Fig. 7b), which 

passes into lithotype 2, a flow-contorted rock that resembles ordinary 

rhyolitic lava (Fig. 7c). Lithotype 2 contains no obvious shards. Lensoid 

breccias describe lithotype 3. These breccias are interpreted as 

flow-breccias, with angular fragments of welded and flow-banded felsite 

set in a fine-grained, fragmented matrix. Thin sections show that some 

fragments in lithotype 3 contain unequivocal, welded shards (Fig. 7d), 

some with evidence of post-welding and secondary vesiculation (Fig. 7e) 

The delicate walls of the post-welding vesicles splintered into 

fragments, producing a second generation of shards in the matrix of the 

breccia (Fig. 7f). 

It is noted that these pyroclastic textures are atypical. They only occur 

in unit 9. Unit 9 is also distinguished from the other flows by higher Nb 

and Zr and lower TiO2 and Sc contents (Twist, 1985; Schweitzer and 

Hatton, 1995), as well as the widespread development of flow-banding, 

even in the central portion of the flow. 

The rhyolitic rocks of the Rooiberg, Lebombo, and Etendeka provinces have 

strong mineralogical similarities (Table 3). The major phenocrysts in 

each province are plagioclase, augite (or ferroaugite), and 

titanomagnetite; primary hydrous phases are absent. Other similarities 

are resorbed crystals, commonly glomeroporphyritic phenocrysts, and a low 

(<10 vol.%) percentage of phenocrysts. Zircons are uncommon in the 

rhyolitic rocks of the Rooiberg, and Zr increases progressively through 

the succession (Twist, 1985; Twist and Harmer, 1987), indicating that 

crystallisation of zircon was suppressed, presumably because of elevated 

eruption temperatures (Harmer and Farrow, 1995). However, zircons have 

recently been separated for geochronological studies from rhyolites of 

the upper Rooiberg Group (Walraven, 1997; M. Barley, pers. communication, 
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1997). 

Swallow-tailed and hopper crystals (Fig. 8) occur in lavas (mainly in 

basalts). These are absent from unit 9. Experimental investigations of 

such textures show that they form during crystallisation of super-cooled 

magma but not during devitrification of glass (Lofgren, 1993). The lack 

of suitable geothermometers precludes precise estimates of eruption 

temperatures of the Rooiberg felsites. However, the complex supercooled 

textures (Fig. 8) in otherwise aphyric rocks implies that some units 

erupted at super-liquidus (~ 1100°c) temperatures (Twist and Elston, 

1989). For supercooled textures to form, the magma first must be heated 

well above its liquidus temperature to destroy sites of nucleation 

(Lofgren, 1983). Swallow-tailed microlites and hopper crystals (Fig. Sb) 

also occur in the Etendeka (Milner, 1988, plate 3.lg). Two-pyroxene 

geothermometry suggests equilibration temperatures of 1000-1100°c in the 

flows of the Jozini rhyolites and Etendeka quartz latites (Milner et al., 

1992), (Table 3). The same geothermometer indicates comparable 

temperatures for similar flows in Texas and the Yellowstone area (Henry 

and Wolff, 1992; Honjo et al., 1992; Table 2). 

Randomly-oriented quartz needles or plates, probably pseudomorphs of 

tridymite, occur in the rhyolites of the Nuanetsi (Zimbabwe, Cox et al., 

1965, p 95), the Rooiberg (Twist and French, 1983; fig. 2a), and the 

Keweenawan (USA, Green and Fritz, 1989) provinces. In the Keweenawan the 

tridymite is interpreted as a primary magmatic phase, which is indicative 

of high eruption temperatures (Green and Fitz, 1989). In all three 

provinces the tridymite occurs in the matrix of some but not all flows. 

The tridymite does not resemble the open-space, vapour-phase 

crystallisation, common in ash-flow tuffs (Ross and Smith, 1961) 

Whole-Rock Geochemistry 
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The geochemical data of Figures 5 and 9 demonstrate the chemical 

uniformity of the flows with respect to some elements. The flow-top 

breccias were, because of their argillic alteration, not analysed. 

However, parts of the flows adjacent to these breccias are geochemically 

the most variable (Fig. 5), even considering elements that were 

relatively immobile during alteration (Schweitzer and Hatton, 1995). It 

is indicated that elements which behave inert in the massive interior of 

flows were redistributed in the vicinity of high porosity zones (i.e. the 

flow-top breccias). 

Despite differences in age and location, the compositions of rhyolite 

units in the Rooiberg, Nuanetsi, Jozini, and Etendeka occurrences are 

similar (Table 4). Compared to average rhyodacites these flows have high 

Fe and low Al. Another notable feature is the geochemical homogeneity of 

individual flows with respect to some elements, other than Zr (Figs. 5 

and 10). This is in sharp contrast to the pronounced zonations in some 

large ash-flow sheets (Smith, 1979). 

Trace elemental abundances show few common features and are not 

particularly distinctive. Compared to average trace element abundances 

cited in Wedepohl (1969) for comparable rocks, Y contents are relatively 

high in all but the Etendeka province; whereas, Zr, Nb, Ce, and Yb are 

enriched in the Nuanetsi and Jozini rhyolites. Chondrite-normalised 

spidergrams indicate moderate degrees of light rare earth element (LREE) 

enrichment and small-to-moderate negative Eu anomalies in all four 

provinces. Initial Sr isotopic ratios of rhyolites are variable and range 

from low to high in all four provinces. 

Discussion 
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The felsic flows of the Rooiberg are similar in setting, appearance, 

mineralogy, and geochemistry to those in younger provinces (Tables 1 and 

2). Similar flows occur in Idaho, USA (Ekren et al., 1984; Bonnichsen and 

Kaufmann, 1987). Ekren et al. (1984) related the flow features to an 

unusually deep-seated source with an exceptionally thick wedge of solid 

crust overlying the magma chamber; thus, evacuation of the magma did not 

cause calderas. For the Rooiberg felsites, the lack of intra-flow 

geochemical zonations and the absence of crystal fractionation (Hatton 

and Schweitzer, 1995) or other high-level magmatic processes are 

compatible with minimal periods of residence in shallow magma chambers. 

Intraplating (Schweitzer et al., 1998), for example, could produce felsic 

melts that have relatively little time to cool during ascent. 

The wide extents, large volumes, and high temperature of eruption of the 

Rooiberg felsites and other flows suggest high rates of eruption. Wilson 

and Head (1981) pointed out that rates of magma ascent, and ultimately of 

eruption, are influenced by the density contrast between the magma and 

its more solid envelope. Because the density contrast usually increases 

with depth, a deep magma may rise to higher crustal levels. 

Relatively low Al and high Fe contents of extensive felsic flows reflect 

mild alkalic tendencies. This alkalic nature is confirmed by the high Zr 

and Y concentrations in some of the provinces. In Figure 11 most of these 

rocks fall in the field of A-type granites (Collins et al., 1982), which 

also is compatible with their mildly alkalic chemistry. 

The cause of the A-type signature is conjectu~al. Initial Sr isotopic 

ratios (Table 4) are high enough to indicate a significant crustal 

component. The A-type signature may follow the model of Barker et al. 

(1975): crustal materials are melted and contaminated by limited volumes 

of mantle-derived liquids, eventually forming homogeneous reservoirs. 
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The economic geology and exploration strategies in flood rhyolite 

environments may be significantly different from those in conventional 

rhyolites that erupted as lava domes and short flows. The presence of 

significant amounts of limonite derived from pyrite in lapilli tuffs 

implies that permeable units within otherwise lithified flows could be 

favourable sites for bulk-mineable, hydrothermal mineral deposits (cf. 

Hetherington and Cheney, 1985). In contrast, vein-type deposits of Sn and 

F (Schweitzer et al., 1995b) would be expected to occur in the competent 

devitrified interior parts of flows. 

Conclusions 

We suggest that an analogy with flood basalts is instructive. Like flood 

basalts, these extensive felsic rocks may have erupted so rapidly and at 

such high temperatures that they could flow long distances. Indeed, Henry 

and Wolff (1992) suggested the term "flood rhyolites" for these unusual 

rocks. The world-wide occurrence of flood rhyolites since at least 3 Ga 

(Table 2) implies that the process generating the Rooiberg felsites is 

not unique. 

It is noted that transitions from lava- to pyroclastic flows have been 

documented, in space and time (Branney et al., 1992). Similar to the Bad 

Step Tuff (Branney et al., 1992), the uppermost Schrikkloof Formation 

exhibits pyroclastic features at its base, with lava-like characteristics 

being more pronounced towards the top. Care must therefore be taken to 

not pigeonhole by proposing one extrusive mechanism for, for example, all 

the rhyolites of the Rooiberg Group. A spectrum of flow types could be 

present by the rhyolites of the Rooiberg Group, ranging from lava flows, 

lava-like ignimbrites, rheomorphic ignimbrites, to non-rheomorphic -
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welded ignimbrites. This aspect deserves future attention. 
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Figure 1: Volcanic successions in southern Africa that contain extensive 

rhyolitic units with fluidal textures. 

Figure 2: Geographic distribution of formations of the Rooiberg Group 

(modified after Schweitzer et al., 1995a). 

Figure 3: Comparisons of typical sections through the extensive rhyolitic 

units of the Rooiberg, Jozini, Nuanetsi, and Etendeka 

successions. 

Figure 4: Strongly amygdaloidal flow-top zone in one of the Rooiberg 

rhyodacites. 

Figure 5: Columnar section of the transition from the Damwal to the 

Kwaggasnek Formations, Rooiberg Group, as exposed in a road cut 

north of the Loskop Damwal. The units strike east-west and dip 

55 to 75° S. 

Figure 6: Accretionary lapilli from tuff above flow 3 (see Figure 5 for 

locality) . 

Figures 7a - f: Unusual features in Rooiberg unit 9 in the Loskop Dam 

Holiday Resort. Figures 7a - care outcrop photographs, and 

Figures 7d - f photomicrographs. (7a) Densely welded 

fiamme-like features, (7b) very densely welded fiamme-like 

features, (7c) flow contortions, (7d) photomicrograph of welded 

shards in vesiculated fragment in auto-breccia associated with 

the same outcrop shown in Figures 7a to c; width of view is 

0.9mm, (7e) wider photomicrograph view of the auto-breccia 

illustrated in Figure 7d; the welded fragment shown top left is 

the same fragment illustrated in Figure 7d; it shows secondary 

vesiculation and disintegration to form second generation 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



C53 

(unwelded) shards. Width of view is 3.5mm, (7f) a closer view 

of 7e process. Width of view is 2.5mm. 

Figures Ba and b: Photomicrographs of supercooled textures in Rooiberg 

felsite. 

Figures ~a and b: Ti02 versus P2o5 and Zr for the three Rooiberg flows as 

depicted in Figure 5. 

Figure 10: Ti02 variations against stratigraphic height in extensive 

rhyolitic flows from the Rooiberg, Jozini, and Etendeka 

provinces. 

Figure 11: Ga vs Al 2o3 for extensive rhyolitic flows of southern Africa. 
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Table 1: Examples of flow-banded and flow-folded flows of peralkaline 
affinity. 

Locality 

Pantelleria, 
Italy 

Monte Amiate, 
Italy 

Nye County, 
Nevada, USA 

Characteristics/Comments 

Extensive welding and 
compaction of air-fall 
deposits to form 
rheoignimbrites 

Flow-banded rheoignim
brites 

Flow-banded ash-flow tuff 

Age (Ma) Reference 

Active Borsi et al. 
(1963); 
Wright (1980) 

Recent Rittman 
(1962) 

Tertiary Noble (1968) 

Unnamed ash-flow Flow structures in welded Tertiary Noble (1968); 
NW Nevada tuf f Noble et al., 

Kane Springs 
Wash Caldera, 
SE Nevada 

Gran Canaria, 
Canary Islands 

Wagontire Moun
tain Tuff, Lake 
and Harney Coun
ties, Oregon, 
USA 

Belted Range 
Tuff, Nevada 

Flow structures in welded 
tuff 

Intense stretching of 
pumice fragments, flow
folding 

Flow structures in 
welded tuff 

Flow structures in 
ash-flow tuff 

Latir Volcanics, Ash-flows, lavas and 
New Mexico rheoignimbrites. 

Associated with 
alkaline basaltic rocks 

Tertiary 

Tertiary 

Miocene 

Pliocene 

29 - 22 

Kap Washington, 
Greenland 

Pyroclastics, rhyolitic Early 
lavas and rheoignimbrites. Tertiary 
Assoc. with alkaline 
basaltic rocks 

Bumbeni Complex, Flow-banded/folded felsic 
South Africa units 

Rammes Volcano, Rheoignimbrites 
Oslo Graben 
Norway 

±133 

Permian 

(1964) 

Noble (1968) 

Schminke & 
Swanson 
(1967) 

Noble (1968); 

Walker & 
Swanson (1968) 

Johnson & 
Lipman ( 1988) 

Brown et al. 
(1987) 

Wolmarans 
(1988) 

Rutten & Van 
Everdi.ngen 
(1961) 
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Table 2: Examples of possible and probable high-temperature 
rhyolitic flows, excluding peralkaline associations. 

Locality Characteristics/Comments 

Thirsty Canyon Post-compaction flow in 
Tuff, Nevada. tuffs 
USA 

Timber Mountain Post-compaction flow in 
Tuff, Nevada, tuf f s 
USA 

Pa~oc Sequence, Post-compaction flow in 
Maine, USA Tuffs 

Baja California, Extensive, hot rhyolitic 
Mexico flows 

Age (Ma) 

Tertiary 

Tertiary 

Devonian 

Tertiary 

Reference 

Noble et al. 
(1964) 

Orkild (1965) 

Rankin (1960) 

Hausback 
(1987) 

Gribbles Run, 
Colorado, USA 

Flow features and folding Tertiary Chapin & 
in ash-flow units Lowell (1979) 

Bruneau-Jarbidge Extensive flow-banded, 
Snake River contorted rhyolite flows, 
Plain, USA bimodal province 

Trans Pecos, 
Texas, USA 

Parana, 
Brazil 

Etendeka 
Namibia 

Erongo Complex, 
Namibia 

Lebombo, South 
Africa and 
Mozambique 

Nuanetsi, 
Zimbabwe 

Flow-banded and folded 
silicic units 

Extensive flow-banded, 
contorted rhyolitic flows, 
bimodal province 

Extensive flow-banded, 
contorted latites, quartz
latites, bimodal province 

Pyroclastic flows and 
rheomorphic rhyolitic 
rocks, bimodal association 

Massive, extensive, flow
banded, contorted dacites, 
rhyodacites, rhyolites, 
bimodal province 

Flow-banding and con
tortions in extensive 
rhyodacitic flows, bimodal 
province 

Nathins Cove Tuffs, ignimbrites and 
Formation, White thick rheoignimbrites 
Bay, Newfound-
land 

.±16 - 10 Ekren et al. 
(1984); 
Bonnichsen & 
Kauffman 
(1987) 

48 - 17 Henry et al. 
(1988), Henry 
& Wolff (1992) 

_±123 Wittingham 
(1989) 

_±132 Milner (1988) 
Milner et al. 
(1992) 

_±123 Pirajno 
(1988) 

_±178 Bristow & 
Cleverly 
(1979) 

_±199 Monkman 

Lower 
Palaeo
zoic 

(1961); Cox 
et al. (1965) 

Lock (1972) 
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Table 2: contd. 

Locality Characteristics/Comments Age (Ma) Reference 

Australia Extensive silicic flows Palaeo- Cas (1978) 
zoic 

Sinclair For
mation, Namibia 

Soutpansberg, 
South Africa 

Rooiberg Group, 
South Africa 

Ventersdorp 
Supergroup, 
South Africa 

Springs Well 
Tuff, Western 
Australia 

Flow-banded and contorted ±1300 
rhyolites, bimodal 
province 

Unusual flow-banding and ±1800 
folding in felsic flows, 
bimodal province 

Massive felsic units with ±2060 
flow-banding and folding, 
bimodal province 

Massive felsic units with ±2714 
flow-banding and folding, 
bimodal province 

Flow-folding noted in Archaean 
felsic units. Basalt -
andesite-rhyolite 
association 

Nsuze Group, Sheet-like units with ±3000 
Mpongoza Inlier, rheomorphic flow-banding, 
South Africa bimodal association 

Watters 
(1974) 

Barker (1978); 
Bristow 
(1980) 

Twist (1985) 

Van der West
huizen et al. 
(1988); Pot
gieter & Lock 
(1978) 

Giles ( 1982) 

Preston 
(1987) 
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Table 3: Ph~nocryst assem1?lages from the extensive fluidal rhyolitic 
units of the Rooiberg, Jozini, and Etendeka successions. 

Rooiberg 

Modal% 0 - ±10 

Resorption Yes 

Major Phases Plagioclase 
( secondary 
albite) 

Other 
Features 

Clinopyroxene 
(ferroau9ite & 
ferrosalite) 

Titanomagnetite 

Commonly 9lomero
porphyr1t1c 

No primary 
hydrous phases 

Common micro
phenocrysts and 
microlites 

Temperatures > 1100°c 

Jozini 

7.3 - 22.1 

Yes 

Pla9ioclase 
(oligoclase) 

Clinopyroxene 
(ferroaugite and 
rare Fe
pigeonite) 

Titanomagnetite 

Etendeka 

0 - 11.6 

Yes 

Plagioclase 
( labradori te) 

Pyroxene 
(augite, 
pigeonite, 
hypersthene) 

Titanomagnetite 

Commonly glomero- Commonly glomero-
porphyritic porphyritic 

No primary 
hydrous phases 

1030-1100°C 
( 2 pyroxenes) 
804-99o 0 c 
(olivine-
clinopyroxene) 
830-1241°C 
(plagioclase) 

No primary 
hydrous phases 

Common micro
phenocrysts and 
microlites 

101s-107o 0 c 
( 2 pyroxenes) 
970-1140°c 
(pigeonite) 

+1200°c 
(plagioclase) 
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Table 4: Average whole-rock data for the extensive, fluidal rhyolitic 
units of southern Africa compared with average rhyolite and 
rhyodacite. 

SiO2 
TiO 
Al263 
FeO 
MnO 
MgO 
cao 
Na2O 
K2O 
P2O5 

Rb 
Sr 
Nb 
Zr 
y 
Ce 
Yb 
Sri 

Average 
Rhyoda
cite 

66.98 
0.61 

15.37 
4.04 
0.09 
2.14 
3.70 
3.75 
3.07 
0.25 

Average 
Rhyolite 

74.06 
0.28 

13.50 
2.48 
0.06 
0.40 
1.16 
3.61 
4.37 
0.07 

Rooiberg 
{Unit 6) 

(n=29) 

70.00 
0.58 

12.01 
7.42 
0.17 
0.55 
2.97 
2.00 
4.14 
0.18 

159 
86 
14 

317 
54 

105 
4.8 

<0.710? 

Nuanetsi 

{n=l9) 

71.60 
0.44 

12.89 
4.71 
0.09 
0.40 
1. 39 
2.89 
5.03 
0.08 

157 
85 

102 
763 

83 
284 

9.9 
0.708 

Jozini 

{n=49) 

70.70 
0.50 

12.65 
5.70 
0.10 
0.35 
1. 47 
3.16 
4.61 
0.14 

130 
153 

84 
1085 

129 
257 
12.3 

0.704 

Etendeka 

(n=l4) 

68.20 
0.95 

13.02 
5.78 
0.11 
1. 32 
3.06 
3.03 
4.27 
0.28 

167 
132 

23 
259 

39 
84 

3.4 
0.715-0.727 

Major element concentrations recalculated volatile-free, with total Fe 
expressed as FeO. Average rhyolite and rhyodacite contents from Le Maitre 
(1916). Rooiberg data are Unit 6 of Twist (1985). Nuanetsi and Jozini 
data are from Cleverly et al. (1984). Etendeka data are the Upper 
Tafelberg flow of Milner (1988). 
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ROOIBERG JOZINI 
Bristow (1985) Twist (unpubl.) 

UPPER ZONE 
Flow contortions, 
breccias, flamme-llke 
features, reworked 
material 

MASSIVE ZONE 
(>9-0% of unit) 

REWORKED ZONE 

BRECCIA ZONE 

CONTORTED ZONE 

MASSIVE ZONE 
(90-95% of unit) 

laminar flow banding 1--, BASAL STREAKY 
BASAL FLAGGY ZONE == - ZONE 
(narrow horizontal streaky {flamme-llke) 
Joints) to banded Pitchstone 

at base 
Thickness 
Length 

2O-390m 
>40km 

80 - 35Om 
50km 

Fig.3 

NUANETSI 
Cox~ ( 1965) 

i----==-; NON-WELDED ZONE 
pumice and llthlc breccias 
cemented by fine felsltlc 
dust. Fragments show 
marginal re-melting 
evidenced by continuous 
glassy rims 

MASSIVE ZONE 
(>9-0% of unit} 

ETENDEKA 
MIiner ( 1988) 

-!-.5.J 

~ 

UPPER ZONE 
Flow banding, breccias, 
pltchstones, flamme-llke 
features, pumice blocks, 
amygdales 

MAIN ZONE 
(>70% of unit) 
Massive, oovltrlfled, 
columnar Joints 

BASAL ZONE 
,__~ narrow horizontal Joints 

pltchstones, breccias. 
"EUTAXITIC• ZONE ~; laminar & contorted flow 
varl-coloured bands and banding, llthlcs 
streaks; largo spherulltos, 

3O-300m 
>20km 

vesicles & dlstur~d 
vesicles 

40-300m 
60km 

0 
en -

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



""~::\ 
' 
~ 

Fig. 4 

C62 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



C63 

LITHOLOGY 
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Appendix D: Isotope Data 

Harmer, R.E. and Farrow, D., 1995. An isotope study on the volcanics of 
the Rooiberg Group: age implications and a potential exploration tool. 
Mineralium Deposita, 30, 188-195. 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Mineral. Dcposi1:1 30, JgS-195 (1995) 01 
MINERALIUM 
DEPOSITA 

(0 Springer-Verlag 1995 

An isotopic study on the volcanics of the Rooiberg Group: 
age implications and a potential exploration tool 

R.E. H:irmer 1 :ind D. F:irrow 2·• 

1 Dcp:irtmcnl of Geology, Univcrsi1y of Pre1ori:i. Pre1ori:i 0002. Sou1h Africa 
'CSI R, P.O. 13ox 395, Pretoria 0001, South Africa 

Received: 6 May 1994/Accepted: 9 December 1994 

,\ bsrr:ict. f\1Jny geochronologic:il studies on silicic mag
m:uic rocks associated with the Bushveld Complex 
(rhyolitic lavas of the Rooiberg Group and granites of the 
Lebowa Granite Suite) have shown evidence of open-sys
tem behaviour oft he Rb-Sr and Pb-Pb isotopic systems 
until 1600-1000 Ma, m:rny hundreds of million years after 
crystallisation of these rocks. This pervasive open-system 
behaviour h:is been attributed 10 sustained hvdrothermal 
circulation driven by the high he=i.t productivity of the 
l3ushveld gr:inites. New Sr and Pb isotopic data :ire pre
sented for basaltic to rhyolitic volcanics from the 
Rooiberg Group of the Tr:rnsvaal Sequence in the Dull
stroom-Loskop Dam area of the eastern Transvaal. These 
data show little evidence of open-system behaviour after 
about 1950 _Ma :rnd many sample suites retain ages which 
c~uld reflect the formation of the Rooiberg Group i.e. 
older than 2070 Ma. It is argued that this preservation is 
due to the absence of fractionated, nuid/vapour-rich 
Bushveld granites in the immediate vicinity of the volcanic 
occurrences. Rooiberg Group Yolc:rnics with extensively 
perturbed Rb-Sr and particularly Pb-Pb isotopic sys
tems re0ect the action of granite-derived hydrothermal 
0uids. As a consequence, the isotope systematics in these 
\"Olcanics could prove a useful exploration tool for sites of 
granite-derived metal deposits. 

Deposition of the Transvaal Sequence terminated with the 
l"'ruption of large volumes of volcanic and volcaniclastic 
rocks of basaltic andesitc to rhyolitic composition which 
make up the Dullstroom Formation of the Pretoria 
Group and the Rooiberg Group stratigraphic units (ter
minology of SACS, 1980). These volcanics were intruded 
by components of the Bush veld Complex: mafic magmas 
which ga\·e rise to the Rustenburg Layered Suite (RLS) 

• Curr,•nr address: P.O. Box 36\ Klcinscc R:!82, South Africa 

and subsequently by granitic magmJs which formed the 
sheeted Nanitc of the Lcbowa Granite Suite (LGS). 

Sever;) isotopic studies on the Rooiberg rhyoli1cs and 
the LGS granites have yielded anomJ!ously young dates. 
Low Jgcs in the LGS rocks have been vJriously ascribed 
to po~t-crystallisation metasomJtism by he~11cd ground
waters producing selective loss of radiogcnic s 7S r ( Wal
raven ct al., 1985) or the maintcn:rncc of long-li\'cd hy
drothermal systems in the granites because of elevated K, 
U and Th concentrations (McNaughton ct al.. 1993). 
These post-solidification modifications :ire thought 10 
have had an important influence in the minerafoation of 
the LGS granites (e.g. Walraven et al., 1990b: Robb ct al., 
1994). 

This contribution presents new Sr and Pb isotope 
data on representative units of the Dullstroorn
Rooibern volcanic succession in the Dullstroom-Loskop 
Dam ar;a of the eastern Transvaal (Fig. I). This sample 
set provides several uscf ul constraints on the post
solidification historv of the volcanics which form both 
the roof and noor ·or the LGS in this region and hJs 
significance in the formulation of exploration models 
for ore concentrations deposited from granite-sourced 
hydrothermal nuids. 

Stratigraphy of Rooiberg Group 

Stratigraphic relationships between the Rooibcrg Group and 
Dullstroom Formation 

Until rcl:iti,·cly recently. the Dullstroom Fonnation volcanics were 
regarded as 1he uppermost preserved unit of the Pretoria Group of 
the Transvaal Sequence (tenninolosy and classification following 
SACS, 19S0). Evidence collected during sys1cmatic SI udies of the 
volcanology and petrology of the Rooiberg felsites (Twist, 19S5: 
Twist and Harmer, 1987) and Dullstroom eruptives (Schweitzer. 
19S5, 19S6) in the Dullstroom-Loskop Dam area of the eastern 
Transvaal have indicated that the volcanics comprising 1hese two 
stratigraphic units fonn part or a continuous erupti\'e ~equence 
(Schweitzer, I 986: Harmer and Von Gruenewaldt, l 990; Eriksson cl 
:ii.. 1993). 
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Fii;. I. Geological sketch m:ip showing the Rooibcrg Group occur
rences discussed in the text 

Table I. Comparison between SACS (1980) str:itigr:iphic terminol• 
ogy :ind rc,·iscd lithostratigraphy or the Dullstroom and Rooibcrg 
volcanics (Schweitzer ct al., in press) 

SACS (19S0) 

Rooibcrg 
Group 

Pretoria 
Group 

Scions Ri,·cr 
Formation 
Damwal 
Formation 
Dullstroom 
Formation 

Schweitzer ct al. (in press) 

Rooibcrg 
Group 

Klipnck 
Formation 
Schrikkloof 
Formation 
Damwal 
Form:llion 
Dullstroom 
Formation 

As a result. the stratigraphy of the Rooiberg Group has been 
re-evaluated by Schweitzer ct al. (in press) who :1rguc th:11 the 
Dullstroom Formation should be considered part or the Rooibcrg 
Group rather than the Pretoria Group. The recognition or an 
erosive base to the Dullstroom volcanics (Cheney and Twist. 198S) 
lends further support to this interpretation. Based on a regional 
correlation of the lithogcochemistry of the Rooibcrg volcanics, 
a new stratigr:iphic subdivision of the Dullstroom-Rooibcrg vol
canics has been proposed (Schweitzer ct al., in press) and this 
re-classification, presented in Table I, will be adopted in this paper. 

Volcanic stratigraphy of the Rooiberg Group 

In the current (SACS. 1980) classification the Du list room Form:ition 
eruptives occur only below the level of intrusion of the RLS compo
nents and comprise about 80 nows of predominantly basaltic an
dcsitc composition with minor basalt, dacitc and rhyolitic units. 
Two chcmiol sub-classes arc distinguishable in the intermediate 
components: a high iron-titanium group (Fc:O~0

"
1 I 1-15%; TiO 1 

1.2-2.2¾) and a more common low-titanium group having TiO 1 

and Fc 2O~"'•1 below I¾ and 11 ¾ respectively. The Rooibcrg acid 
eruptives rorm the roof of the R LS in the Loskop Dam area where 
Twist ( 19S5) subdivided the ca. 3.5 km thick volcanic succession into 

02 
IS9 

9 units on the basis of colour. tc'.\turc. phcnocryst content and 
internal structure. Two contrasted compositional types of ,·olcan1c 
arc recognised: a high magncsian variety ( H ~1F -= high magne~ian 
fclsitc; MgO > 1.7¾) and a low magncsi:in type (L~IF = low m:1£· 
ncsian felsitc; McO < 1.0%). L~tF flows arc found throuchout the 
succession at Loikop Dam whereas H ~IF flows arc found -inter bed· 
dcd with LM r flows only in the lowest two ,·olcanic units (i.e. Units 
# I and# 2). 

Schweitzer ( 19S5) demonstrated that the H ~IF flows in the Lo~
kop Dam succession arc the compositional equi,·aknts of the low
TiO2 of the Dullstroom Fonnation (tcnninology of SACS. 19S0J 
whereas Harmer and Von Gruenewald! (1991) hichlic.hted the com• 
positional similarity between the rhyolites erupted JI-the base of the 
Dullstroom and the H ~1 F type. The persistence of the low irc,n
titanium magma type into the lower units of the Rooibcrg Group 
has led to two important stratigraphic changes: firstly. 1he Dull
stroom Formation is now considered :i comroncnt of the Rooibcrg 
Group and secondly, the Dullstroom Formation is c:-..lcnded 10 
include the volcanics in Units # I :ind # 2 in 1he Losl-;op Dam arc:i 
(Schweitzer ct al.. in press). 

The age of the Rooiberg Group 

Components of the RLS cut across the stratigraphiL byering of :he 
Pretori:i Group and in the stratigraphic:illy highest (southern) p:irt 
of the eastern compartment of the Bush\cld Complc-'. units of the 
RLS split the Dullstroom Formation of the Rooibcrg Group. It 1s 
therefore apparent that the eruption of the lowest form:it1ons of the 
Rooibcrg Group must have occum:d prior to c:1. 2050-~060 \1:1. 
the currently :icccptcd age of the RLS (\V:ilr:iq:n ct :ii.. 1990:i) 
Granites of the LGS were cm placed :iftcr the R LS m:1f1c magm:is 
and arc thus younc.er than the Rooiberc \Olcan1cs. The :--:c.:bo Gr:1n • 
itc component of the LGS h:is been p-rcciscly dated by the zircon 
evaporation technique :it 205-t-l ± l.S \l:i by \\':ilr:l\cn and f·bt• 
tinc.h ( I 993). The Rooibcrg volcanics mu~t thcrdorc be older th:in 
2054 ~la. From field relationships. then. it is not possible th:it the 
Rooiberg Group can represent the volcanic cqui\"alcnt of the 
Lcbowa Granites. Significant compositional difTcrcnces exist be• 
tween the volc:inics and granites (sec discussion in Twist and 
Harmer, 1987) providing additional c\"idcnce :ig:1ins1 such a rcla• 
tionship. 

In the Loskop Dam area. the uppermost Rooiberg Group and 
the overlying Loskop Form:ition sediments :ire intruded by :1 
sheet of quartz porphyry (Clublcy-Armstrong. I 977: Faurie. I 9i7) 
termed the Rooikop .. Granophyrc Porphyry .. by S.-\CS ( I 9SOJ. Z1r• 
cons from this porphyry were :inalyscd by Fa uric ( 1977) :ind pro\lde 
a date or 2072 • =3 / _:: l\!a (errors :ire 95% confidence limih) 
when these data arc rccalcul:itcd followinc Ee.line.ton :ind f-brmcr 
( 1993) by weighing the data for upper intcrc-cpt~ The d:it:i points 
show scalier in excess of the analytical uncertainty ( .. crrorchron .. J 
and so the uncertainties arc sensitive 10 the :ippro:ich adopted 10 
allow for this sc:ittcr. The age error limits quoted here were dcrin:d 
by augmenting the statistical uncertainties on the regression line by 
(MSWD/F) 1'=. This result constrains the age of the Rooibcrg Group 
formations to be greater than 2050 M:i and possibly older th:in 
2072 Ma. 

Determining the absolute age of the Rooibcrg Group is complic
ated by the fact th:it zircons arc not found in the rhyolitic compo• 
ncnts: Zr incre:iscs progressi'"ely through the volcanic sequence :it 
Loskop Dam (Twist, 1985; Twist and Harmer. 19S7) indica1inc that. 
presumably because of elevated eruption temperatures. zirco; crys• 
tallisation was suppressed in these lavas. 

A Rb-Sr study of 12 Rooiberg Group rhyolitcs from the Wit
b:ink and Bot has berg areas by Walraven ct al. ( I 9S5) yielded a 
date of 1604 ± 28 Ma and extremely high initi::il M

7 Sr;" 5 "Sr of 
0.732 ± 2 (re-calculation as quoted in \Valra,·cn ct al.. !990J: 
MSWD = 3.75). This date is too young to represent the time of 
crystallisation of the rhyolites. The same samples yielded :i highly 
imprecise Pb-Pb age estimate of 2003 • =M'l /- 3,. 0 ( \Valra"en ct al., 
1990; MSWD = 9.43). 
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Sampling 

D11/h1room FormutitJII rolnmin from 1/a• .. Jlunr .. of th~ RLS. 
Hhyoli1ic s:implcs were collcc1cd from 1hc zone of b:isal rhyoli1cs of 
1hc Dulls1room Forma1ion which lend 10 form indi"idu:il nows less 
1han S km in sirikc lcng1h. The rhyoli1cs :ire sp:mcly porphyri1ic 
wi1h fcldsp:ir :ind :iugi1c phcnocrysts ":iri:ibly rcpbced by scrici1c 
:ind chlori1c, rc~pec1ivcly. L:i1h-likc :iugi1c phenocrysls arc more 
:1bund:int th:in the coarscr-gr:iincd feldspar cryst:ils. Sw:illow-t:iilcd. 
p0lycrp1:illinc quartz needles arc common :ind presumably rcprcs
enl p:,e11domorphs :1fter tridymite (Twi)t and French. 1983). The 
croundm:iss i~ wholly devitrificd 10 :i £:r:inul:ir intergrowth of :ilbi1c 
~ind qu:irtz. Scrici1e :ind chlori1e :iltcr:i1ion is widcsprc:id 1hroughou1 
1hc croundm:iss :ind cpidote is conspicuous. O:is:il1ic :indesitc s:im• 
plcs:~how ophitic textures with pl:igiocbsc :ind sw:illow-1:iilcd :im
phibole crys1:ils !-Cl in :i (inc. microlitic groundm:iss. B:is:ilts lend 10 
be porphyritic (phcnocryst contents up 10 20%) with pl:igiocl:i~e. 
clinopyroxcnc and :imphibolc gr:iins frcqucn1ly clustering in glom· 
mcroporphyritic 1cx1urcs. 1'-1:ignetitc phcnocrys1s :ire ubiqui1ous. 
R111,itwry Cr1111p r,1/n111ics fr11111 the· Ln.d.;np Dum urcu. \\1hcrc pos
:.ible. ~:implcs were 1:ikcn from idcn1if1:ible individu:il nows in the 
succession. S:1mplcs from 1hc Loskop D:1m section sp:inncd mos1 of 
1hc \'Olc:inic uni ls dclinc:i1cd by Twi:.t ( I 985) :ind include both 
hich-1'1cO l:i\'a and low-McO (LMF) types. 

·High:MgO samples were ~ollcc1cd from nows in lJni1 # 2 :ind :ire 
ccner:illv holocryst:illinc, consis1ing of :i fine in1crgrow1h of shc:if
likc :ilbi1c :ind :iuci1c cr:iins. --swallow-tailed·· :ilbi1c cr:iins arc 
prcscnl. Chloritc :i;d h;rnblcndc pscudomorphs. prcsu~:ibly :iflcr 
:iuc11c. :ire cvidcnl in ~omc ~cc1ions. T1t:inom:ignc11tc is ubiqui1ous 
:ind comprises up 10 I¾ of the s:implcs. P:i1chy chlori1e and serici1c 
:d1cr:i1ion is common. 

Low-McO rhvoli1cs from U11i1 '# I (RD\V-1 10 10: Rb-I I) h:i'"c 
!:tree lath-like :ilbi1e phcnocrys1s in :i dc,·i!rir1cd groundmJSS of very 
r,n~ qu:inz :ind fcldsp:ir. Unlike 1hc prnious sample sci, no fresh 
pyroxene is found. Fine 1i1:inomagnctite is prcscn1 throughout the 
croundm:iss constituting up 10 I mod:il pcrccnl. Some phcnocrys1s 
;re scrici1iscd :ind scrici1c and chlorite p:itchcs :ire evidcnl in 1he 
croundm:iss. While still rem:irbbly preserved for :incienl finc
~r:iincd volc:inics, 1hcse volc:inics :ire more :illcrcd than !hose from 
ihe Unit # 4 now. 

S:implcs from Unit# 4 (OF-l 10 9 and 2SS/S1. 313/S1. 314/Sl)Jrc 
d:irk grey low-MgO rhyolitcs con1:iining 3-5¾ phcnocrys1s of 
aucitc. albi1e and 1i1:inomagnc1i1c sci in :i groundm::iss of fine :ilbi1c 
and augite l:i1hs with cryptocrys1:illinc pot:ish feldspar :ind qu:irtz. 
Relict p:itches of volcanic glass :ire pre~crvcd in 1hc groundm:iss of 
some samples. Excellent supercooling 1cx1urcs arc no1cd including 
.. swallow-1:iiled" albile crystals. shc:if-like aggrcg:i1es of augi1c and 
cloncatc, skclet:il 1i1:inomagnctitc growths. Some :ilbite phcnocrys1s 
cxhibi1 minor scrici1isa1ion and cpido1c pscudomorphs arc r:ircly 
seen. Prcscrv:i1ion of :iugi1c and 1hc barely dcvi1rified glassy mairix 
1cs1ify 10 the csscn1ially unaltered n:iture of 1hc samples from this 
now. 

The rcmaininc low-M cO volcanics arc from Units 3.6,8 and 9 and 
most have a ~:irked r~d colour in h:ind spccimrn. Phcnocryst 
phases arc extensively scricitiscd feldspar and, less commonly, 
quartz. The original glassy groundmass is wholly dcvi•rified 10 
a gr:inophyric in1crgrowth of quartz and feldspar. ~l:i1rix qu:inz is 
coarscr-crai,,ed than in the previously discussed sample groups and 
can be ;)early dis1inguished microscopic:illy. Scricitc and chloritc 
allcration is widespread and cpido1c is also present: :ill m:ific con
s1i1uents arc secondary. Red iron-oxide slaining is pervasive 
1hroughou1 most samples and is presumably due 10 hematite exsolu-
1ion during extensive dcvi1rifica1ion. 

Analytical methods 

Samples were digested in full strcng1h H F-H NO 3 mixlurcs in 
screw-top FEP Teflon vials and slowly t:ikcn 10 dryness wi1h c:<lra 

HNOJ. The dried s:implc was 1hen dissolved in 6 M HCI :ind dried. 
Sr and Rb were scp:ir:itcd on JO mm in1crnal diameter columns 
p:ickcd wi1h 6 ml of AG50 W- x 12, 200-400 # ca1ion exch:inge 
resin usinc 2.5 M HCI as the cluant. For Pb an:ilyscs. the samples 
were com~crtcd 10 bromide wi1h I M H Br :ind lo:idcd on10 quartz 
glass micro-columns packed with c:i.. 40 pl of purified AG l x S 
200-400 # mesh res.in in 0.5 ~1 H Br. O1hcr clcmcnls were 
removed by w:i.shing wi1h 0.5 M HBr :ind the Pb i.iripped using 
HzO. A second pass 1hrough the columns "·:is used to further 
purify the Pb. ,\II rcagcnls were repe:itedly distilled :ind. in the 
case of H 20 :ind H Br. :iddi1ion:illy clc:incd 1hro11gh ion och:ini;c 
resins. To1:il me1hod blanks never exceeded I ng for Sr :ind Rb. and 
0.5 nc for Pb. 

Sr ~:ind Pb analyses were performed on :i VG354 mulli-collcc10r 
mass spec1rometcr whereas Rb conccn1ra1ions. and ~omc Sr eonccn-
1r:i1ion and isotopic :in:ilyses were performed on :i single-collector 
VG MM30 spectrometer. 11 :Sr/""Sr ratios were corrected for ins1ru
mcn1al fr:ic1iona1ion bv norm:ilisinc 10 ""Sr /H Sr of 0.1 I 9-!. F r:ic-
1iona1ion of Pb isotope~ was corrcc1~d by factors determined empir
ic:illy from an:ilyses of the NBS Pb s1and:ird SRM981 an:ilyscd in 
1he same s:i.mple b:iteh as 1he unknowns: at least 1wo Pb standards 
were :1nalyscd per cigh1 unknowns. An:ilytic:il unccrtJin1ies were 
assessed usinl? duplic:itc :in:ilyscs of rock stand:irds ::ind unknowns 
:ind arc: o.s 0i for 117 Rb/1'"Sr; 0.02% and 0.01 % for h:Srt"Sr deter
mined on 1he M !\-130 and VG354 spec1rome1crs rcspcc1i'"cly: 0.09% 
for zo,, Pb/~ 0 -' Pb and :o, Pb/ 20"' Pb and 0.15% for :u~ Pb/:o~ Pb. The 
corrcbtion between 1hc errors in :ob Pb/ 0 "' Pb :.ind :o~ Pb,::o .. Pb 
was assessed :is 0.95. Rb and Sr conccn1r:i1ion mc:isurcments deter
mined by X-r:iy Ouorcsccncc spcc1romc1ry h:.i'"c :in uncert:iin1y 1n 
b:Rb/1'''Sr of 1.5%. Repeated :inalyses of b

7 Sr,'b"Sr in the NBS Sr 
s1:ind:ird SR:--.1 9S7 during the period of 1his study ;-iclded 
0.710271 ± 30 (le). 

All recrcssion c:ilcubtions were performed following the recom
mend:i1i~ns described in H:irmcr and Eglington ( 1990). Uncertain
ties calculated for regression p:iramc1crs where ··f!eological sc:i11cr .. 
is identified (i.e ... crrorchrons" - 1es1cd using Jn F static b:ised 011 

errors dc1ermincd on 60 rcplic:i1cs) :ire Jufmcn1cd by (MS\VO:F) 1 =. 
All unccr1ain1ics arc gi,·cn as 95¾ confidence in1crvals. 

Dara 

Results arc presented in Table 2 :rnd summ~nics of the 
various regression calculations discussed below a re pro
vided in Table 3. 

I. D111/srroom Formation. Of the three sample suites ana
lysed from the Dullstroom Formation volcanics cropping 
out below the R LS, only the basal rhyolitcs have sufficient 
r:inge in Rb/Sr ratios to provide reasonably precise dates. 
All three suites yield Rb-Sr dates that arc within error 
(admittedly extremely large) of 2080 Ma. Regressed on 
their own, the 10 basal rhyolitc samples yield a date of 
2037 ± 92 r,..,ta and initial 8 'Sr/86 Sr of 0.7071 ± 21. The 
Pb isotope data on 8 rhyolitcs yield an identical date of 
2044+ 127

/_ 139 • Considering the data sets t9gether, it is 
clear that the high Ti0 2 basalts have initial 8 'Sr/80 Sr that 
arc lower than the other groups (Fig. 2). Combining the 
low Ti0 2 basaltic andesite with the rhyolite data yields 
a reasonably constrained (M SWD = 2.2) regression line 

d ... 1 8 7s ;sos date for 17 points of 2110 ± 31 Ma an 1mt1a r r 
of 0.7053 ± 5 (see Fig. 2). 

The isotopic data for the sampled units from the Dull
stroom Formation below the RLS, while pro\·iding only 
imprecise estimates of the possible primary age. show no 
e\'idence either of protracted cooling of the \'Olcanics nor 
of pervasive isotopic/elemental disturbance at times 
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T:.ablc.-2. Isotopic data for the Rooibcrg Group Volcanics from the Dullstroom-Loskop Dam arc:i 

Sample Rb(ppm) Sr(ppm) 87 Rb/"'Sr 5 'Sr/a"Sr :oe.Pb:: 0"Pb ;o~ Pb ·:o" Pb :o~ Pb. :o" Pb 
Precision 

Dullstroom Formation (l3asalt: High-Ti Group) 

D-139:ib 44.5 3S3 0.3363 0.71322 ± 5 
D-139cb 47.9 374 0.3711 0.71463 ± 7 
D-139db .n.6 397 0.3.J77 0.71396 ± 7 
D-l 39f" 53.9 410 0.3802 0.71474 ± 6 
D-139gb 47.0 397 0.3432 0.71426 ± 5 
D- 139hb 55.2 413 0.3S72 0.71513 ± 6 
D-139ib 38.6 439 0.2541 0.71154 ± 5 
D-139kb 46.9 412 0.3297 0.71340 ± 6 

Dullstroom Formation ([3:ls::iltic andcsitc: Low-Ti Group) 
D-143ab 56.3 264 0.6173 0.72-W-t ± 5 
D-143bb 61.6 261 0.6SS0 0.725-18 ± 7 
D-143db 49.7 253 0.5701 0.72131 ± 6 
D-143cb 52.4 27:3 0.5470 0.72197 ± 5 
D-143gb S0.4 263 0.SS72 0.73218 ± 5 
D-1-l)hb 66.2 273 0.703S 0.72704 ± 8 
D-143ib 40.1 267 0.4361 0.73018 ± 8 
D-143kb 79.0 264 0.S66 7 0.72109 ± 6 

Dullstroom Formation ( [3:ls:il rhyolitcs) 

D-14b SO.S 205 l.1-l6 0.7-l235 ± 5 
D-53 10-lA n1 . .i 1.33) 0.745351 ± 13• 13.358 15.592 3S.340 
D-92:i 112.5 202.9 1.612 0.754231 ± 14' 19.305 15.742 39.531 
D-92d• 145 IS6 2.265 0.773961 ± 13' 19.690 15.785 39.933 
D-92g 132.7 200.9 1.9 21 0.762721 ± 11· 17.639 15.505 3 7 .(ii 5 
D-92h I 16.9 I 95.7 1.737 0.75Sl31 ± 14• 17.497 15.503 37.55-l 
D-9Y 133 19-l 1.993 0.768421 ± 13• 
D-92k 135.5 207.9 I.S96 0.76295 ± 2 16.706 l 5.-l20 36.6 7 5 
D-161 96.6 :30.0 1.219 0.74297 ± 7 I 8. IS0 15.573 38.795 
D-163b I4-t 20S 2.00S 0.76474 ± .J 17.517 15.503 :n.5-14 
D--lb 79.4 271 0.S496 0.73152 ± 9 
D-23b S6.7 237 1.060 0.73S75 ± 5 

Dullstroom Formation (Loskop D:im: Unit # I): Low-~lgO type 
ROW-I 166.6 120.1 -l.05S 0.82407 ± 6 19.213 15.765 39.Sl7 
RDW-2A 176.1 I IS.-! 4.355 0.83114 ± 4 I S.-l5S 15.696 3S.S60 
RDW-Jb 182 91.0 5.S89 0.87002 ± 9 17.980 15.612 3S. l-1S 
RDW-4 1S9.9 115.5 -1.S22 0.S42S9 ± 5 IS.920 15.733 39.332 
RDW-5 183.2 S-U3 6.-W9 0.SS266 ± 16 19.753 15.S0S ..!0JS7 
RDW-6 18R.6 I 10.5 5.00S 0.S504-1 ± 3 19.983 15.S5 I -l0.669 
ROW-7A 1S9.0 112.-1 4.932 0.85096 ± 10 17.786 15.65-l 37.Sll 
RDW-8 192.6 I 3 7.5 4.096 0.S1856 ± 3 17.374 15.576 37.366 
RDW-9b 164 105 4.554 0.83072 ± -I IS.462 15.683 JS. 7 JS 
RDW-10 152.5 189.6 2.344 0.77668 ± 3 
Rl3-1 I 18S.9 129.2 4.2S0 0.S3049 ± I 17.738 I 5.5S6 3S.03 l 

Dullstroom Formation (Loskop D::im: Unit # 2): H igh-:-.tgO type 
RB-46 I 6.554 I 5A39 36.-101 
Rl3-52 15.740 15.361 35.493 
RIJ-56 15.647 I 5.3-IS 35.416 
R !3-63 16.232 I 5.3~6 35.434 
R 13-69b 137 267 1.4930 0.752460 ± 10· 15.696 I 5.363 35.505 

Oamwal Formation (Loskop Dam: Unit # 3) 

R 13-95 156.-t 213.9 2.12S7 0.77277 ± 2 17.0S9 I 5.576 37.037 
301/81 169.5 139.9 3.539~ 0.80685 ± 
3 I 8/S I 49.72 154.6 0.9329 0.73525 ± 
Oamwal Formation (Loskop Dam: Unit #4) 
DF-1 97.0 159 1.774 0.753273 ± 12· 20.390 16.0-+➔ ~0.9S1 
DF-2 85.0 166 l.4SS 0.751523±12' 20.990 16.0-17 ➔ 1.590 
DF-3 111 113 2.S65 0.790917 ± Is• I S.S79 15.793 39.091 
DF-4 168 176 2.783 0.737900 ± 12· 20.068 15.91 S 40.6SS 
DF-5 129 1 ➔ 9 2.523 0.780283 ± 16· 19.960 15.906 -10.-l31 
DF-6 134 1-l 2 ~.752 0.787470 ± 9• IS.962 15.793 39.3--16 
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T:.blc 2. Continued 

S::implc Rb(ppm) Sr(ppm) ., Rb;'11'Sr .,Sr/.,'Sr :o" Pbfo .. Pb 20, Pb/:o .. Pb ~ 0 • Pbf 0 .. Pb 
Precision 

285/81 148 141 3.063 0.794043 ± 11 • 18.454 15.727 38.533 
313/81 41.0 172 0.6911 0.728994 ± 11· 24.758 16.503 46.6S6 
314/81 23.264 16.342 44.378 

Damw::il Form::ition (Loskop Dam: Unit # 6) 

R£3-152 19.396 15.SS3 39.724 
L-140 16.766 15.487 36.658 
L-144 J 6.2S2 15.40S 35.992 
L-153 I S.963 15.753 38.939 

K w::igg::isnek Form:11ion ( Loskop D:im: Unit # S) 

R 13-1 SI 17.07S 15.542 36.S23 
R0-178 I 6.539 15.426 36.290 

Schrikkloof Form:ition (Loskop D:im: Unit #9) 

RI3-193 20.S27 15.S79 .rn.251 
R0-196 17.571 15.614 37.235 
RI3-20I 20.S26 15.914 4 J.5.(, 

• ",Sr,·b"Sr determined on multi-collector VG354 ~pcctrometcr; unn:igged v:ilues measured on single-collector ~IM30 spectrometer (sec 10.1) 

., Rb. Sr determined by X RF 

Table J. Summary or regressions :ind :l!_!c calcul:itions 

Sample Age (~1:i) ± 95¾ b
1 Srt"Sr, or,, ~1SWD/1r (F) Comment 

Dulls1room Fm 

Low-Ti 2110 ± 31 Sr 0.7053 ± 5 Exclude D-14, D- I 43i, 
D-143K. (bas. andcsites & rhyoli1e~) 

Rhyolitcs 2037 ± 92 Sr 0.7071 ± 21 

2.2/17 
( 1.S4) 
4.0/10 
(2.10) 
1.4/S 
(2.25) 
O.S3/7 
(2.39) 
S.5/13 
( 1.95) 
2.4/10 
(2.1) 

2044 • I~ i / - I )9 Pb 9.SS ± 0.17 

2137•1J•.'1-l~M Pb 9.SS ± 0.24 Exclude 092K 

Losk"f' Dam: 1933 ± 32 Sr 0.7095 ± 12 
U11i1 # I 

D:11m~al Fm 

U11i1 # 4 

All Rh,rnli1csfrom 
Lo.~kor Dom 

1677•110/-,<i~ 

1946 ± 23 

20or 90/-9" 

20 I S • ~ M / - hO 

2075-.! 9
/-~, 

Pb 

Sr 

Pb 

Pb 

Pb 

10.17 ± 

0.7096 ± 

10.5 ± 

10.4 ± 

10.4 ± 

0.14 

5 

0.2 

0.1 

0.2 

2.5/S 
(2.25) 
5.3/9 
(2.17) 
0.77/S 
(2.25) 
➔ .7/29 
( 1.6 7) 

Exclude OF-I 

Exclude DF-1, Ll93. 
L:..01, RB-152. RI3-95 

Notes: All uncenaintics arc gi,·en as 95¾ confidence intervals; where M SWD of regression exceeds the relevant F statistic, uncertainties have 
been augmented by (MS\VD,'F) 112 · 

p \'a)ues arc calculated ror reservoirs of the second stage of the Stacey and Kramers (1975) model; i.e. reser\'oirs generated at 3700 Ma with 
ratios or 20t.Pbf 0"Pb = I 1.152 and 201 Pb/20"Pb = 12.99S 

substantially younger than the time of emplacement of the 
RLS magmas. 

2. Rooiberg Group rhyolires from Loskop Dam. Both Rb
Sr and Pb isotopic data arc a\'ailable for these samples. 

A date of 1946 ± 23 Ma is reflected by the Rb-Sr data (8 
points) for the pctrographically freshest low-MgO 

rhyolites from Unit # 4 whereas the Pb analyses for the 
same samples (9 data points) yield a statistically equiva
lent date of 2007+ 90/_ 96 Ma. Excluding s_ample DF-1 
from the calculation improves the goodness of fit (see 
Table 3) and provides an identical, but more precise, 
isochron date of 2018+ 56/_ 60 Ma. The rather imprecise 
Pb-Pb estimate is within-error of 20S0 Ma \vhereas the 
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more precise Rb-Sr date is not. Data for the less fresh 
rhyolitcs from Unit # I give a Rb-Sr date of 
I 933 ± 32 Ma which is comparable to the Unit # 4 
rhyolites while the Pb isotopic data for the same samples 
indicate a significantly younger date of I 677 • 170 

/- 192 • 

If the data sets are combined, the Rb-Sr data yield 
a date of 1946 ± 22 (on 21 samples) whereas a date of 
2075+4 9/_ 51 Ma may be recovered from 29 of the 34 Pb 
isotope analyses (sec Fig. 3a and 3b). Interestingly, the 
samples excluded from this regression calculation arc not 
from the data set giving the younger date: i.e. the 
"younger" dat:i set arc accomodatcd within the average 
spread of the data. Samples DF-1, Rb-95 and Rb-152 fall 
significantly above the best fit line whereas the two sam
p:es from Unit # 9 (L- I 93, L201) fall below. 

,._ 
V) 

LC) 

co 

0.78 

0.76 

Basalric A11desirc.s and Rhyolitcs: 
Date - 2110 :=3lf\ta 
Ro• 0. 7053 =5 
MSWO"" 2.2 (on 17) 

-------------~ 
~ 0.7--1 
V) 

r---.. 
co 

0.72 

D·l-131 

+ 

D-1-IJk 

.. 

+ Bas.,\ndesire (Lo-Ti) I 
◊ Basal Rhyolires 

C Orher rhyolires 

Jr. Basalr (Hi-Ti) 
0. 7 0 ........__._..___._._ ............ ........_.__._..._._~_.__.~.._._...._.____._.___, 

0.0 0.5 l.0 1.5 2.0 2.5 

87Rb;86sr 

Fig. 2. Rb-Sr isochron plot of d:1tJ for 1he Dullstroom Form:1tion of 
the Rooibcrs Group. Labelled s:1mples :1nd the basalt d:1tJ were 
excluded from the regression 
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On average, then, the rhyolite succession at Loskop 
Dam remained closed systems to Rb and Sr at temper
atures below the blocking temperature for the Rb-Sr iso
topic system at least since I 950 Ma. The U-Pb isotopic 
system was possibly perturbed in those rhyolitcs from the 
lowermost volcanic unit at Loskop Dam. Considered as 
a group, however, the Pb isotopic data for the Rooiberg 
rhyolites from Loskop Dam largely preserve evidence of 
the assumed crystallisation age of the Rooiberg Group. 

Discussion 

Ages calculated from isotopic decay systems (e.g. Rb-Sr. 
U-Pb) reflect the times at which diffusion ol parent and 
daughter nuclides ceased in the mineral or rock system 
under study i.e. the time at which the system last passed 
below the blocking temperature and "closed" (e.g. York. 
1978). Isotope decay schemes offer the possibility. then. of 
detecting. and C\'aluating the scale of. post-crystallisation 
hydrothermal circulation and/or re-heating of igneous 
bodies. 

Sr and Pb isotopic systems have been used 10 demon
strate that the LGS granites in the Zaaiplaats arc:i were 
subjected to protrac-ted periods of Auid circulation :it 
temperatures in excess of about 300 cc ( \\'alr:ncn ct al.. 
1990; fv1cNau!!hton ct al., 1993). McNaughton ct al.. 1993) 
demonstrated-that the U-Pb isotopic system in the Zaaip
laats granites was last disturbed as recently as ca. 
1000 Ma. i.e. over I Ga after crystallisation of the LGS 
granites. These authors argue that the protr.Jcted circul:i
tion of hydrothermal 0uids. driven by heat generated by 
radioactivity or the high U, Th and K contents in the 
granites, was responsible for maintaining the granites at 
temperatures above the blocking temperature for U-Pb 
over this time period. Walraven ct al. (1990b) also demon
strated substantial post-crystallisation open-system be
haviour in the Rb-Sr system in the Zaaiplaats granites in 
close proximity to zones of Sn mineralisation. 

16.0 

,..Q c... 15.8 
-:::r 
0 
N 
'-.. 15.6 
,..Q 
c... 

r--... 
~ 15.4 

15.2 

15 

B 

16 

◊ Unit ~2 (JU/.F) j 

.. Unil ii] 

! 
~ Unir ~6 I 
-t: Unil #S I 
* Unil t:9 I 

J 

17 18 19 20 21 

206pb;204pb 

Fi~. 3A,B. Plot of 20
"' Pb/ 20

.1 Pb tw.rns io, Ph/20
.1 Pb for d:1ta from silicic lavas from the Rooibcrg Group in the Loskop D:1m arc:1. Labelled 

s:implcs were excluded from the regression. Enbrgcd portion of the plot shown in ,\. The n.:grcsscd isochron line from ,\ is shown 
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Circulation of hydrothermal fluids, both within the 
crystallized R LS granites Jnd into their enclosing rocks, is 
of obvious importance in rnincrJlisation. Robb ct al. 
( 1994) rcgJrd both cm.lo-granitic and exo-granitic poly
metallic mineralisation rcbtc<l 10 the l3ushvcld Granites 
;1s the result of evolving hydrothermal systems which 
persisted for ··se\'eral hundred million years .. ;1f1cr the 
granites solidified. 

The isotopic dat:i for the Rooibcrg Group presented in 
this communication c;1n be usefully ;1pplied to investigate 
whether the Rooibcrg \'Olcanics. particul:lrly those of 
rhyolitic composition. were also subjected to protracted 
post-solidification open system behaviour :rnd. if present, 
whether the isotopic disturbJncc can be attributed to 
sustJined hydrothermal circu!Jtion (either within the vol
c;1nics or from the grJnites) or 10 the thermal effects 
(possibly with associated fluid circulation) induced by the 
intrusion of the Rustenburg Layereo Suite m;ific magmas. 

As detailed in previous sections. the isotopic data for 
volcanics from the Rooiberg Group from several are:.is 
suggest some post-crystallis:ition disturbance. However. 
the pcn·asive '"re-selling·· of the Rb-Sr systematics appar
ent in Rooiberg rhyolites sample<l from WitbJnk and 
l3othasberg to give isochro11 ages of GI l 600 MJ ( Wal
raven ct al.. 19S5) is not noted in the s:1mple sets from the 
Loskop Dam-Dullstroom :irea. 

Rernlts from the rhyolites from Unit # l suggest that 
the Rb-Sr :rnd U-Pb decay systems responded in a difTer
ent w:iy to the pos1-crys1allisation '"disturb:rnce": the 
younger Pb-Pb age indicJting that the U-Pb system re
mained open (i.e. :ibove the rclev:1nt blocking temper
ature) longer (i.e. to lower temper:nures?) thJn the Rb-Sr. 
It is of interest to note th:11 comp:irJble difTcrenccs in the 
rcsr,onse of Rb-Sr Jn<l U-Pb systems arc ~!so reflected in 
the data from the ZaaiplJJts grJnitcs. Model dates cJl
culJtcd from the Rb-Sr d:ita by Walraven ct JI. (l990b) 
indicate dJtcs of finJI closure predominantly in the range 
l .3-1.7 Ga (summarised in Fig. 4). se\'cr;il hundred mil
lion yc:irs prior to the 1.0 G:i closure times for the U-Pb 
system deduced by McN;iughton ct :ii. ( 1993). 

8.---------------~ 
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Rb-Sr Model Ages 
from Zaaiplaals 

1.2 1.4 l.G 1.8 2.0 

Date (Ga) 
Fil! . .t. H istoQr=i.m summarv of Rb-Sr model Jl!e~ for the mineralised 
Z:iaipl:i:ns p-anite data of \Valr=i.vcn cl al. (1990b) 
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.. Re-setting" of the Rb-Sr d:ites in cert:1in Rooiberg 
volcanics and the Z:tJiplaats granites has been Jttributed 
to selccti\'e loss of rJdiogcnic 6 ~Sr. :\nom~!lou~ly young 
Pb-Pb ages arc produced through changes in sample 
1 

JS U ( 0
-l Pb ( = JI). This is demon st r:t ted in Fig. 5 which 

depicts a s:imple formed at 20SO i\-1a \,·hich is sub
sequently Jltered (Jt 1600 Ma). Sub-sample B has the 
,, ratio halved where:ts A has Jt increased (doubled). The 
present day Pb ratios (A-C- B) fall on an array of .1ge 
I 600 Ma: the sample with U/Pb increased by alter:ition 
plotting beloH· the 2030 j\fa isochron whereas the sample 
which sufTercd reduced U/Pb plots ohore the primary age 
isochron. Twist ( 1985) argued that :ilter:11ion of the 
rhyolites at Loskop Dam tended to increase with strati
graphic height (i.e. to higher unit numbers) and that the 
uppermost units had suffered silicification Jnd substantial 
U loss. It is Jpparent from Figs. 3:i and 3b, howc\·er, that 
samples LI 93 and L201 from Unit # 9 plot below the 
regressed isochron which suggests that, if these samples 
were erupted with the same initial Pb ratios as the other 
rhyolites. U \\'JS enriched relati\·e to Pb subsequent to 
formJtion! The Jpparently systematic chemical variations 
in the LM F volcJnics with height through the Loskop 
Dam succession. and limited initial Nd isotopic data 
(Twist and Harmer, I 987; unpublished data). provides no 
evidence of a change in source for the Unit # 9 eruptives. 

The lack of pervasive re-setting of the isotopic systems 
in the Loskop Dam section is in marked contrast to the 
near-isochron 1600 Ma systematics noted for the Wit
bank and Bothasberg sample sets ( \Val raven et al.. 19S5). 
It is noteworthy that Bushveld granites do not occur in 
the Dullstroom-Loskop Dam region sampled for this 
study whereas granites are closely associated with the 
Rooibern. volcanics in the \Vitbank area. These observa
tions po;sibly suggest that hydrothermal fluid circulation 
sustained by the high heat productivity of the LGS gran
ites, panicularly in the highly fractionated fractions of the 
sheet. may be responsible for any observed disturbance of 
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isotopic systemJtics in the Rooitxrg b\'aS. Radioactive ck
ments were apparently not suf1iciently concentrated in the 
rhyolitcs ·to sustain hydrothennal activity long after the 
cooling of the rhyolites and/or the ma fie magmas of the R LS. 

Anom::dously young isotopic ages encountered in 
Rooiberg Group \'Olcanics may therefore be utilised to 
identify the influence of granite-driven hydrothermal ac
tivity. In \'icw of the importance of such hydrothermal 
activity in the gener:llion of polymetallic ore concentra
tions (e.g. Robb ct al., 1994). Pb isotope studies should 
prove useful as an exploration tool in locating regions of 
higher mineralisation potential in exposures of Rooiberg 
Group volc:rnics underlain by LGS granites. 

.-lcbw"'kclg,·1111•111s. The :lllthors gratdully :icknowkdge Jo,hen 
Schweitzer ror allowinc us to use his Rb-Sr data ror the Dullstroorn 
Formation "olcanics ;nd ror clarir"inc de1:1ils or the new str:11i
graphic nomenclature ror 1he Roo;bl:;g Group. Da\'e Twist was 
initially responsible ror getting us st;1r1cd in in\'es1iga1ing the iso
topic "ari:itions in the Loskop Dam erupli\'es. His interest and 
encouragement O\·er m:iny years is :ipprccia1ed. Our th:inks too for 
the construcli\'e criticisms b" Neal 1\lcNaui.:hton and l3ruce El!lin-
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SAMPLING AND SAMPLE LOCALITIES 

Sampling 

The following abbreviations are used throughout Appendix E: 

LMFs: 
LMFK: 
LMFna= 
Hi~n Fe-Ti-PDa= 
HiFh Fe-Ti-PDu= 
1~)9u= 
HMFDu: 
HTI: 
BR: 
LTI: 

Low-Mg Felsite, Schrikkloof Formation 
Low-Mg Fels+te, Kwaggasnek Fo:pnation 
L9w-Mq Felsite, Damwal Formation . 
H+gh Fe-Ti-P Basaltic Andesite, Damwal Formation. 
High Fe-Ti-P Basaltic Andesite, Dullstroom Formation 
Low-Mg Felsite, Dullstroom Formation 
V9lcanic Xen9lith . 
H+gh-Mg Felsite, Dullstroom Formation 
High-Ti Basalt, Dullstroom Formation 
Basal Rhyolit~ 
Low-Ti Basaltic Andesite, Dullstroom Formation 

The number of 
follows: 

samples by locality and magma type are summarised as 

Dullstroom Area: floor of Rustenburg Layered Suite 

LTI 
Basal Rhyolite 
HTI 
HMF 
Volcanic Xenolith 

Tauteshoogte Area 

LMFDa 
Bothasberg Plateau 

No of samples 

76 
24 
35 
26 

3 

8 

Hiqh Fe-Ti-PDa 
LMFo LMF a 
LMFK 
GraRophyre 
Rooikop Granite 

2 
11 
23 

6 
1 

Porphyry 2 

Loskop Dam 

High Fe-Ti-PDu 
~~~h Fe-Ti-PDa 
LMFDu 
LMFDu 
LMFDa 
LMF~ 

Satvoren Fragment 

LTI 
Basal Rhyolite 

Rooiberg Fragment 

LTI 
LMFs 

5 
1 

28 
29 
76 
15 
14 

1 
7 

5 (along strike of single flow) 
43 

A total of 438 volcanic rocks and 3 intrusive rocks are considered. 
The samples from Loskop Dam were obtained and analysed by Twist 
(1985). The Qreviously undocumented compositions or these samples have 
been employee during this study. Their major, trace and rare earth 
element concentrations are therefore listed in App~ndices G and I. The 
reader is referred to Twist (1985) where the sampling traverses and 
analytical methods are detailed. 

Samples (weighing> 3kg) were taken from the centre of individual 
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flows 1 Weathered crust, amygdales and joints were avoided during 
sampling. The thre~ flow$ rrom th~ Dullstroom floor succession ~hat 
were selected for isotopic investiqation were sampled alonq str+ke 
(see Harmer and farrow, 1995; Appendix D), and they are identified by 
the letters ranging from a to k. 
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Sample Localities 

Dullstroom Area: floor of Rustenburg Layered Suite 

Sa~le Farm Name Latitude Longitude Magma Type 
Nu er 

143a Windhoek 222JS 30.0021 25.2358 LTI 
b Windhoek 222JS 30.0029 25.2360 LTI 
C Windhoek 222JS 30.0033 25.2366 LTI 
d Windhoek 222JS 30.0036 25.2378 LTI 
e Windhoek 222JS 30.0041 25.2384 LTI 
f Windhoek 222JS 30.0021 25.2305 LTI 

~ Windhoek 222JS 30.0022 25.2318 LTI 
Windhoek 222JS 30.0019 25.2328 LTI 

i Windhoek 222JS 30.0039 25.2408 LTI 
k Windho~k 222JS 30.0038 25.2413 LTI 

2 Witbooi 225JS 29.5830 25.2753 LTI 
3 Konterdanskloof 223JS 29.5881 25.2679 LTI 
6 K"o/a~rtasko~ 359JS 29.5804 25.3272 LTI 

10 Win oek 22JS 29.5998 25.2258 LTI 
12 Windhoek 222JS 30.0056 25.2228 LTI 
13 Windhoek 222JS 30.0048 25.2224 LTI 
20 Windhoek 222JS 29.5901 25.2413 LTI 
21 Konterdanskloof 223JS 29.5742 25.2672 LTI 
26 Konterdanskloof 223JS 29.5686 25.2649 LTI 
30 Konterdanskloof 223JS 29.5729 25.2676 LTI 
31 Konterdanskloof 223JS 29.5742 25.2668 LTI 
33 K9nterdanskloof 223JS 29.5770 25.2419 LTI 
43 W+tgoort 216JS 29.5612 25.2378 LTI 
44 Win hoek 222JS 29.5870 25.2252 LTI 
47 Windhoek 222JS 29.5870 25.2312 LTI 
52 Windho~k 222JS 30.0060 25.2423 LTI 
54 Witbooi 225JS 29.5891 25.2739 LTI 
55 Witbooi 225JS 29.5892 25.2728 LTI 
56 Witbooi 225JS 29.5881 25.2717 LTI 
57 Witbooi 225JS 29.5877 25.2703 LTI 
58 Witbooi 225JS 29.5861 25.2703 LTI 
59 Witbooi 225JS 29.5859 25.2709 LTI 
60 Witbooi 225JS 29.5852 25.2709 LTI 
62 Witbooi 225JS 29.5836 25.2696 LTI 
63 Witbooi 225JS 29.5821 25.2699 LTI 
67 M:j.ddelkraal 221JS 29.5822 25.2181 LTI 
74 Witbooi 225JS 29.5870 25.2789 LTI 
75 Witbooi 225JS 29.5853 25.2958 LTI 
76 Witbooi 225JS 29.5843 25.2983 LTI 
77 Kwagiaskoi 359JS 29.5809 25.3258 LTI 
79 Groo pan 56JS 29.5488 25.5421 LTI 
86 Klipfontein 385JS 29.5792 25.3911 LTI 
88 Kli~fontein 3$5JS 29.5788 25.4082 LTI 
91 Mes chunfontein 98JS 30.0007 25.2128 LTI 
93 Windhoek 222JS 30.0042 25.2208 LTI 
98 Dornkoop 356JS 29.5669 25.2922 LTI 
99 Dornkoop 356JS 29.5672 25.2922 LTI 

100 Dornko9p 356JS 29.5691 25.2921 LTI 
107 Witbooi 225JS 29.5800 25.2959 LTI 
108 Witbooi 225JS 29.5813 25.2958 LTI 
111 Witbooi 225JS 29.5804 25.2814 LTI 
112 Onterverden 358JS 29.5862 25.3080 LTI 
113 Onterverden 358JS 29.5868 25.3077 LTI 
115 Onterverden 358JS 29.5882 25.3073 LTI 
118 Onterverden 358JS 29.5858 25.3061 LTI 
120 Onterverden 358JS 29.5848 25.3053 LTI 
121 Onterverden 358JS 29.5843 25.3048 LTI 
122 Onterverden 358JS 29.5840 25.3044 LTI 
123 Onterverden 358JS 29.5827 25.3047 LTI 
128 Z~ikerQOSChkop 361JS 29.5717 25.3720 LTI 
129 Witbooi 225JS 29.5853 25.2950 LTI 
130 Witbooi 225JS 29.5842 25.2949 LTI 
131 Witbooi 225JS 29.5831 25.2947 LTI 
134 Witbooi 225JS 29.5815 25.2922 LTI 
135 Witbooi 225JS 29.5804 25.2920 LTI 
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Sa~le Farm Name 
Nu er 

Latitude Longitude Magma Type 

140 Windhoek 222JS 30.0058 25.2357 LTI 
144 Windhoek 222J$ 30.0003 25.2359 LTI 
164 Messchunfontein 98JS 30.0072 25.2097 LTI 
165 Messchunfontein 98JS 30.0072 25.2103 LTI 
166 Messchunfontein 98JS 29.5900 25.2122 LTI 
167 Kwa~gaskop 359JS 29.5818 25.3259 LTI 
177 Rie valley 387JS 29.5690 25.4278 LTI 
178 Rietvalley 387JS 29.5683 25.4287 LTI 
179 Rietvalley 387JS 29.5671 25.4293 LTI 
180 Rietvalley 387JS 29.5638 25.4293 LTI 
181 Rietvalle6 387JS 29.5647 25.4309 LTI 
184 M~sschunf ntein 98JS 30.0055 25.2148 LTI 

92a Windhoek 222JS 30.0022 25.2190 BR 
b Windhoek 222JS 30.0023 25.2218 BR 
C Windhoek 222JS 30.0023 25.2205 BR 
d Windhoek 222JS 30.0024 25.2214 BR 
e Windhoek 222JS 30.0024 25.2223 BR 
f Windhoek 222JS 30.0021 25.2242 BR 

~ 
Windhoek 222JS 30.0018 25.2254 BR 
Windhoek 222JS 30.0016 25.2267 BR 

i Windhoek 222JS 30.0022 25.2298 BR 
k Windhoek 222JS 30.0022 25.2305 BR 

1 Windhoek 222JS 30.0027 25.2488 BR 
7 Kwa§J{asko~ 3 9 5JS 29.5800 25.3270 BR 

11 Win oek 22JS 30.0020 25.2214 BR 
14 Windhoek 222JS 30.0037 25.2222 BR 
53 Windhoek 222JS 30.0046 25.2410 BR 
65 Onterverden 358JS 29.5868 25.3248 BR 
66 Onterverden 358JS 29.5836 25.3249 BR 
90 Windhoek 222JS 29.5998 25.2145 BR 
95 Windhoek 222JS 30.0033 25.2308 BR 

124 Onterverden 358JS 29.5855 25.3086 BR 
161 Windhoek 222JS 30.0022 25.2231 BR 
162 Windhoek 222JS 30.0022 25.2231 BR 
163 Windhoek 222JS 30.0032 25.2238 BR 
183 Windho~k 222JS 29.5998 25.2277 BR 
139a Witbooi 225JS 29.5832 25.2697 HTI 

b Witbooi 225JS 29.5832 25.2702 HTI 
C Witbooi 225JS 29.5831 25.2709 HTI 
d Witbooi 225JS 29.5830 25.2716 HTI 
e Witbooi 225JS 29.5828 25.2725 HTI 
f Witbooi 225JS 29.5825 25.2733 HTI 

~ Witbooi 225JS 29.5818 25.2742 HTI 
Witbooi 225JS 29.5814 25.2747 HTI 

i Witbooi 225JS 29.5813 25.2750 HTI 
k Witbooi 225JS 29.5811 25.2753 HTI 

5 Witbooi 225JS 29.5751 25.2741 HTI 
9 Windhoek 222JS 29.5918 25.2282 HTI 

19 Windhoek 222JS 29.5907 25.2419 HTI 
27 Konterdanskloof 223JS 29.5661 25.2639 HTI 
28 Konterdanskloof 223JS 29.5631 25.2616 HTI 
29 KQnterdanskloof 223JS 29.5648 25.2633 HTI 
41 Witgoort 216JS 29.5673 25.2399 HTI 
45 Win hoek 222JS 29.5838 25.2304 HTI 
46 Windhoek 222JS 29.5845 25.2307 HTI 
48 Windhoek 222JS 29.5883 25.2315 HTI 
50 Windhoek 222JS 29.5992 25.2409 HTT 
51 Windho~k 222JS 29.5989 25.2407 HTI 
61 Witbooi 225JS 29.5842 25.2704 HTI 
64 Witbooi 225JS 29.5821 25.2706 HTI 
72 Doornkop 356JS 29.5732 25.2772 HTI 

101 Dornkoop 356JS 29.5712 25.2923 HTI 
103 Dornkoop 356JS 29.5738 25.2923 HTI 
104 Dornkoop 356JS 29.5752 25.2922 HTI 
105 D9rnk0Qp 356JS 29.5759 25.2922 HTI 
109 Witbooi 225JS 29.5763 25.2697 HTI 
110 Konterdanskloof 223JS 29.5761 25.2682 HTI 
127 Zuikerboschkop 361JS 29.5702 25.3722 HTI 
132 Witbboi 225JS 29.5848 25.2938 HTI 
136 Witbooi 225JS 29.5819 25.2925 HTI 
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Sa~le Farm Name Latitude Longitude Magma Type 
Nu er 

173 Spitsk9p 383JS 29.5648 25.3762 HTI 
4 W1tboo1 225JS 29.5775 25.2742 HMF 
8 Windhoek 222JS 29.5905 25.2280 HMF 

15 K9nterdanskloof 223JS 29.5636 25.2529 HMF 
16 Witgoort 216 JS 29.5603 25.2582 HMF 
17 Win hoek 222JS 29.5886 25.2422 HMF 
18 Konterdanskloof 223JS 29.5906 25.2500 HMF 
22 Konterdanskloof 223JS 29.5739 25.2681 HMF 
23 Konterdanskloof 223JS 29.5722 25.2669 HMF 
24 Konterdanskloof 223JS 29.5710 25.2678 HMF 
25 Konterdanskloof 223JS 29.5691 25.2661 HMF 
32 Konterdanskloof 223JS 29.5777 25.2420 HMF 
34 Konterdanskloof 223JS 29.5768 25.2419 HMF 
35 Konterdanskloof 223JS 29.5761 25.2418 HMF 
36 K9nterdanskloof 223JS 29.5757 25.2418 HMF 
37 W+tpoort 216JS 29.5749 25.2417 HMF 
38 W+tpoort 216JS 29.5742 25.2408 HMF 
39 W:J-tpoort 216JS 29.5710 25.2391 HMF 
40 W:J-tpoort 216JS 29.5688 25.2398 HMF 
42 Witgoort 216JS 29.5650 25.2408 HMF 
49 W,in hoek 222JS 29.5892 25.2318 HMF 
69 Middelkraal 221JS 29.5739 25.2279 HMF 
70 Middelkraal 221JS 29.5721 25.2263 HMF 
71 Doornkop 356JS 29.5723 25.2768 HMF 
96 Doornkop 356JS 29.5620 25.2917 HMF 
97 Doornko~ 356J$ 29.5638 25.2918 HMF 

182 Generaa sdraai 423JS 29.5463 25.4643 HMF 

i rn~ Zuikerboschkop 361JS 29.5441 25.3539 undef,ined 
Zuikerboschko~ 361JS 29.5469 25.3508 undefined 

137(X) Doornkop 356J 29.5439 25.3032 undefined 

Tauteshoogte Area 

1 Paardekloof 176JS 29.4675 25.1827 LMFna 
2 Kafferskraal 181JS 29.4650 25.1816 LMFna 
3 Paardekloof 176JS 29.4620 25.1603 LMFna 
4 Paardekloof 176JS 29.4650 25.1604 LMFna 
5 Paardekloof 176JS 29.4618 25.1602 LMFna 
6 Uitkyk 172JS 29.4525 25.1601 LMFna 
7 Uitkyk 172JS 29.4528 25.1586 LMFna 
8 Uitkyk 172JS 29.4441 25.1596 LMFna 

Bothasber~ Plateau 

2 Schie;tpad 212JS 29.4771 25.2557 Gran9€hyre 
30 Notu1tg$dacht 208JS 29.4275 25.2715 Gran+ e Porphyry 
38 Welver iend 201JS 29.4117 25.2906 G+anite P9r~hyry 

4 Sch,ietpad 212JS 29.4750 25.2563 H+gh Fe-T+- Da 
4b Schietpad 212JS 29.4750 25.2563 Hi~h Fe-Ti-Pna 
1 Schietpad 212JS 29.4822 25.2545 LM 
3 Schietpad 212JS 29.4753 25.2562 LMFDa 
5 Sch,ietpad 212JS 29.4744 25.2572 LMFDa 
6 Schietpad 212JS 29.4726 25.2566 LMFDa 
7 Schietpad 212JS 29.4703 25.2577 LMFDa 
8 Sch,ietpad 212JS 29.4732 25.2580 LMFDa 
9 Schietpad 212JS 29.4720 25.2579 LMFDa 

10 Schietpad 212JS 29.4678 25.2588 LMFDa 
11 Schiettad 212JS 29.4633 25.2537 LMFDa 
12 Doornk oof 206JS 29.4552 25.2518 LMFDa 
14 Grootr1etv1e6 210JS 29.4502 25.2560 LMFDa 
15 Doornkloof 2 6JS 29.4591 25.2543 LMFDa 
16 Doornkloof 206JS 29.4480 25.2570 LMFK 
17 Doornkloof 206JS 29.4479 25.2572 LMFK 
18 Doornkloof 206JS 29.4472 25.2583 LMFK 
19 Grootrietvley 210JS 29.4467 25.2632 LMFK 
20 Grootrietvley 210JS 29.4448 25.2640 LMFK 
21 Grootrietvley 210JS 29.4432 25.2642 LMFK 
22 Grootrietvley 210JS 29.4428 25.2653 LMFK 
23 Grootrietvley 210JS 29.4420 25.2665 LMFK 
24 Grootrietvley 216JS 29.4400 25.2681 LMFK K 
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E6 

Sa~le Farm Name Latitude Longitude Magma Type 
Nu er 

26 Nootuitgedacht 208JS 29.4399 25.2690 LMFK 
27 Noot~itgedacht 208JS 29.4378 25.2689 LMFK 
28 Notuitgedacht 208JS 29.4353 25.2728 LMFK 
29 Notuit~edacht 208JS 29.4308 25.2715 LMFK 
31 Notuit edacht 208JS 29.4112 25.2825 LMFK 
32 Notuitgedacht 208JS 29.4121 25.2775 LMFK 
33 Notuit~edacht 208JS 29.4129 25.2758 LMFK 
34 Doornk oof 202JS 29.4152 25.2735 LMFK 
35 Doornkloof 202JS 29.4178 25.2730 LMFK 
36 Doornkl9of 202JS 29.4215 25.2724 LMFK 
37 Welverdiend 201JS 29.4230 25.2718 LMFK 
39 Welverdiend 201JS 29.4075 25.2915 LMFK 
40 Welverdiend 201JS 29.4038 25.2880 LMFK 
41 Naauwpoort 200JS 29.3816 25.2872 LMFs 
42 Naauwpoort 200JS 29.3825 25.2878 LMFs 
43 Naa\lwtoort 200JS 29.3845 25.2880 LMFs 
44 Schie €ad 212JS 29.3872 25.2879 LMFs 
45 Nootui gedacht 208JS 29.3880 25.2875 LMFs 
46 Welverdiend 201JS 29.3912 25.2870 LMFs 

Stavoren Fragment 

80 Riffontein 709KS 29.1660 24.5105 LTI 
81 Riftontein 709KS 29.1615 24.5123 BR 
82 Rooibok 707KS 29.1970 24.4945 BR 

145 Rooibok 707KS 29.1865 24.5021 BR 
146 Sali~ Slogt 718KS 29.2020 24.4993 BR 
147 Palmietfontein 708KS 29.1665 24.4963 BR 
148 Palm1etf9nte1n 708KS 29.1718 24.4973 BR 
149 Riffontein 709KS 29.1795 24.5022 BR 

Rooiberg Fragment 

82a Vellefontein 517K~ 27.4653 24.5139 LTI 
82b Vellefontein 517K 27.4652 24.5141 LTI 
82c V~llefont~in 517K 27.4651 24.5146 LTI 
82d Rietfontein 536K~ 27.4649 24.5148 LTI 
82e Rietfontein 536K 27.4648 24.5152 LTI 
28 Vellefontein 517 Q 27.4752 24.5047 LMFs 
29 Boekenhoutplaat 519K~ 27.4763 24.5048 LMFs 
30 Boekenhoutplaat 519K 27.4771 24.5048 LMFs 
31 Boekenhoutplaat 519K 27.4787 24.5041 LMFs 
32 Boekenhoutplaat 519K 27.4798 24.5041 LMFs 
35 Vlakfontein 535K~ 27.4829 24.5068 LMFs 
36 Vlakfontein 535K 27.4838 24.5063 LMFs 
37 Vlakfontein 535K 27.4835 24.5066 LMFs 
38 Vlakfontein 535K 27.4849 24.5059 LMFs 
39 Vlakfontein 535K 27.4858 24.5068 LMFs 
40 Morgenzon 533K~ 27.4892 24.5113 LMFs 
41 Mor enzon 533K 27.4887 24.5108 LMF5 
42 Vla~fontein 53 K~ 27.4880 24.5104 LMFs 
43 Vlakfontein 535K 27.4872 24.5100 LMFs 
44 Vlakfontein 535K 27.4868 24.5095 LMF5 
45 Vlakfontein 535K 27.4865 24.5090 LMF5 
46 Vlakfontein 535K 27.4862 24.5085 LMF5 
47 Vlakfontein 535K 27.4860 24.5097 LMFs 
48 Mor~enzon 533K~ 27.4900 24.5135 LMFs 
49 Vla fontein 53 K~ 27.4888 24.5153 LMFs 
50 Vlakfontein 535K 27.4871 24.5159 LMFs 
51 Vlakfontein 535K 27.4868 24.5167 LMFs 
52 Vlakfontein 535K 27.4882 24.5172 LMFs 
53 Vlakfontein 535K 27.4890 24.5176 LMFs 
54 Vlakfontein 535K 27.4898 24.5180 LMFs 
55 Morgenzon 533K; 27.4908 24.5190 LMFs 
56 Morgenzon 533K 27.4905 24.5193 LMFs 
57 Morgenzon 533K 27.4928 24.5198 LMF5 
58 Morgenzon 533K 27.4989 24.5209 LMF5 
60 Morgenzon 533K 27.4958 24.5219 LMF5 
61 Morgenzon 533K 27.4965 24.5219 LMF5 
62 Morgenzon 533K 27.4973 24.5221 LMF5 
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Sa~le Farm Name Latitude Longitude Magma Type 
Nu er 

63 Morgenzon 533K 27.4978 24.5222 LMFs 
64 Morgenzon 533K 27.4982 24.5232 LMF5 
65 Morgenzon 533K 27.4989 24.5241 LMF5 
66 Mor~enzon 533K 27.4998 24.5243 LMF5 
67 Mor enzon 533K 27.5002 24.5244 LMFs 
68 Morgenzon 533K 27.5007 24.5244 LMF5 
69 Mor~enzon 533K 27.5011 24.5245 LMF5 
70 Mor enzon ?33K 27.5025 24.5247 LMFs 
71 Vel efontein 517K~ 27.4742 24.5032 LMFs 
72 Vellefontein 517K 27.4732 24.5028 LMFs 
73 Vellefontein 517K 27.4723 24.5020 LMFs 
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Appendix F: Mineral Analyses 

Clinopyroxenes: 

Dullstroom Area ............................................ . 
Tauteshoogte Area .......................................... . 
Bothasberg Plateau ......................................... . 
Makeckaan Fragment ......................................... . 

Amphiboles: 

Fl 
Fl - F2 
F2 - F3 
F3 

Dullstroom Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F4 
Tauteshoogte Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F4 
Bothasberg Plateau . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F4 
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Clinopyroxenes 

Dullstroom Area: Dullstroom Formation 

Magma 

Type 

HTI 

HTI 
HTI 
HTI 
JITI 
HTI 

HTI 

HTI 

HTI 
HTI 
Xenolith 

Xenolith 
Xenolith 

Sample SiO2 TiO2 Al2O3 FeO Fe2O3 MnO MgO CaO Na2O 

Number 

4853.30 

4852.59 

4852.22 

4851.96 

4852.88 

4852.55 

4553.30 

45 53.73 

0.07 

0 . 07 

0 . 10 

0.10 

0.05 

0 . 08 

0.20 

0.12 

45 53.30 0.15 

45 53.13 0.13 

X-137 51.49 0.02 

X-137 52.04 0.02 

X-137 51.49 0.03 

0.37 11.91 

0.53 13.06 

0.5114.54 

0.40 11.40 

0.36 12.23 

0.34 11.56 

0.91 7.45 

0.63 6.26 

0.66 7.33 

0.60 7.19 

0.18 13.08 

0.1213.93 

0.15 10.14 

0.00 

0.00 

0.00 

1. 12 

0.00 

0.00 

0.00 

1. 4 5 

0.42 12 . 13 22 . 79 

0.42 12.15 21.79 

0.37 12.10 20.41 

0 . 37 11.72 22.99 

0.4111.84 22.83 

0.41 12.14 23.29 

0.5114.24 23.50 

0 . 54 14.68 23.20 

0.00 0.5114.7023.24 

0.00 0.52 14.46 22.96 

1.10 0.42 10.06 23.99 

0.00 0 . 4110.1924.06 

1.21 0.40 11.67 24.31 

0 . 26 

0 . 27 

0 . 36 

0 . 34 

0.26 

0.18 

0 . 43 

0.48 

0.41 

0.36 

0 . 16 

0. 11 

0.15 

Clinopyroxenes 

Tauteshoogte Area: Damwal Formation 

Magma 

Typo 

LMF 

LMP 

LMP 

LMP 

LMF 

LMF 

LMP 

LMP 

LMF' 

LMF 

LMP 

LMF 

LMP 

LMF 

LMF 

LMP 

Samplo SiO2 TiO2 Al2O3 P'oO F'e2O3 MnO MgO Cao Na.2O 

Numbor 

3 4 8. 96 

348.33 

348.30 

447.40 

4 4 8 . 02 

4 4 7 . 06 

547.86 

547.60 

0.28 

0.20 

0.25 

0.24 

0.25 

0 . 23 

0.15 

0.15 

5 48.36 0.16 

5 46.40 0.17 

6 49.04 0.20 

6 48.20 0.22 

6 46.16 0.22 

6 48.15 0.21 

6 47 . 69 0.21 

6 47.75 0.22 

0.77 28.28 

0.56 27.76 

0.78 28.65 

0.77 28.51 

0.82 28.75 

0 . 74 28. 00 

0.70 27.68 

0.71 27.24 

0.71 27.25 

0.73 27.64 

0.77 27.60 

0.77 27.96 

0.75 26.83 

0.79 26.48 

0.77 26.52 

0.80 26.65 

0.00 

0.00 

0.00 

0.00 

0.00 

1.50 

0.00 

1. 2 3 

l . 11 

1.06 

0.00 

0.00 

0.73 

0.75 

0.73 

0.64 

0.58 

0.65 

l. 15 

1.02 

2.87 18.77 

2.88 19.50 

2.88 18.76 

2.60 18.86 

2.5118.53 

2 . 70 18.63 

3.28 16.45 

3.19 18.26 

1.16 3.36 18.47 

1.01 3.18 18.58 

0.60 3.45 18.69 

0.60 3.73 18.54 

0.27 

0 . 18 

0. 16 

0.23 

0. 31 

0.26 

0.22 

0.29 

0.28 

0.27 

0.28 

0.16 

1.08 0.59 3.70 18.75 0.25 

1.14 0.62 3.75 16.6•1 0.31 

1 . 20 0.57 3.69 18 . 71 0 . 29 

1.07 0.63 3.70 16 . 50 0 . 22 

K2O 

0 . 03 

0.03 

0.06 

0.02 

0.03 

0.04 

0.03 

0.07 

0.02 

0. 10 

0.02 

0.01 

0.02 

K2O 

0.02 

0.03 

0.01 

0.02 

0. 14 

0 . 01 

0.03 

0.02 

0.04 

0.02 

0.01 

0.02 

0.02 

0.03 

0 . 02 

0.04 

Cr2O3 Total 

0 . 12 101.40 

0.01 100.92 

0.01 100.68 

0.07 100.49 

0.00 100.69 

0.05 100 . 64 

0.03 100.60 

0.02 101.18 

0.00 100.32 

0 . 00 99 . 45 

0.00 100.52 

0.03 100 . 92 

0.01 99.56 

Cr2O3 Total 

0.00 100.95 

0.01 100 . 22 

0.01 100 . 53 

0.03 

0.00 

0.03 

0.00 

0.01 

99 . 30 

99 . 91 

99.63 

99.52 

99. n. 
0.00 100 . 90 

0.00 101.06 

0.0;! 100 . 66 

0.00 100 . 20 

0.01 100 . 36 

0.00 100.32 

0.01 99.66 

0 . 01 99.59 

Ion averages on the basis of six oxygen atoms 

Si 

l . 9 9 2 

1 . 9 6 l 

1.980 

1. 97 3 

1 . 9 9 0 

l. 981 

1.974 

1 . 96 6 

1. 977 

l . 9 8 6 

1. 976 

1. 98 3 

1.973 

Ti 

0.002 

0 . 002 

0.003 

0.003 

0.002 

0.002 

0.006 

0.003 

Al 

0 . 016 

0 . 023 

0.023 

0 . 016 

0.016 

0.015 

0.040 

0.026 

0.004 0 . 029 

0.004 0.026 

0.001 0.006 

0.001 0 . 005 

0.001 0.007 

P'e+2 

0.372 

0.412 

0.461 

0.362 

0.385 

0.364 

0.231 

0.195 

Fe+3 Mn 

0 . 000 0.013 

0.000 0.013 

0.000 0.012 

0.032 0.012 

0.000 0 . 013 

0.000 0.013 

0.000 0 . 016 

0.041 0.017 

0.228 0.000 0.016 

0.225 0 . 000 0 . 017 

0.420 0.032 0 . 014 

0.444 0.000 0 . 013 

0.325 0.035 0 . 013 

Mg Ca 

0 . 676 0 . 913 

0.662 0.880 

0.664 0.829 

0.663 0.936 

0.665 0.921 

0.662 0.941 

0.786 0.932 

0.817 0 . 928 

Na 

0.019 

0.020 

0 . 027 

0.025 

0.019 

0.013 

0.031 

0.034 

0.813 0.923 0.030 

0.806 0.920 0 . 026 

0.576 0.987 0 . 012 

0.579 0.982 0 . 008 

0.666 0.998 0.011 

Ion averages on the basis of six oxygen atoms 

Si 

1 . 976 

1.970 

1. 96 5 

1. 9 5 8 

1 . 96 8 

1 . 9 •\ 5 

l . 96 4 

l . 9 56 

1. 962 

l . 9 6 2 

l . 96 3 

l . 9 6 0 

Ti 

0.006 

0.006 

0.008 

0.007 

0.008 

0.007 

0.005 

0.005 

0.005 

0.005 

0.006 

0.007 

Al 

0.037 

0 . 026 

0.037 

0.037 

0. 0•I 0 

0.036 

0.034 

0.035 

0 . 0H 

0.035 

0 . 037 

0.037 

1.958 0.007 0.036 

1 . 957 0 . 007 0 . 036 

1.956 0.006 0 . 037 

1.956 0.007 0.039 

P'e+2 1'o+3 

0.955 0.000 

0.946 0.000 

0.975 0.000 

0.965 0.000 

0.985 0.000 

0.966 0.047 

0.950 0.000 

0.941 0.034 

Hn 

0.025 

0 . 026 

0.025 

0 . 022 

0.020 

0 . 023 

0.040 

0.0)6 

0. 924 

0. 937 

0.94-1 

0.951 

0.034 0.040 

0.032 0 . 035 

0.000 0.021 

0.000 0.021 

Mg Ca 

0.173 0.812 

0.175 0.851 

0.174 O.B1B 

0.160 0.835 

0 . 15) 0 . 814 

0 . 166 0.825 

0.201 0 . 811 

0.195 0.805 

0.20) 0.803 

0.192 0.807 

0.210 0.819 

0.226 0.808 

Na 

0.021 

0.015 

0.012 

0 . 018 

0 . 024 

0 . 022 

0.018 

0.023 

0.022 

0.021 

0.022 

0 . 013 

0.911 0.034 0 . 020 0.224 0.816 0 . 020 

0.898 0 . 037 0 . 021 0.227 0.820 0.025 

0.906 0 . 037 0.020 0.225 0 . 819 0.023 

0 . 912 0.034 0 . 022 0.226 0 . 812 0 . 018 

K 

0.002 

0.001 

0.003 

0.001 

0.001 

0.002 

0.001 

0.003 

Cr 

0 . 004 

0.000 

0.000 

0.002 

0.000 

0.002 

0.001 

0.000 

Total 

4.009 

4.014 

4.022 

4.027 

4.012 

4.015 

4.018 

4.034 

0 . 001 0.000 4 . 021 

0 . 005 0.000 4.015 

0.001 0.000 4.027 

0.000 0.001 4.016 

0.001 0.000 4.030 

K 

0.001 

0.001 

0.001 

0.001 

0.008 

0 . 000 

0.002 

0.001 

0.002 

0.001 

0.001 

0.001 

Cr Total 

0.000 

0.001 

0.000 

0.001 

0.000 

0 . 001 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

4.008 

4. 019 

4.015 

4.024 

4.020 

4 . 040 

4.025 

4 . 03) 

4.029 

4.027 

4.023 

4. 02·1 

0.001 0.000 4.027 

0.002 0.000 •1.032 

0.001 0.000 4.030 

0.002 0 . 000 4.028 
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Clinopyroxenes 

Tauteshoogte Area: Darnwal Formation 

Magma Sample 9iO2 TiO2 Al2O3 P'eO P'e203 MnO MgO Cao Na20 K2O Cr2O3 Total 
Type Number 

LMF 8 49.45 0.28 1.06 19.95 1. 86 0.66 5.44 22.11 0.70 0.02 0.00 101.53 
LMF 848.98 0.19 0.80 19.20 1.96 0.58 5.64 21.90 0.74 0.01 0.00 100.00 
LMF 8 so. 06 0.27 1.08 20.07 1. 2 5 0.64 5.42 21.79 0.73 0.05 0.00 101.36 
LMF 8 49.36 0. 3 0 1.12 20.32 1.41 0.64 5.28 21.84 0.60 0.03 0.00 100.90 
LMF 848.00 0.28 1.14 19.18 2.30 0.57 5.5021.78 0.69 0.02 0.00 99.46 
LMF 8 4 9. 70 0.24 1.08 20.20 1. 3 3 0.61 5.43 21.57 0.68 0.04 0.00 100.88 
LMF 8 49.00 0.27 1.10 19.83 1.97 0.62 5.50 21.60 0. 72 0.08 0.00 100.69 
LMF 848.47 0.27 1.02 19.41 2.26 0.57 5.50 22.02 0.69 0.03 0.00 100.24 

Clinopyroxene 

Bothasberg Plateau: Darnwal Fonnation 

Magma Sample 9iO2 TiO2 Al2O3 P'eO P'e203 MnO MgO Cao Na20 K2O Cr2O3 Total 

Type Number 

LMF 1 so. 11 0.19 0.71 23.16 0.00 0.51 5.51 19.75 0. 2 5 0.03 0.00 100.22 

Clinopyroxenes 

Bothasberg Plateau: Kwaggasnek Fonnation 

Magma Sample BiO2 TiO2 Al2O3 P'eO P'e203 MnO MgO Cao Na20 K2O Cr2O3 Total 

Type Number 

LMF' 2448.70 0.51 0.79 29.25 0.00 0.69 2.41 18.88 0. 15 0.02 0.01 101.41 

LMF' 2448.73 0.53 0.95 29.09 0.00 0.66 2.58 18.75 0.20 0.01 0.00 101.50 

LMF' 2448.48 0.51 0.72 29.13 0.00 0.67 2.50 18.73 0. 13 0.02 0.00 100.89 

LMF' 40 50.36 0.23 0.45 22.30 0.00 0.94 5.56 20.50 0.20 0.04 0.01 100.59 

LMF' 40 49.79 0.09 0.57 25.02 0.00 1.03 3.89 20.10 0.19 0.07 0.02 100.77 

LMF 4048.42 0.18 0.58 22.34 1.01 1.01 4.59 20.63 0.29 0.03 0.00 99.08 

Ion averages on the basis of six oxygen atoms 

Si Ti Al P'e + 2 P'e+3 Mn Mg 

1.948 0.008 0. 04 9 0.657 0.055 0.022 0. 320 

1.956 0.006 0.037 0.641 0.059 0.020 0.336 

1.965 0.008 0.050 0.659 0.037 0.021 0.317 

1.953 0.009 0.052 0.673 0.042 0.021 0.312 

1 . 9 3 4 0.009 0.054 0. 646 0.070 0.019 0.330 

1 . 9 6 2 0.007 0.050 0.667 0.040 0. 02 0 0. 319 

1.947 0.008 0.052 0.663 0.055 0. 021 0.326 

1.938 0.008 0.048 0.649 0.068 0.019 0.328 

Ion average9 on the basis of six oxygen atoms 

Si Ti Al P'e+2 P'e+3 Mn Mg 

1. 9 9 0 0.006 0.033 0.769 0.000 0.017 0.326 

Ion average9 on the basio of six oxygen atoms 

Si Ti Al P'e+2 P'e+3 Mn Mg 

1. 966 0.016 0.038 0.988 0.000 0.024 0. 14 5 

1.962 0.016 0.045 0.980 0.000 0.023 0.158 

1.967 0.016 0.035 0.989 0.000 0.023 0. 151 

1.991 0.007 0.021 0.737 0.000 0.032 0. 327 

1.990 0.003 0.027 0.836 0.000 0.035 0.232 

1.967 0.006 0.028 0.759 0.031 0.035 0.278 

Ca Na 

0.933 0.053 

0.937 0.057 

0.917 0.056 

0.926 0.046 

0.940 0.054 

0.913 0.052 

0.919 0.055 

0.944 0.054 

Ca Na 

0.840 0.019 

Ca Na 

0.817 0.012 

0.809 0.015 

0.814 0.010 

0.868 0.015 

0.861 0.015 

0.898 0.023 

K Cr 

0.000 0.000 

0.001 0.000 

0.002 0.000 

0.001 0.000 

0.001 0.000 

0.002 0.000 

0.004 0.001 

0.002 0.000 

K Cr 

0.002 0.000 

K Cr 

0.001 0.000 

0.001 0.000 

0.001 0.000 

0.002 0.000 

0.004 0.001 

0.002 0.000 

Total 

4.045 

4.050 

4.032 

4.035 

4.057 

•I. 0 3 2 

4. 051 

4.058 

Total 

4.002 

Total 

4.007 

4.009 

4.006 

4.000 

4.004 

4.027 

., 
r,,..:, 
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Clinopyroxenes and Olivine ( 4 OG) 

Bothasberg Plateau: Kwaggasnek Formation 

Magma Sample Si02 TiO2 Al2O3 P'eO P'e2O3 MnO MgO Cao Na2O K2O Cr2O3 Total 

Type Number 

LMF 24(A) 48.73 0.53 0.95 29.09 0.00 0.66 2.63 18.75 0.20 0.01 0.00101.55 
LMF 24(8) 48.73 0.55 0.77 28.79 0.00 0.66 2.48 18.81 0.20 0.02 0.00 101.01 

LMF 24(C) 48.18 0.49 0.78 29.20 0.00 0.70 2.28 18.82 0.19 0.01 0.00 100.65 

LMF 40(0) 49.79 0.09 0.57 25.02 0.00 1.03 3.8920.10 0.19 0.07 0.02 100.77 

LMF 40(E) 48.70 0.20 1.37 25.23 0.00 0.95 3.8519.16 0.30 0.21 0.00 99.97 

LMF 40(F) 47.31 0.55 3,3024.65 1. 75 0.87 3.63 17.62 0.75 0.45 0.00 100.88 

LMF 40(0) 26.92 5.08 2.82 54.56 0.00 0.58 3.04 7.78 0.52 0.29 0.00 101.59 

LMF 40 (H) 48 .42 0.18 0.58 22.34 1. 0 l 1.01 4.5920.63 0.29 0.03 0.00 99.08 

LMF 40(I) 46.61 0.91 1.73 20.61 2.13 0.91 5.85 20.41 0.26 0.04 0.02 99.48 

24 (A) to (C): Centre towards rim 

40 (D) to (F): Centre towards rim 

40 (G) to (I) : Centre towards rim 

40 (G): Ion averages are calculated on the basis of 4 oxygen atoms. 

Clinopyroxenes 

Makeckaan Fragment: Dullstroom Formation 

Magma Sample SiO2 TiO2 Al:2O3 P'eO P'e:2O3 HnO MgO Cao Na:2O K:2O Cr:2O3 Total 

Type Number 

LTI 8052.34 0.20 1.49 9.37 0.00 0.26 17.20 18.03 0.11 0.03 0, 11 99.14 

LTI 8053.60 0. 34 1.54 10.93 0.00 0.24 16.82 17.58 0.12 0.01 0.06 101.24 

Ion averages on the basis of six oxygen atoms 

Si Ti Al P'e+:2 P'e+3 Hn Mg 

1.962 0.016 0.045 0.980 0.000 0.023 0.158 

1.972 0.017 0.037 0. 972 0.000 0.023 0.149 

1.964 0.015 0.038 0.995 0.000 0.024 0 .139 

1.990 0.003 0.027 0.836 0.000 0.035 0.232 

l.965 0.006 0.065 0.851 0.000 0.032 0.231 

1.902 0.017 0. 157 0.828 0.053 0.030 0.218 

0.854 0.121 0.105 1.447 0.000 0.016 0.144 

1.967 0.006 0.028 0.759 0.031 0.035 0.278 

1 . 8 8 8 0.028 0.082 0.698 0.065 0.031 0.353 

Ion averages on the basis of six oxygen atoms 

Si Ti Al P'• ♦ :2 P'e+3 Mn Mg 

l . 9 5 2 0.006 0.066 0.292 0.000 0.009 0.956 

1.963 0.009 0.066 0. 335 0.000 0.008 0.918 

Ca Na IC 

0.809 0.015 0.001 

0.816 0.015 0.001 

0.822 0.015 0.002 

0.861 0.015 0.004 

0.828 0.024 0.011 

0.759 0.058 0.023 

0.264 0.032 0.012 

0.898 0.023 0.002 

0.886 0.020 0.002 

Ca Na IC 

0.720 0.008 0.001 

0.690 0.009 0.001 

Cr 

0.000 

0.000 

0.000 

0.001 

0.000 

0.000 

0.001 

0.000 

0.001 

Cr 

0.003 

0.002 

Total 

4.009 

4.002 

4.014 

4.004 

4.013 

4.045 

2.996 

4.027 

4.054 

Total 

4.013 

4.001 

,, 
~ 
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Amphiboles 

Dullstroom Area: Dullstroom Formation 

Magma 0ample Si02 Ti02 Al 203 l'eO MnO MgO CaO Na2O K20 Cr203 Total 

Type Number 

IITI 51 5 ) . 9 9 0 . 06 1 . 74 17 .5 8 0 . 46 13 . 00 12.27 0. 21 0.04 0.00 99.35 

IITI •IR 50. 96 0 . 6) 3 . 9•1 l 7 . 14 0.)) 13 . 24 11 . )6 0.79 0 . 36 0 . 02 98 . 77 

IITI 48 51 . 26 0 . 63 •1,06 17 . 1'1 0.29 13.23 10 . 98 0 . 87 0 . 4 0 0 . 01 98 . 8 7 

IITI 4 B 4 9. 00 0 . 88 5 . 12 18 . 4 4 0 . 25 11 . 02 11.35 0.91 0.53 0.03 98 . 3) 

IITI 4 8 4 9 . 4 ·7 o.ee •1 . 6 J 1 7 . 1 8 0.30 12.68 11 . 50 l . 05 0 . 4 9 0 . 02 98.20 

IITI 4553.36 0. 3 3 2. 29 9 . 61 0.37 17 . 64 11.92 0 . 27 0. 18 0.01 95 . 98 

Amphiboles 

Tauteshoogte Area: Damwal Formation 

Magma Sample 8102 Ti02 Al203 P'eO MnO MgO CaO Na2O K20 Cr203 Total 

Type Number 

LMF 349.69 0.00 1.30 37.94 0 . 59 0 . 88 9 . 41 0.29 0 . 28 0.00 100 . 38 

LMF 4 48 . 17 0.11 1.3534 . 46 0 . 81 0 . 98 10 . 78 0 . 24 0 . 30 0.00 97 . 2 0 

Amphibole 

Bothasberg Plateau: Kwaggasnek Formation 

Magma Sample Si02 Ti02 Al203 P'eO MnO MgO Cao Na2O K20 Cr203 Total 

Type Number 

LMF 4045.98 1. 02 5 . 21 28.77 0 . 67 4 . 54 10 . 66 1. 15 0.72 0.01 98.73 

Amphiboles 

Bothasberg Plateau: Rashoop Granophyre Suite 

Magma Sample Si02 Ti02 Al203 l"eO MnO MgO Cao Na2O K20 Cr203 Total 

Type Number 

Granophyre 2 39.88 1 . 83 7 . 62 33.03 0.41 1.46 10.32 2 . 03 1 . 38 0.00 97.96 

Granophyre 239.36 1 . 80 8.23 33 . 54 0 . 43 0 . 71 10 . 48 2 . 06 1.61 0.00 98.22 

Ion a ve r a g es o n t he baoio of 23 oxygen atoms 

Si Ti Al l'e • 2 Mn Mg Ca 

7 . 810 0.007 0 . 297 2 . 12 6 0 . 056 2.803 1 . 9 0 3 
7 . 448 0 . 069 0 . 679 2 . 0 9 4 0 . 04 1 2.885 1 . 77 9 
7 . 471 0 . 069 0 . 697 2 . 089 0 . 036 2.874 1. 715 
7 . 269 0.098 0 . 896 2 . 288 0. 031 2 . 614 1 . 8 04 
7.310 0 . 098 0 . 807 2 . 12 3 0.035 2 . 793 1 . 8 2 1 
7.716 0 . 035 0.390 1 . 163 0.046 3.802 1 . 8 4 6 

Ion averagco on the baeie of 23 oxygen atoms 

Si Ti Al l'e • 2 Mn Mg Ca 

7.841 0 . 000 0.242 5.006 0 . 079 0 . 207 1.591 
7.813 0 . 013 0.257 4 . 673 0.111 0.236 1.872 

Ion averages on the basis of 23 oxygen atoms 

Si Ti Al l'e + 2 Mn Mg Ca 

7 . 184 0 . 121 0 . 960 3.766 0 . 088 1.059 1 . 788 

Ion averages on the basis of 23 oxygen atoms 

Si Ti Al l'e+2 Mn Mg Ca 

6.550 0 . 226 1 . 4 7 5 4 . 537 0 . 057 0.357 1 . 816 
6. 4 81 0.222 1. 5 96 4 . 618 0 . 060 0 . 173 1. 8 4 9 

Na K 

0 . 059 0 . 008 

0 . 225 0.066 

0 . 245 0 . 074 

0.263 0. 100 

0 . 301 0 . 093 

0 . 076 0 . 033 

Na K 

0.088 0 . 056 

0 . 075 0 . 062 

Na K 

0.350 0 . 144 

Na K 

0 . 646 0 . 289 

0 . 6 58 0 . 337 

Cr Total 

0 . 000 15.069 

0 . 002 15.288 

0.000 15 . 270 

0 . 003 15 . 366 

0 . 002 15 . 383 

0 . 002 15.109 

Cr Total 

0 . 000 15.110 

0 . 000 15 . 112 

Cr Total 

0 . 002 15 . 462 

Cr Total 

0.000 15 . 953 

0 . 000 15 . 994 

-r, 
.p.. 
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Appendix G: Whole Rock Analyses 

Dullstroom Area ............................................ . Gl - G9 
Tau teshoogte Area .......................................... . 
Bothasberg Plateau ......................................... . 
Loskop Dam ................................................. . 

G9 
GlO - Gl2 
Gl3 - G21 

Stavoren Fragment .......................................... . 
Rooiberg Fragment .......................................... . 

G22 
G22 - G25 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 

LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 

LTI 
LTI 
LTI 
LTI 

LTI 

LTI 
LTI 

LTI 

LTI 
LTI 
LTI 
LTI 

Sample 

Number 

SiO2 TiO2 Al2O3 

30 55 . 32 

31 55 . 47 

33 61.23 

4358.35 

4456.35 

47 63.90 

5256.18 

5458.39 

55 55.75 

5658.71 

5756 . 07 

58 SB . 17 

59 57. 14 

6058 . 87 

6262.59 

63 59.27 

67 57.86 

74 57. 78 

75 55.88 

Nb 

30 

31 

33 

43 

44 

47 

52 

54 

55 

56 

57 

58 

59 

60 

62 

63 

67 
74 

75 

4 
0 

8 

6 

4 

11 

0 

0 

4 

7 

4 

4 

4 

s 
4 

13 

18 

4 

0 

0.67 

0 . 68 

0 . 70 

0 . 84 

0 . 67 

0.84 

0.60 

0.45 

0 . 43 

0.68 

0 . 58 

0 . 68 

0 . 63 

0.66 

0 . 58 

0.67 

0. 72 

0.46 

0.44 

Zr 

129 

134 

291 

170 

140 

242 

121 

118 

90 

167 
11.., 

130 

105 

142 

150 

235 

323 

100 

72 

14 . 82 

14.79 

14 . 15 

14.52 

15.14 

13. 12 

15.35 

13.91 

13. 94 

14 . 34 

15.38 

14 . 6 8 

15 . 03 

14.54 

13. 34 

14.58 

13.60 

14.79 

13.92 

y 

22 

24 

34 

28 

23 

33 

19 

17 

17 

25 

18 

21 

18 

23 

25 

33 

41 

16 

13 

FeOt 

8 . 72 

9.17 

8 . 52 

9 . 23 

8.99 

7.93 

8.45 

8.11 

8. 8 8 

8 . 41 

8.62 

9 . 18 

9.00 

8.76 

10 . 06 

8 . 34 

10 . 39 

7.96 

8 . 44 

Sr 

266 

278 

305 

320 

298 

285 

251 

244 

216 

242 

231 

213 

210 

246 

342 

369 

478 

257 

181 

HnO 

0. 12 

0 . 16 

0 . 19 

0 . 16 

0.15 

0 . 13 

0.16 

0.13 

0.17 

0.13 

0. 13 

0 . 14 

0.17 

0 . 15 

0.12 

0 . 14 

0 .14 

0.13 

0 . 1 7 

Rb 

46 

50 

131 

71 

46 

102 

so 
85 

65 

88 

49 

47 

47 

36 

49 

44 

102 

49 

56 

MgO 

5.88 

5 . 88 

2 . 9 8 

3 . 94 

5.48 

1.93 

6.07 

5.98 

6.67 

3.04 
,1 . 9 e 
4 . 09 

4.84 

3. 8 4 

2.18 

3.81 

3.75 

6.01 

6.43 

Zn 

63 

66 

78 

79 

80 

89 

42 

61 

68 

53 

56 

62 

65 

60 

73 

109 

114 

6 l 

87 

cao Na2O 

9 . 28 

8.60 

6 . 5 3 

7 . 67 

8. 4 8 

5 . 24 

8.85 

7 . 28 

7 . 96 

6.87 

7 . 66 

7 . 76 

8. 6 6 

7.89 

6.05 

7.97 

6.29 

6.80 

7.68 

Cu 

3 

18 

22 

80 

41 

36 

147 

0 

JS 

52 

56 

30 

24 

0 

1767 

57 

87 

7 

0 

2 . 22 

2 . 12 

3.29 

3.00 

2.40 

2.91 

2.04 

2.27 

1. 98 

2.08 

2 . 45 

2 . 28 

1. 79 

2 . 55 

2.01 

3 . 26 

3.74 

2.99 

1 . 8 6 

Ni 

92 

93 

22 

41 

90 

16 

86 

110 

128 

35 

68 

46 

94 

53 

43 

so 
75 

114 

121 

K2O P2O5 

1. 11 

l . 3 S 

1.62 

1. 8 5 

1. 26 

2.54 

1. 1 J 

1.08 

1.07 

2.22 

1 . 71 

1. 38 

1. 59 

1. 4 7 

1. 13 

1.06 

2.39 

1. 17 

1.47 

Co 

64 

59 

89 

71 

64 

72 

58 

67 

59 

45 

54 

56 

5) 

54 

72 

54 

76 

64 

70 

0 . 12 

0 . 11 

0 . 16 

0 . 1 7 

0 . 12 

0.16 

0 . 13 

0.06 

0.07 

0 . 16 
0 . 1) 

0 . 14 

0 . 12 

0 . 16 

0. 10 

0 . 14 

0 . 18 

0.06 

0.06 

Cr 

246 

258 

108 

24 

228 

0 

45 

239 

262 

57 

131 

59 

83 

79 

117 

0 

0 

297 

258 

LOI 

1 . J 9 

1 . 2 1 

1 . 47 

0 . 84 

0.91 

0.40 

1. 94 

1 . 59 

2 . 23 

2.65 

1 . 31 

1.07 

0 . 92 

1 . 04 

0 . 93 

1.08 

0.35 

1. 32 

2.49 

V 

177 

175 

91 

156 

176 

143 

171 

151 

167 

16 1 

156 

170 

167 

156 

125 

256 

182 

148 

173 

P2O5 

0. 13 

0. 13 

0 . 14 

0 . 12 

0. 13 

0. 13 

0.13 

0 .13 

0.16 

0.16 

0 .13 

0 . 14 

0.10 

0.16 

0.10 

0.11 

0.12 

0.11 

0 . 14 

Cr 

0 

0 

0 

142 

133 

176 

166 

164 

123 

121 

78 

174 

12 0 

169 

48 

101 

67 

52 

196 

LOI 

1. 06 

0 . 77 

0 . 80 

0 . 78 

0.88 

1 . 30 

1 . 3 9 

1.94 

0 . 62 

1 . 54 

2 . 63 

1.95 

1 . 2 9 

0.78 

1 . 01 

1.27 

1.50 

0.97 

1. 5 7 

V 

2 58 

261 

2 56 

164 

165 

158 

154 

158 

158 

157 

170 

148 

154 

166 

175 

155 

179 

174 

176 

Total 

99.94 

100.64 

100 . 20 

100.70 

100.21 

100.18 

100.03 

99.81 

99 . 07 

100.17 

99.32 

100 . 70 

100.70 

100.77 

99.58 

100.68 

99.54 

100.02 

100.73 

Ba 

415 

371 

362 

362 

451 

4 53 

334 

440 

4 93 

445 

502 

371 

471 

334 

384 

417 

335 

417 

379 

Sc 

32 

31 

31 

32 

31 

30 

29 

30 

29 

28 

31 

30 

28 

30 

31 

28 

28 

29 

31 

Ga 

14 

14 

14 

15 

15 

14 

14 

14 

16 

14 

14 

14 

14 

12 

14 

15 

15 

14 

15 

Hf 

0 

0 

0 

0 

0 

0 

0 

0 

9 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

u 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Th 

11 

12 

11 

10 

10 

12 

11 

18 

15 

18 

12 

10 

11 

10 

11 

15 

10 

10 

12 

Pb 

6 

4 

4 

9 

9 

5 

5 

7 

5 

7 

3 

4 

3 

3 

3 

4 

2 

3 

6 

Ci) ..... 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

LTI 
LTI 
LT I 
LTI 
LTI 
LTI 
LTI 

LTI 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 
LTI 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 

LTI 

LTI 
LTI 

LTI 

LTI 

LTI 
LTI 
LTI 

Sample 

Number 

SiO2 TiO2 Al203 PeOt 

3055.32 

31 55 . 47 

33 61.23 

4358.35 

4456.35 

47 63.90 

5256 . 18 

5458 . 39 

55 55.75 

5658.71 

57 56.07 

58 58. 17 

59 57. 14 

6058 . 87 

6262.59 

63 59.27 

67 57.86 

74 57. 78 

75 55.88 

Nb 

30 

31 

33 

43 

44 

47 

52 

54 

55 

56 

57 

58 

59 

60 

62 

63 

67 

74 

75 

4 

0 

8 

6 

4 

11 

0 

0 

4 

7 

4 

4 

4 

5 

4 

13 

18 

4 

0 

0 . 67 14.82 

0 . 68 14.79 

0.70 14 . 15 

0 . 84 14 . 52 

0.67 15.14 

0.84 13.12 

0.60 15.35 

0.45 13.91 

0.43 13 . 94 

0.68 14 . 34 

0 . 58 15.38 

0 . 68 14 . 68 

0.63 15 . 03 

8.72 

9 . 17 

8.52 

9.23 

8.99 

7.93 

8.45 

8.11 

8 . 8 8 

8. 41 

8 . 62 

9 . 18 

9.00 

0.66 

0.58 

0.67 

0. 72 

0.46 

14 . 54 8.76 

13.34 10.06 

14.58 8.34 

13.60 10.39 

14.79 7.96 

0.44 13 . 92 

Zr 

129 

134 

291 

170 

140 

242 

121 

118 

90 

167 

11 "7 

130 

105 

142 

150 

235 

323 

100 

72 

y 

22 

24 

34 

28 

23 

33 

19 

17 

17 

25 

18 

21 

18 

23 

25 

33 

41 

16 

13 

8.44 

Sr 

266 

278 

305 

320 

298 

285 

251 

244 

216 

242 

231 

213 

210 

246 

342 

369 

478 

257 

181 

HnO 

0. 12 

0. 16 

0 . 19 

0 . 16 

0.15 

0. 13 

0.16 

0.13 

0.17 

0.13 

0. 13 

0 . 14 

0.17 

0.15 

0.12 

0. 14 

0 .14 

0 .13 

0. 17 

Rb 

46 

50 

131 

71 

46 

102 

so 
85 

65 

88 

49 

47 

47 

36 

49 

44 

102 

49 

56 

MgO 

5.88 

5 . 88 

2 . 9 8 

3 . 94 

5.48 

1.93 

6.07 

5.98 

6.67 

3 . 04 

•I. 98 

4 . 09 

4 . 84 

3 . 8 4 

2.18 

3 . 81 

3.75 

6 . 01 

6 . 4 3 

Zn 

63 

66 

78 

79 

80 

89 

42 

61 

68 

53 

56 

62 

65 

60 

73 

109 

114 

6 l 

8 7 

Cao Na2O 

9 . 28 

8 . 60 

6 . 5 3 

7.67 

8 . 4 8 

5 . 24 

8.85 

7 . 28 

7.96 

6.87 

7 . 66 

7.76 

8. 6 6 

7 . 89 

6.05 

7.97 

6.29 

6 . 80 

7.68 

Cu 

3 

18 

22 

80 

41 

36 

147 

0 

35 

52 

56 

30 

24 

0 

1767 

57 

87 

7 

0 

2 . 22 

2. 12 

3.29 

3.00 

2.40 

2.91 

2.04 

2.27 

1. 98 

2.08 

2 . 45 

2 . 28 

1.79 

2.55 

2.01 

3.26 

3.74 

2.99 

1. 8 6 

Ni 

92 

93 

22 

41 

90 

16 

86 

110 

128 

35 

68 

46 

94 

53 

43 

so 
75 

114 

121 

K2O P2O5 

l . 11 

l . 3 5 

1 . 62 

l. 8 5 

1. 26 

2.54 

1.13 

1.08 

1. 07 

2.22 

l . 71 

l. 38 

1. 59 

1.47 

l. 13 

1.06 

2.39 

1. 17 

1.47 

Co 

64 

59 

89 

71 

64 

72 

58 

67 

59 

45 

54 

56 

53 

54 

72 

54 

76 

64 

70 

0 . 12 

0 . 11 

0 . 16 

0. 1 7 

0 . 12 

0. 16 

0. 13 

0.06 

0.07 

0 . 16 

0 . l 3 

0 . 14 

0 . 12 

0. 16 

0. l 0 

0.14 

0 . 18 

0.06 

0.06 

Cr 

246 

258 

108 

24 

228 

0 

45 

239 

262 

57 

131 

59 

83 

79 

117 

0 

0 

297 

258 

LOI 

1 . 3 9 

l . 21 

l . 4 7 

0.84 

0.91 

0.40 

1. 94 

1.59 

2.23 

2 . 65 

1.31 

1.07 

0.92 

1.04 

0.9) 

1.08 

0.35 

1. 32 

2.49 

V 

177 

175 

91 

156 

176 

143 

171 

151 

167 

161 

156 

170 

167 

156 

125 

256 

162 

146 

173 

Total 

99.65 

99 . 54 

100.84 

100 . 57 

99 . 95 

9 9. l 0 

100 . 90 

99 . 25 

99 . 15 

99 . 29 

99 . 02 

99 . 57 

99.89 

99 . 9) 

99.09 

100.32 

99.41 

9 9 . 4 7 

98.84 

Ba 

369 

350 

809 

538 

377 

704 

2 92 

260 

231 

577 

322 

308 

426 

286 

312 

287 

381 

314 

350 

Sc 

29 

30 

16 

23 

28 

21 

32 

29 

33 

27 

30 

30 

30 

30 

27 

21 

20 

31 

33 

Ga 

15 

15 

17 

17 

16 

16 

14 

12 

14 

15 

15 

15 

14 

15 

15 

17 

21 

13 

13 

H! 

0 

0 

0 

0 

0 

11 

0 

0 

0 

0 

0 

0 

0 

0 

12 

12 

14 

0 

0 

u 

0 

0 

0 

0 

0 

0 

12 

0 

0 

8 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Th 

10 

11 

20 

12 

11 

13 

0 

10 

8 

48 

12 

13 

11 

14 

12 

9 

12 

10 

11 

Pb 

3 

3 

6 

9 

6 

15 

3 

3 

14 

4 

5 

4 

4 

7 

4 

3 

4 

G') 
"-> 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 

LTI 
LTI 
LTI 

LTI 
LTI 

LT! 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

Sample 

Number 

122 

123 

128 

12 9 

130 

131 

134 

135 

14 0 

144 

164 

16 S 

166 

16 7 

177 

178 

179 

18 0 

181 

SiO2 

60.06 

55.44 

53.82 

55.88 

55.25 

55.52 

57.62 

55.56 

56.05 

57.66 

56.48 

54.61 

57.98 

55.22 

57.92 

56.55 

56.89 

59. 02 

56. 34 

184 56.72 

122 

123 

128 

129 

13 0 

131 

134 

135 

140 

144 

164 

165 

166 

167 

177 

178 

179 

18 0 

181 

18 4 

Nb 

0 

0 

0 

0 

0 

4 

4 

4 

4 

4 

4 

s 
4 

0 

0 

0 

0 

s 
0 

4 

TiO2 

0.69 

0.58 

0.68 

0.50 

0.59 

0.59 

0.48 

0.59 

0.62 

0.66 

0.64 

0.87 

0.66 

0.72 

0.65 

0.60 

0.62 

0.65 

0.59 

Al2OJ 

14. 4 7 

14.46 

15.23 

14.99 

15.00 

15 .11 

14.34 

15.31 

15.20 

14.53 

14.61 

14.75 

14.90 

15.26 

14.24 

14.47 

14.86 

14.98 

14.90 

0.62 15.77 

Zr 

119 

144 

96 

123 

123 

122 

95 

99 

126 

141 

131 

150 

131 

94 

109 

97 

113 

142 

114 

12 9 

y 

22 

20 

15 

19 

23 

21 

15 

20 

21 

22 

22 

26 

27 

18 

18 

16 

18 

22 

19 

23 

FeOt 

9.01 

8. 91 

10.18 

8.97 

9.06 

9.05 

8.70 

8. 6 8 

9.72 

8.70 

8.69 

9.51 

8.42 

8. 8 4 

8.76 

8.66 

8.56 

8.65 

8.85 

8.44 

Sr 

240 

243 

216 

234 

270 

284 

16 S 

233 

279 

287 

278 

316 

197 

218 

226 

210 

218 

242 

244 

332 

MnO 

0.15 

0.20 

0. 19 

0.18 

0.22 

0.17 

0.16 

0.18 

0.15 

0.16 

0.23 

0.16 

0.20 

0.14 

0.13 

0.16 

0.14 

0.17 

0.14 

0.21 

Rb 

57 

55 

34 

58 

68 

73 

so 
60 

17 

89 

66 

58 

75 

78 

62 

37 

46 

64 

46 

34 

MgO 

3. 2 8 

6.42 

5.59 

6.14 

S. 13 

5.12 

6.08 

5.03 

S. 11 

4. 61 

5.39 

5.86 

4.82 

5.56 

5.14 

6.52 

5.15 

4. 10 

6.66 

6. 16 

Zn 

79 

54 

75 

86 

84 

81 

65 

83 

54 

91 

61 

81 

78 

63 

67 

72 

81 

12 1 

71 

115 

cao 

6. 8 0 

8. 92 

9.15 

7.86 

7.28 

7.44 

7.14 

7.41 

9.33 

7.69 

8.39 

8.35 

8. 53 

9.39 

7.92 

8 • 51 

7.92 

6.87 

8.94 

9.93 

Cu 

0 

0 

18 

0 

0 

0 

0 

0 

110 

98 

3 

98 

29 

33 

78 

96 

96 

0 

7 

Na20 

1.71 

1. 58 

2.19 

2.47 

2.44 

2.31 

2.24 

2.38 

2.19 

1.97 

1. 99 

2. 13 

2.06 

1. 70 

2.01 

2. 13 

2.60 

2. 3 8 

1.93 

1. 6 9 

Ni 

96 

92 

88 

136 

93 

86 

130 

82 

79 

47 

90 

75 

49 

122 

46 

96 

106 

56 

82 

86 

K2O 

2.33 

1.18 

1. 11 

1.14 

1.56 

1. 46 

1. 3 9 

1.80 

0. 4 0 

1.42 

1. 63 

1. 84 

1.36 

1.22 

1. 8 6 

1. 16 

1.37 

1. 96 

1. 26 

0.57 

Co 

P2O5 

0. 1 S 

0.09 

0. 13 

0.07 

0.09 

0.10 

0.06 

0.10 

0. 10 

0 .14 

0. 10 

0. 10 

0. 11 

0. 12 

0. 11 

0. 11 

0. 11 

0.17 

0.11 

0.11 

Cr 

62 14 4 

59 I 164 

71 86 

70 26 8 

6 9 59 

61 55 

71 26 7 

65 71 

65 0 

66 13 9 

81 24 7 

102 207 

80. 102 

8 2 2 8 6 

78 6 6 

70 192 

71 77 

71 114 

67 178 

88 124 

LOI 

1 . 3 3 

0.91 

0.73 

1 . 11 

2.92 

2.06 

1 . 11 

2.73 

1. 55 

1. 94 

1. 17 

1.17 

l. 4 5 

1 . 11 

1. 67 

1 . 3 6 

1. 52 

1. 84 

1.21 

Total 

99.98 

98.69 

99.00 

99.31 

99.54 

98.93 

99.32 

99.77 

100.42 

99.48 

99.32 

99.35 

100.49 

99.28 

100.41 

100.23 

99.74 

100.79 

100.93 

0.82 101.04 

V 

173 

169 

192 

172 

165 

169 

162 

175 

118 

164 

161 

156 

203 

166 

190 

173 

169 

163 

164 

167 

Ba 

431 

330 

330 

342 

658 

4 92 

435 

481 

99 

459 

422 

309 

428 

348 

440 

317 

408 

537 

412 

195 

Sc 

32 

32 

34 

31 

30 

31 

29 

31 

30 

31 

29 

30 

34 

32 

34 

31 

30 

31 

31 

31 

Ga 

13 

14 

15 

14 

14 

14 

13 

14 

15 

14 

14 

15 

15 

14 

14 

13 

14 

15 

14 

15 

H! 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

u 
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0 

0 

0 

0 

0 
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0 

0 
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0 
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0 
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0 

0 

Th 

11 

10 

9 

65 
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11 

11 

10 

10 

13 

9 

12 

12 

11 

10 

9 

11 

12 

0 

11 

Pb 

6 

3 

3 

81 
7 
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4 

5 

8 

6 

7 

5 

s 

4 

6 

4 

6 

69 

5 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 

BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 
BR 

BR 
BR 
BR 
BR 
BR 
BR 
BR 

Sample 

Nwnber 

SiO2 

92a 

92b 

92c 

92d 

92e 

92f 

92g 

92h 

92 i 
92k 

92a 

92b 

92c 

92d 

92e 

92 f 

92g 

92h 

92i 

92k 

75.90 

75.70 

75.24 

74.82 

75.96 

75.51 

76.20 

75.83 

74.89 

76.73 

68.87 

7 72. 34 

11 74.53 

14 69.21 

53 68.61 

65 73.17 

66 72.85 

90 74.94 

95 78.12 

124 70.51 

7 

11 

14 

53 

65 

66 

90 

95 

124 

Nb 

6 

5 

5 

6 

6 

6 

7 

8 

7 

5 

7 

7 

6 

6 

6 

6 

5 

6 

7 

8 

TiO2 Al2O3 

0.27 

0.28 

0.28 

0.28 

0.30 

0.26 

0.28 

0.25 

0.26 

0.26 

0.39 

0.38 

0.28 

0.39 

0.38 

0.38 

0.38 

0.26 

0.25 

0.40 

Zr 

237 

216 

216 

211 

211 

269 

287 

273 

309 

228 

194 

214 

228 

181 

225 

210 

201 

225 

263 

213 

11. 13 

11. 02 

11. 12 

10.81 

11.16 

10.91 

10.93 

10.51 

11. 17 

10.66 

12. 41 

11. 73 

11.03 

12.36 

12. 17 

11. 72 

11.69 

10. 78 

10.13 

11.79 

y 

25 

21 

20 

20 

23 

26 

29 

28 

28 

23 

21 

25 

22 

21 

28 

22 

23 

23 

27 

26 

l'eOt 

2.70 

2.94 

2. 77 

2.90 

2.47 

2.86 

2.92 

2.60 

2.60 

2.81 

4.49 

4 .11 

3. 41 

4.74 

4.72 

3. 8 6 

3.97 

2.59 

2.15 

4.31 

Sr 

203 

238 

232 

186 

221 

282 

2 01 

196 

195 

202 

254 

210 

242 

205 

221 

213 

228 

242 

241 

236 

HnO 

0.07 

0.08 

0.07 

0.07 

0.05 

0.07 

0.08 

0.10 

0.09 

0.10 

0.10 

0.04 

0.06 

0.08 

0.11 

0.08 

0.08 

0.07 

0.04 

0.06 

Rb 

113 

154 

177 

148 

155 

190 

133 

117 

133 

127 

112 

98 

175 

81 

104 

14 9 

118 

173 

197 

130 

MgO 

1.26 

1. 48 

1. 76 

1.87 

1. 06 

1. 25 

1.58 

1. 3 7 

1. 72 

0.85 

2.71 

1.33 

1.50 

2.60 

2.68 

1.90 

1.54 

1.63 

0.50 

1.97 

Zn 

3 1 

33 

34 

31 

20 

24 

26 

23 

37 

21 

76 

14 

30 

45 

57 

29 

41 

21 

19 

30 

Cao Ua2O 

3. 06 

2.85 

2.64 

2.56 

2.78 

2.51 

2.54 

2.55 

2.39 

2.77 

3.75 

3 . 6 8 

2.42 

4.32 

4.42 

3.22 

2.88 

2.20 

1. 54 

3.72 

Cu 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

0 

0 

0 

0 

0 

47 

2 

0 

7 

1. 78 

1.54 

1. 57 

1.36 

1. 4 9 

1.51 

1. 61 

1. 70 

1.99 

1.15 

1. 9 3 

1. 6 8 

1 . 61 

1. 8 0 

1.74 

1.60 

1.71 

1.83 

1. 95 

1. 59 

Ni 

13 

14 

15 

39 

26 

9 

18 

9 

16 

13 

53 

19 

17 

28 

33 

25 

21 

33 

7 

22 

K2O P2O5 

3.62 

4.06 

4 . 13 

4.15 

4. 3 8 

4 . 13 

4.05 

3. 81 

3.09 

4.72 

2.90 

2.78 

4.11 

3.04 

2.95 

3.84 

3. 2 3 

4.04 

4.21 

2.64 

Co 

118 

97 

92 

84 

118 

89 

85 

92 

101 

97 

51 

86 

68 

73 

56 

50 

63 

96 

124 

73 

0.08 

0.07 

0.07 

0.08 

0.10 

0.07 

0.06 

0.07 

0.07 

0.07 

0.09 

0.08 

0.07 

0.09 

0.09 

0.10 

0.09 

0.07 

0.07 

0.09 

Cr 

170 

184 

153 

194 

199 

199 

162 

177 

182 

186 

138 

194 

166 

134 

146 

327 

301 

192 

159 

2 02 

LOI 

0.67 

0.64 

0.75 

0.66 

0.67 

0.65 

0.60 

0.77 

0.74 

0.58 

2.05 

0.96 

0.78 

1 . 0 3 

1.39 

0.82 

l . 13 

0.87 

0.48 

1. 4 5 

V 

49 

47 

48 

46 

41 

40 

46 

44 

44 

37 

72 

72 

49 

82 

86 

77 

75 

40 

37 

83 

Total 

100.54 

100.66 

100.40 

99.56 

100.42 

99.73 

100.85 

99.56 

99.01 

100.70 

99.69 

99.11 

99.80 

99.66 

99.26 

100.69 

99.55 

99.28 

99.44 

98.53 

Ba 

1022 

1083 

1067 

1005 

14 02 

1122 

1091 

1113 

8 58 

1170 

8 04 

1008 

1170 

992 

730 

961 

877 

1098 

1425 

767 

Sc 

7 

8 

8 

8 

8 

8 

8 

7 

7 

7 

12 

12 

9 

15 

14 

12 

12 

7 

7 

11 

Ga 

10 

11 

10 

11 

9 

10 

10 

10 

11 

9 

11 

12 

11 

11 

12 

12 

12 

10 

10 

H! 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

9 

0 

0 

u 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Th 

14 

17 

16 

14 

15 

55 

14 

14 

16 

15 

14 

14 

16 

14 

15 

14 

15 

12 

15 

16 

Pb 

0 

5 

6 

5 

5 

5 

6 

7 

7 

7 
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4 

8 

14 

5 

4 

7 

5 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

BR 
BR 
BR 
BR 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

BR 
BR 
BR 
BR 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

HTI 
HTI 

HTI 

HTI 

HTI 

HTI 

HTI 

HTI 
HTI 
HTI 

Sample SiO2 

Number 

139a 

139b 

139c 

139d 

139e 

13 9f 

139g 

139h 

139i 

139k 

139a 

139b 

139c 

139d 

139e 

139f 

139g 

139h 

139i 

139k 

161 76.65 

162 74.65 

163 69.70 

183 

5 

9 

75.02 

52.34 

51. 8 8 

52.68 

52.28 

52.36 

51.97 

51.05 

52.09 

51.93 

51.80 

56.77 

56.37 

19 56.74 

27 57.07 

28 55.21 

29 55.14 

161 

162 

163 

183 

5 

9 

19 

27 

28 

29 

Nb 

7 

6 

5 

12 

11 

11 

10 

25 

14 

13 

12 

11 

12 

9 

10 

11 

11 

11 

13 

TiO2 Al2OJ 

0.25 10.83 

0.30 11.39 

0.40 12.49 

0.28 

2.13 

2.06 

2.07 

2.07 

2.08 

2.07 

2.01 

2.07 

2.03 

2.05 

1.47 

1.59 

1.65 

1.56 

1. 68 

11.22 

13. 93 

13. 8 9 

14.07 

14. 2 8 

14. 0 0 

13. 93 

13. 8 0 

14.06 

14.10 

14. 04 

12. 13 

13.14 

12.99 

12.67 

12.98 

F'eOt 

2.75 

3.15 

4. 51 

2.36 

12.89 

12.32 

12.00 

12.21 

12.30 

12.51 

12.27 

12. 2 0 

12.60 

12.35 

11.02 

10.56 

10.JJ 

10.27 

11.30 

1.72 12.79 11.08 

Zr 

222 

211 

174 

265 

191 

118 

189 

190 

243 

239 

229 

230 

194 

222 

128 

164 

212 

201 

219 

229 

'f 

24 

22 

20 

43 

30 

29 

27 

27 

42 

33 

42 

33 

28 

29 

20 

27 

29 

28 

29 

29 

Sr 

234 

232 

2 08 

241 

383 

3 09 

374 

397 

374 

410 

3 97 

413 

439 

412 

311 

364 

472 

371 

380 

387 

MnO 

0.06 

0.09 

0.14 

0.09 

0.17 

0.19 

0. 18 

0. 19 

0.18 

0.20 

0.19 

0.20 

0.20 

0.20 

0.15 

0.17 

0.17 

0.15 

0.15 

0.17 

Rb 

90 

142 

144 

238 

45 

37 

48 

48 

37 

54 

47 

55 

39 

47 

64 

49 

100 

40 

33 

52 

HgO 

1.08 

1. 97 

2.72 

1. 4 5 

4.26 

4.45 

4.49 

4.64 

4. 4 6 

4.59 

4.64 

4.64 

4.45 

4.66 

5.20 

4.70 

4 . 3 3 

4.89 

5.23 

4.82 

Zn 

27 

36 

43 

29 

84 

83 

86 

87 

84 

92 

72 

98 

90 

93 

84 

105 

128 

116 

68 

82 

Cao 

2.49 

2. 92 

4.20 

2.07 

8. 61 

8.94 

8.78 

8.73 

8 . 91 

8. 8 3 

9.10 

9.20 

9.50 

9.57 

7.79 

7.83 

7.39 

7.14 

7.56 

7.05 

cu 

13 

0 

0 

0 

20 

20 

142 

4 

6 

18 

14 9 

84 

46 

34 

119 

137 

109 

37 

4 

120 

Na2O 

1 . 5 3 

1 . 91 

1. 3 0 

1. 5 7 

2.75 

2.80 

2.81 

2.84 

2.92 

2.94 

2.56 

2.66 

2.94 

2. 8 2 

2.51 

2.83 

2.56 

3. 3 9 

3. 22 

3.23 

Ni 

31 

27 

28 

11 

65 

72 

108 

91 

72 

87 

80 

78 

84 

82 

72 

92 

74 

154 

136 

134 

K2O 

3. 41 

3.54 

3.90 

5.36 

1. 10 

1.44 

1.40 

1.46 

1. 34 

1. 25 

1.21 

1. 34 

0.97 

0.99 

1.44 

1. 4 9 

1.85 

1.58 

1.61 

P2O5 

0.09 

0. 10 

0.09 

0.09 

0.29 

0.27 

0.27 

0.29 

0.27 

0.26 

0.26 

0.26 

0.26 

0.26 

0.15 

0.17 

0.16 

0.18 

0.17 

1.99 0.18 

Co 

108 

117 

Bl 
119 

67 

70 

60 

64 

65 

62 

55 

59 

66 

64 

77 

62 

68 

73 

69 

7•l 

Cr 

138 

154 

138 

155 

0 

0 

0 

0 

0 

330 

367 

313 

0 

0 

213 

55 

182 

124 

0 

0 

LOI Total 

0.92 100.06 

0.88 100.90 

0.92 100.37 

0.88 

1. 3 2 

1.45 

1. 72 

1.03 

1. 13 

0.68 

1.77 

1.13 

0. 6 3 

0.99 

0.98 

0.72 

0.89 

0.97 

1. 22 

1.07 

V 

3 1 

57 

81 

37 

273 

266 

261 

265 

261 

47 

48 

39 

277 

268 

2 06 

192 

194 

192 

205 

2 04 

100.39 

99.79 

99.69 

100.47 

100.02 

99.95 

99.23 

9 8. 8 6 

99.85 

99.61 

99.73 

99.61 

99.57 

99.06 

99.87 

100.33 

99.24 

Ba 

1168 

939 

1012 

1436 

338 

455 

358 

448 

437 

316 

3 07 

358 

287 

316 

239 

322 

351 

345 

299 

345 

Sc 

7 

9 

15 

7 

25 

24 

25 

26 

24 

26 

25 

25 

26 

26 

25 

24 

22 

24 

25 

24 

Ga 

10 

10 

12 

10 

20 

19 

19 

20 

20 

20 

19 

19 

21 

20 

17 

19 

19 

18 

19 

21 

Ht'. 

0 
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0 

0 

0 

0 
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0 

0 

14 
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0 

0 

0 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 

8 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Th 

16 

15 

14 

16 

9 

9 

4 

11 

16 

0 

10 

7 

9 

9 

12 

9 

12 

9 

11 

8 

Pb 

s 
6 

10 

7 

4 

5 

1 

4 

14 

0 
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4 

3 

4 

3 

2 
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3 
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en 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

HTI 
HTI 
HTI 
HTI 

HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

HTI 
HTI 

HTI 

HTI 

HTI 

HTI 
HTI 

HTI 

HTI 

Sample SiO2 

Nwnber 

41 54.65 

45 57.34 

46 55.02 

48 54.15 

50 51.55 

51 51.95 

61 52.48 

64 52.18 

72 54.20 

101 56.18 

103 52.18 

104 51.55 

105 52.72 

109 57.18 

110 56.10 

127 50.13 

132 57.41 

136 57.50 

173 53.19 

41 

45 

46 

48 

50 

51 

61 

64 

72 

101 

103 

104 

105 

109 

110 

127 

132 

136 

173 

Nb 

12 

18 

16 

14 

15 

15 

7 

13 

18 

9 

15 

13 

14 

8 

9 

9 

13 

9 

16 

TiO2 

1.83 

1.72 

1.78 

1.64 

2.01 

2.05 

2.09 

2.03 

1.73 

1.62 

2.06 

2.02 

2.11 

1. 44 

1. 47 

2.07 

1. 67 

1.65 

2.01 

Zr 

196 

323 

288 

243 

248 

239 

163 

233 

299 

154 

245 

224 

237 

119 

123 

171 

2 53 

170 

101 

Al2O3 

13.52 

13. 60 

13. 26 

12. 95 

14. 40 

14. 16 

14.49 

14.17 

14.21 

12.77 

14. 08 

13. 74 

14.25 

12. 06 

11. 74 

13.65 

14. 07 

13.76 

13. 91 

y 

29 

4 1 

39 

32 

34 

34 

27 

32 

40 

23 

35 

31 

34 

19 

18 

25 

33 

24 

27 

FeOt 

11.55 

10.39 

11. 19 

11.01 

12.48 

11. 90 

12.47 

12.25 

12.22 

10.68 

11. 8 0 

12.37 

11. 95 

10.81 

11. 13 

13.35 

10.37 

10.10 

6.39 

Sr 

412 

478 

470 

428 

431 

378 

270 

374 

436 

337 

431 

385 

4 04 

283 

291 

313 

466 

325 

513 

MnO 

0.14 

0.14 

0.13 

0.18 

0.21 

0.21 

0.19 

0.18 

0. 14 

0.17 

0.15 

0.18 

0.18 

0.17 

0.18 

0.19 

0.14 

0.14 

0.17 

Rh 

41 

102 

62 

77 

20 

58 

56 

51 

48 

48 

13 

41 

25 

87 

53 

32 

75 

48 

18 

MgO 

4.24 

3.75 

4.70 

5.53 

4. 0 3 

4.75 

4. 3 3 

4. 4 6 

3. 3 9 

4.77 

4.64 

4.74 

4.35 

5.66 

5.87 

5.08 

3 . 4 1 

4.07 

5.41 

Zn 

112 

114 

88 

154 

116 

13 3 

70 

84 

69 

123 

93 

117 

100 

88 

92 

83 

70 

72 

46 

cao 

7.38 

6.29 

7. 12 

7.64 

8. 6 3 

8. 4 9 

8.55 

9.02 

8.01 

7.67 

9.94 

8.95 

9.69 

7.84 

8. 15 

8.59 

6.41 

6.84 

12.91 

Cu 

56 

87 

96 

135 

12 

4 

0 

51 

0 

82 

0 

102 

0 

109 

15 

66 

45 

9 

14 

Na20 

3.64 

3.74 

3. 96 

2.85 

3.82 

2.49 

2.31 

2.62 

3. 14 

3.01 

3.19 

3.15 

3.03 

2.54 

2.52 

3.07 

2.62 

3. 06 

4.34 

Ni 

100 

75 

132 

158 

84 

85 

39 

8 1 

73 

90 

79 

80 

77 

110 

92 

12 9 

20 

89 

67 

K2O 

1 . 4 8 

2.39 

1.59 

2.09 

0.94 

1.86 

1. 41 

1. 4 0 

0.90 

1.49 

0.45 

1. 18 

1.22 

1.54 

1.19 

1.42 

1. 3 3 
1.46 

0.57 

Co 

76 

76 

82 

79 

75 

66 

54 

61 

75 

74 

64 

68 

66 

58 

81 

74 

61 

69 

68 

P2O5 

0.18 

0.18 

0. 18 

0. 17 

0.27 

0.28 

0. 3 0 

0.28 

0. 2 0 

0.18 

0.26 

0.25 

0.27 

0.14 

0.17 

0.26 

0.18 

0. 16 

0. 34 

Cr 

0 

0 

0 

10 

0 

0 

113 

0 

0 

68 

0 

0 

0 

203 

246 

0 

0 

0 

110 

LOI 

0.89 

0. 3 5 

0.93 

0.96 

0. 4 9 

1.17 

1.80 

0.73 

0.40 

0.44 

0.50 

0. 6 7 

0.53 

0.90 

0.90 

0.37 

1. 3 5 

1.51 

0.54 

V 

83 

182 

218 

212 

249 

272 

160 

2 57 

212 

2 06 

260 

254 

262 

214 

220 

267 

238 

199 

273 

Total 

99.50 

99.89 

99.86 

9 9. 1 7 

9 8 . 8 3 

99.31 

100.42 

99. 31 

98.54 

98.98 

99.25 

98.80 

100.30 

100.28 

99.42 

98.18 

98.96 

100.25 

99.78 

Ba 

824 

381 

200 

369 

280 

450 

415 

456 

194 

314 

173 

259 

308 

16 5 

134 

522 

362 

232 

185 

Sc 

15 

20 

23 

26 

24 

26 

29 

26 

22 

25 

25 

25 

26 

25 

25 

24 

19 

23 

31 

Ga 

14 

21 

19 

17 

20 

20 

18 

20 

20 

19 

20 

20 

20 

17 

17 

19 

21 

19 

19 

H! 

0 

14 
;, 

0 

0 

0 

0 

0 

11 

0 

0 

0 

0 

0 

0 

12 
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9 
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5 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 

HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 

HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 

Sample 

Number 

SiO2 

4 63.13 

8 67.83 

15 67.29 

16 67.15 

17 66.22 

18 63.77 

22 62.93 

23 66.14 

24 65.67 

25 66.33 

32 67.75 

34 67.39 

35 68.47 

36 67.89 

37 67.27 

38 .68.37 

39 67.65 

40 67.85 

42 68.73 

49 65.40 

4 

8 

15 

16 

17 

18 

22 

23 

24 

25 

32 

34 

35 

36 

37 

38 

39 

40 

42 

49 

Nb 

6 

8 

9 

11 

10 

6 

5 

6 

6 

8 

9 

8 

8 

9 

9 

9 

8 

8 

9 

8 

TiO2 Al2O3 

0.62 

0.64 

0.57 

0.57 

0.62 

0.61 

0.63 

0.62 

14. 53 

13 . 01 

12. 7 9 

12. 9 5 

13 . 57 

14.16 

13. 55 

13. 28 

0.60 13.56 

0.60 13.99 

0.55 

0.56 

0.57 

0.56 

0.64 

0.74 

0.67 

0.56 

0.50 

0.60 

Zr 

177 

222 

219 

262 

273 

218 

214 

205 

210 

199 

272 
224 

228 

232 

232 

235 

222 

232 

221 

240 

12.81 

12.00 

12.87 

12. 92 

13. 05 

13. 04 

13. 41 

12. 8 6 

12. 93 

13. 68 

y 

26 

30 

26 

30 

33 

26 

25 

25 

25 

25 

32 

28 

27 

29 

28 

30 

29 

26 

25 

31 

PeOt 

6.96 

5.70 

5.47 

5.17 

6.28 

6. 8 1 

6.82 

6.07 

6.32 

6.28 

5.24 

5.01 

5.07 

5.17 

5.73 

6.40 

6.10 

5.23 

4.91 

6.11 

Sr 

271 

289 

275 

274 

367 

342 

313 

237 

2 99 

283 

3 04 

264 

272 

266 

262 

238 

264 

261 

2 58 

356 

MnO 

0.12 

0 .13 

0.08 

0.19 

0.19 

0.10 

0.12 

0.08 

0 .11 

0.11 

0.10 

0.09 

0.08 

0.09 

0.10 

0.10 

0. 11 

0.07 

0.09 

0.12 

Rb 

79 

84 

103 

106 

110 

102 

78 

87 

98 

96 

112 

101 

112 

113 

112 

103 

97 

117 

112 

103 

MgO 

3. 2 2 

1.76 

1.54 

1 . 5 8 

2.37 

2.27 

2.61 

1. 9 0 

2.52 

2.53 

1. 34 

1. 50 

1. 52 

1 . 4 1 

1.67 

1 . 4 8 

1.87 

1 . 61 

1.93 

1. 9 9 

Zn 

63 

68 

43 

37 

76 

45 

67 

33 

8 1 

71 

84 

74 

69 

57 

68 

75 

71 

65 

57 

99 

Cao Na20 

5.63 

5.32 

3.67 

3. 6 8 

5.10 

5.26 

5.55 

4.25 

4.94 

4. 7 3 

3.40 

3.48 

3.35 

3.40 

4.28 

4. 34 

4.70 

2.81 

4.02 

4.68 

cu 

0 

24 

5 

0 

84 

39 

16 

16 

0 

49 

12 

12 

9 

46 

36 

30 

8 

27 

36 

2. 71 

2.67 

3.09 

3. 4 5 

2.77 

3.04 

2.79 

3.05 

2.66 

2.59 

3.51 

3.28 

3. 21 

3.11 

2.83 

2.70 

2.65 

3. 3 9 

2.65 

2. 9 6 

Ni 

25 

26 

19 

4 

25 

18 

27 

40 

37 

20 

30 

3 

10 

6 

7 

7 

9 

7 

26 

15 

K2O 

2.04 

2.91 

2.92 

2.86 

2.44 

2.37 

2.08 

2.75 

2.65 

2.58 

2.77 

2.88 

3. 13 

2.98 

2.86 

3.01 

2.78 

3.06 

2.98 

2.54 

Co 

63 

83 

71 

84 

69 

47 

67 

67 

60 

60 

77 

90 

83 

87 

64 

62 

62 

95 

72 

70 

LOI 

1. 3 0 

0.78 

0.88 

1. 9 9 

1.10 

1 . 8 7 

1. 00 

1.38 

Total 

100.40 

100.89 

98.44 

99.72 

100.80 

100.39 

98.21 

99.65 

1.08 100.24 

1.00 100.87 

1.35 

1.12 

1.03 

1. 21 

0.84 

0.37 

0.66 

1. 38 

0.96 

0.99 

V 

115 

102 

91 

90 

106 

104 

119 

97 

117 

113 

85 

84 

90 

89 

100 

100 

110 

80 

79 

104 

98. 94 

97.45 

99.51 

98 . 8 6 

99.40 

100.69 

100.73 

98.94 

99.81 

99.19 

Ba 

555 

848 

744 

708 

683 

703 

951 

656 

672 
628 

789 

777 

804 

841 

751 

816 

718 

826 

93 0 

703 

Sc 

22 

18 

16 

17 

21 

20 

21 

19 

19 

19 

16 

15 

16 

16 

17 

18 

18 

14 

13 

18 

Ga 
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16 

15 

15 

15 
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15 
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14 
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15 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

Sample 

Number 

Si02 

HMF 

HMF 

HMF 

HMF 

HMF 

69 68.40 

70 67.86 

71 65.03 

96 66.54 

97 63.89 

HMF 182 6 6. 18 

65.32 

60.69 

67.95 

XENOLITH X-4 

XENOLITH X- 5 

XENOLITH X-137 

HMF 

HMF 
HMF 
HMF 
HMF 

69 

70 

71 

96 

97 

HMF 182 

XENOLITH X- 4 

XENOLITH X- 5 

XENOLITH X-137 

Nb 

7 

11 

8 

10 

6 

10 

16 

12 

13 

Ti02 A120J 

0.57 13.20 

0.60 13.21 

0.61 14.41 

0.62 13.56 

0.64 13.94 

0.61 

1.00 

1. 30 

0.80 

Zr 

212 

259 

228 

268 

185 

271 

3 02 

245 

2 07 

13. 52 

12.90 

12.57 

12.98 

y 

26 

33 

29 

35 

27 

36 

56 

43 

53 

PeOt 

5.08 

5.45 

6.82 

5.69 

6. 8 6 

5.81 

4.24 

10.42 

5.20 

Sr 

277 

322 

352 

328 

283 

346 

372 

219 

198 

MnO 

0.08 

0.05 

0. 11 

0. 10 

0. 11 

0. 13 

0.15 

0.22 

0.06 

Rb 

106 

102 

119 

125 

93 

111 

12 

85 

57 

Tauteshoogte Area: Damwal Formation 

Magma 

Type 

WF 
WF 
WF 
WF 
WF 
WF 
WF 
WF 

LMF 

WF 

LMF 

LMF 
LMF 
LMF 

LMF 
LMF 

Sample 

Number 

Si02 

68.87 

2 68.70 

3 67.90 

4 68.22 

5 67.37 

6 68.81 

7 68.02 

8 68.75 

1 

2 

4 

5 

6 

7 

8 

Nb 

14 

16 

17 

19 

21 

22 

19 

17 

TiO2 Al203 

0.53 

0.54 

0.55 

0.56 

0.52 

0.54 

0.52 

0.55 

Zr 

321 

323 

391 

417 

425 

431 

375 

336 

11.74 

12.15 

12. 10 

12. 25 

11.92 

12. 09 

12. 06 

12. 02 

y 

46 

46 

54 

59 

66 

64 

57 

90 

PeOt 

7.51 

7.55 

7. 3 5 

7. 6 5 

7.13 

7.58 

7.10 

6.27 

Sr 

148 

156 

178 

195 

170 

180 

93 

103 

MnO 

0.07 

0.15 

0.14 

0.14 

0.14 

0.11 

0.12 

0.08 

Rb 

112 

129 

14 9 

14 5 

182 

171 

156 

137 

MgO 

1. 6 2 

1. 4 7 

2 . 6 2 

1. 7 3 

2. 51 

2. 4 3 

1. 2 4 

1. 71 

1. 21 

Zn 

59 

46 

77 

94 

102 

91 

38 

162 

29 

MgO 

0.88 

0. 92 

0.87 

0.84 

0.74 

0.81 

0.87 

0.94 

Zn 

55 

146 

112 

116 

125 

140 

109 

49 

Cao Na2O 

3 . 8 1 

3.65 

5.09 

3.96 

4.98 

4.08 

8 . 3 6 

4. 9 9 

3. 98 

Cu 

27 

22 

0 

11 

24 

19 

3 

92 

5 

3.19 

3. 4 9 

2.74 

3. 52 

3 . 2 l 

2.91 

4. 05 

3. 13 

4 . 8 6 

Ni 

20 

6 

24 

10 

25 

15 

7 

39 

11 

Cao Na2O 

2.78 

3. 2 9 

2.82 

2.60 

2.48 

2.62 

1. 6 5 

2.48 

cu 

14 

33 

21 

0 

16 

16 

5 

12 

3. 3 9 

2. 2 9 

3.04 

3. 2 9 

3.35 

3. 6. 0 

3. 8 4 

4. 19 

Ni 

0 

24 

9 

0 

0 

0 

0 

0 

K20 >205 

3.11 0.14 

3.26 0.13 

2.54 0.12 

2.82 0.13 

2.70 0.13 

2.89 0.14 

0.47 0.27 

3.40 0.25 

2.64 0.22 

Co Cr 

99 46 

87 26 

71 181 

85 124 

85 117 

76 137 

16 0 7 

156 7 

125 45 

K20 >205 

2.96 0.15 

3.85 0.13 

4.31 0.15 

3.97 0.14 

4.44 0.13 

3.70 0.13 

4.58 0.12 

4.11 0.14 

Co 

94 

76 

75 

85 

99 

106 

12 6 

l 3 B 

Cr 

9 

9 

10 

10 

9 

6 

7 

7 

LOI Total 

1.10 100.30 

1.25 100.42 

0.91 101.00 

1.25 99.92 

1.37 100.34 

1 . 3 1 

0.80 

0.36 

0.80 

V 

227 

90 

108 

92 

117 

96 

15 

119 

57 

LOI 

0.82 

0.90 

0.57 

0.73 

0.50 

0.56 

1. 13 

0.66 

V 

0 

0 

0 

0 

0 

0 

0 

0 

100.01 

98. 8 0 

99.04 

100.70 

Ba 

323 

777 

779 

7 91 

722 

732 

97 

910 

846 

Total 

99.70 

100.47 

99.80 

100.39 

98.72 

100.55 

100.01 

100.19 

Ba 

716 

824 

1069 

104 5 

1122 

840 

1156 

96 1 

Sc 

22 

14 

20 

17 

19 

17 

17 

22 

16 

Sc 

12 

11 

13 

14 

12 

10 

11 

11 

Ga 

20 

14 

16 

13 

14 

15 

18 

18 

16 

Ga 

19 

18 

19 

18 

19 

19 

18 

17 

H! 
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0 

0 

0 

0 

0 

0 

11 
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H! 
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18 

13 
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5 
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Th 
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19 

17 

Th 

24 

25 

18 

20 

26 

24 

26 

22 

Pb 
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12 

7 
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14 

12 
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~ 
c.o 
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Bothasberg Plateau: Granophyre and Rooikop Granite Porphyry 

Magma Sample SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 LOI Total 

Type Number 

Granophyre 2 70.40 0.37 11.99 5.62 0.10 0.67 1 . 8 1 3. 2 4 4.65 0.06 0.85 99.76 

Gran. Porphyry 3074.39 0.24 12.01 3.40 0.05 0.50 0 .11 3. 03 5.37 0.02 1. 3 0 100.42 

Gran. Porphyry 38 73 .43 0.25 11.92 3. so 0.11 0.56 0.49 3. 21 5.59 0.03 1 . 11 100.20 

Nb Zr y Sr Rb Zn cu Ni Co Cr V Ba Sc Ga H! u Th Pb 

Granophyre 2 15 329 49 141 161 119 25 0 116 8 1 1073 7 19 10 0 28 9 

Gran. Porphyry 30 38 632 117 76 3011 217 0 0 90 1 0 593 4 21 15 3 31 11 

Gran. Porphyry 38 37 624 100 87 277 158 0 0 120 4 0 1099 1 19 12 4 30 10 

Bothasberg Plateau: Damwal Formation 

Magma Sample SiO2 TiO2 Al2O3 P'eOt MnO MgO cao Na2O K2O P2OS LOI Total 

Type Number 

Fe-Ti-P 462.01 1.24 12 .14 10.99 0.19 1. 59 4.76 2.88 3. 4 3 0.43 0.42 100.08 

Fe-Ti-P 4B 64.03 1.09 12.02 10. 31 0.22 1.24 3.99 2.53 4.66 0.33 0.32 100.74 G) 
LMF 168.67 0.65 12.28 6.69 0.07 1.09 3.03 3.20 4. 18 0.18 0.70 100.74 -c::::, 
LMF 3 69.21 0.57 12.17 6.95 0.12 0.82 1.95 3.20 4.38 0.14 0.97 100.48 

LMF 568.82 0.55 11.95 7.23 0.18 1.17 1. 4 2 3. 12 4.12 0.12 1. 21 99.89 

LMF 668.82 0.54 12.01 6.90 0.12 0.77 2.45 2.87 4.05 0. 13 0.75 99.41 

LMF 768.86 0.57 12.04 7.61 0.20 0.95 1. 74 2.93 4.45 0 .13 1.30 100.78 

LMF 8 6 8. 52 0. 6 :i 11.90 7.29 0. 13 1.01 1.94 3. 19 4.30 0.16 0.99 100.03 

LMF 967.72 0.60 11.86 7.25 0.14 1.02 2.31 2.79 4.60 0.15 0.96 99.40 

LMF 10 67.38 0.74 12.18 7.53 0. 11 0.93 2.64 2. 31 4.61 0. 18 1. 4 5 100.06 

LMF 1168.18 0.57 11. 84 7.45 0.15 0.75 2.35 2.98 4. 16 0.12 1. 21 99.76 

LMF 12 68.06 0.59 12.56 6.56 0 .13 1. 62 2.21 2.32 4.20 0.16 2.00 100.41 

LMF 1466.52 0.65 12.86 7.51 0.15 1.81 3.32 2. 3 3 2.84 0.19 2.39 100.57 

Nb Zr y Sr Rb Zn Cu Ni Co Cr V Ba Sc Ga H! u Th Pb 

Fe-Ti-P 4 13 281 46 198 110 123 28 18 84 11 15 859 19 17 12 0 19 8 

Fe-Ti-P 48 14 2 94 45 170 147 174 35 0 96 14 0 891 18 16 0 0 21 17 

LMF 1 19 386 67 116 181 55 18 0 104 8 8 910 13 16 0 3 22 9 

LMF 3 19 4 08 63 107 182 122 30 23 12 0 7 1 94 3 12 17 14 0 24 8 

LMF 5 19 4 08 63 107 182 141 29 6 84 9 1 92 6 12 18 0 0 25 10 

LMF 6 21 426 62 177 177 144 25 0 72 8 0 887 12 18 0 4 27 12 

LMF 7 20 428 66 130 190 176 23 0 69 8 0 873 13 19 11 0 25 9 

LMF 8 21 394 58 127 178 12 1 1 0 60 8 0 8 04 13 17 12 0 22 7 

LMF 9 15 331 48 133 153 167 15 0 79 9 0 914 13 17 11 0 22 9 

LMF 10 15 305 43 154 13 9 122 so 0 71 10 1 92 0 12 17 0 0 22 9 

LMF 11 20 418 60 175 182 192 23 0 60 7 l 873 12 18 0 3 24 10 

LMF 12 14 313 43 162 129 277 185 23 63 8 8 748 12 16 0 0 22 18 

LMF 14 15 315 45 211 101 137 15 11 66 8 15 687 15 18 0 4 23 9 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



Bothasberg Plateau: Kwaggasnek Formation 

Magma 

Type 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

Sample 

Number 

sio2 TiO2 Al2O3 

15 72.53 

16 72.85 

17 70.88 

18 72.79 

19 71.85 

20 73.97 

21 71.35 

22 71.05 

23 72.80 

24 72.73 

26 72.26 

27 71.82 

28 73.16 

29 71.63 

31 75.22 

32 73 .27 

33 72.52 

34 71.29 

35 72.63 

36 72.16 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

26 

27 

28 

29 

31 

32 

33 

34 

35 

36 

Nb 

22 

21 

20 

23 

20 

26 

26 

27 

26 

21 

20 

22 

20 

22 

24 

26 

26 

21 

23 

21 

0.38 

0.37 

0.37 

0.38 

0.37 

0.36 

0.36 

0.36 

0.37 

0. 3 5 

0.36 

0.35 

0.35 

0.36 

0.32 

0.35 

0. 34 

0.35 

0.35 

12.08 

11. 6 3 

11 . 5 9 

11. 7 9 

11 . 6 4 

10.74 

11.58 

12.60 

11. 6 3 

11. 61 

11. 46 

11. 56 

11 . 8 4 

11.41 

10.67 

11.41 

11. 62 

11.65 

11.74 

0.34 11.67 

Zr 

466 

449 

418 

468 

426 

520 

548 

531 

560 

467 

429 

441 

455 

417 

515 

530 

545 

438 

436 

431 

y 

74 

62 

58 

67 

63 

70 

76 

70 

77 

65 

58 

64 

67 

57 

75 

82 

77 

66 

70 

63 

FeOt 

4.85 

4.16 

5.38 

3. 8 0 

5.36 

5. 44 

5.20 

5.78 

5.69 

5. 10 

5.59 

5.27 

4.89 

5.67 

4.69 

5.03 

5.27 

5.71 

5.11 

5.50 

Sr 

40 

53 

100 

57 

86 

48 

137 

144 

43 

99 

89 

83 

63 

59 

248 

265 

226 

60 

90 

56 

MnO 

0.02 

0.03 

0. 11 

0.03 

0.10 

0.06 

0. 11 

0.15 

0. 11 

0. 11 

0.15 

0.16 

0. 3 9 

0.21 

0.06 

0.05 

0.06 

0.21 

0.20 

0.24 

Rb 

227 

268 

2 06 

28 0 

216 

224 

252 

2 06 

200 

187 

205 

190 

170 

251 

224 

228 

222 

256 

177 

178 

MgO 

0.46 

0.62 

0.47 

0.63 

0.46 

0.50 

0.44 

0.56 

0.62 

0.78 

0.56 

0.88 

0.49 

0.94 

0.41 

0.58 

0.54 

0.96 

0.44 

0.87 

Zn 

93 

199 

157 

291 

147 

177 

115 

268 

193 

131 

106 

155 

202 

236 

63 

71 

26 

164 

12 ·1 

110 

Cao Na20 

0.09 

0. 12 

l . 5 1 

0. 11 

0. 9 3 

0. 14 

1. 51 

0.62 

0. 13 

0.94 

0.78 

0.62 

0. 19 

0. 11 

1.38 

1.17 

1.10 

0.26 

1. 14 

0.25 

Cu 

0 

42 

14 

12 

14 

0 

13 

5 

13 

9 

15 

12 

10 

3 1 

4 

27 

6 

11 

13 

10 

2. 71 

l . 6 9 

2. 59 

1. 61 

2.49 

2.92 

2. 93 

3. 2 6 

3.29 

3.08 

2.79 

2.80 

3. 19 

1. 4 3 

2.60 

2.75 

2.97 

1.60 

3 . 11 

3.02 

Ni 

0 

4 

0 

0 

0 

0 

0 

21 

9 

0 

3 

0 

0 

0 

0 

21 

7 

0 

0 

K2O P205 

5.45 

7.19 

5.22 

7.19 

5.75 

4.78 

4. 74 

4.24 

4. 12 

4.44 

4.97 

4.84 

4.44 

6.45 

4.67 

5.03 

4 . 8 4 

6. 5 9 

4.66 

4.33 

Co 

8B 

77 

69 

88 

72 

124 

78 

92 

66 

69 

60 

6 1 

52 

60 

12 6 

13 3 

135 

71 

69 

50 

0.05 

0.05 

0.06 

0.04 

0.05 

0.05 

0.04 

0.05 

0.07 

0.05 

0.04 

0.05 

0.04 

0.06 

0.04 

0.05 

0.06 

0.05 

0.04 

0.04 

Cr 

4 

6 

9 

8 

7 

4 

6 

7 

5 

6 

7 

5 

7 

4 

6 

5 

5 

LOI 

l . 8 8 

1. 52 

1 . 2 8 

1 . 8 6 

1. 55 

0.88 

1.34 

1.47 

1. 3 6 

1. 38 

1. 73 

1. 56 

l. 92 

2.16 

0.83 

0.88 

0.96 

1. 95 

1. 3 7 

Total 

100.50 

100.23 

99.46 

100.23 

100.55 

99.84 

99.60 

100.14 

100.19 

100.57 

100.69 

99.91 

100.90 

100.43 

100.89 

100.57 

100.28 

100.62 

100.79 

1.79 100.21 

V 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Ba 

1075 

1546 

1002 

12 00 

114 0 

1011 

104 0 

773 

872 

953 

685 

1038 

321 

14 03 

901 

344 

784 

1352 

839 

1096 

Sc 

6 

7 

7 

7 

7 

5 

6 

7 

6 

6 

9 

6 

8 

6 

5 

9 

6 

6 

6 

Ga 

16 

16 

18 

18 

17 

12 

18 

20 

20 

17 

17 

18 

18 

19 

13 

15 

16 

19 

17 

17 

Hf 

14 

0 

0 

0 

0 

11 

0 

12 

13 

13 

13 

0 

14 

10 

13 

13 

13 

13 

0 

12 

u 

0 

3 

3 

0 

0 

0 

3 

3 

0 

3 

0 

5 

0 

0 

0 

0 

0 

0 

0 

Th 

26 

26 

25 

27 

27 

26 

25 

26 

25 

29 

26 

28 

26 

27 

24 

24 

28 

26 

27 

24 

Pb 

14 

13 

12 

15 

9 

13 

10 

14 

10 

16 

10 

12 

9 

16 

9 

9 

8 

16 

10 

9 

Ci) 
__. 
__. 
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Bothasberg Plateau: Kwaggasnek Formation 

Magma Sample SiO2 TiO2 Al2O3 Feat HnO MgO Cao Na20 K2O P2O5 LOI Total 

Type Number 

LMF 37 72.30 0. 3 5 11. 6 8 5.41 0.19 0.87 0. 15 2.87 4.70 0.04 1 . 8 1 100.37 

LMF 39 71.76 0.31 11. 24 5.01 0. 16 0.90 1. 06 2.97 4.49 0.02 1. 7 8 99.70 

LMF 40 70.81 0. 3 5 11 . 54 6. 2 3 0. 14 1 . 2 1 1 . 52 2.89 4.05 0.07 1. 4 8 100.29 

Nb Zr y Sr Rb Zn Cu Ni Co Cr V Ba Sc Ga H! u Th Pb 

LMF 37 23 442 63 62 182 156 13 0 71 4 0 124] 5 17 16 0 24 7 

LMF 39 29 573 86 102 238 147 1 0 59 5 0 1473 6 18 0 3 26 10 

LMF 40 22 464 72 98 176 132 19 21 55 6 1 1161 10 16 0 0 22 8 

Bothasberg Plateau: Schrikkloof Formation 

Magma Sample SiO2 TiO2 Al2O3 FeOt MnO HgO cao Na20 K2O P2O5 LOI Total 

Type Number 

LMF 41 74.80 0.22 11.03 2.73 0.05 0.71 0.69 2.24 5.48 0.04 1. 3 0 99.29 

LMF 42 74.63 0.23 11. 44 3.09 0.01 0.64 0. 10 3. 1 7 5.15 0.02 1.22 99.70 

LMF 43 73.06 0.23 11.25 3. 3 3 0.03 0.62 0.57 3. 3 0 5.24 0.00 1.18 98.81 

LMF 44 75.23 0.23 11. 84 2.98 0.02 0.65 0.05 2.39 5.87 0.02 1.37 100.65 

LMF 45 74.68 0.25 11.92 3. 31 0.03 0.49 0.02 1.84 7.27 0.02 1.30 101.13 G') --LMF 46 73.94 0.25 12.13 3.79 0.03 0.52 0.02 2.78 5.88 0.02 1. 18 100.54 I',) 

Nb Zr y Sr Rb Zn Cu Hi Co Cr V Ba Sc Ga H! u Th Pb 

LMF 41 35 714 90 54 240 55 6 5 80 1 0 1412 1 15 19 3 28 8 

LMF 42 30 619 92 38 2 04 15 0 0 153 1 0 1365 0 18 18 0 28 13 

LMF 43 28 56 9 79 34 194 20 15 1 124 4 0 1163 1 17 15 0 28 9 

LMF 44 29 594 74 25 253 52 0 0 96 1 0 1262 1 20 17 0 28 8 

LMF 45 28 544 70 27 288 62 0 0 150 6 0 1574 1 18 13 0 27 8 

U·IF 46 30 56 5 80 28 213 74 0 0 114 1 0 1317 1 21 16 0 29 7 
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Loskop Dam: Dullstroom Formation 

Magma Sample SiO2 TiO2 Al2O3 f'eOt MnO MgO Cao Na2O K2O P2O5 LOI Total 

Type Number 

HMF 8 66.67 0.59 12.67 6.23 0.14 2,13 3.45 3. 8 0 3.16 0.14 1.48 100.44 

HMF 16 65.00 0.57 13. 5 3 5.39 0.21 2.22 3.20 3 . 61 3. 34 0.13 1. 75 98.95 

HMF 17 65.76 0.58 13. 32 5.61 0.24 2.13 2.64 3.19 3.59 0 .14 2.05 99.25 

HMF 18 65.99 0.58 13. 38 5.35 0.16 2.31 2.41 3.27 3.87 0.14 1.68 99. 13 

HMF 23 '.;6,08 0.57 13. 33 5. 4 5 0.20 2.03 3.17 3. 41 3.53 0.13 1. 74 99.64 

HMF 28 65.78 0.57 13. 53 5.26 0.18 1.92 3.55 2.93 3. 54 0 .13 1. 8 5 99.25 

HMF 30 66.33 0.57 13.40 5.28 0.16 1.87 3.40 3.12 3.58 0. 14 1.13 98.98 

HMF 31 66.28 0.58 13. 59 5.15 0.16 1. 78 3. 3 9 3.66 3.21 0 .14 1. 55 99.49 

HMF 32 6 6. 61 0.57 13. 43 5.24 0.21 1 . 8 9 3. 2 9 3.59 3.49 0.13 1.45 99.88 

HMF 34 66.43 0.58 13.27 5.50 0.20 2.26 2.96 2.78 3.45 0.14 1. 81 99.38 

HMF 40.46 67.25 0.69 11.95 8. 11 0 .13 2.00 1. 6 0 2.22 5.56 0 .14 0.15 99.79 

HMF 48.43 65.92 0.58 13.54 5.32 0.24 2.12 2.46 3. 34 3.77 0.13 1. 58 98.99 

HMF 49.51 66.12 0.61 13.47 5.71 0.22 2.07 3. 0 3 3. 52 3.03 0 .13 1.74 99.64 

HMF 50.52 64.73 0.63 13. 75 5.88 0.24 2.44 3.00 3.57 3. 4 0 0.15 1. 7 3 99.52 

HMF 51.44 65.68 0.57 13.47 5.32 0.24 1.98 3. 06 2.69 3. 61 0.12 1.87 98.61 

HMF 52.53 64.57 0.58 12.79 5.88 0.18 2.19 3.50 3.19 2.49 0.13 3.62 99.12 

HMF 54 67.76 0.56 12.78 5.55 0.17 2.09 2.90 2.66 2.77 0.12 1.98 99.34 

!IMF 55 63.57 0.61 13. 7 3 6.06 0.28 2.24 2.88 3. 4 6 3.60 0.13 2.48 99.03 

HMF 57 61.82 0.64 13. 84 6.92 0.34 2.88 2.25 2.92 3.48 0.14 3.73 98.96 

HMF 60 63.91 0.62 13. 61 6.49 0.23 2.84 3.49 2.68 3. 11 0.13 1.87 98.97 C) --Nb Zr y Sr Rb Zn cu Ni Co Cr V Ba Sc C..a H! u Th Pb 
c,....) 

HMF 8 10 210 28 16 9 136 208 42 23 413 15 15 0 3.3 12 49 

HMF 16 9 201 27 147 12 9 242 31 22 487 15 15 6 2.9 10 53 

HMF 17 8 2 04 28 144 139 263 21 19 574 15 15 5 13.2 12 39 

HMF 18 8 2 06 28 137 147 259 10 15 644 15 14 6 3.6 13 30 

HMF 23 8 2 08 28 166 132 245 10 17 595 15 15 5 3.6 13 13 

HMF 28 9 207 28 224 133 272 22 22 545 14 15 6 3.4 11 72 

HMF 30 9 212 28 216 142 192 18 16 4 93 15 15 8 3. 1 13 44 

HMF 31 9 212 28 226 130 197 17 14 400 14 16 6 3. 7 11 78 

HMF 32 9 212 30 180 135 226 21 15 458 14 15 5 3.2 11 44 

HMF 34 9 209 28 2 03 133 251 21 39 636 14 15 5 3.8 12 30 

HMF 40.46 16 350 54 52 192 210 128 9 842 13 14 7 4.8 20 74 

HMF 48.43 9 209 30 141 141 339 13 30 629 16 14 5 3.4 13 44 

HMF 49.51 8 2 03 27 173 104 418 45 41 519 16 15 5 3.3 10 139 

HMF 50.52 8 202 28 187 113 445 31 34 571 17 16 5 3. 1 12 110 

HMF 51.44 9 211 29 162 147 445 56 27 564 14 15 0 3.4 14 86 

HMF 52.53 9 192 30 104 125 424 14 29 353 15 14 8 2.6 11 20 

HMF 54 7 182 22 194 93 434 15 24 563 14 12 5 2.9 9 14 

HMF 55 9 198 30 186 129 511 17 29 669 17 15 5 2.9 12 52 

HMF 57 7 186 28 181 135 511 35 28 664 19 16 0 2.6 9 2 02 

HMF 60 6 186 26 316 13 3 343 59 6 1 721 18 15 5 2.8 9 41 
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Loskop Dam: Dullstroom Formation 

Magma 

Type 

HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
Fe-Ti-P 
Fe-Ti-P 
Fe-Ti-P 
Fe-Ti-P 
Fe-Ti-P 
LMF 
LMF 
LMF 
U·lF 

LMF 
U'1F 

LMF 

HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
Fe-Ti-P 
Fe-Ti-P 
Fe-Ti-P 
Fe-Ti-P 
Fe-Ti-P 
LMF 
LMF 
LMF 
LMF 
U•1F 

U·1F 

U·lF 

Sample SiO2 

Number 

61 60.84 

6264.86 

65 69.40 

66 62.14 

67 60.04 

6863.22 

69 59.35 

7062.48 

1150 61.52 

1350 61.88 

1360 62.44 

1370 62.40 

145.480 SB .08 

1 70.93 

2 70.86 

3 67.79 

4 67. 8 9 

5 67.31 

668.28 

968.34 

Nb 

61 

62 

65 

66 

67 

68 

69 

70 

1150 

1350 

1360 

1370 

145.480 

1 

2 

3 

4 

5 

6 

9 

7 

7 

5 

B 

6 

B 

5 

5 

11 

14 

14 

16 

13 

14 

16 

17 

16 

14 

15 

17 

TiO2 Al2O3 P'eOt 

0.65 14.06 7.05 

0.66 14.28 7.21 

0.50 11.17 6.55 

0.64 13.60 6.78 

0.68 13.92 7.30 

0.61 13.67 6.22 

0.67 13.71 7.52 

0.62 13.74 6.44 

0.96 11.87 10.53 

0.99 12.26 9.92 

0.99 

1.02 

1.14 

0.47 

0.44 

0.63 

0.63 

0.61 

0.69 

11.92 

11.84 

12.22 

11. 72 

11.54 

12.44 

12.44 

12.13 

11.82 

0.62 11.93 

Zr 

176 

185 

144 

187 

170 

189 

170 

186 

2 57 

288 

301 

3 02 

263 

301 

352 

313 

3 04 

3 08 

2 98 

351 

y 

25 

28 

26 

26 

26 

27 

25 

26 

44 

50 

48 

51 

50 

46 

45 

51 

37 

42 

43 

54 

10.10 

9.87 

13. 05 

5.48 

5.56 

6.28 

6.57 

6.55 

7 .13 

7.06 

Sr 

286 

283 

32 

115 

225 

266 

280 

229 

162 

14 0 

186 

163 

146 

123 

126 

182 

167 

161 

235 

90 

MnO 

0.30 

0.26 

0.16 

0.27 

0.24 

0.23 

0.30 

0. 3 0 

0.32 

0.29 

0.20 

0.25 

0.35 

0. 10 

0 .11 

0.12 

0. 13 

0.16 

0.17 

0.13 

Rb 

103 

150 

215 

94 

12 9 

143 

148 

125 

115 

146 

122 

12 9 

116 

156 

16 0 

126 

132 

146 

128 

16 5 

MgO 

3. 4 6 

3.48 

3.07 

2.74 

3. 3 5 

2.72 

3. 5 6 

3.41 

0.87 

0.75 

0.63 

0.62 

1.18 

0.43 

0.36 

0.83 

0.77 

0.74 

0.19 

0.38 

Zn 

401 

345 

273 

558 

264 

309 

375 

4 54 

3 08 

446 

234 

432 

616 

60 

116 

68 

98 

2 02 

143 

123 

Cao Na2O 

4. 78 

4.20 

0.21 

3. 18 

4.95 

3.79 

4.53 

3.43 

3.69 

3.38 

3.26 

3.49 

3 . 96 

1. 6 9 

1.60 

3.58 

3.10 

2.78 

3.27 

1. 56 

Cu 

81 

53 

26 

70 

48 

28 

53 

36 

37 

78 

25 

7 

112 

51 

35 

11 

25 

6 

18 

24 

3.62 

2.70 

0. 17 

3.27 

2.96 

2.94 

2.70 

1. 9 9 

2.87 

2.66 

3.59 

2.87 

2.33 

3.08 

3.20 

3.68 

3.51 

3.43 

3.10 

3.43 

Ni 

69 

61 

38 

30 

48 

35 

76 

52 

12 

20 

15 

10 

7 

33 

23 

15 

11 

11 

9 

5 

K2O P2OS 

2.25 

3.24 

5.54 

2.72 

3.08 

3. 3 6 

3 . 3 B 

3.46 

2.87 

3.57 

3.20 

3. 5 3 

3. 10 

4.10 

4. 12 

3.43 

3.59 

3.70 

3.36 

4.35 

Co 

0.14 

0. 13 

0.13 

0 .14 

0. 15 

0. 14 

0. 14 

0.14 

0.37 

0.33 

0.31 

0.33 

0.42 

0 .13 

0.12 

0.19 

0.20 

0.18 

0.19 

0.14 

Cr 

LOI 

1. 81 

0.22 

2.62 

3. 7 3 

2.08 

1. 6 7 

1. 97 

2.91 

1.61 

2.10 

1.23 

2. 12 

2.68 

0.85 

0.83 

0.72 

0.23 

0.94 

1. 05 

1.00 

V 

Total 

9 B. 9 5 

101.24 

99.51 

99. 22 

9 B. 74 

98.56 

97.81 

98. 91 

97.48 

98.13 

97.87 

98.34 

98. 51 

98.97 

98.75 

99.68 

99.05 

98. 5 3 

99.24 

98.94 

Ba 

476 

716 

74 0 

410 

501 

687 

698 

1306 

4 52 

447 

414 

4 53 

388 

6 02 

6 34 

512 

52 9 

490 

529 

522 

Sc 

18 

19 

14 

18 

19 

16 

18 

18 

20 

21 

17 

17 

24 

11 

10 

12 

13 

11 

12 

11 

Ga 

15 

15 

12 

15 

15 

15 

15 

15 

18 

19 

17 

18 

21 

15 

15 

17 

17 

16 

17 

17 

H! 

5 

0 

5 

0 

5 

4 

0 

0 

7 

6 

6 

8 

8 

7 

8 

u 

2.7 

2.6 

2.5 

2.6 

2.7 

2.9 

2.5 

2.8 

3.5 

4.1 

3.9 

3.9 

3. 7 

5 

5.9 

5.4 

4.6 

4.7 

4.9 

5.3 

Th 

7 

8 

7 

10 

7 

12 

8 

9 

13 

19 

15 

17 

12 

19 

19 

18 

19 

13 

15 

19 

Pb 

34 

31 

23 

101 

76 

45 

86 

51 

35 

80 

106 

44 

225 

20 

30 

23 

24 

22 

13 

14 

Ci) -~ 
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Loskop Dam: Dullstroom Formation 

Magma 

Type 

LMF 
LMF 

LMF 
LMF 
LMF 
LMF 

LMF 
LMF 
LMF 
LMF 

LMF 
LMF 
LMF 

LMF 

LMF 
LMF 
LMF 
LMF 

LMF 
LMF 
LMF 
LMF 

LMF 
LMF 

LMF 

LMF 

LMF 

LMF 
LMF 
LMF 
LMF 

LMF 

LMF 

LMF 

LMF 
LMF 

LMF 

LMF 
LMF 
LMF 

LMF 

LMF 
LMF 
LMF 

Sample Si02 

Nwnber 

10 68.05 

11 67.98 

12 68.42 

13 68.15 

14 68.09 

19 66.38 

19.l 66.82 

19.2 68.04 

21 67.93 

22 67.96 

25 67.36 

27 68.29 

29 66.57 

33 68 . 00 

38 66.49 

39 66.61 

39.1 

41. 4 

44.42 

53.45 

63 

64 

10 

11 

12 

13 

14 

19 

19.1 

19.2 

21 

22 

25 

27 

29 

33 

38 

39 

J 9. 1 

41. 4 

44.42 

53.45 

63 

64 

67.59 

69.55 

67.86 

68.09 

68.84 

65.74 

Nb 

17 

17 

16 

18 

16 

15 

14 

14 

15 

15 

15 

13 

13 

16 

15 

16 

16 

18 

15 

17 

17 

16 

Ti02 

0 . 61 

0.62 

0 . 61 

0.63 

0.61 

0 . 65 

0 . 6 9 

0.67 

0. 6 2 

0 . 62 

0.68 

0.62 

0.73 

0.67 

0.74 

0.67 

0.63 

0.60 

0.66 

0.65 

0.57 

0.78 

Zr 

348 

359 

352 

354 

346 

321 

334 

323 

324 

320 

323 

2 92 

294 

331 

3 06 

319 

319 

344 

325 

356 

345 

350 

Al203 

11 . 8 9 

11. 93 

11. 9 6 

12.04 

11. 8 3 

11. 81 

12.43 

12 . 3 6 

12. 07 

11.92 

11. 6 9 

12.47 

12.36 

11. 81 

12.16 

11.88 

11. 75 

11. 62 

11.61 

11.51 

12.05 

12.05 

y 

so 
52 

54 

52 

51 

51 

54 

51 

48 

49 

48 

41 

43 

48 

45 

46 

•16 

51 

47 

76 

55 

59 

PeOt 

7.27 

7.44 

7.53 

7 . 35 

7.00 

8 . 18 

7.48 

7.04 

7. 11 

7.23 

8.27 

6. 67 

7.73 

7 . 38 

7.33 

7 . 41 

7.02 

6. 9 3 

7.42 

7.60 

6 . 94 

8.37 

Sr 

81 

131 

69 

100 

82 

103 

166 

168 

48 

75 

93 

172 

190 

350 

16 9 

125 

170 

105 

152 

64 

134 

112 

MnO 

0. 12 · 

0 .11 

0.12 

0 . 10 

0 . 13 

0.22 

0. 18 

0 . 14 

0.17 

0.13 

0 . 14 

0.16 

0 . 24 

1 . 6 l 

0. 2 0 

0.22 

0.23 

0.23 

0. 22 

0 . 22 

0 . 15 

0.20 

Rb 

211 

201 

200 

187 

171 

252 

221 

265 

2 07 

179 

182 

14 8 

14 0 

142 

145 

148 

1-10 

16) 

134 

13) 

18 9 

136 

MgO 

0.39 

0.32 

0 . 35 

0.43 

0.41 

0. 8 0 

0.67 

0.95 

0.57 

0.66 

0.64 

0.84 

0.80 

0 . 46 

0.28 

0.60 

0.51 

0.40 

0.58 

0.20 

0.33 

0.60 

Zn 

116 

116 

142 

126 

168 

326 

245 

234 

335 

197 

192 

167 

226 

225 

401 

395 

379 

389 

325 

92 9 

263 

442 

Cao 

1.44 

1.63 

1. 2 0 

1. 4 8 

2.19 

0.71 

1.50 

1.51 

0.84 

1.19 

l. 74 

2.43 

3. 08 

3.H 

2.90 

2.57 

2.89 

1.66 

1.99 

0.94 

l. 63 

2 . 59 

Cu 

24 

49 

37 

45 

44 

so 
74 

46 

29 

12 0 

56 

31 

JO 
187 

19 

13 

74 

36 

32 

3 1 

52 

80 

Na20 

2.79 

2 . 90 

3. 26 

3. 1 7 

3 . 05 

1.07 

l . 80 

1.01 

2.28 

2.65 

2 . 83 

3. 04 

3 . 10 

2 . 39 

2.97 

3. 18 

2 . 9 4 

2.73 

3.23 

2.97 

2 . 14 

2.66 

Ni 

6 

35 

19 

15 

11 

7 

33 

21 

7 

7 

28 

19 

15 

5 

11 

8 

6 

7 

28 

7 

K20 

5.41 

5.31 

5 . 05 

4. 91 

4.63 

6. 13 

5.92 

6.17 

5.42 

5.12 

4.78 

3.59 

3. 4 9 

3.92 

4.01 

4.00 

3.70 

4.31 

3.60 

3. 3 3 

5.15 

3.76 

Co 

P205 

0.15 

0.14 

0 . 14 

0. 14 

0.14 

0.16 

0.17 

0. 18 

0.17 

0.15 

0.18 

0 . 19 

0 . 22 

0 . 18 

0 . 21 

0.17 

0.16 

0.13 

0.17 

0. 13 

0.15 

0.21 

Cr 

LOI 

0 . 96 

0 . 66 

0.17 

0.84 

1 . 37 

1 . 79 

1 . 72 

1. 22 

1 . 4 9 

l. 20 

l. 16 

0.88 

1 . 06 

1 . 20 

1.50 

1. 4 5 

1. 6 9 

1. 14 

1.05 

l.85 

1.73 

2.63 

V 

Total 

99.06 

99.04 

98.82 

99.23 

99.44 

97.89 

99.37 

99.30 

98.66 

98.83 

99.46 

99.17 

99.38 

100.95 

98. 77 

98.75 

9 9. 11 

99.29 

98.38 

97.48 

99.67 

99.59 

Ba 

931 

800 

6 93 

776 

561 

1307 

1002 

1279 

752 

825 

559 

550 

481 

360 

438 

sos 
436 

591 

514 

647 

6 97 

584 

Sc 

11 

11 

11 

10 

11 

12 

14 

13 

11 

11 

13 

12 

14 

11 

12 

13 

12 

11 

13 

12 

12 

18 

Ga 

14 

15 

14 

14 

15 

15 

13 

15 

15 

13 

15 

16 

18 

17 

15 

15 

17 

16 

18 

15 

18 

19 

H! 

6 

7 

9 

6 

6 

0 

5 

7 

9 

6 

8 

0 

8 

11 

0 

9 

8 

7 

7 

8 

9 

8 

u 

4.7 

52 

51 

5 

8.8 

6.1 

4 . 6 

6.9 

4.7 

5.2 

4.9 

4.7 

4.4 

5.4 

5.1 

5 . 1 

5 

5 . 7 

4 . 8 

5.4 

5. l 

4.5 

Th 

20 

19 

18 

21 

20 

18 

20 

17 

19 

16 

18 

18 

14 

17 

19 

19 

19 

19 

17 

18 

19 

16 

Pb 

16 

34 

9 

27 

44 

21 

34 

31 

13 

29 

25 

33 

47 

36 

102 

40 

57 

51 

82 

111 

159 

234 

C') -c..n 
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Loskop Dam: Damwal Formation 

Magma 

Type 

Fe-Ti-P 
LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

Fe-Ti-P 
LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

Sample SiO2 

Number 

3930 57.25 

78.79 64.62 

79.75 69.34 

80 65.70 

81 65.30 

82 64.49 

83 66.39 

84 66 .29 

85 66.40 

86 64.05 

87 66.77 

88 63.38 

89 64.29 

90 65.83 

91 69.30 

94 65.85 

95 65.81 

96 63.75 

98 66.22 

99 66.15 

3930 

78.79 

79.75 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

94 

95 

96 

98 

99 

Nb 

13 

13 

19 

13 

14 

13 

14 

15 

15 

15 

16 

14 

15 

17 

14 

15 

15 

13 

16 

15 

TiO2 

1.25 

0.62 

0.62 

0.61 

0.61 

0.51 

0.64 

0.64 

0.65 

0.62 

0.64 

0.58 

0.63 

0.63 

0.53 

0.61 

0.63 

0.57 

0.63 

0.63 

Zr 

23B 

314 

402 

327 

318 

323 

330 

326 

332 

330 

343 

300 

325 

352 

288 

312 

326 

312 

313 

314 

Al2O3 

11.64 

11.37 

11.89 

11.33 

11.35 

11.36 

11. 69 

11. 63 

11.78 

11.31 

11. 61 

10.41 

11.40 

11.62 

10.60 

11. 47 

11.56 

11. 38 

11.79 

11.91 

y 

37 

44 

53 

49 

45 

45 

47 

46 

51 

48 

53 

42 

49 

54 

43 

43 

36 

47 

43 

44 

FeOt 

11. 10 

6.62 

7.03 

6.12 

6.68 

6.40 

6.97 

7.00 

6.45 

7. 18 

5.84 

5. 10 

7.01 

6.78 

5.75 

6.77 

7. 15 

6.55 

6.46 

7.07 

Sr 

159 

91 

93 

7 

90 

85 

173 

213 

153 

136 

154 

145 

177 

157 

84 

131 

.217 

179 

117 

158 

MnO 

0. 1 7 

0. 37 

0. 18 

0.33 

0.45 

0.38 

0.27 

0. 34 

0.23 

0.26 

0.22 

0.19 

0.18 

0. 15 

0 .13 

0.15 

0.09 

0.13 

0.17 

0.13 

Rb 

33 

173 

152 

18 9 

158 

163 

18 0 

151 

225 

162 

259 

86 

197 

266 

131 

119 

163 

232 

12 0 

126 

MgO 

0,92 

0.28 

0. 3 5 

0.16 

0.18 

0.25 

0.17 

0.19 

0. 3 0 

0.11 

0.13 

0.07 

0.13 

0. 12 

0.06 

0.25 

0.15 

0.83 

0. 8 7 

0.90 

Zn 

184 

416 

868 

368 

473 

501 

327 

370 

344 

346 

337 

14 5 

401 

348 

240 

146 

154 

141 

142 

197 

Cao 

5.33 

3. 61 

0.90 

3.45 

3.47 

3. 61 

2.32 

2.44 

2.39 

2.29 

2.26 

6.75 

2.64 

2.09 

3.45 

3.21 

2.02 

3.88 

3.04 

2.86 

cu 

64 

24 

16 

9 

33 

37 

55 

46 

44 

58 

159 

32 

47 

159 

22 

42 

32 

38 

59 

13 

Na20 

2.17 

1. 54 

2.46 

1. 2 6 

1.75 

1.55 

1. 9 3 

2.51 

1. 3 0 

2.69 

1. 46 

3.08 

2.48 

1. 4 7 

2.12 

2.59 

1. 94 

0.57 

2.76 

2.18 

Ni 

6 

19 

5 

15 

9 

10 

7 

9 

3 1 

16 

15 

10 

9 

5 

7 

29 

14 

10 

K2O 

0. 84 

4. 12 

3.72 

4.25 

4.01 

3.99 

5.14 

4.57 

2.41 

4.22 

5.00 

1.37 

4.08 

6.04 

2.90 

3.57 

4.99 

5 .13 

3.78 

3. 61 

Co 

P2O5 

0. 4 0 

0. 14 

0. 14 

0. 14 

0.14 

0. 15 

0.16 

0. 15 

0.16 

0.15 

0.15 

0.13 

0.16 

0.15 

0 .13 

0. l 5 

0.16 

0.16 

0.17 

0.17 

Cr 

LOI 

6.28 

5.61 

1.82 

4.90 

5.01 

5.57 

2.72 

2.84 

3.50 

3.67 

4.61 

7.12 

4.89 

5.21 

4.53 

3.62 

2.61 

6.60 

3. 35 

3.27 

V 

Total 

97.35 

98.90 

98.45 

98.27 

98.94 

98.26 

98.41 

98.59 

95.57 

96.57 

98.67 

98.17 

97.88 

100.09 

99.50 

98.24 

97.09 

99.55 

99.23 

98.87 

Ba 

175 

500 

570 

544 

523 

4 58 

950 

692 

933 

613 

746 

73 

641 

753 

3 04 

58 9 

1330 

1011 

596 

708 

Sc 

22 

12 

12 

13 

11 

12 

12 

12 

12 

12 

12 

8 

11 

12 

10 

12 

12 

11 

14 

13 

Ga 

17 

16 

17 

16 

15 

17 

16 

16 

17 

16 

13 

16 

16 

13 

15 

16 

15 

15 

16 

17 

H! 

8 

6 

6 

6 

7 

6 

7 

7 

7 

7 

9 

7 

8 

8 

5 

6 

8 

7 

9 

u 

1. 9 

4.9 

4.9 

5 

2.5 

4.8 

5.3 

4.9 

5.3 

5.3 

5.4 

4.6 

4.9 

4.9 

4.8 

2.9 

3.7 

2.9 

3.2 

3 

Th 

13 

18 

19 

21 

13 

19 

17 

18 

17 

18 

18 

17 

16 

19 

16 

16 

17 

19 

17 

16 

Pb 

21 

50 

221 

75 

52 

34 

183 

158 

117 

209 

238 

98 

335 

242 

55 

33 

53 

55 

28 

47 

Ci') __. 
c:n 
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Loskop Dam: Damwal Formation 

Magma Sample Si02 Ti02 Al203 PeOt MnO MgO cao Na20 K20 P205 LOI Total 

Type Number 

LMF 100 64.79 0.61 11. 51 6.71 0. 16 0.56 2.54 1 . 51 5.31 0.18 5.00 98.88 

LMF 101 63.38 0.61 11. 47 6. 73 0.15 0.44 4.17 2.42 2.78 0. 18 7.15 99.47 

LMF 102 64.37 0.65 11.99 6.83 0. 13 0.37 2.67 1. 31 4 . 91 0.20 5.35 98.77 

LMF 103 64.30 0.62 12. 72 7 .13 0. 16 0. 13 3.57 3.96 2.04 0. 18 4.65 99.44 

LMF 104 62.27 0.63 11.93 6.54 0.15 0.11 3.95 1.09 5. 8 9 0.19 5.09 97.85 

LMF 105 65.13 0.61 12.79 6.61 0.13 0.50 3.24 2.57 2. 81 0.17 4.67 99.23 

LMF 106 65.42 0. 6 0 11. 17 6.61 0.14 0.64 2.90 2 .13 3. 61 0.18 5.21 98.60 

LMF 110 65.27 0.57 11.03 6.34 0. 19 0.81 3.70 1.22 3.68 0.17 6.40 99.39 

LMF 111 65.74 0.51 11. 34 6.96 0. 19 0.49 4. 14 2.40 3.42 0 .13 4.52 99.82 

LMF 112 66.62 0.54 11.54 6.85 0.16 0.33 2.70 2.62 4.55 0.12 3.10 99.13 

LMF 113 68.25 0.56 11.80 6.77 0 .13 0.35 1. 56 2.78 4.78 0 .14 1. 90 99.02 

LMF 114 67.25 0.56 11.71 6.84 0.12 0.14 2.38 2.45 4.26 0 .13 2.91 98.75 

LMF 115 68.07 0.52 11. 31 6.53 0.15 0. 4 5 3.50 0.94 3. 6 4 0. 12 4.67 99.90 

LMF 116 65.53 0.53 11. 42 6.87 0.14 0.49 3.72 1.60 4.25 0.12 4.18 98.84 

LMF 117 68.20 0.51 10.39 4.72 0.20 0.35 4.99 0.17 4.44 0 .13 5.83 99.92 

LMF 118 64.02 0.50 10.51 6.78 0.17 0.46 5.92 0.17 3.57 0.13 6.75 98.96 

LMF 119 67.51 0.51 10.01 7.04 0. 19 0.54 4.56 0. 18 3. 34 0. l 3 6.07 100.06 

LMF 12 0 65.29 0.49 10.20 7.31 0.24 0.56 3. 96 0. 16 4. 3 3 0 .13 6.92 99.58 

LMF 121 67.20 0.51 10.85 7.54 0.19 0.54 2.33 1.32 3. 11 0.12 5.24 98. 94 

LMF 122 69.14 0.55 10.60 6.92 0.19 0.44 1.30 2.71 1.90 0.11 4.66 98.51 en -__, 
Nb Zr y Sr Rb Zn cu Ni Co Cr V Ba Sc Ga H! u Th Pb 

LMF 100 15 303 46 173 211 252 38 12 829 13 16 6 2.9 15 104 

LMF 101 16 3 02 42 161 118 143 24 5 376 13 14 10 2.9 16 53 

LMF 102 16 327 so 138 209 197 103 6 1236 15 16 7 3.4 18 108 

LMF 103 15 3 03 41 174 81 173 19 4 318 12 18 9 2.8 15 67 

LMF 104 15 314 49 14 9 201 178 17 5 1010 15 15 7 31 14 55 

LMF 105 16 321 44 167 116 166 33 31 417 14 18 7 3. 1 19 41 

LMF 106 15 300 44 131 143 119 11 21 620 13 17 6 2.5 15 36 

LMF 110 15 290 44 101 208 246 15 5 52 5 12 16 6 2.6 17 34 

LMF 111 16 34 0 51 95 125 224 10 4 665 12 15 7 3.4 19 19 

LMF 112 17 344 52 144 157 137 33 5 752 12 17 9 6.6 18 47 

LMF 113 17 348 49 14 9 16 5 143 28 5 1025 12 17 8 5.1 18 20 

LMF 114 17 345 so 127 143 158 33 3 1 877 12 17 6 3.4 17 36 

LMF 115 17 333 51 88 18 3 16 0 17 23 451 11 17 8 3. 3 18 30 

LMF 116 17 336 51 77 162 184 19 14 596 12 17 6 3.2 18 20 

LMF 117 14 311 49 143 205 134 8 10 6 06 10 14 9 3 18 22 

LMF 118 15 320 53 115 18 6 273 13 10 355 12 15 6 3.3 17 40 

LMF 119 16 315 49 91 18 2 358 5 6 253 10 15 7 2.7 18 35 

LMF 120 15 3 08 48 79 2 02 348 7 5 497 11 17 6 2.9 16 20 

LMF 121 15 331 45 362 157 241 13 1 390 11 15 7 3. 1 17 19 

LMF 122 17 349 49 61 103 2 94 26 4 262 12 16 11 3.2 18 65 
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Loskop Dam: Damwal Formation 

Magma 

Type 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

Sample 

Number 

124 

125 

128.13 

129.13 

130.13 

131.13 

132.13 

134.13 

135.13 

136 

137 

138 

14 0 

141 

142 

143 

144 

145 

Si02 

68.18 

69.79 

68.24 

67.83 

66.20 

66.35 

66.68 

68. 77 

68.60 

66.90 

65.54 

65.58 

67.35 

66.33 

56.57 

66.30 

69.01 

69.32 

146 67.34 

147 67.54 

124 

125 

128.13 

129.13 

130.13 

131. 13 

132.13 

134. 13 

135.13 

136 

137 

138 

140 

141 

142 

143 

144 

145 

146 

14 7 

Nb 

16 

16 

17 

17 

17 

17 

17 

15 

14 

15 

14 

14 

13 

13 

11 

13 

13 

14 

13 

11 

Ti02 

0.50 

0.50 

0.49 

0.51 

0.52 

0.52 

0.52 

0.54 

0.54 

0.55 

0.55 

0.63 

0. 6 8 

0.57 

0.55 

0.53 

0.54 

0.54 

Al203 

11.57 

11 . 8 1 

11.52 

11.94 

11.52 

11. 6 9 

11.51 

11. 61 

11.42 

11.83 
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Loskop Dam: Damwal Formation 

Magma Sample SiO2 TiO2 Al2O3 FeOt MnO MgO cao Ha2O K2O P2O5 LOI Total 

Tj•pe Number 

LMF 148 65.74 0.51 10.77 6.49 0.20 0,62 3 . 7 9 1. 8 9 3.72 0.14 4. 31 98.18 

LMF 149 66.38 0.53 11. 36 6.27 0.16 0,65 2.85 2.23 3. 81 0. 1 7 3.58 97.99 

LMF 150 67.25 0.51 11.35 6. 11 0.17 0.49 2.42 2.63 3. 76 0.17 3.12 97.97 

LMF 150.1 66.38 0.50 11.11 6. 2 9 0.19 0.10 4. 4 7 0.19 5.36 0.17 5.25 100.00 

LMF 151 68.36 0.54 11.44 6.55 0. 16 0.65 1 . 6 5 2.50 3 . 8 1 0. 17 2.60 98.41 

LMF 152 65.23 0.52 11. 4 0 6.24 0. 16 0.64 3. •19 2.26 3.76 0. 17 4. 24 98.10 

LMF 153 66.01 0. 77 12.23 9.55 0.27 0.27 0.23 1.76 3.97 0.21 2.64 97.89 

LMF 154 64.35 0.71 11.70 8. 64 0.15 0.49 2. 93 2.00 4.17 0.22 3. 81 99.17 

LMF 155 63.85 0.72 11. 72 8 . 8 3 0. 19 0.56 3 . 3 9 2.52 3.59 0.22 3.78 99.37 

LMF 160 67.54 0.50 11. 68 6. 92 0.09 0.24 2.51 1.97 4.70 0.14 3.27 99.55 

LMF 161.16 65.75 0.49 11. 22 7.16 0.18 0.28 3.20 2.29 4.42 0.12 4.24 99.35 

LMF 162.17 65.75 0.50 11. 37 7.02 0.17 0.36 3.52 1.97 3. 16 0.13 4.51 98.46 

LMF 163.17 6 4. 12 0.48 11. 19 7.77 0. 2 0 0.36 4.47 1.77 3.56 0.12 6.27 100.31 

LMF 164.16 65.96 0.50 11.43 7.01 0.23 0.-14 3.12 1.09 4.76 0.13 5.14 99.80 

LMF 165.17 65.57 0.48 11. 20 7.40 0.11 0.39 3.43 1. 02 4.18 0.12 4.97 98.87 

LMF 166.17 65.66 0.50 11. 65 8.26 0.15 0.38 2.36 0.19 5.15 0.14 4.09 98.52 

Nb Zr y Sr Rb Zn cu Ni Co Cr V Ba Sc GJ\ Hr u Th Pb 

LMF 148 14 2 96 43 107 146 250 24 8 800 12 15 7 2. 8 17 49 C') 
LMF 14 9 15 349 43 97 135 286 42 7 947 12 16 9 2.8 16 24 -
LMF 150 13 321 42 84 143 275 53 7 709 12 15 8 2.4 14 24 

c.Q 

LMF 150.1 12 277 43 41 214 243 34 30 1310 13 13 6 2.5 16 29 

LMF 151 15 317 55 79 159 365 20 37 784 12 17 6 2.9 17 57 

LMF 152 14 315 47 96 158 200 41 16 615 13 17 9 2.7 18 25 

LMF 153 17 336 86 64 212 14 5 10 12 828 20 21 8 2.8 17 25 

LMF 154 7 2 94 72 80 163 238 10 12 1219 18 19 6 2.8 16 86 

LMF 155 17 318 54 143 138 2 02 31 4 678 17 18 7 3. 1 15 39 

LMF 160 16 359 67 70 210 112 13 16 712 12 17 8 3.5 19 18 

LMF 161. 16 17 349 57 87 18 5 111 8 4 581 11 17 9 3. 1 20 17 

LMF 162.17 17 350 55 95 16 0 111 17 31 414 13 18 8 3.3 19 13 

LMF 163.17 17 347 54 115 163 12 0 10 13 424 12 17 6 3.1 18 19 

LMF 164.16 15 350 59 85 225 13 9 13 5 722 12 18 9 3.2 19 24 

LMF 165.17 16 334 53 68 177 12 1 9 12 444 12 18 8 3.3 18 14 

LMF 166.17 18 351 54 53 226 124 17 11 651 14 17 9 3 18 13 
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Loskop Dam: Kwaggasnek Formation 

Magma Sample SiO2 TiO2 A.12O3 !"eOt MnO MgO cao Na2O K2O P2O5 LOI Total 

Type Number 

LMF 170.16 71.58 0.04 11.44 5.00 0.14 0.27 1.07 0.22 5.94 0.07 2.82 98.60 

LMF 171.17 69.04 0.38 11. 1 J 5.45 0. 10 0.<16 ) . 4 9 0.18 5.27 0.07 4.52 100.07 

LMF 172.17 67.95 0.37 11. 4) 5.88 0. 10 0.26 4.08 0. 16 5.20 0.06 4 . 91 100.40 

LMF 173.17 67.84 0.04 10.87 5.73 0. 19 0.)5 3.4) 0. 15 4.70 0.06 5.77 99. 11 

LMF 178 77.21 0.37 11. 86 2 .11 0.01 0.10 0.03 0.16 5.94 0.04 2.46 100.28 

LMF 179 71.05 0.35 11. 54 6.79 0. 16 0.28 1. 13 0.14 4. 8 4 0.07 3. 3 5 99.67 

LMF 180 71.01 0.35 11 . 8 l 8.72 0.02 0.17 0.06 0. 14 4.73 0.05 3.49 100.55 

LMF 181 68.20 0.35 11.37 6.36 0.25 0.28 4.25 0.15 4.86 0.04 5.15 101.26 

LMF 182 70.93 0. 34 11.00 3.94 0.14 0.24 4.73 0.15 5.01 0.04 5.16 101.68 

LMF 183 71. 80 0. 34 11.37 6.75 0.24 0.26 2.24 0.14 4.23 0.04 4.31 101.74 

LMF 184 71.12 0.34 11.75 7.84 0. 13 0.35 2.17 0. 14 3.66 0.04 3.95 101.49 

LMF 18 5 70.32 0.34 11. 43 7.20 0.11 0.35 3.14 0 .13 3.59 0.03 4.58 101.20 

LMF 186 75.05 0.35 11.26 4.74 0.07 0.14 0.61 0.17 6.86 0.06 2.25 101.54 

LMF 187 78.67 0.34 10.99 3.62 0.01 0.18 0.06 0.15 5.58 0.05 1.96 101.61 

LMF 188 74.06 0.32 13.40 5.21 0.01 0.29 0.07 0 .13 4.70 0.06 3.14 101.38 

Nb Zr y Sr Rb Zn Cu Ni Co Cr V Ba Sc Ga Ht: u Th Pb 

LMF 170.16 18 409 78 39 274 280 7 10 1096 7 20 11 3.9 20 13 

LMF 171.17 17 385 65 86 228 147 11 5 76 0 7 16 8 3. 1 21 17 C) 
LMF 172.17 19 3 90 62 89 217 136 4 4 615 7 15 8 3.3 20 12 ~ 

LMF 173.17 18 386 63 90 233 146 5 4 509 7 18 8 3.5 20 18 
c:::, 

LMF 178 21 425 65 24 275 108 8 10 753 7 18 9 3. 6 22 so 
LMF 179 20 403 61 32 210 13 9 11 10 623 6 18 8 3.8 19 16 

LMF 180 20 417 73 14 216 438 75 14 944 6 17 5 4.2 22 108 

LMF 181 20 406 62 98 2 03 195 13 8 890 6 16 8 3.7 22 65 

LMF 182 21 420 64 96 215 183 19 4 771 6 18 7 3.7 21 66 

LMF 183 20 398 59 38 165 314 10 4 463 6 17 8 3.7 22 93 

LMF 184 19 413 74 38 168 194 8 3 3 98 5 18 9 3.9 23 15 

LMF 18 5 19 397 59 53 167 185 14 29 369 5 17 9 3.8 22 23 

LMF 186 19 393 59 44 278 14 3 20 29 1031 6 16 8 3. 7 21 37 

LMF 187 17 385 57 17 230 111 7 13 774 5 15 7 2.7 21 21 

Ll•1F 188 19 408 56 12 221 263 12 16 862 6 21 7 3.8 25 60 
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Loskop Darn: Schrikkloof Formation 

Magma Sample SiO2 TiO2 Al2O3 l'eOt HnO HgO Cao th20 K2O P:2OS LOI Total 

Type Number 

LMF 18 9 7).03 0.25 l l . 16 4 . 4 l 0. 15 0.) 2 3 . 51 0.14 ) . 42 0.0) 4 . 6 9 101.09 

LMF 190 14. 14 0.26 l l . 2 3 5.00 0. l) 0. 16 2. l4 0. l) ) . 8 6 0.04 l . 51 100.79 

LMF 191 82.26 0. 24 l l. 31 l . 8 0 0.01 0.00 0.0) 0. 14 4 . 9 4 0.04 l. 5 7 102.ll 

LMF 192 78.2) 0.26 l l. l l 5.66 0.01 0.00 0.04 0. 15 4 . 9 7 0.0) l. 57 102.22 

LMF 19) 79.04 0.25 l l. 4 6 ) . 6 9 0.01 0.00 0.0) 0. 14 5.70 0.0) l . 4 2 101. 77 

LMF 194 80.65 0.25 l l. 4 0 2. 2 5 0.01 0.00 0.02 0. 16 5.44 0.0) l . 6 3 101.82 

LMF 195 78. l3 0.24 10.50 4 . 6 4 0.01 0.00 0.0) 0. 15 4.60 0.0) l . 5 9 9 9. 91 

LMF 196 75.27 0.24 10.86 5.89 0.01 0.00 0.02 0. 15 5.55 0.04 0.41 9 8. 4 5 

LMF 197 76.70 0.2) 10.67 5.00 0.01 3.00 0.02 0. 16 5. 3 0 0.04 l . l ◄ l 02. 46 

LMF 198 7 6. 81 0. 2 5 10.99 4 . 11 0.01 0.00 0.01 0. 16 5.87 0.06 l . 2 5 99.51 

LMF 199 77.27 0.26 l l . 0 l 4.75 0.01 0.00 0. 16 0.22 5.0) 0.0) l . 5 4 100.29 

LMF 200 80.18 0.2) 11. 19 2.60 0.01 0.00 0.0S 0. 18 4 . 6 6 0.0) 1 . 6 6 100.79 

LMF 2 0 l_ 78.97 0.26 11 . 7 7 2. 8 9 0.01 0.00 0.00 0.20 4 . 6 0 0.0) 2.-17 101.20 

U-1F 2 02 76.)6 0.27 12.12 4 . 51 0.06 0.00 0.)0 0. 16 4.98 0.04 2 . 02 100.82 

Nb Zr y Sr Rb Zn Cu Ni Co Cr V Ba Sc Ca HC u Th Pb 

LMF l 8 9 24 439 61 72 16 5 232 6 8 230 2 18 l 0 4. 2 24 2 1 
LMF 190 23 443 62 42 205 259 ) 4 ))9 8 18 11 3 2S 26 

LMF 191 20 44S 62 7 237 16) 12 4 )16 2 l7 10 3. 5 24 30 G') 
LMF 192 23 444 64 8 230 l 4 l 8 4 361 2 17 10 4 • 1 23 16 "-> 
LMF 193 21 4 53 66 11 246 132 16 5 419 2 18 10 3.9 25 14 -
LMF 194 22 458 68 12 264 19) 12 23 4S9 2 18 12 3.9 24 67 
LMF 195 21 44S 69 l l 249 178 12 27 320 2 l 8 12 ).) 23 32 
LMF 196 20 430 64 18 258 108 8 14 457 2 17 8 ) . 8 22 4) 
LMF 197 20 428 63 26 244 94 6 12 4 06 2 l7 11 ) . 2 23 2] 
LMF 198 24 46) 71 3 1 261 51 3 l l 446 2 17 9 ) . 2 24 16 
U-IF 199 19 437 68 28 254 68 7 10 ] ) 1 2 l 9 10 2.9 23 49 

U-IF 200 20 454 6S 24 231 JS s 8 263 2 18 12 ) . 1 24 12 
U-IF 201 22 478 71 27 271 )6 4 5 210 2 20 10 ) . 8 26 lS 
U-IF 2 02 27 4 94 77 30 224 136 25 4 505 2 l 9 10 ).) 26 30 
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Stavoren Fragment: Dullstroom Formation 

Magma Sample SiO2 TiO2 Al2OJ foOt MnO MgO CaO Na2O K2O P2OS LOI Total 

Type Number 

LTI 80 53.80 0.68 14.68 9.38 0.17 5.24 7.43 3.98 0.69 0.08 3. 21 99.34 

BR 81 74.54 0.28 10.92 2.74 0.07 1. 74 1. 58 2.09 4.20 0.08 1. 52 99.76 

BR 82 76.12 0.22 9.90 2.07 0.05 1. 51 0.75 1. 9 8 4.44 0.08 1. S 5 98.67 

BR 14 5 74.09 0.26 10.63 3.27 0.07 2.32 1.02 2.30 4.40 0.08 1. 98 100.42 

BR 146 73.72 0.36 11.81 5.01 0 .13 2.33 0.19 0.18 3.78 0.10 2.93 100.54 

BR 147 75.17 0.23 9.97 2. 96 0. 11 1.53 1. 2 0 0.21 6.00 0.09 2.47 99.94 

BR 148 76.18 0.22 9.97 3 .14 0. 13 1.27 1. 18 0.21 5.38 0.09 2.66 100.43 

BR 149 76.90 0.23 10.43 2.54 0.10 1.09 0.68 1.87 4.60 0.09 1. 70 100.23 

Nb Zr y Sr Rb Zn Cu Ni Co Cr V Ba Sc Ga H! u Th Pb 

LTI 80 456 19 

BR 81 0 191 12 27 65 26 s 13 91 905 43 1348 s 10 0 0 16 15 

BR 82 7 3 04 30 437 176 46 0 s 123 460 31 1673 4 8 0 0 15 s 
BR 145 7 237 22 68 172 81 0 12 102 905 43 14 06 6 9 0 0 16 s 
BR 146 6 206 20 16 175 500 0 22 69 535 68 84 9 11 11 0 0 16 6 

BR 147 6 213 21 85 273 84 0 12 95 297 32 1778 s 8 0 0 15 6 

BR 148 s 215 21 90 297 82 4 34 84 260 27 1438 4 9 0 0 17 6 

BR 14 9 6 251 19 56 199 129 0 15 88 192 29 1538 4 9 11 0 16 s 
C) 

Rooiberg Fragment: Dullstroom Formation "-> 
"-> 

Magma Sample SiO2 TiO2 Al2OJ P'eOt MnO MgO cao Na2O K2O P2O5 LOI Total 

Type Number 

LTI R82a 55.59 0.39 13.44 10.75 0.08 6.18 2.57 2.81 2.68 0.08 6.03 100.60 

LTI R82b 54.82 0.38 13.26 11. 46 0.06 7.41 2.06 2.21 1. 8 6 0.06 5.95 99.53 

LTI R82c 55.50 0.39 13.63 11.54 0.06 7.64 2.10 2.25 1. 8 7 0.07 5.93 100.98 

LTI R82d 55.07 0.37 13. 11 11.19 0.07 7. 3 9 2.22 1.89 2.42 0.10 5.99 99.82 

LTI R82e 53.55 0.36 13. 26 10.95 0.08 7.11 3. 31 2. 4 1 1.86 0.09 7.60 100.58 

Nb Zr y Sr Rb Zn Cu Ni Co Cr V Ba Sc Ga Ht'. u Th Pb 

LTI R82a 0 104 12 73 243 22 12 0 14 1 41 330 14 0 146 27 12 0 0 14 7 

LTI R82b 0 104 11 80 166 41 9 139 43 457 14 S 74 29 12 0 0 11 s 
LTI R82c 0 99 11 BO 265 35 92 136 so 427 137 191 28 11 0 0 12 s 
LTI R82d 0 100 20 82 191 35 0 14 1 50 474 143 96 28 12 0 0 11 3 

LTI RB2e 0 BO B 86 137 42 453 137 49 445 139 12 0 29 13 0 0 11 4 
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Rooiberg Fragment: Schrikkloof Formation 
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4.88 

6.57 

6.08 

4.77 

5.14 

4.44 

6.09 

4. 4 0 

4.54 

5.02 

6.48 

5.65 

5.21 

8. 37 

4 . 21 

7.10 

5.79 

6.52 

8.56 

5.75 

Co 

95 

78 

53 

80 

68 

71 

77 

64 

60 

59 

81 

73 

79 

94 

77 

85 

65 

100 

121 

85 

0.02 

0.03 

0.02 

0.02 

0.08 

0.04 

0.05 

0.03 

0.03 

0.02 

0.03 

0.03 

0.03 

0.02 

0.03 

0.05 

0.03 

0.03 

0.02 

0.03 

Cr 

4 

5 

0 

0 

5 

0 

4 

5 

0 

5 

6 

6 

0 

0 

8 

0 

5 

4 

0 

4 

LOI Total 

1.64 100.85 

1.42 100.98 

1.95 99.57 

2.08 100.19 

1. 31 

1.10 

1.64 

1. 1 7 

1. 78 

1. 9 9 

1.30 

98.05 

99.90 

99.86 

98.52 

100.85 

100.59 

99.83 

1.31 100.18 

1.54 

1 . 9 9 

1.14 

1. 41 

100.53 

100.44 

99.85 

100.00 

1.60 100.27 

1.01 101.00 

1.45 100.24 

1.35 99.85 

V Ba 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1093 

1121 

1183 

855 

8 03 

871 

12 06 

1052 

963 

1002 

1056 

927 

913 

1096 

731 

1274 

94 5 

1245 

1457 

899 

Sc 

2 

3 

2 

3 

2 

2 

2 

4 

3 

2 

3 

3 

3 

2 

2 

3 

2 

2 

2 

Ga 

18 

18 

18 

17 

19 

18 

17 

17 

18 

19 

17 

16 

17 

13 

20 

15 

17 

16 

19 

17 

H! 

13 

13 

18 

12 

15 

15 

19 

13 

14 

22 

13 

17 

13 

16 

16 

13 

12 

0 

15 

17 

u 

0 

3 

3 

0 

0 

3 

0 

0 

4 

0 

4 

5 

4 

3 

3 

0 

0 

0 

4 

0 

Th 

28 

27 

29 

27 

27 

26 

29 

27 

30 

29 

28 

26 

0 

29 

27 

30 

0 

30 

28 

27 

Pb 

21 

10 

11 

9 

7 

7 

10 

15 

23 

14 

8 

6 

2 

9 

7 

9 

0 

17 

7 

8 

c:, 
r'-> 
~ 
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Rooiberg Fragment: Schrikkloof Formation 

Magma 

Type 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

I..J.1F 

LMF 

LMF 

LMF 

LMF 

I..J.IF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

Sample SiO2 

Number 

50 74 . 67 

51 72.63 

52 74 . 19 

53 73.00 

54 74 . 23 

55 74.61 

56 72 . 88 

57 74.52 

58 74.18 

60 71.95 

61 73.19 

62 72.38 

63 74.10 

64 73.85 

65 73 . 51 

66 73 . 95 

67 74.16 

68 73.52 

so 
51 

52 

53 

54 

55 

56 

57 

58 

60 

61 

62 

63 

64 

65 

66 

67 

68 

Nb 

14 

21 

25 

19 

28 

24 

29 

27 

28 

25 

24 

23 

23 

23 

28 

30 

27 

31 

TiO2 Al2O3 

0 . 22 10.09 

0.23 10.91 

0 . 23 10 . 52 

0 . 23 11.37 

0 . 25 11.56 

0 . 22 11.04 

0.24 11.38 

0.24 11.65 

0.24 11.31 

0.24 11.40 

0 . 24 11.37 

0.24 11.13 

0 . 25 

0.25 

0.24 

11 . 44 

11.45 

11.26 

0.24 11.35 

0.24 11.32 

0.24 11.26 

Zr 

420 

440 

459 

437 

500 

519 

603 

586 

583 

514 

498 

480 

4 94 

481 

587 

632 

585 

519 

y 

51 

61 

66 

53 

71 

74 

80 

81 

69 

71 

66 

65 

66 

59 

81 

88 

77 

78 

FeOt 

6 . 66 

5.87 

4.99 

4.70 

3.76 

4 . 81 

5.36 

4 . 76 

4.83 

4 . 33 

4.24 

4. 34 

4 . 30 

4 . 45 

4.46 

4 . 39 

4.75 

4.62 

Sr 

8 

11 

l 9 

9 

13 

10 

12 

12 

12 

26 

24 

20 

19 

22 

22 

32 

21 

32 

MnO 

0.02 

0 . 09 

0 . 02 

0 . 02 

0 . 02 

0.03 

0 . 07 

0.04 

0.04 

0 . 04 

0.04 

0.20 

0.10 

0 . 02 

0 . 04 

0.04 

0 . 04 

0.05 

Rh 

366 

427 

382 

417 

469 

481 

491 

475 

426 

3 02 

277 

319 

311 

297 

388 

351 

366 

306 

HgO 

0.22 

0,23 

0.18 

0.27 

0. 38 

0.31 

0.33 

0.31 

0. 4 0 

0.24 

0. 2 5 

0.38 

0.52 

0 . 50 

0.42 

0.48 

0.42 

0.41 

Zn 

6 

21 

15 

14 

20 

20 

26 

37 

37 

36 

19 

13 

20 

34 

46 

58 

35 

45 

CaO 

0.00 

0.00 

0.00 

0.02 

0.03 

0.00 

0.21 

0.00 

0.00 

0.88 

0.82 

0. 3 0 

0.20 

0.46 

0 . 33 

0.28 

0.36 

0. 61 

cu 

0 

13 

4 

8 

19 

0 

14 

22 

8 

20 

25 

0 

7 

12 

3 

6 

4 

0 

Na20 

0.23 

0.24 

0.26 

0.24 

0 . 23 

0.22 

1 . 47 

0 . 23 

0 . 23 

1.87 

2 .30 

1. 85 

2 . 10 

2 . 09 

1.97 

2.40 

2.11 

2.77 

Ni 

0 

0 

0 

24 

6 

0 

0 

0 

0 

0 

0 

0 

21 

8 

0 

0 

0 

0 

K2O 

7.18 

7 . 44 

7.41 

8.95 

8. 34 

8 . 53 

6 . 60 

7.06 

7.48 

6.75 

5.90 

6.38 

6 . 32 

6 . 89 

6.88 

6.21 

6.75 

5.50 

Co 

120 

99 

72 

113 

116 

108 

79 

75 

84 

81 

92 

93 

83 

87 

86 

125 

108 

107 

P2O5 

0.03 

0.03 

0.02 

0.04 

0.05 

0.03 

0 . 02 

0.03 

0.03 

0.03 

0.02 

0 . 02 

0 . 03 

0.04 

0 . 03 

0.02 

0.02 

0.02 

Cr 

8 

6 

6 

6 

6 

6 

6 

0 

6 

4 

0 

4 

5 

6 

6 

5 

0 

4 

LOI 

1.34 

1 . 59 

1.17 

1.15 

1 . 24 

1.03 

1. 10 

1 . 51 

1 . 50 

1.38 

1.32 

1.11 

0.78 

0 . 74 

0.77 

Total 

100.66 

99 . 26 

98 . 99 

99 . 99 

100 . 09 

100.83 

99.66 

100.35 

100.24 

99.11 

99.69 

98 . 33 

100.14 

100 . 74 

99 . 91 

0.85 100.21 

0.79 100.96 

1.06 100.06 

V 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Ba 

1132 

1325 

1340 

1509 

1334 

1237 

986 

1029 

1075 

1161 

1003 

1125 

1190 

1270 

1230 

1200 

1194 

1065 

Sc 

2 

2 

2 

2 

2 

2 

2 

0 

2 

4 

2 

0 

2 

2 

3 

2 

2 

2 

Ga 

10 

17 

19 

11 

17 

12 

17 

18 

19 

18 

18 

16 

18 

18 

17 

18 

16 

17 

H! 

13 

19 

13 

15 

14 

12 

11 

13 

15 

19 

18 

13 

14 

19 

13 

12 

13 

12 

u 

0 

0 

0 

0 

0 

3 

0 

0 

4 

4 

0 

4 

0 

3 

44 

4 

0 

0 

Th 

27 

26 

26 

23 

28 

27 

27 

26 

26 

29 

26 

26 

27 

27 

49 

30 

29 

31 

Pb 

6 

6 

7 

5 

7 

11 

8 

6 

7 

7 

6 

7 

7 

8 

31 

11 

7 

9 

C> 
I'-=» _,. 
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Rooiberg Fragment: Schrikkloof Formation 

Magma Sample SiO2 TiO2 Al2O3 P'eOt MnO MgO cao 

Type Number 

LMF 69 74.20 0 .2 5 11.52 4.80 0 . 11 0.44 0.36 

LMF 70 73.44 0 . 24 11.19 4.98 0. 2 0 0,38 0.27 

LMF 71 74 . 56 0 . 25 11. 3 3 4 . 8 6 0 . 03 0.43 0.63 

LMF 72 73.47 0.25 11. 4 9 5 . 02 0 . 04 0.62 0 . 34 

LMF 73 73.02 0 . 25 11 . 36 4 . 82 0 . 17 0 . 53 0 . 15 

Nb Zr y Sr Rb Zn Cu 

LMF 69 27 525 74 22 229 62 12 

LMF 70 22 476 66 21 299 54 0 

LMF 71 25 487 68 22 277 27 8 

LMF 72 23 454 62 12 278 36 14 

LMF 73 24 465 66 14 277 16 0 

Na2O K2O P2O5 LOI 

2.99 5.18 0.02 1.02 

2. 18 6.02 0.02 0.98 

2 .2 5 5 . 27 0 . 02 1.40 

2.12 5.71 0 . 04 1. 35 

2. 15 5.57 0 . 05 2.43 

Ni Co Cr V 

0 126 0 0 

0 87 6 0 

0 70 5 0 

19 99 4 0 

9 95 0 0 

Total 

100.89 

99.90 

101 . 03 

100.45 

100.50 

Ba Sc Ga 

96 9 2 18 

1007 2 17 

1011 3 18 

1006 2 18 

811 2 19 

H! u 

15 4 

15 4 

12 0 

18 3 

16 0 

Th 

29 

29 

28 

29 

28 

Pb 

7 

7 

7 

7 

8 

G") 
"-> 
c..r, 
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Appendix H: CIPW-Norm 

Abbreviations used in CIPW-Norms ........................... . Hl 
Dullstroorn Area ............................................ . H2 - H6 
Tauteshoogte Area .......................................... . 
Bothasberg Plateau ......................................... . 
Stavoren Fragment .......................................... . 
Rooiberg Fragment .......................................... . 

H6 
H6 - H8 
H8 
H8 - H9 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021



H1 

Abbreviations used in the CIPW-Norms: 

Q = Quartz 
C = Corundum 
or = Orthoclase 
ab = Albite 
an = Anorthite 
ac = Acmite 
di = Diopside 
he = Hedenbergite 
en = Enstatite 
fs = Ferrosilite 
WO = Wollastonite 
mt = Magnetite 
il = Ilmenite 
er = Chromite 
hm = Hematite 
ap = Apatite 
ns = Nosean 

DI = Differentiation Index 
err = cr1stallisation Index 
CI = Co our Index 
MgI = Mg-Ind~x (M!/Mg+Fe 2 +) 
NPc = Normative P agioclase Composition (An/An+Ab) X 100 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 

LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 
LTI 

LTI 
LTI 
LTI 
LTI 

LTI 

LTI 
LTI 
LTI 

LTI 
LTI 

LTI 
LTI 

Sample 

Number 

Q 

143al2.59 

143bl3.30 

143cl3.81 

143d13.17 

143e 13. 68 

143f 10.52 

143gl3.97 

143hl3.19 

C 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

or ab an 

8.42 16.56 29.41 

7.27 17.41 28.68 

5.94 18.35 28.88 

6.9117.57 28.45 

7.56 20.35 26.04 

7.94 18.01 30.14 

9.51 15.66 29.22 

8.56 17.51 28.68 

143i 18.46 0.00 7.37 23.58 23.65 

143k 19.08 o.oo 10.41 22.16 22.92 

2 14.51 0.00 10.62 17.89 25.60 

3 10.28 0.00 8.84 21.62 28.71 

6 11.75 0.00 8.67 22.00 17.69 

10 25.59 

12 9.86 

13 4.32 

20 9.59 

21 8.71 

2611.75 

30 9.45 

31 9.65 

3316.36 

43 10.91 

44 10.07 

0.00 9.80 13.08 27.72 

0.00 7.66 20.81 27.55 

0.00 13.06 23.27 20.18 

0.00 8.4117.27 27.90 

0.00 8.26 19.14 26.18 

0.00 9.22 16.42 28.48 

0.00 6.66 19.06 27.60 

0.00 8.10 18.19 27.23 

0.00 9.62 27.94 19.13 

0.00 10.95 25.39 20.69 

0.00 7.51 20.45 27.00 

ac 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

di 

5. 14 

6. 16 

6.06 

6.48 

5.73 

5.44 

5.22 

5.09 

0.00 5.13 

0.00 3.43 

0.00 4.98 

0.00 4.56 

0.00 9.94 

0.00 1.93 

0.00 6.43 

0.00 11.03 

0.00 7.18 

0.00 7.23 

0.00 6.17 

0.00 9.47 

0.00 7.69 

0.00 4.90 

0.00 7.11 

0.00 7.21 

he en 

3.86 10.49 

4.27 10.20 

4.55 9.57 

4.89 9.60 

4.71 8.89 

3.70 11.09 

3.80 9.87 

3.80 10.03 

rs 

9.05 

8. 10 

8.23 

8. 31 

8.37 

8.66 

8.26 

8.58 

5.17 5.42 6.27 

3.69 5.97 7.37 

4.64 8.17 8.73 

3.25 10.01 8.19 

7.08 8.39 6.86 

2.07 6.64 

4.59 10.23 

5.56 11.52 

4.87 11.19 

5.00 11.54 

3.97 10.94 

5.49 10.47 

4.85 11.29 

5.40 5.18 

6.36 6.5:Z 

4.74 10.40 

8.17 

8.37 

6.68 

8.70 

9.16 

8.07 

6.96 

8.17 

6,54 

6.69 

7. 8 5 

WO 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

mt 

3. 06 

3 . 10 

3.10 

3 • 10 

3.12 

3.04 

3.05 

3.09 

0.00 3.22 

0.00 3.23 

0.00 3.23 

0.00 3.05 

0.00 4.35 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

3. 2 3 

3.08 

3.03 

3.24 

3. 19 

3.24 

3.19 

3. 21 

3.20 

3. 39 

3.17 

il 

1 . 1 3 

1. 21 

1 . 2 0 

1 . 21 

1 . 2 2 

1.11 

1.11 

1.14 

1.33 

l. 3 5 

1.29 

1.11 

2.84 

1. 3 8 

1.17 

1.11 

1.35 

1. 3 2 

1.38 

1. 2 9 

1. 31 

1. 34 

1.60 

1. 2 8 

er 

0.00 

0.00 

0.00 

0.30 

0.03 

0.05 

0.03 

0.03 

0.03 

0.03 

0.00 

0.05 

0.04 

0.03 

0.02 

0.02 

0.02 

0.02 

0.04 

0.06 

0.06 

0.03 

0.00 

0.04 

hm 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

ap ns DI 

0.30 0.00 37.57 

0.30 0.00 37.98 

0.33 

0.28 

0. 3 0 

0.30 

0.31 

0.31 

0.00 38.09 

0.00 37.65 

0.00 41.59 

0.00 36.46 

0.00 39.14 

0.00 39.26 

0.00 0.38 0.00 49.41 

0.00 0.38 0.00 51.55 

0.00 0.31 0.00 43.03 

0.00 0.33 0.00 40.75 

0.00 0.37 0.00 42.43 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.37 

0.24 

0.25 

0.28 

0.26 

0.33 

0.28 

0.26 

0.37 

0.39 

0.28 

0.00 48.47 

0.00 38.33 

0.00 40.64 

0.00 35.27 

0.00 36.11 

0.00 37.39 

0.00 35.18 

0.00 35.94 

0.00 53.92 

0.00 47.25 

0.00 38.02 

CrI 

41.90 

41.99 

CI 

32.72 

33.05 

41.64 32.70 

41.66 33.60 

38.00 32.05 

43.35 33.05 

41.35 31.31 

40.80 31.73 

32.58 26.53 

30.53 25.02 

36.31 31.05 

40.28 30.18 

33.51 39.47 

34. 29 

41.15 

39.26 

42.93 

41.49 

42.31 

44.41 

42.83 

27.66 

32.67 

41. 50 

23.41 

33.87 

38.90 

36.53 

37.44 

33.76 

36.88 

36.61 

26.55 

31. 67 

34. 65 

47 22.46 0.00 15.19 24.89 15.40 0.00 3.47 4.79 3.25 5.15 0.00 3.43 1.61 0.00 0.00 0.38 0.00 62.54 21.14 21.69 

52 11. 00 

54 15.07 

55 11. 07 

0.00 6.74 17.40 29.63 

0.00 6.53 19.62 25.10 

0.00 6.5117.57 26.75 

0.00 

0.00 

0.00 

7.22 

5.96 

6.92 

4.0111.89 

3.33 12.45 

4.04 13.89 

7.57 

7.99 

9.30 

0.00 

0.00 

0.00 

3.07 

2.89 

2.88 

1.15 

0.87 

0.84 

0.02 

0.05 

0.06 

0.00 

0.00 

0.00 

0.30 

0.14 

0.17 

0.00 

0.00 

0.00 

35.14 

41.22 

35.16 

45.19 

39.78 

43.40 

34. 92 

33.49 

37.87 

57 9.89 0.00 10.33 21.16 26.46 0.00 5.54 3.88 10.09 8.11 0.00 3.08 1.13 0.03 0.00 0.31 0.00 41.38 39.07 31.82 

58 15.21 0.00 

59 13.52 0.00 

60 14.90 0.00 

62 26.48 0.00 

8.27 19.54 26.07 

9.48 15.27 28.51 

8.77 21.76 24.09 

6.79 17.28 24.43 

6313.38 

6728.20 

74 10.64 

75 11.65 

76 9.43 

77 10.80 

0.00 6.30 27.73 22.14 

0.00 16.4122.6116.68 

0.00 7.03 25.71 23.86 

0.00 9.03 16.35 26.27 

0.00 6.25 20.38 28.31 

0.00 10.17 15.90 26.20 

0.00 

0.00 

0.00 

0.00 

5.21 

6.55 

6.23 

1. 52 

4.73 

4.99 

5.65 

3.08 

7.90 8.23 

9.11 7.96 

6.76 7.02 

4.8111.16 

0.00 7.50 6.30 6.06 

0.00 2.86 2.33 3.38 

0.00 5.31 2.86 12.75 

0.00 6.75 3.78 13.51 

0.00 6.69 4.70 10.91 

0.00 7.11 4.14 13.02 

5.84 

3. 16 

7.86 

8.67 

8.78 

8.69 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

3.20 

3. 11 

3.16 

3.07 

3.15 

3.01 

2.89 

2.92 

3.14 

2.86 

1. 31 

l. 21 

1.26 

1. 12 

1.28 

1.04 

0. 8 9 

0.87 

1.19 

0. 8 9 

0.02 

0.02 

0.02 

0.03 

0.00 

0.08 

0.06 

0.06 

0.02 

0.06 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.33 

0.28 

0.37 

0.24 

0.33 

0.26 

0.14 

0.15 

0.21 

0.16 

0.00 43.01 

0.00 38.27 

0.00 45.44 

0.00 50.55 

0.00 47.41 

o.oo 67.22 

0.00 43.86 

0.00 37.03 

0.00 36.06 
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Dullstroom Area: Dullstroom Formation 
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Dullstroom Area: Dullstroom Formation 
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23.02 

23.55 

17.50 

17.12 

12.90 

0.00 

0.00 

0.00 

89.11 7.77 

70.40 21.51 

81. 46 

0.00 77.94 

14. 17 

16.26 

0.00 68.02 22.91 

0.00 85.67 11.32 

0.00 37.10 35.57 

0.00 37.52 35.84 

0.00 38.63 36.60 

0.00 38.02 36.09 

0.00 37.96 35.68 

0.00 37.20 35.82 

0.00 35.11 38.03 

CI 

7.29 

8.29 

7.70 

7.58 

7.06 

14. 22 

9.85 

8.75 

15.39 

15.95 

10.86 

9.53 

7.79 

4. 2 0 

11. 6 6 

6.15 

9.79 

14. 97 

7.35 

39.54 

4 0. 4 7 

39.17 

39.38 

40.10 

4 0. 78 

41.03 

0.00 36.19 37.56 40.47 

0.00 35.47 37.20 41.36 

0.00 34.93 38.27 41.53 

0.00 42.43 33.51 39.47 

0.00 43.82 33.41 36.87 

0.00 45.65 31.92 35.21 

0.00 47.73 30.02 

0.00 43.42 32.11 

0.00 46.40 29.60 

0.00 45.73 29.72 

0.00 0.42 0.00 53.46 25.03 

0.00 0.42 0.00 47.36 28.69 

0.00 0.40 0.00 42.35 33.39 

0.00 0.64 0.00 39.93 32.97 

37.02 

39.89 

38.43 

37.50 

32.85 

38.41 

40.65 

39.82 

MgI 

0.48 

0.53 

0.55 

0.61 

0.39 

0.48 

NPC 

45.77 

43.82 

40.49 

40.37 

50.61 

50.45 

0.35 53.34 

0.45 44.04 

0.45 52.24 

0.46 53.11 

0.46 49.93 

0.39 48.63 

0.60 37.42 

0.45 28.08 

0.43 56.16 

0.47 47.61 

0.55 42.70 

0.48 60.31 

0.63 36.76 

0.30 49.07 

0.32 47.08 

0.33 47.65 

0.34 47.69 

0.32 46.11 

0.33 45.92 

0.33 51.05 

0.34 49.96 

0.32 47.40 

0.33 48.79 

0.38 44.57 

0.37 43.92 

0.35 46.05 

0.39 33.86 

0.38 37.30 

0.37 34.70 

0.33 34.44 

0.33 29.53 

0.36 29.04 

0.40 40.43 

0.30 37.47 

~ 
.,:. 
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Dullstroom Area: Dullstroom Formation 

Magma 

Type 

HTI 

HTI 
HTI 
HTI 
HTI 
HTI 
HTI 

HTI 

HTI 
HTI 
HTI 
HTI 
HTI 
HTI 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 
HMF 

HMF 
HMF 
HMF 
HMF 
HMF 
HMF 

HMF 

HMF 
HMF 

HMF 

HMF 

HMF 

HMF 

HMF 

HMF 
HMF 
HMF 
HMF 

Sample 
Number 

51 

61 

Q 

5.30 

8.18 

64 5.90 

72 9. 12 

10110.01 

103 5.39 

104 3.15 

105 4.76 

109 11.46 

110 11.11 

127 0.52 

13216.85 

13613.07 

173 0.71 

4 21.38 

8 27.74 

15 28.17 

1626.37 

1725.68 

1821.35 

2222.50 

2325.29 

24 24. 74 

2526.10 

32 27.74 

3428.13 

3528.50 

36 29.08 

3728.21 

3828.81 

39 28.06 

4027.76 

42 30.47 

4925.08 

6927.54 

70 25.21 

71 22. 94 

96 24.14 

97 19.84 

182 25.24 

C or ab an 

0.00 11.17 21.39 22.30 

0.00 8.42 19.74 25.26 

0.00 8.3722.4023.01 

0.00 5.4126.98 22.63 

0.00 8.9125.7617.12 

0.00 2.69 27.23 22.97 

0.00 7.09 27.06 20.17 

0.00 7.21 25.60 21.65 

0.00 9.14 21.55 17.00 

0.00 9.12 21.56 17.37 

0.00 8.55 26.45 19.63 

0.00 8.03 22.63 23.23 

0.00 8.72 26.13 19.68 

0.00 3.38 36.86 16.86 

0.00 12.15 23.08 21.60 

0.00 17.16 22.52 14.86 

0.00 17.66 26.73 12.68 

0.00 17.27 29.80 11.64 

0.00 14.45 23.46 17.40 

0.00 14.16 25.98 18.17 

0.00 12.59 24.16 18.73 

0.00 16.46 26.12 14.59 

0.00 15.73 22.58 17.28 

0.00 15.25 21.89 18.91 

0.00 16.75 30.36 11.26 

0.00 17.48 28.48 12.28 

0.00 18.78 27.54 11.62 

0.00 18.0126.8912.76 

o.oo 17.13 24.24 14.63 

0.00 17.7122.72 14.49 

0.00 16.40 22.36 16.43 

0.00 18.5129.3311.08 

0.00 17.79 22.63 14.71 

0.00 15.27 25.45 16.80 

0.00 18.50 27.15 12.58 

0.00 19.40 29.71 10.81 

0.00 14.98 23.1119.45 

0.00 16.87 30.1113.01 

0.00 16.10 27.38 15.78 

0.00 17.28 24.89 15.42 

ac di 

o.oo 8.78 

0.00 6.87 

0.00 9.16 

0.00 6.27 

0.00 9.75 

0.00 11.88 

0.00 10.59 

0.00 11.31 

0.00 10.48 

0.00 11.09 

0.00 9.75 

0.00 3.51 

0.00 6.48 

0.0029.17 

0.00 2.66 

o.oo 4.68 

0.00 2.14 

0.00 2.76 

0.00 3.17 

0.00 2.95 

0.00 3.69 

0.00 2.41 

0.00 2.88 

0.00 1.72 

0.00 2.16 

0.00 2.09 

0.00 2.06 

0.00 1.60 

0.00 2.61 

0.00 2.26 

0.00 2.58 

0.00 1.09 

0.00 2.38 

0.00 2.59 

0.00 2.61 

he 

6. 5 3 

6.05 

7.72 

7.68 

6.82 

8.74 

8. 61 

8.98 

6.80 

7.26 

8.49 

3.14 

4.63 

0.05 

1.94 

4.03 

2.01 

2. 31 

2.62 

3.16 

3.42 

2.49 

2.46 

1.32 

2.15 

1. 62 

1.60 

1. 44 

2.37 

2. 77 

2.38 

0.88 

1. 4 5 

2.38 

1. 92 

0.00 2.82 2.62 

0.00 2.19 1.89 

0.00 2.64 2.32 

0.00 3.62 3.24 

0.00 2.00 1.34 

en 

7.94 

7.71 

6.98 

5.67 

7. •19 

6.15 

7.08 

5.57 

9.28 

7.64 

8.37 

7.04 

7.23 

0.00 

6.84 

2.20 

2.93 

2.74 

4. 44 

4.34 

4.94 

3.67 

4.96 

5.50 

2.41 

2.87 

2.89 

2.85 

3.03 

2.62 

!s 

6.77 

7.78 

6.75 

7.95 

6.01 

5. 19 

6.60 

5.08 

6.90 

7.23 

8 . 3 6 

7.21 

5.92 

0.00 

5.71 

2.17 

3.14 

2.63 

4.21 

5.32 

5.26 

4.37 

4.86 

4.83 

2.76 

2.56 

2.58 

2.94 

3. 13 

3.68 

3.54 3.65 

3.60 3.32 

3.75 2.62 

3.84 4.06 

2.85 2.40 

2.38 2.54 

5.49 5.44 

3.13 3.15 

4.63 4.75 

5.19 3.99 

'WO 

0.00 

0.00 

mt 

5.23 

5.25 

0.00 5.17 

0.00 4.76 

0.00 4.58 

0.00 5.21 

0.00 5.18 

0.00 5.23 

0.00 4.28 

0.00 4.35 

il 

3. 9 5 

4.01 

3. 90 

3.34 

3 . 11 

3. 9 5 

3. 9 0 

4.00 

2.74 

2.82 

0.00 5.27 4.00 

0.00 4.69 3.24 

0.00 4.61 3.16 

3.20 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

5.11 

3.09 

3.09 

3.07 

3.06 

3.08 

3.09 

3.16 

3. 10 

3.06 

3.04 

3.04 

3.07 

3.04 

3.05 

3.14 

3.22 

0.00 3.14 

0.00 3.06 

0.00 2.93 

0.00 3.09 

0.00 3.02 

0.00 3.06 

0.00 3.05 

0.00 3.11 

0.00 3.13 

0.00 3.09 

3 . 8 3 

1.19 

1. 21 

1. 11 

1.11 

1.18 

1.17 

1 . 2 3 

1.19 

1.14 

1 . 14 

1.07 

1.09 

1. 10 

1.09 

1. 23 

1.40 

1. 2 7 

1. 09 

0.96 

1. 16 

1. 09 

1. 15 

1. 16 

1.19 

1 . 2 3 

1. 1 7 

er 

0.00 

0.03 

0.02 

0.00 

0.02 

0.00 

0.00 

0.00 

0.04 

0.06 

hm 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

ap 

0.66 

0.70 

0.6) 

0.47 

0. 4 2 

0.61 

0.59 

0.63 

0.33 

0. 4 0 

0.61 

0.43 

0.38 

0.79 

0.33 

0.32 

0.33 

0.31 

0.33 

0.31 

0.31 

0.31 

0.30 

0.30 

0.29 

0.33 

0.28 

0.28 

0.)1 

0.32 

0.30 

0.29 

0.26 

0.28 

0.33 

0.03 

0.04 

0.02 

0.02 

0.00 

0.00 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.00 

0.02 

0.00 

0.02 

0.06 

0.02 

0.02 

0.00 

0.04 

0.03 

0.0) 

0.0) 

0.30 0.16 

0.00 0.28 

0.00 0.31 

0.00 

0.00 

0. 3 0 

0.3) 

ns 

0.00 

0.00 

DI 

37.86 

36. 34 

0.00 36.96 

0.00 41.51 

0.00 44.68 

0.00 35.31 

0.00 37.30 

0.00 37.56 

0.00 42.15 

0.00 39.78 

0.00 35.52 

0.00 47.51 

0.00 47.92 

CrI 

36.74 

37.53 

37.06 

32.61 

32.13 

39.17 

35.72 

36.86 

33.99 

35.21 

35.24 

31. 68 

31. 23 

0.00 40.96 46.03 

0.00 56.60 29.05 

0.00 67.41 21.08 

0.00 72.57 16.88 

0.00 73.45 16.31 

0.00 63.58 23.68 

0.00 61.49 24.16 

0.00 59.25 25.89 

0.00 67.86 19.57 

0.00 63.05 23.64 

0.00 63.24 24.48 

0.00 74.86 15.11 

0.00 74.08 16.37 

0.00 74.82 15.70 

0.00 73.98 

0.00 69.58 

0.00 69.24 

0.00 66.81 

0.00 75.60 

0.00 70.88 

0.00 65.79 

0.00 73.19 

0.00 74.33 

0.00 61.02 

0.00 71.12 

16.35 

19. 34 

18.58 

21.42 

14. 6 8 

19.72 

22.07 

17.19 

15.29 

25.49 

17.85 

CI 

39.19 

37.67 

H.68 

35.66 

37.76 

41.11 

41. 94 

40.16 

40.47 

42.40 

44.28 

28.83 

32.03 

38.18 

21. 4 3 

17.39 

14.40 

14.61 

18.70 

20.03 

21. 70 

17.23 

19.35 

17.54 

13.59 

13.29 

13.27 

12.97 

15.48 

15.95 

16.45 

13. 03 

14.09 

17.11 

13.89 

14.56 

19. 21 

15.54 

0.00 63.32 22.63 20.58 

0.00 67.40 21.09 16.79 

MgI 

0. 3 5 

0.31 

NPC 

51.04 

56.13 

0.33 50.67 

0.26 45.32 

0.37 39.93 

0.35 45.76 

0.34 42.71 

0.33 45.82 

0.40 44.10 

0.40 44.62 

0.33 42.59 

0.31 50.66 

0.35 42.96 

0.61 

0.38 

0.31 

0.29 

0.31 

0. 34 

0.30 

0.33 

0.29 

0. 34 

0.36 

0.28 

0.32 

0.32 

0.29 

0.30 

0.25 

0.31 

0.32 

0.38 

0.31 

0.33 

31. 38 

48.34 

39.77 

32.17 

28.08 

42.58 

41. 15 

43.67 

35.84 

43.36 

46. 34 

27.05 

30.12 

29.67 

32.18 

37.64 

38.93 

42.36 

27.41 

39.40 

39.77 

31. 67 

0.29 26.68 

0.34 45.70 

0.31 30.17 

0.3) 

0.38 

36.56 

38.31 

:c 
c..n 
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Dullstroom Area: Dullstroom Formation 

Magma Sample Q C or ab an ac di he en !s WO mt il er hm ap ne DI CrI CI MgI NPC 

Type Number 

XENOLITH x- 4 26. 16 0.00 2.82 34.76 15.86 0.00 6.76 1.59 0.00 0.00 5.83 3.66 1.93 0.00 0.00 0.64 0.00 63.74 22.62 13.93 0.33 31.33 

XENOLITH X-514.23 0.00 20.14 26.52 10.22 0.00 3. 19 7. 8 9 2.79 7.91 0.00 4.07 2.47 0.00 0.00 0.58 0.00 60.89 15.36 28.32 0.16 27.81 

XENOLITH X-137 20.97 0.00 15.45 40.92 5. 77 0.00 5. 3 0 5.02 0.54 0.59 0.00 3. 3 2 1.51 0.02 0.00 0.51 0.00 77.42 11.45 16.28 0.25 12.36 

Tauteshoogte Area: Damwal Formation 

Magma Sample Q C or ab an ac di he en !e WO mt il er hm ap ne DI CrI CI MgI NPC 

Type Number 

LMF 128.61 0.00 17.67 28.95 8.14 0.00 0.99 3.14 1.76 6.41 0.00 2.97 1. 02 0.00 0.00 0.35 0.00 75.23 10.36 !6.28 0.13 21.96 

U1F 2 29.77 0.00 22.83 19.42 11.52 0.00 0.83 2.60 1.91 6.82 0.00 2.97 1. 03 0.00 0.00 0.30 0.00 72. 02 13. 69 16.16 0.14 37.23 

U1F 3 24. 76 0.00 25.64 25.87 6.67 0.00 1. 34 4.12 1.56 5.59 0.00 2.99 1.05 0.00 0.00 0.35 0.00 76.27 9.10 16.72 0.13 20.50 

U1F 4 24. 80 0.00 23.51 27.87 6.93 0.00 0.98 3.39 1.64 6.49 0.00 2.99 1.07 0.00 0.00 0.33 0.00 76.18 9.06 16.56 0.12 19.92 

U1F 523.32 0.00 26.68 28.80 4.43 0.00 1.37 4.85 1. 24 5.02 0.00 2.98 1.00 0.00 0.00 0.31 0.00 78. 80 6.67 16.46 0.12 13. 34 

U1F 6 24. 83 0.00 21.84 30.40 5.88 0.00 1. 19 4.20 1.46 5.92 0.00 2.95 1.02 0.00 0.00 0.30 0.00 77.07 8.10 16.75 0.12 16.21 

U1F 7 21. 62 0.00 27.34 32.79 2.15 0.00 1. 15 3.42 1.65 5.64 0.00 2.96 1.00 0.00 0.00 0.28 0.00 81.75 4.46 15.82 0.14 6.16 

U1F 821.84 0.00 24.37 35.54 1.85 0.20 2.62 5.54 1.13 2.75 0.00 2.98 1. 05 0.00 0.00 0.33 0.00 81.76 5.26 16. 07 0.17 4.94 
::::c 
en 

Bothasberg Plateau: Granophyre and Rooikop Granite Porphyry 

Magma Sample Q C or ab an AC di he en !a WO mt il er hm ap ne DI CrI CI MgI NPC 

Type Number 

Oranophyre 2 27. 78 027.7527.66 4.47 0 0.96 2.64 1. 24 3. 91 0 2.74 0.71 0 0 0.14 0 83. 2 6.3 12.2 0.14 13.91 

Gran. Porphyry 30 34.78 1.06 31.99 25.82 0.42 0 0 0 1.25 1.63 0 2.54 0.46 0 0 0.05 0 92.59 2.78 5.89 0.21 1.59 

Gran. Porphyry 38 32.53 0 27.07 25.62 4.14 0 0.33 0.58 2 .13 4.27 0 2.68 0.6 0 0 0.05 0 85.21 5.97 10.6 0.2 13.93 

Bothasberg Plateau: Damwal Formation 

Magma Sample Q C or ab an ac di he en !e WO mt il er hm ap ne DI CrI CI Mg I NPC 

Type Number 

Fe-Ti-P 417.77 0.00 20.30 24.38 10.07 0.00 2.58 6.63 2.77 8. 1 7 0.00 3.98 2.36 0.00 0.00 1. 00 0.00 62.46 14.58 26.48 0.15 29.22 

Fe-Ti-P 4B18.95 0.00 27.38 21.26 7.61 0.00 2.06 6.47 2 .11 7.61 0.00 3. 7 3 2.06 0.00 0.00 0.76 0.00 67.59 11. 16 24.04 0 .13 26.37 

U1F 125.15 0.00 24.66 27.00 6.77 0.00 2.04 3.95 1. 76 3. 91 0.00 3.11 1. 2 3 0.00 0.00 0.42 0.00 76.82 10.05 16.00 0.18 20.05 

U1F 326.35 0.00 25.98 27.15 5.91 0.00 0.62 1.84 1.76 5.96 0.00 3.01 1. 09 0.00 0.00 0.33 0.00 79.48 7.77 14.28 0.14 17.88 

U1F 5 27. 27 0.06 24.64 26.69 6.33 0.00 0.00 0.00 2.95 7.72 0.00 3.01 1. 06 0.00 0.00 0.28 0.00 78.60 8.48 14.73 0.17 19.17 

U-IF 628.48 0.00 24.23 24.56 8.01 0.00 0.71 2.24 1 . 6 l 5.83 0.00 2.99 l . 04 0.00 0.00 0.31 0.00 77.27 9.85 14 . 4 2 0 .13 24.59 

Uff 7 26. 57 0.00 26.40 24.87 6.57 0.00 0.26 0. 8 0 2.25 7.88 0.00 3.01 1. 0 9 0.00 0.00 0.30 0.00 77.84 8.41 15.29 0. 14 20.89 
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Bothasberg Plateau: Darnwal Formation 

Magma 
Type 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

Sample 

Number 

Q 

825.77 

9 25.72 

1027.33 

1126.75 

12 29.39 

14 29.79 

C or ab 

0.00 25.63 27.19 

0.00 27.58 23.93 

0.00 27.59 19.78 

an 

5.48 

6.32 

9.35 

0.00 24.92 25.53 6.72 

0.57 25.19 19.90 10.06 

0.38 17.07 20.03 15.48 

ae 

0.00 

0.00 

0.00 

di 

0.76 

1. 04 

0.62 

he 

1. 95 

2.64 

1.71 

en 

2. 18 

2.09 

2.06 

0.00 0.79 2.92 1.52 

0.00 0.00 0.00 4.09 

0.00 0.00 0.00 4.58 

Bothasberg Plateau: Kwaggasnek Formation 

Magma 

Type 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

LMF 

Sample 

Number 

Q 

15 33.89 

1633.69 

17 30.89 

1834.52 

19 31. 02 

2035.84 

2131.38 

2231.59 

2334.75 

2432.96 

26 32 .43 

2732.79 

2834.79 

2935.12 

31 37.69 

3233.25 

33 31.96 

34 32.65 

3533.11 

3633.45 

37 34.18 

39 31.05 

40 31. 07 

C or ab 

1.69 32.63 23.21 

0.97 43.00 14.46 

0.00 31.39 22.28 

1.27 43.15 13.82 

0.00 34.29 21.24 

0.63 28.52 24.92 

0.00 28.48 25.18 

1.66 25.37 27.90 

1.70 24.61 28.11 

0.15 26.43 26.22 

0.17 29.65 23.81 

0.66 29.07 24.05 

1.55 26.48 27.21 

2.05 38.75 12.29 

0.00 27.58 21.96 

0.00 29.79 23.30 

0.00 28.77 25.26 

1.54 39.43 13.69 

0.43 26.98 25.50 

1.45 27.12 25.86 

1.72 28.15 24.59 

0.00 33.3127.36 

0.00 24.20 24.70 

an ae di 

0.12 0.00 0.00 

0.27 0.00 0.00 

4.64 0.00 0.48 

0.29 0.00 0.00 

3.62 0.00 0.13 

0.37 0.00 0.00 

4.50 

2. 78 

0.19 

4.36 

3.64 

2.79 

0.69 

0.16 

3.44 

3.93 

4.09 

0.97 

3.76 

0.99 

0.49 

1. 6 0 

6. 61 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.53 

0.00 

0.00 

0.00 
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Bothasberg Plateau: Schrikkloof Formation 

Magma Sample Q C or ab an ae di he en fs WO mt il er hm ap ns DI CrI CI MgI NPC 

Type Number 

LMF 4138.85 0.25 33.02 19.31 3.22 0.00 0.00 0.00 1.80 0.48 0.00 2.54 0.43 0.00 0.00 0.10 0.00 91.18 4.84 5.25 0.37 14.30 

LMF 42 35.36 0.52 30.88 27.19 0.37 0.00 0.00 0.00 1. 6 2 1.03 0.00 2.54 0.44 0.00 0.00 0.05 0.00 93.43 2.23 5.64 0.29 1.34 

LMF 4332.20 0.00 31.69 28.55 0.40 0.00 1.12 0.94 1.06 1. 03 0.00 2.57 0.45 0.00 0.00 0.00 0.00 92.44 2.26 7.16 0.26 1. 3 9 

LMF 4437.65 1.51 34.91 20.33 0.12 0.00 0.00 0.00 1. 6 3 0.84 0.00 2.52 0.44 0.00 0.00 0.05 0.00 92.89 3.37 5.43 0.31 0.58 

LMF 4534.75 1.02 43.00 15.57 0.00 0.00 0.00 0.00 1 . 2 2 1. 3 9 0.00 2.54 0.48 0.00 0.00 0.05 0.00 93.31 2.27 5.62 0.22 0.00 

LMF 4633.58 1.19 34.94 23.63 0.00 0.00 0.00 0.00 1.30 2.29 0.00 2.54 0.47 0.00 0.00 0.05 0.00 91.16 2.58 6.61 0. 19 0.00 

Stavoren Fragment: Dullstroom Formation 

Magma Sample Q C or ab an ae di he en fe WO mt il er hm ap ne DI CrI CI MgI NPC 

Type Number 

LTI 80 2.42 0.00 4.24 34.96 20.93 0.00 7.57 6.30 10.04 9.S8 0.00 2.39 1. 34 0.02 0.00 0.22 0.00 41. 62 35.S3 37.22 0.39 37.44 

BR 81 41.05 0.26 25.21 17.94 7.42 0.00 0.00 0.00 4.40 0.18 0.00 2.62 0.S4 0.19 0.00 0.19 0.00 84.21 10.86 7.74 0.59 29.26 

BR 8243.40 0.23 29.28 17.14 3.27 0.00 0.00 0.00 3.85 0.00 0.00 1. 12 0.43 0 .11 0.99 0.19 0.00 89.82 6.29 6.38 0.73 16.03 

BR 145 38.35 0.42 26.35 19.71 4.59 0.00 0.00 0.00 5.85 1.25 0.00 2.58 0.50 0.19 0.00 0.19 0.00 84.41 9.28 10.19 0.57 18.91 

BR 14653.62 7.5122.95 1.56 0.30 0.00 0.00 0.00 5.96 4.29 0.00 2.77 0.70 0.12 0.00 0.24 0.00 78.13 14.94 13.71 0.40 15.90 

BR 147 47.03 1.1936.33 1.82 5.49 0.00 0.00 0.00 3.90 0.95 0.00 2.57 0.45 0.06 0.00 0.21 0.00 85.18 9.88 7.87 0.50 75.12 :::c 
00 

BR 148 50.59 1.9032.48 1.81 5.37 0.00 0.00 0.00 3.23 1.37 0.00 2.55 0.43 0.06 0.00 0.21 0.00 84.88 10.29 7.57 0.42 74.77 

BR 14 9 46. 09 1.37 27.56 16.03 2.82 0.00 0.00 0.00 2.75 0.15 0.00 2.54 0.44 0.05 0.00 0.21 0.00 89.67 6.66 5.89 0.50 14.97 

Rooiberg Fragment: Dullstroom Formation 

Magma Sample Q C or ab an ae di he en fe WO mt il er hm ap ne DI CrI CI MgI NPC 

Type Number 

LTI 82a 8.29 1.5116.72 25.07 12.87 0.00 0.00 0.00 16.23 15.35 0.00 2.89 0.78 0.08 0.00 0.20 0.00 50.08 26.38 35.25 0.40 34. 00 

LTI 82b 13.14 4.27 11.72 19.92 10.47 0.00 0.00 0.00 19.66 16.88 0.00 2.90 0.77 0.11 0.00 0.15 0.00 44.79 30.21 40.22 0.43 34. 45 

LTI 82c 12.90 4.46 11.60 19.97 10.45 0.00 0.00 0.00 19.96 16.74 0.00 2.88 0.78 0.09 0.00 0.17 0.00 44.47 39.67 40.36 0.44 34. 35 

LTI 82d 13.06 3.8115.2116.99 11.01 0.00 0.00 0.00 19.56 16.41 0.00 2.87 0.75 0.11 0.00 0.25 0.00 45.26 30.03 39.57 0.43 39.31 

LTI 82e 8.71 1.59 11.80 21.86 16.98 0.00 0.00 0.00 18.99 16.12 0.00 2.89 0.73 0 .11 0.00 0.22 0.00 42.37 32.50 38.73 0.43 43.71 
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Rooiberg Fragment: Schrikkloof Formation 
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Appendix I: Rare Earth Element Analyses 
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Loskop Dam ................................................. . 
Rooiberg Fragment .......................................... . 
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Dullstroorn Area: Dullstroorn Formation 

Magma Sample La Ce Nd Sm Eu Gd Dy Er Yb Lu 
Type Number 

LTI 12 22.48 44.00 19.44 3 . 95 0.99 1.71 0.27 

LTI 31 20.28 4 0. 24 18.24 4.08 0.93 1.81 0.29 

LTI 58 28.94 60.90 21.02 4.93 1.05 2.05 0 . 31 
BR 162 35 . 06 70 . 44 22.08 4.95 1.01 1.85 0.25 
HTI 29 33.61 74.95 35.74 7.58 1. 90 2.92 0.40 
HTI 41 30.01 65.96 33.61 7 . 59 2.03 2.66 0.45 
HTI 45 39 . 74 84.04 40.66 8 . 49 1.97 3.67 0.51 
HTI 48 32.21 67.80 32.89 7 . 18 1.75 2.90 0.43 

HTI 51 18.68 61.76 27.27 5.41 1. 92 2 . 80 0.43 
HMF' 4 34. 30 66 . 99 26. 34 5 . 46 1. 16 2.31 0. 34 

HMF' 16 41. 01 85 . 68 26.49 5.91 1.30 2.26 0.35 

HMF' 18 33.09 67. 31 21.26 5.39 1.22 2.27 0.35 

HMF' 23 41. 08 81.56 3 0. 61 6.33 1. 21 2.55 0.38 

Bothasberg Plateau: Damwal Formation 

Magma Sample La Ce Nd Sm Eu Gd Dy Er Yb Lu 
Type Number -
F'e-Ti-P 4 53.07 197.66 42.07 9.48 1.81 4.39 0.68 

Bothasberg Plateau: Schrikkloof Formation 

Magma Sample La Ce Nd Sm Eu Gd Dy Br Yb Lu 
Type Number 

LMF' 41 89.85 173.45 64.93 13 .11 1. 91 6.96 1.07 

Loskop Dam: Dullstroom Formation 

Magma Sample La Ce Nd Sm Eu Gd Dy Er Yb Lu 

Type Number 

HMF' 50.52 36.91 71. 51 28.56 5.77 1. 33 4.64 4.29 2.22 2.31 0. 34 

HMF' 67 30.59 57.34 23.41 4.76 1. 06 4.05 3.57 1. 84 1.94 0.29 

HMF' 69 30.27 58.68 24.30 4.89 1.17 4.24 3.91 1. 9 9 2.15 0.32 

F'e-Ti-P 145.48 4 9 . 22 95.51 43.65 9 . 37 2.23 8.35 8 . 30 4 . 27 4.58 0 . 67 

F'e-Ti-P 1350 57.22 105.80 48.74 10.21 2.36 9.00 8.57 4.27 4.49 0.67 

LMF' 11 60.18 115.20 48.41 9.81 1.89 8.42 8.22 4.32 4.74 0.60 

LMF' 19 6 0. 62 114.30 49.11 10.07 1.96 8.39 8.12 4.17 4.54 0.64 

LMF 63 62.27 120.80 50.43 10.60 2.13 9.01 9.01 4.70 5.10 0.76 
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Loskop Darn: Darnwal Formation 

Magma Sample La Ce Nd Sm Eu Gd Dy Er Yb Lu 

Type Number 

LMF 89 58 . 90 111 . so 47 . 15 9 . 83 1.89 8.17 7.85 4.07 4.38 0 . 66 

LMF 95 59.76 113 . 90 48.43 10.02 1.96 8 . 28 7 . 89 4.05 4 . 41 0.66 

LMF 113 63.37 119 . 10 50.55 10 . 38 1.97 8 . 51 8 . 41 4.43 4.84 0.73 

LMF 134.13 58.30 109 . 90 46.92 9.63 1.93 8 .11 7.63 3.97 4.30 0.65 

LMF 136 60.71 112.20 48.35 9 . 76 2.04 8.57 7 . 86 4 .11 4.51 0.68 

LMF 152 56 . 89 107.30 46.04 9 . 52 1.87 8.13 7 . 8 0 4.01 4. 4 3 0. 6 S 

LMF 155 61.03 116 . 80 51.84 11.08 2.50 9 . 55 9 . 39 4 . 96 5 . 39 0.83 

LMF 164 . 16 61. 52 118. so 50.77 10 . 54 2.16 9 . 15 8.89 5.71 5 . 19 0.77 

Loskop Darn: Kwaggasnek Formation 

Magma Sample La Ce Nd Sm Bu Gd Dy Er Yb Lu 
Type Number 

LMF 172.17 70 . 08 131.50 55.93 11. 64 2.21 9.90 10 . 15 5.49 5 . 98 0.89 

LMF 181 70.63 133.20 56.03 11.47 2 .11 9.77 9 . 79 5.29 5.83 0.88 

Loskop Darn: Schrikkloof Formation r"-> 

Magma Sample La Ce Nd Sm Bu Gd Dy Br Yb Lu 
Type Number 

LMF 189 72.09 134.70 56.84 11.51 1. 91 9.53 10.06 5.41 6.00 0.89 

LMF 196 76 . 43 137.10 57.38 11 . 60 1.88 9.63 9 . 99 5.45 5 . 85 0. 8 S 

Rooiberg Fragment: Schrikkloof Formation 

Magma Sample La Ce Nd Sm Eu Gd Dy Er Yb Lu 

Type Number 

LMF 70 88.35 184.94 59.80 13. 64 1.67 6 . 83 0.83 

LMF 73 79 . 33 161.49 62.58 12 . 59 1.95 6. 77 0.94 
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Appendix J: Analytical Methods 
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Analytical Methods 

After crushing in primary and secondary jaw crushers, chips (< 3mm) 
were reduced to less than 200-mesh powaer in a tungsten carbide mill. 
Alliquots of these powders were usea for all analytical procedures. 

Microprobe analyses 

Nine major elements were analysed by the electron microprobe (Jeol 
Superprobe, 733), at the University of Pretoria. The acceleration8 voltage was 20kv for all analyses, with a beam current of 2 x 10- A 
measured and monitored in a Faraday cage. Peak and background counting 
times were 20 and 10sec, respectively, measured with a focused beam. 
The standard deviation was calculatea from double analyses of 
identical spots (Table Jl) with the formula given by Kaiser and 
Specker (1956). In-house standards were used for Cao (Wollastonite), 
Sio2 (natural Quartz) and FeO (natural Hematite); TiO2 , Al2O1, MnO, 
Mgo, and Cr were compared to pure oxides, whereas international 
standards were applied t~ determine Na2 o (Omphacite) and K2O 
(Sanidine). Fe2 o1 and Fe +n of clinopyroxenes and the olivine 
(Appendix F) were calculated according to the method defined by Finger 
(1~72). 

SiO2 
TiO 
Al263 
FeO 
MnO 
MgO 
cao 
Na2O 
K20 
Cr2O3 

Range 

36.00 
0.08 
0.50 
7.00 
0.50 
2.00 

0.10 
0.01 
0.01 

(wt.%) 

- 53.00 
1.00 
1. 80 

- 15.00 
1. 20 
6.00 

< 10.00 
0.80 
0.45 
0.04 

lS Range 

0.161 
0.011 
0.017 3.00 
0.115 20.00 
0.0003 
0.037 10.00 
0.054 14.00 
0.023 
0.005 
0.007 

{wt.%) 

8.00 
- 30.00 

- 18.00 
- 22.20 

lS 

0.063 
0.212 

0.072 
0.072 

Table Jl: Standard deviations {1S = 1 sign1a) for the elements analysed 
with the microprobe as estimated from duplicate analyses. 
All iron is expressed as FeO. 

Major and trace elements 

Major and trace elements were analysed by X-ray fluorescence 
spectrometry {Siemens SRS-1) at the University of Pretoria, described 
by Sharpe et al. {1983). Major elements except sodium, were determined 
on glass discs after the method of Norrish and Hutton {1966). H2O- and 
LOI were determined gravimetrically at temperatures of 110 Cana 
1oso0 c, respectively. Where necessary, the Fe2o 1 content was corrected 
after the formula %Fe 2o~ ~ %TiO 2 + 1.5% of Irvine and Baragar {1971). 
Sample preparation in tne tungsEen carbide mill variably contaminated 
the samples with up to 90ppm cobalt {Table J2), the amount being 
dependent on the hardness of the sample. the analytical accuracy of 
the major elements is better than 1% for elements with concentrations 
greater than 1% and better than 2% at lower concentrations. Accuracy 
of the trace elements is about 5% {for concentrations< 20ppm) and ±2% 
(for concentrations> 50ppm). The precision of the major ana trace 
element analyses i~ similar to the accuracy at low levels but is± 
0.5% at concentrat~ons of more than 5wt.% or 50ppm for major and crace 
element concentrations, respectively. 
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D-5 (WC) D-5 (A) D-8 (WC) D-8 (A) D-1 (WC) D-1 (A) 

SiO2 57.54 57.40 67.75 67.50 70.51 70.22 
TiO 1.49 1. 50 0.64 0.64 0.40 0.39 
Alt/J3 12.29 12.39 12.99 12.94 12.71 12.77 
Fe 11.17 11.08 5.69 5.74 4.59 4.74 
MnO 0.15 0.15 0.13 0.13 0.10 0.11 
MgO 5.27 5.24 1. 76 1.72 2.78 2.78 
cao 7.90 7.96 5.31 5.36 3.84 3.94 
Na6o 2.54 2.61 2.67 2.89 1. 98 2.10 

~20 
1. 46 1. 47 2.91 2.92 2.97 2.84 
0.15 0.16 0.14 0.15 0.09 0.10 

~f3d3 0.03 0.03 0.01 0.01 0.02 0.02 
0.01 0.01 0.00 0.00 0.01 0.01 

Nb 9 9 9 8 7 9 
Zr 128 137 221 222 194 197 
y 20 21 29 30 21 22 
Sr 311 334 284 289 254 265 
Rb 64 68 81 84 112 108 
Zn 84 85 68 67 76 79 
Cu 119 114 24 15 5 0 
Ni 72 72 26 11 53 42 
Co 77 60 83 24 51 25 
Cr 231 228 37 47 138 136 
V 206 206 102 103 72 76 
Ba 239 239 848 865 804 795 
Sc 25 24 18 17 12 13 
Ga 17 17 13 14 11 12 
Hf 0 0 0 0 0 0 
u 0 0 0 0 0 0 
Th 12 12 15 18 14 15 
Pb 3 3 9 8 7 7 

Table J2: Major and trace element analhses of samples ground in a 
WC-mill (WC) compared with t ose pre~ared in an agate mill 
(A). All analyses are normalised to 00% (anhydrous) and 
total iron is expressed as FeO. 

Rare earth elements 

REE analyses were carried out by neutron activation using methods 
developea for the SLOWPOKE II reactor at the University of Toronto 
(Barnes and Gorton, 1984). the samples were weighed out (0.25grn) into 
1.5 x 1.5cm plastic bags. They were 1~en ir2adiated in one of SLOWPOKE 
II inner sites at a flux of 2.5 x 10 ncm- s- and counted (counting 
time: 10 000sec per sample) using a Ga detector with a resolution of 
0.733KeV and 171KeV at 1300KeV. Counts from samples are directly 
compared with two in-house standards and a linear calibration was 
perrormed. Two counts are carried out; one at +7 days and the second 
at ±40 days. The precision of the method is discussed in Barnes and 
Gorton (1984). Eu and Sm agree with recommended standard values to 
within 5%, La and Th to within 5-10%, Ce, Nd, Ta, and Yb to about 15%, 
and La and Hf to about 20%. 

Tungsten contamination, introduced by the tungsten carbide mill, 
results in a high background and caused a marRed deterioration in 
detection limit for some elements (Barnes and Gorton, 1984). This 
affected the elements Pr, Pm, Gd, Tb, Dy, Ho, Er and Tm, which were 
consequently excluded from the rare earth element interpretations. 
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Spuren im Stein 

Schoenstes Lesebuch_ Stein! 
Wer lehrt mich alle Buchstaben? 
Kristalle, Spuren, Leichenteile, 
Pflanzen, Augen, Zaehne, Stacheln, 
Jede Seite im Buch ist neu. 
Keine gleicht einer anderen. 
Steinschrift, aelter als die der Menschen. 
Jeder Buchstabe erzaehlt Geschichten, 
Schicksale. 
Die Erde ist ein Lesebuch. 
Schade, dass wir Menschen 
aufrecht gehen. 
Wir muessten die Augen 
an den Fuessen haben. 

Schoenstes Lesebuch Stein. 
Auch du bist geschrieben warden 
und traegst des Schoepfers Handschrift. 

Friedrich Schweitzer, 1983 
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