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ABSTRACT 

Several hundred chemical analyses of early Proterozoic 1 avas of the 
Witwatersrand triad (incorporating the Dominion Group, Witwatersrand 
Supergroup and Ventersdorp Supergroup) in the Klerksdorp area, have 

revealed the presence of various distinct magma types. These essentially 
correspond to formally defined lithostratigraphic units, but several 
inconsistencies have necessitated the use of informal nomenclature. 

The 1 a vas have been regi ona lly metamorphosed to low-grade, greensch i st 
facies assemblages. Driginal igneous textures are preserved, despite a 
metamorphic overpri nt. Metamorphi sm has resul ted ina certain degree of 

random chemical remobilization. Ba, Sr, Rb, K20, Na20 and CaO have 
been highly mobile, and their usefulness in petrogenetic modelling is 
extremely limited. In contrast, Zr, Nb, Y, LREE's, Cr, Ni, Ti02' 

P205 and A1 203 have remained immobile. TijZr and TijP ratios 
together constitute efficient discriminating variables for characterizing 
the different magma types. 

Lava compositi ons range from pri miti ve Mg-ri ch tho 1 ei i tes to rhyo 1 i tes, 

the bulk being tholeiitic andesites. A1 203 contents do not exceed 
15%, a feature which reflects the tholeiitic, as opposed to calc­

alkaline, character of these lavas. 

Two magma-types are present within the Dominion Group, which is a typical 
example of bimodal volcanism. The Dominion basic lavas are overlain by 
the Domi ni on aci d porphyri es, with a 1 imited amount of i nterfi ngeri ng. 
The basi clava suite is hi ghly fracti onated, with compositi ons rangi ng 

from Mg-, Cr- and Ni -rich tholeiites (close to primary mantle melts) to 
evolved tholeiitic andesites. The most primitive liquids evolved by 45% 
fractional crystallization of hornblende, followed by a further 70% 
crystall i zati on of an orthopyroxene-pl agi ocl ase assembl age containi ng up 
to 3% sulphides. 

The Dominion porphyries are rhyolitic, display very limited compositional 
variation, and probably represent a crustal melt related to the same 
magmatic event which produced the basic lavas . 
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The only lavas from the Witwatersrand Supergroup present in the 

Klerksdorp area are those of the Crown Formation (Jeppestown amygdaloid). 

These are tholeiitic dacites which display extremely limited compositional 

variation, and are unrelated to any of the other magmas of the 

Witwatersrand triad. 

The Ventersdorp Supergroup comprises 4 magma-types: 

The Kliprivierberg Group lavas at the base are subdivisible into 3 

sub-types on the basi s of Zr contents. 

(Zr>llOppm) are the most evolved. They 

The lowermost Al berton 1 avas 

are tholeiitic andesites which 

display fairly limited compositional variation. It is likely that more 

evolved compositions are present in other areas where the porphyritic 

1 avas whi ch characteri ze thi s unit a re better developed. The overlying 

Orkney lavas are characterized by 1l0ppm;;>-Zr::»-9Oppm. They are tholeiitic 

andesites of similar composition to the Alberton lavas, but have lower 

incompatible element level s, higher siderophile element level s, and are 

of extremely uniform composition. The uppermost Loraine/Edenville 1 avas 

range from magnesian tholeiites to tholeiitic andesites. They are 

distinguished by Zr< 90ppm, and contain the most primitive magmas af the 

Witwatersrand triad, with up to 17,5% MgO, 2600ppm Cr, 600ppm Ni and 

M-values up to 77. The most primitive liquids evolved by 38% fractional 

crystallization of orthopyroxene ~ chromite, followed by 35% fractional 

crystallization of an extract containing clinopyroxene and plagioclase. 

The absence of olivine precipitation is a result of the inherently high 

Si02 content of the magma. The Loraine/Edenville, Orkney and Alberton 
lavas do not lie on a common liquid line of descent, but are probably 

consanguinous. 

The Platberg Group overlies the Kliprivierberg Group, and has a 

coarse-clastic sedimentary unit, the Kameeldoorns Formation, at the 

base. Three petrographically distinct porphyritic lava sequences overlie 

the Kameeldoorns Formation, namely the informal "Goedgenoeg formation", 

the Makwassie quartz-fel dspar porphyries and the Rietgat Formation. 

Despite petrographic differences, the Goedgenoeg and Rietgat 1 avas are 

chemically indistinguishable and thus form a single magma-type. The 

Makwassie porphyries are dacitic in composition with a high proportion of 

fel dspar and quartz phenocrysts. Rati anal vari ation trends are 

attributed to a nett loss of Si02 during secondary alteration. The 
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porphyries are probably of crustal ori gi n. The Goedgenoeg/Ri etgat 1 avas 

di spl ay unusual chemi stry and a broad, i rrati onal compositi onal 

spectrum. They contain very high incompatible element levels, high 

nonnative quartz, as well as high MgO, M-values, Cr and Ni relative to 

the other tholeiitic andesites of the Witwatersrand triad. It is 

tentati vely suggested that they are hybri d magmas contai ning both crust 

and mantl e components, the former possibly represented by the Makwassi e 

porphyri es. Fi el d evi dence suggests that Pl atberg volcani sm corrrnenced 

directly after Klipriviersberg volcanism ceased, and was accompanied by a 

peri od of enhanced tectoni cacti vi ty. The Pl atberg 1 avas thus probably 

reflect a crustal melting cycle associated with the Klipriviersberg 

magmati c event. 

The Allanridge lavas are the youngest rocks of the Wit~latersrand triad. 

They are separated from the Pl atberg Group by a unit of fl at-lying 

sediments, the Bothaville Fonnation, which was deposited after an 

extended period of penepl anation. The All anri dge 1 avas form a separate 

magma-type. They are tholeiitic andesites of similar composition to the 

Alberton lavas, but have higher incompatible element level s and are not 

consanguinous. 

The compositional similarities amongst the basic magma-types of the 

Witwatersrand triad suggests that all were generated in an hydrous 

mantle. Interelement ratio differences between the various magma-types 

nevertheless support the concept that the mantle was chemically 

heterogeneous during the early Proterozoic. 
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I INTRODUCTION 

The "Witwatersrand triad" is an infonnal name which refers to the rocks 

of the Domi ni on 

Supergroup, which 

Group, Witwatersrand 

respectively represent 

Supergroup 

the three 

and Ventersdorp 

earliest cover 

sequences to be laid down during the early Proterozoic, following the 

stabilization of the Kaapvaal Craton at about 3000 Ma. The relat i ve 

position of these rocks within 

is illustrated in Figure 1 . 

1 ocati on of the Wi twatersrand 

sub-continent. 

the Southern African stratigraphic column 

Figure 2 shows the approximate areal 

triad rocks within the Southern African 

The predominantly volcanic Dominion and Ventersdorp rocks respectively 

underlie and overlie the gold-bearing sediments of the Witwatersrand 

Supergroup. The lava sequences are thick and monotonous, with few 

reliable marker horizons. Consequently, interpretation of the often 

complex structural problems eXisting around the edges of the 

Wi twatersrand basi n is hampered by the i nabi 1 i ty to determi ne 

stratigraphic position within the lava sequences. For this reason the 

Anglo American Corporation financed the present study, which is aimed at 

detennining whether geochemistry might provide a more reliable 

alternative to visual identification of stratigraphic position within the 

Witwatersrand triad lavas. 

The study entai 1 ed the coll ecti on of 500 sampl es from 17 representative 

boreholes from the Klerksdorp area (see Figure 7). Of these samples, 326 

were analysed for major elements and 15 trace elements. The sampling and 

analytical phases of the investigation were performed jointly by the 

writer and T.B. Bowen (1984). Further investigations were conducted 

separately. In this thesis, the petrography, chemistry and petrogenetic 

aspects of the various lava groups are described and evaluated. In a 

parallel thesiS, T.B. Bowen (op. cit.) has undertaken a statistical 

assessment of the geochemi ca 1 data and compil ed ali terature revi ew of 

the Witwatersrand triad rocks. 
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I I GENERAL STRATIGRAPHY OF THE WIHJATERSRAND TRIAD 

A. In troducti on 

Lavas of the Witwatersrand triad were first described by Stow (1874), who 
referred to lavas outcropping along the Vaal River near Bark1y West which 
are now corre1 ated with the Ventersdorp Supergroup. r~ol engraaff (1905) 
first recognised rocks of the Dominion Group in the Western Transvaal, 
naming them the Dominion Reef Series. Largely due to their association 
with the Witwatersrand goldfields, these lavas subsequently received much 
attention in the literature, with most workers dwelling mainly on aspects 
of description, outcrop areas, correlation and stratigraphic nomen­
clature. This chapter contains a brief description of the general 
stratigraphy and tectonic setting of the Witwatersrand triad as it has 
currently been defi ned by the South Afri can Corrrni ttee for Strati graphy 
(SACS, 1980). The hi stori cal developments 1 eadi ng up to the current 
lithostratigraphic classification will not be described in this thesis as 
T.B. Bowen (1984) has compiled an in-depth literature review to which the 
reader is referred, in addi ti on to pub 1 i cati ons such as SACS (1980), 
Winter (1976), Whiteside (1970), Wyatt (1976) and Simpson (1964). 

B. Dominion Group 

The Dominion Group, previously termed the Dominion Reef System (Truswe11, 
1970), forms the oldest sequence of the Proterozoic in South Africa and 
it unconformably overlies the Archaean granite-greenstone basement of the 
Kaapvaa1 Craton. The stratigraphy is well established and has been 
extensively described by numerous workers. The following resume has been 
extracted chiefly from Whiteside (1970), Watchorn (1980) and SACS (1980). 

Despite 1 itho10gica1 similarities with several other volcanic sequences 
in Southern Africa, the Dominion Group appears to be restricted primarily 
to the Ylestern Transvaal. Although 1 arge1y over1 ai n by younger rocks, 
the sequence is exposed to the west of K1 erksdorp and in the area 
surrounding Ottosdal (Figure 3), where it is preserved within three broad 
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synformal structures plunging towards the south and southwest (Watchorn, 

1980). To the north of Klerksdorp, Dominion rocks are exposed along the 

southeastern limb of the Varkenskraal anticl ine which plunges to the 

northeast, and to the east they outcrop a round the northwestern ri m of 

the Vredefort dome (Figure 3). 

The Dominion Group has been subdivided into three formations (SACS, 

1980), namely the Rhenosterspruit Quartzite Formation, the Rhenosterhoek 

Andesi te Formati on and the Syferfontei n Porphyry Formati on (Fi gure 4). 

In the type area to the west of Klerksdorp around the old Dominion Reef 

mi ne, the Rhenosterspruit Quartzite Formati on compri ses grey quartzite 

and yellow sericitic quartzite up to 60m in thickness. Several 

conglomerate bands occur within the quartzite, two of which, the "Upper~' 

and "Lower Dominion Reefs", are persistent and have been extensively 

exploited for uranium and gold respectively. In the Ottosdal area the 

sequence is up to l2()n thick with lensoid intercalations of lava and 

tuff. The lavas are generally andesitic, although more felsic varieties 

may occur. 

The Rhenosterhoek Andesite Formation comprises predominantly basic to 

intermediate fine-grained grey to green lavas with occasional bands of 

felsic porphyries. Subordinate tuffs are present mainly in the upper 

part of the formation, while intercalated bands of sediments up to 40m in 

thickness may be present in the lower part. Individual flows are 

characterized by amygdaloidal bases and amygdaloidal, flow-brecciated 

and/or tuffaceous tops. According to Whiteside (1970), three distinctive 

horizons occur in the type area, namely a bed of quartzite up to 30m 

thi ck near the base, a quartz-fel dspar porphyry up to S()n thi ck and a 

contorted, tuffaceous flow breccia, lSm thick, occurring about lS()n above 

the base. The lavas are often sl ightly schistose and metamorphosed by 

low grade regi ona 1 metamorphi sm to 

maximum thickness attained is 110()n . 

greenschist facies assemblages. The 

The .::S,,-y..:.;f e::,:r...:f...:o.:..:n.::te=-,:...:· n,----,-P...:0c.:.r.r.P h",Yc.:r.".y_--,-F.::o:...:rm::.:a::,:t:...:i.::o:.:.n con sis ts esse n t i ally 0 f 

quartz-feldspar porphyries and 

intercalations of tuff and up 

attai ns a thi ckness of lSOOm. Numerous 

to five units of basic to intermediate 

amygdaloidal lavas have been recognised (Whiteside, 1970). SACS (1980) 

made a distinction between a lower 7SOm of medium-grained porphyry, a 

mi ddle SOOm of silicified porphyry and an upper 300m of medium-grained 
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LITHOLOGY 
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porphyry again in which a series of lenticular bodies of "Wonderstone", 

up to 70m thick, occur. These bodies comprise about 90% pyrophyllite and 
are considered by Nel et al. (1937) to be representative of regionally 
metamorphosed, water-lain volcanic ash. 

C. Witwatersrand Supergroup 

In contrast to the Domi ni on and Ventersdorp sequences, vol cani cs are 
poorly represented in the Witwatersrand Supergroup, which consists 
essentially of quartzites, shales and conglomerates and hosts the famous 
Witwatersrand gold mineralization. The outline of the Witwatersrand 
depositional basin is shown in Figure 3. Figure 5 summarises the major 
stratigraphic subdivisions of the Witwatersrand Supergroup. 

The subdivision into the West Rand and Central Rand Groups (previously 
the "Lower" and "Upper Division" respectively) represents a lithological 
transition from the predominantly argillaceous sediments of the West Rand 
Group to the a lmos t enti rel y qua rtzi ti c and congl omerati c sediments of 
the Central Rand Group. Only two volcanic units occur within the 

Witwatersrand Supergroup, namely the Crown Formation and the Bird 
AmYgdaloid Marker. The latter is restricted to the East Rand and is thus 
not consi dered in thi s study. The Crown Formati on, ori gi na 11 y known as 
the Jeppestown Amygdaloid, is more widespread and has been intersected in 
boreholes and mine workings over the whole of the Witwatersrand basin 
with the excepti on of the Central Rand and Evander gol dfi el ds to the 
east. It occurs stratigraphically towards the top of the West Rand Group 
within the Jeppestown Subgroup (Figure 5), and comprises dense andesitic 
lavas, pale grey to dark green in colour, containing abundant amygdales 
of quartz and chlorite. Short stubby dark green phenocrysts are 
occas i ona 11 y present, as well as tuffaceous and aggl omerati c materi al 
(Whiteside, 1970). The thickness varies, usually between 30m and 100m. 
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D. Yentersdorp Supergroup 

1 Introduction 

The most comprehensive work on the stratigraphy of the Yentersdorp 

Supergroup is that of Winter (1965) ina Ph. D. thesi s, subsequently 

summarised in revised form (Winter, 1976). This work forms the 

basis, along with unpublished work by P. M. Strydom (see Whiteside, 

1970), of the current formal lithostratigraphic subdivision which has 

been adopted by SACS (1980). The summa ry below is drawn from these 

publications. 

The Yentersdorp Supergroup occurs stratigraphically between the 

Witwatersrand and Transvaal Supergroups. Yentersdorp rocks are 

exposed mainly in the Western Transvaal (Fi gure 3) , extendi ng 

south-westwards along the Vaal River where they can be traced as far 

as Prieska, and north-eastwards into Botswana. Further outcrops 

occur around and to the south of Johannesburg in the Central Rand, 

and along the north-western rim of the Yredefort Dome in the northern 

Orange Free State. In the Transvaal, the possible northern limits of 

the sequence are obscured by Transvaal Supergroup cover and the 

Bushvel d Complex, while southwards, extensive diamond drilling 

through Transvaal and Karoo Supergroup cover has traced the sequence 

roughly as far as ali ne extendi ng from Bethal in · the east, 

south-westwards through Virginia in the Orange Free State towards 

Hopetown in the northern Cape Province. Thus Yentersdorp rocks 

extend beyond the 1 imits of the Witwatersrand basin, (del i neated on 

Figure 3) and in the Western Transvaal rest unconformably on the West 

Rand Group of the Witwatersrand Supergroup and progressively step on 

to Dominion and Archaean basement rocks. 

The Yentersdorp Supergroup comprises a thick, predominantly volcanic 

pi 1 e withi n whi ch two promi nent sedimenta ry formati ons occur . These 

rest on major unconformities which provide the basis for the primary 

subdi vi si on of the Yentersdorp into a lower Kl i pri vi ersberg Group, a 

middle Pl atberg Group and an upper unit of two formations, the 

Bothaville and Allanridge Formations. The comb i ned maximum thickness 

of the vol cani cs and sediments intersected by borehol es in the type 
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2 Klipriviersberg Group 

The Kl i pri vi ersberg Group consi sts of si x formati ons, namely, from 

the base upwards, the Westonari a, Al berton, Orkney, Jeanette 

Agglomerate, Loraine and Edenville Formations. According to Winter 

(1976), the Group as a whole consists almost exclusively of andesitic ' 

material comprising lavas, tuffs and agglomerates. The Westonaria 

Formation is confined to the deepest parts of the basin, and is 

characteri zed in the Bothavi 11 e type area by a seri es of dark green 

"tal cose tuffs". The overlyi ng Al berton Formati on is characteri zed 

by a number of porphyriti c zones, one of whi ch contai ns scattered 

feldspar phenocrysts longer than 50mm and forms a distinctive marker 

horizon at the base, locally termed the "Porphyritic Marker". The 

Orkney Formation is distinguished by the presence of several zones 

described by Winter (]976) as "purple-topped ash- flow tuffs", or 

"purple zones". Pienaar (1956) recognized two of these purple zones 

as formi ng di sti ncti ve marker hori zons by vi rtue of thei r 

characteristic purple colour and round amygdales of epidote and 

chlorite, 2 to 4mm in diameter, which are surrounded by sharply 

defined alteration haloes . These are termed PZ 1 and PZ 2, or 

"upper" and "lower purple zones" respectively. The latter occurs a 

short but variable distance above the base of the formation, while 

the former is taken to mark the top of the format i on. The Jeanette 

Agglomerate Formati on consi sts of agglomerates and tuffs, where a 

prom; nent thi ck agglomerate at the top of thi s formati on forms a 

distinctive mappable unit. The overlying Loraine Formation contains 

a number of di sti ncti ve "a 1 tered zones" formed by a concentrati on of 

"variolitic and spherulitic structures surrounded by whitish 

groundmass" (Wi nter, 1976). Pi enaar (1956) recogni sed two of these 

zones as representing prominent "altered zone" markers, an upper one, 

AZ 1 and a lower one, AZ 2, the former marking the top of the Loraine 

Formati on (Wi nter, 1976). The Edenvi 11 e Formati on forms the top of 

the Kl ipriviersberg Group and is characterized by the presence of 

"green chalcedony and cl usters of milky quartz amygdales" (Winter, 

1976). 

Apart from the distinctive features mentioned above, the bulk of the 

Kl i priviersberg Group consi sts of monotonous, fi ne-grai ned to 

aphanitic and occasionally finely porphyritic green to grey 
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amygdaloidal and non-amygdaloidal lavas, as well as tuffs and 

agglomerates. In outcrop and borehole core the lavas are often 

indistinguishable from those of the Dominion Group, and have also 

been metamorphosed to low-grade, greenschist-facies assemblages. 

3 Platberg Group 

The Pl atberg Group compri ses the Kameel doorns Fonnati on, the 

Makwassie Quartz Porphyry Fonnation and the Rietgat Formation. The 

Kameel doorns Fonnati on, ori gi na 11y termed the New Kameel doorns 

Fonnation (Truswell, 1970), is a sedimentary sequence comprising 

coarse, fi rst-cycl eel asti cs whi ch rapi dly grade into fi ner sands, 

muds and carbonates. It indicates the presence of a major 

unconfonnity in that it is developed as coarse clastic wedges 

adjacent to fault scarps, with the thickest sections comprising 

massi ve boul der conglomerates and talus brecci as. Cl asts deri ved 

from the adj acent horsts are predomi nantl y of Kl i pri vi ersberg and 

Witwatersrand strata. As the sequence thins out away from the fault 

scarps, the sediments become finer and better sorted. In places, 

sands, muds and carbonates interfinger with conglomerates, while the 

proporti on of conglomerate often decreases to 1 ess than 10% withi n 

10km of the fault (Winter, 1976). Sediments were not developed in 

up faulted areas, and overlyi ng vol cani c uni ts may res t di rectl y on 

Kl ipriviersberg lavas, a feature which suggests the presence of an 

extensive unconformity. 

The Makwassi e Quartz Porphyry Fonnati on overl i es the Kameel doorns 

sediments with no evidence of an hiatus prior to extrusion, and 

oversteps on to the Kl i pri vi ersberg 1 avas where Kameel doorns 

sediments are absent. To the west, Makwassie porphyries overstep on 

to lower Witwatersrand and basement rocks. Whil e the presence of 

quartz-feldspar porphyries characterizes this formation, a large 

proportion comprises quartz-free porphyritic and non-porphyritic 

1 avas in additi on to mi nor 1 ayers of sediments. Quartz porphyri es 

predominate only where the thi ckest development of thi s fonnati on 

occurs, and here they contain the largest and most abundant quartz 

phenocrysts. The formation tenninates, by definition, at the top of 

the uppermost qua rtz porphyry. 
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The overlyi ng Ri etgat Formati on compri ses "green-grey porphyritic and 

non-porphyritic lavas" in which Winter (1976) notes an upward 

diminishing ratio of lavas to sediments, which he interprets as being 

indicative of "a waning phase of andesitic~to-dacitic volcanicity." 

Within the lower portion of this formation, a group of pale, 

green-grey porphyritic lavas containing minor intercalations of 

sediment and non-porphyriti c 1 avas has been i dentifi ed. Thi s unit 

has been formally termed the Garfield Member (SACS, 1980) and may be 

allocated to either the Makwassie or Rietgat Formation, depending on 

its stratigraphic position relative to the uppermost quartz-feldspar 

porphyry, which varies from place to place. Winter (1976) notes that 

while no extensive erosional loss prior to the extrusion of Rietgat 

1 avas is evi dent, "weatheri ng of the upper porti on of the Makwassi e 

formati on and in places the absence of amygda1 oi da 1 flow tops do 

indicate that there was a period of non-activity, and that the 

environment was terrestrial". This is further evidenced by the 

occurrence of bleached and intensely altered flow tops towards the 

top of the formation, which in places contain pink and red chalcedony 

amygda1 es, a combi nati on of features whi ch Wi nter (1976) cites as 

being indicative of a period of exposure and which are unique to the 

Rietgat Formation. 

4 Bothavil1e and Allanridge Formations 

Prospecting boreholes have intersected the Bothaville Formation 

extensively in the type area around Bothaville. It is a sedimentary 

formation, and typically displays a sedimentation cycle cornnencing 

with conglomerates, fining upwards into quartzites and shales, then 

coarsening again to cUlminate as conglomerates. It overlies a large 

expanse of the Ri etgat Formati on, with whi ch it is conformable in 

places, but laps across older Ventersdorp formations onto 

Witwatersrand sediments and Archaean granites. Conglomerate pebbl es 

are characteristically varied in origin, and include material derived 

from the Makwassi e Formati on. The Bothavill e sediments differ from 

those of the Kameeldoorns in that the sand grade sediments are more 

mature and the conglomerate pebbles are more rounded, indicative of a 

widespread transportation of clastic material prior to deposftion 

(Winter, 1976). The interpretation of the existence of a major 

unconformity at the base of the Bothaville Formation thus appears to 

be justified. 
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The Allanridge Formation, forming the uppermost sequence of the 

Ventersdorp Supergroup, consi sts essenti ally of green-grey to dark 
green-grey amygdaloidal andesitic lavas, in which zones containing 
small acicular feldspar phenocrysts alternate with non-porphyritic 
zones. In more phaneritic flows, small dark green phenocrysts are 
common (Winter, 1965). This formation conformably overlies the 
Bothaville Formation and isopach maps (Winter, 1965) demonstrate the 
coincidence of their respective depocentres. It does, however, 

extend beyond the established limits of occurrence of the Bothaville 
Formation and steps onto various older sequences. Characteristic 
features of the All anri dge Formati on are the rel ative scarcity of 
tuffs and agglomerates, the lack of intercalated sediments and the 
occurrence, mainly in the uppermost flows, of red chalcedony 
amygdales. The Allanridge Formation is overlain by sediments of the 
Transvaal Supergroup, the relationship of which, according to Winter 
(1976), "COUld be conformable in basins, with marginal unconformities 

occurring on the arches". 

5 Vaal Bend Unit 

The presence of an additional unit within the Ventersdorp Supergroup, 

the Vaal Bend unit, has been suggested by Strydom and Whitesi de 
(Whiteside, 1970.) This unit comprises a sequence of "shales, tuffs, 
quartzites, conglomerates, andesitic lavas, pyroclastics and feldspar 
and quartz-fe 1 dspa r porphyri es" and has been intersected in deep 

prospecting boreholes below the K1ipriviersberg Group west and 
south-west of Klerksdorp. It appears, however, that the SACS working 

group (SACS, 1980) fail ed to reach agreement on the strati graphi c 
position of thi s sequence, and have thus recollTllended that it be 

regarded as an informal unit. 

E. Age of the Witwatersrand Triad Volcanics 

Basement granite underlying the Dominion Group at the Dominion Reef mine 
has yielded a Rb-Sr age of 2900! 150 Ma (Nicolaysen et al., 1962). Van 
Ni ekerk and Burger (1969) obtai ned a U-Pb age of 2800 .:!: 60 on sul phi de 
concentrates from the Dominion Group lavas surrounding the Dominion Reef 
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mine, while Burger and Coertze (1973-1974) obtained a preliminary Rb-Sr 

age of 2730 Ma based on only two sampl es of "fel site" from the Ottosdal 

area. The most probable age of the Dominion Group thus appears to be 

around 2800 Ma. 

A Makwassie quartz-fel dspar porphyry from the Kl erksdorp area yiel ded a 

U-Pb age of 2300 ~ 100 Ma (van Niekerk and Burger, 1964) while Burger and 

Coertze (1973, p.13) obtained U-Pb ages of 2238 + 110 Ma and 2245 + 90 Ma 

on other Ventersdorp lavas. Subsequently van Niekerk and Burger (1978), 

using more refined techniques on zircons from the Makwassie porphyries, 

obtai ned a U-Pb age 2620 ~ 50 ~la, whil e Burger and Walraven (1980) quote 

Rb-Sr isochron ages of 1960 Ma and 2180 Ma obtained at the Bernard Price 

Institute on two respective suites of Ventersdorp lavas, each comprising 

4 samples. Thus while no concensus has been reached, it seems prudent to 

accept a provisional age of around 2300 Ma for the Ventersdorp Supergroup . 

. As no radi ometri c dati ng has been performed on Witwatersrand Supergroup 

vol cani cs, thei r age can only be inferred to be somewhere between 2300 

and 2800 Ma, by virtue of their position within the stratigraphic column. 
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III STRATIGRAPHY OF THE STUDY AREA 

A. Introduction 

The purpose of the following section is to elucidate the stratigraphy of 

the study area, which differs slightly from the type stratigraphy, and to 

introduce a number of corrupti ons to the formal strati graphic 

nomenclature which have been applied in this work for the sake of 

convenience. The study is based on samples from seventeen boreholes made 

available by the Anglo American Corporation, and selected by Mr P.M. 

Strydom, of Anglo American, to be representative of the stratigraphic 

sequences occurring in the Klerksdorp area. In addition to the original 

borehole logs which were made available to us, Strydom has recently 

relogged these holes in terms of the latest SACS stratigraphic 

nomenclature (SACS, 1980). These new logs thus form the basis of the 

succeedi ng descri pti ons, although the posi ti oni ng of boundari es has in 

some cases been altered in the light of geochemical data obtained during 

this study. Although these modifications, which are restricted to the 

Yentersdorp Supergroup, a re generally tri vi a 1 and usually occu r where the 

absence of a marker horizon has made precise positioning of the boundary 

difficult, a major modification has been made in one borehole which will 

be discussed in Section E of this chapter. 

B. Locality of Boreholes 

Figure 7 shows the distribution of the boreholes sampled. Seven of these 

boreholes, namely, DSF-7, DSF-10, DRS-6, DRH-14, DRH-15, DHF-8 and 

DRL-13, are located in an area roughly 40km to the west of Klerksdorp, 

and are representative of the Dominion Group. These holes were drilled 

directly into Dominion Group exposures. Of the remaining holes located 

to the south of Klerksdorp, WS-4, WS-5, YHD-l, JHA-l, JBF-l, SH-l, PK-10 

and W-20 are representative of the Yentersdorp Supergroup, and were 

drilled either directly into outcropping Yentersdorp lavas, or through 

Transvaal and Karoo Supergroup cover. Boreholes R-l and JY-8 were 

sampled exclusively for lavas of the Crown Formation. Boreholes DSF-7 



27" 

f HARTBEESFONTEIN 

o OHF-8 

o ORL-13 

o OSF-l0 o DRH-14 
o ORH-IS 

o OSF-) 

00RS-6 

TRANSVAAL 

IlARRISBURG 

• 

! 
~ 

o VHD-l 

- 18 -

STT1.fONTElN 

• 

~ . 
. ,,--

/ 
_/ 

! 0PK-l0' 
J ' 

/',_.... \ ,'1' .. ' \. , 
r--' ! ' 

ORKNEY'. w-z.o , ...... 

I / , ,.. 
i . . .... 

o SH-l o WS·S .i 
0WS-4 ,,/" 

J 

, , 
, 

, , 

o JHA-l 

ORANGE FREE STATE 

10 km 

o JBF-l 

• VlERFOHTBN 

") 
Figure 7: Localities of boreholes sampled. (Drawn by T_B_ Bowen, 1984). 



- 19 -

and WS-5 were selected by P.M. Strydom of the Anglo American Corporation 

to represent type secti ons through the Domi ni on Group and Ventersdorp 

Supergroup respecti ve ly, and consequently more attenti on has been gi ven 

to the core from these holes in this study. 

C. Dominion Group 

Fi gure 8 represents a condensed vers i on of the logs drawn up by Mr 

Strydom for the Dominion boreholes. As these boreholes are located 

within the type area, the stratigraphy is essentially the same as that 

described in Section B of the previous chapter. A notabl e feature, 

however, is the presence of a prominent 75m thick quartz-feldspar 

porphyry unit towards the top of the Rhenosterspruit Formation in 

boreholes DSF-7 and DSF-10. This unit, according to P.M. Strydom (pers. 

comm., March 1980) is possibly intrusive, since it has been observed 

el sewhere to transgress sedimentary hori zons. Near the top of borehole 

DSF-7, a 27m thick basic intrusive occurs, and samples of this along with 

samples of similar intrusives from other holes, have been analysed and 

appear to have chemical characteristics similar to lavas of the 

Klipriviersberg Group of the Ventersdorp Supergroup. 

It should be noted that, as the top of the sequence in the Dominion holes 

is determined by the present level of erosion, the complete sequence has 

been truncated at the top, where the uppermost porphyries, containing the 

"Wonderstone" bands descri bed in the previ ous chapter, are not 

represented. Borehole DRS-6 contains an anomalous succession towards the 

base of the Rhenosterhoek Formati on whi ch di spl ays pecul i ar segregati on 

textures which are suggestive of liquid immiscibility. These will be 

described in Chapter V. 

Finally, as will be shown in Chapter VI, the fine-grained to aphanitic 

basic to intermediate lavas of the Dominion Group as a whole, regardless 

of the formati on in whi ch they occur, represent a continuous 

differentiation sequence, while the acid porphyries form a geochemically 

di screte group withi n whi ch very 1 imi ted compositi onal vari ati on occurs. 

For this reason, except where stratigraphic position may be relevant, 

Dominion lavas will be considered in the succeeding chapters as belonging 

to either of two strictly informal groups, namely the "Dominion basic 

lavas" and the "Dominion porphyries". In this way it is hoped to avoid 
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Fi gure 8: Condensed logs of the Dominion boreholes, showing sample 
positions. (Drawn by T.B. Bowen, 1984). 
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confusion, were the formal nomenclature to be used, resulting from the 

transgression of these discrete magma types across formational boundaries. 

D. Crown Formation 

Partial logs of boreholes JY-8 and R-l are presented in Figure 9, where 

the Crown Formati on attai ns thi cknesses of 55m and 43m respecti vely. 

While in both cases the formation comprises essentially highly 

amygdaloidal lavas, in borehole R-l it is capped by a thin band of 

agglomerate. Because of the entrenchment in the literature of the old 

term, "Jeppestown amygda 1 oi d" for the Crown Formati on, these 1 avas wi 11 

in the following chapters be referred to by their old name on an informal 

basis, as recommended by SACS (1980). 

E. Yentersdorp Supergroup 

The stratigraphy of the Yentersdorp boreholes, as logged by P.M. Strydom 

(pers. comm.) is presented in Figure 10. A number of features, 

applicable to the Ventersdorp study area as a whole, are at variance with 

the stratigraphy of the type area around Bothaville. 

At the base of the Klipriviersberg Group, the Westonaria Formation is not 

represented, being confined to the deepest parts of the Witwatersrand 

basin. The Alberton Formation thus rests directly on pre-Ventersdorp 

rocks and is di sti ngui shed from the overlying formati ons in that the 

lavas are generally coarser grained and finely porphyritic towards the 

top. The basal zone characteri zed by the Porphyriti c Marker is not 

al ways present. The overlyi ng Orkney Formati on is readil y recogni sed by 

the presence of "purpl e zones", although the boundari es are not easily 

estab 1 i shed, especi a lly in the case of borehole WS-5, where the upper 

purple zone is absent . The Jeanette Agglomerate Formation has not been 

recognized in the study area, while the Loraine Formation is again easily 

recogni zed by the presence 0 f "altered zones", although the boundari es 

are poorly defined, especially where the upper altered zone is absent. 

The Edenville Formation is generally inferred to occur above the upper 

altered zone of the Loraine Formation and as a result the lower boundary 
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Partial logs of boreholes R-l and JY-8, showing sample 
positions. (Drawn by T.B. Bowen, 1984). 
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is difficult to establish. The presence of the Edenville Formation has 

not been acknowledged on the logs where the upper altered zone is absent, 

and although it is uncertain whether this is due to the absence of this 

fonnation or the inabi1 ity to distinguish between the Loraine and 

Edenville Fonnations where the upper altered zone is not developed, it is 

not problematical to this study as these two fonnations are chemically 

indistinguishable. Zones of porphyritic lava containing small black 

phenocrysts occur within the Edenville Formation and may serve to 

characterise it to a certain extent, but as these make up only a small 

proportion of the fonnation, and are also present, although more rarely, 

in the Loraine Formation, their presence is inadequate to serve as a 

criterion for discriminating between these formations. 

Lithological grounds for the stratigraphic subdivision of the 

K1 iprivi ersberg Group in the K1 erksdorp area thus appear to be somewhat 

obscure in the absence of marker hori zons. It wi 11 be demonstrated in 

Chapter VI, however, that 

Loraine/Edenville Formations 

the Alberton, 

are individually 

Orkney and combined 

distinguishable on a 

geochemi cal bas is after accommodati ng some mi nor boundary adj ustments, 

and the original nomenclature will thus be retained in this study 

although on an infonna1 basis. 

In the K1erksdorp area, the stratigraphy of the P1atberg Group is 

essentially as has been described in Chapter II, although the Makwassie 

Fonnati on is amenable to further subdi vi si on on both 1 itho1 ogi ca 1 and 

geochemical grounds as has been suggested by Winter (1976) and SACS 

(1980) . While this fonnation is fonnally defined as occurring between 

the Kamee1doorns Fonnation and the top of the uppennost quartz-feldspar 

porphyry, in the study area it is typified by two discrete units. A 

si ng1 e quartz-fe1 dspar porphyry unit is separated from the Kamee1 doorns 

sediments by a unit of greenish-grey, crystalline porphyritic lavas 

characterized by small dark green and scattered larger feldspar 

phenocrysts, the latter serving to distinguish this unit from other 

porphyritic lavas. P.M. Strydom (pers. comm.) has named this unit the 

Goedgenoeg fonnati on, whi 1 e the term "Makwassi e fonnati on" is stri ct1y 

reserved for the actual quartz-fe1 dspar porphyry uni t. Thi s nomenc1 ature 

will be used for this study, although geochemically the Goedgenoeg and 

Rietgat fonnations are indistinguishable despite the characteristic 

feldspar phenocrysts of the fonner, and will thus be treated together, 

while the intervening Makwassie porphyries are geochemica11y distinctive. 
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The lithological successions of the Bothaville and Allanridge Formations 
are essentially the same as described for the type area, although P.M. 
Strydom (pers. comm.) has noted in his logs that the porphyritic lavas of 
the Allanridge Formation are concentrated in the upper part of the 
sequence. Thi s di sti ncti on is not consi dered si gnifi cant, however, as 
the formation as a whole displays very limited geochemical variation. 

Features illustrative of the general stratigraphic relationships 
described in the previous chapter are, among others, the large variations 
in thickness of individual formations from borehole to borehole, and the 
absence of certain formations in some boreholes. In borehole JHA-l, the 
Platberg Group directly overlies pre-Ventersdorp rocks with a fault 
contact . The same borehole contains a thick, anomalous sequence of 
Goedgenoeg volcani cs i nterca 1 ated with Kameel doorns-type sediments. 
Furthermore, the uppermost three sampl es of the Kl i pri vi ersberg Group in 

borehole WS-5, 
borehole WS-4, 

as well as the uppermost Klipriviersberg sample in 
are chemically equivalent to the Goedgenoeg/Rietgat 

lavas. Thus, considering the tectonic control of Kameeldoorns sediment 
depos i ti on descri bed in the previ ous chapter, these features suggest a 
certain amount of contemporaneous faulting and volcanicity, with a 
limited time lapse between the extrusion of Klipriviersberg and Platberg 
Group lavas. Other holes show no evidence of faulting and the absence of 
certain formations may be attributable to non-deposition due to 
topographic influences and overlap of younger formations beyond the areal 
limits of the older formations, as has been described in the previous 
chapter. Thus in borehole VHO-l, the Klipriviersberg Group is not 
represented, while the Goedgenoeg and Makwassie formations are absent 
from borehole SH-l, and boreholes PK-10 and W-20 consist of Allanridge 
lavas directly overlying those of the Klipriviersberg. 

The stratigraphy of borehole W-20 has been inferred from geochemical data 

obtained during the course of this study, and is still subject to 
confirmation by P.M. Strydom, who has logged this hole as predominantly 
Kl i pri vi ersberg 1 avas, wi th a 4, 5m sedimentary hori zon at 267m depth 
(Figure 10) representing the Kameeldoorns Formation overlain by 55m of 
Goedgenoeg 1 avas. The chemi stry of the Kl i pri vi ersberg, Goedgenoeg and 
Allanridge lavas is, however, considered to be sufficiently diagnostic to 

permit such a drastic modification, and the chemically inferred 
stratigraphy as shown in Figure 10 will thus be assumed. Thi s, in 
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addition, appears to be more in accordance with the stratigraphy of 
borehole PK-10, situated 5km to the west of W-20 (Figure 7). 

Finally, in borehole JBF-l, P.M. Strydom (pers. comm.) has identified the 
Garfield Member, which substitutes for the Goedgenoeg and Makwassie 
formations. While the lavas are predominantly of Goedgenoeg/Rietgat 
type, several thin zones are present which are lithologically and 
chemically similar to the Makl~assie porphyries. A similar, relatively 
thick (260m) unit occurs near the base of the Goedgenoeg formation in 
boreho 1 e VHD-l. 
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IV. SAMPLING PROCEDURES 

Over a period of four weeks spent at a number of Anglo American's core 
yards in the Klerksdorp area, approximately 500 samples of Witwatersrand 
triad volcanics were taken from the boreholes described in the preceding 
chapter, of which 326 were selected for analysis. 

All samples selected from the type boreholes DSF-7 and WS-S were 

analysed, making up 49 and 100 samples respectively and representing an 
average sampling interval of 22 metres. The remaining boreholes were 
sampl ed at approximately 40 to SOm interval s (although not all sampl es 
were analysed), the primary aims here bei ng to ensure an effective 
lateral component in the sample population and to establish a more 
comprehensive sampling profile through units which are poorly represented 
in the type boreholes. For example, the Makwassie formation in type 
borehole WS-5 attains a thickness of only 22m, and the number of samples 
of this fonnation was thus bolstered by more detailed sampling of the 
Makwassie porphyries in borehole WS-4, where a thickness of 367m is 
attained. 

Criteria used for sample selection were as follows: In the type 

boreholes, samples were taken where possible at a regular interval in 
order to avoid imposing any sampling bias which might affect the 
applicability of chemical discrimination techniques. Superimposed on 

thi s criteri on, sampl es were taken as close as possi b 1 e to the base of 
individual flows, but above the amygdaloidal zone. Justification for 
this procedure may be found in Pemberton (1978, p. 8) who ascertained, in 

a study on Karoo basalt flows, that samples taken from the base and tops 
of flows, after the removal of amygdales, were most representative of the 

original magma composition of the flow. Within-flow compositional 
variation has been attributed by Watkins et al. (1970) to the non-random 
distribution of phenocrysts, while large variation in alkalies has been 
attri buted by Hart et a 1. (1971) to the upward mi grati on of the 1 ast 1% 

of the liquid, which is alkali-enriched, before final solidification of 
the flow. Where flows attained thicknesses much greater than the 
sampl ing interval, samples were taken within the flows at a regular 
interval. In all cases, amygdaloidal, fractured, veined and brecciated 

samples were avoided as far as possible, while any included extraneous 



- 28 -

material was removed prior to analysis. Marker horizons such as the 

"purple zones" vlere specifically sampled in order to ascertain whether 

they exhibit any distinctive geochemical features. 

The sampl e positi ons are i ncl uded on the logs in Fi gures 8, 9 and 10. 

Only the analysed samples are shown. Sample numbers are numerical and 

have no locative connotations. Prefixes have been added to the sample 

numbers where the analytical data is presented in Chapter VI to indicate 

their stratigraphic affinities which are primarily based on chemical 

criteri a. The reader is thus requested to refer to the rel evant logs 

shoul d it be necessary to establ i sh to whi ch borehol e any parti cul ar 

sample may belong. 
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V PE TROGRAPH Y 

A. Introduction 

The fo 11 owi ng chapter summari ses the petrography of the ana lysed 1 avas, 

emphasis being placed on those aspects which are of direct significance 

to the petrogenesis of these lavas and thus complement the geochemical 

interpretations presented in succeeding chapters. The objectives of this 

chapter are thus as follows; 

Many igneous differenti ati on model s are based on the premi se that the 

samples involved are representative of liquids. Since a major proportion 

of the volcanics of the Witwatersrand triad have been referred to in the 

literature as representing tuffaceous material (Winter, 1976), it is 

necessary to establ ish petrographi cally whether the analysed sampl es do 

in fact represent lavas. The recognition of igneous textures and the 

absence of pyroclasti c features in thin section are required to confirm 

the liquid nature of the samples. Moreover, having established 

texturally that the sample, in its pristine state, does represent a 

liquid, an assessment of the degree of secondary alteration and 

metamorphism is required to aid in establishing whether the chemistry of 

the sample is representative of the original liquid , and whether any 

systematic chemical variations are associated with the type and intensity 

of the alteration. Further discussion on this topic will be deferred to 

the succeedi ng chapter. Fi na 11 y, the presence and i dentifi cati on of 

rel i ct phenocryst phases is important from a petrogeneti c viewpoint in 

establishing whether the original magma composition has been modified by 

crystal accumulation and for providing some constraints on the 

elucidation of any fractional crystallization mechanisms which may 

account for the observed chemical variation within and between magma 

suites . 

With the above aims in mi nd, the ensuing commentary has been subdivided 

such that individual lava groups defined in the previous chapter are 

treated separately, and each group further subdivi ded where thi sis 

warranted by geochemical diversity within individual suites . 
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B. Dominion Group 

1. Dominion Basic Lavas 

In general, these lavas appear to have suffered more intense 
metamorphism than the younger lavas of the Witwatersrand triad, 
although this may be an illusion resulting from the predominance of 

extremely fine-grained lavas within this suite, which hampers the 
recogniti on of ori gi na 1 igneous textures. In hand specimen, these 
lavas are aphanitic to fine-grained, varying from green to grey in 
colour. While the weathered outer surface of the core is generally 
lighter, the more evolved samples weather to a brown colour. The few 
"tuffaceous" sampl es whi ch were analysed characteri sti cally appear 

non-homogeneous in hand specimen, showing a finely mottled 
alternation of dark green or brown and lighter green colours which 
often give the impression of turbid flow structures. However, no 
shard relicts, crystal or lithic fragments were discernable in thin 
section and the chemistry of these samples conforms to that of the 
group as a whole, thus attesting to their liquid character . 

Microscopically, the original textures of this suite have largely 
been obliterated by the effects of alteration and metamorphism. The 
1 avas a re generally mi crocrysta 11 i ne and all otri omorphi c, compri si ng 
varying proportions of plagioclase, chlorite, calcite, epidote, 
clinozoisite, quartz and amorphous sphene, interspersed with fibrous 
flakes of amphibole. Plagioclase compositions are in the low-calcium 
range and appear to be albitic in composition, although maximum 
symmetrical extinction angles on albite twins in this range are 

ambiguous and dependent on relative refractive index determinations. 
These are difficult to perform as a result of the small grain size 
and ubiquitous presence of alteration products surrounding the 
grains . The presence of andesine reported by ~~alan (1959) can thus 
not be discounted. Chlorite is more concentrated in areas once 
occupied by interstitial glass . Here it occurs in conjunction with 
epidote and clinozoisite, both of which are often euhedral. Quartz 
generally occurs as irregular segregations of cryptocrystalline 
mosaics, and probably has resulted from small-scale remobilization of 
silica expelled during the formation of chlorite and epidote. 
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Secondary sphene occurs as tiny amorphous segregations scattered 

throughout the rock, whil e ina few sampl es the octahedral fonn of 
relict skeletal titaniferous magnetite grains is still discernible. 

~lg-rich samples are distinguished from the more evolved samples in 

that they characteristically comprise an extremely fine-grained, 
turbi d groundmass peppered with altered opaques, and a rel ati vely 
large proportion of colourless to faintly pleochroic flakes of 
amphibole, which is probably tremolitic to actinolitic in 
composition. In contrast, the more evolved lavas are often not as 
fine-grained and the presence of relict skeletal magnetite crystals 
in the groundmass is more common. Amphibole occurs in lesser 
amounts, and as fine pleochroic needles or tiny spherulitic growths, 
the optically estimated composition being in the actinolite to 
hornblende range. Some samples contain occasional plagioclase 
phenocrysts, often embayed and extensively carbonated towards the 
core. Three samples, 08-1,2 and 3 from the Rhenosterspruit Fonnation 
in borehole OSF-7 are coarser than usual and in addition to the 
minerals already mentioned, contain abundant grains of stilpnomelane 
in association with actinolite and chlorite. 

The anomalous section of borehole ORS-6 mentioned in Chapter III, 
occurs between 1594. 6 and 1777.4 metres depth. A large proportion of 
these lavas is variolitic, containing peculiar aphanitic segregation 

structures which are pale green in colour and set in an aphanitic 

dark green matrix. The segregations are generally of flattened ovoid 

shape, ranging from .5 to 2cm in 
irregular with increase in size. 

diameter, with the outline becoming 
They generally occur in zones 1 ess 

than 1 m thi ck whi ch are often banded due to coal escence of the 
segregations on a variety of scales, and the darker material may be 
completely displaced to yield an homogeneous, brown-weathering lava. 
In thin section, both components are cryptocrystalline with a 

secondary felted mass of amphibole needles. In some specimens, the 
darker matrix displays quench textures in the fonn of long radiating 
sheaves of what appears to be a sil ica mineral intergrown with a 
pyroxene or amphibole, giving rise to a "micro-spinifex" texture. 
Whil e none of the segregati on-beari ng sampl es were analysed, the 
homogeneous, brown-weathering samples within this unit, viz . 08-69,72 



- 32 -

and 73, represent some of the most evo1 ved 1 avas of the Domini on 

basic lava sequence. 

To summarise, the analysed Dominion basic lava samples display no 

evidence to suggest that they were not originally of a liquid nature, 

and although original textures and mineralogy have largely been 

ob1 iterated by secondary processes, or obscured by the 

microcrystalline nature of the majority of samples, the suite 

represents a sequence of essenti ally hypocrystall i ne 1 avas in whi ch 

the only observable liquidus phase present is plagioclase in some of 

the more evo1 ved samp1 es. An assesssment as to whether secondary 

processes have caused a substanti a1 modifi cati on of the ori gi na1 

chemistry of these lavas will be made in the succeeding chapter. 

2. Dominion Porphyries 

The Dominion acid porphyries generally occur as massive, well-defined 

flows, the bases of which are characterised by a thin dark band of 

sheared materi al probably representi ng the ori gi nal tuffaceous or 

scoriacious top of the previous flow. In hand specimen the samples 

comprise a dark grey to lighter green-grey matrix containing lighter 

fe1 dspar and 1 ess abundant quartz phenocrysts. Fel dspar phenocrysts 

are seldom larger than 5mm in length, and the total phenocryst 

content is visually estimated as less than 10% with an average of 

about 5%. In hand specimen the proporti on of phenocrysts often 

appears to be much 1 arger, but thi n secti on exami nati on of these 

samples reveals that this is due to the presence of spherulitic 

structures consisting of fine radial intergrowths of quartz and 

fe 1 dspar (P1 ate I). Where best developed, spherul i tes make up a 

major proportion of the groundmass and are separated from each other 

by a network of secondary mafic stringers consisting mainly of 

chlorite, stilpnomelane and amphibole as well as finely disseminated 

a ltered opaques. Phenocrysts a re often surrounded by spherul iti c 

structures whi ch appear to have nucl eated on them (Pl ate I). In 

areas where spherul ites are not developed, as well as in 

non-spherul iti c sampl es, the groundmass is often sl i ghtly coarser, 

comprising an allotriomorphic mixture of quartz and feldspar, with 

minor amounts of chlorite, epidote, amphibole and sphene. Epidote 

sometimes occurs as small radi al growths of euhedra1, elongated 
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grai ns, whil e pl agi ocl ase may form subhedral twi nned 1 aths. 

Amphibole is ubiquitous in the groundmass of the non-spherulitic 
samples, occurring as brownish flakes or fine, microcrystalline 

needles. More altered samples show a patchy development of calcite, 
while local silica remobilization is indicated by irregular, 

finely-crystalline, mosaic quartz segregations . In sample DP-33, the 
groundmass consists almost entirely of sericite. This feature is 
unusual and is reflected in the chemistry of this sample. 

The phenocrysts are often surprisingly well-preserved, especially 
where the groundmass is fine-grained (Plate I). The phenocryst 

population consists predominantly of euhedral plagioclase of 

oligoclase composition, with lesser amounts of perthitic or 
microperthitic alkali feldspar and rounded, resorbed quartz, which 
may sometimes be 
gl omeroporphyri tic 

absent. The feldspars occur individually or as 
aggregates. Secondary carbonation and 

sericitization is common. In many cases the feldspars may be embayed 

and show sieve textures. 

In conclusion, the recognition of individual flows in borehole 

sections and the intrusive nature of the porphyry unit at the base of 
the type borehole, DSF-7, attests to the liquid nature of these lavas 
which is supported by textural evidence such as the lack of 
pyroclastic features and the presence of spherulites which, according 
to Williams et al., {l958), commonly occur in sil iceous lavas and 

generally result during the rapid crystallization of a viscous magma 

or from the devitrification of glass. Furthermore, Cox et al. (1979, 
p.194), suggest that the presence of spherulites indicates the former 

presence of glass and hence a rapidly quenched liquid. As these 

lavas form a relatively tight chemical cluster, the original 

chemi stry is not consi dered to have been si gni fi cantly affected by 

secondary processes, although this l'Iill be assessed in Chapter VI. 

Fi nally, the presence of pl agi ocl ase, K-fel dspar and quartz 

phenocrysts must be considered in forthcoming petrogenetic 
interpretation. 
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C. Jeppestown Amygdaloid 

The al tered nature of the Jeppestown amygdal oi d 1 avas has al ready been 

mentioned in Chapter III. Apart from the highly amygdaloidal nature of 

these lavas, they are riddled with fine veinlets of calcite and quartz, 

which often form a network interconnecting the amygdales, which have 

altered rims of the same material. Due to the 1 imited stratigraphic 

thi ckness and vei ned and amygdal oi da 1 nature of these 1 ava s, onl y six 

samples were taken from the two boreholes, R-l and JY-8. Each borehole 

was sampled near the base, middle and top of the formation, and all 

samples were comparatively homogeneous and free of veins and amygdales. 

In hand specimen the samples are weathered to colours ranging from dark 

brown to 1 ighter green-grey. They are fine-grained to aphanitic, the 

1 atter showi ng a pronounced tendency for rapi d weatheri ng, wi th a dark 

brown outer surface gradi ng inwards over a di stance of 5mm to ali ght 

green inner core, reflecting an original high proportion of glass. 

Al though, wi th the excepti on of sampl e JA-37l, these sampl es show a 

remarkable consistency in chemistry, they exhibit a variety of textures, 

probably resulting from differential cooling rates. 

A common feature of all the sampl es is the scattered occurrence of 

comparatively large, relict plagioclase grains, which represent the only 

recogni zab 1 e phenoc ryst phase. The sampl es are pervaded by a seconda ry, 

finely-felted mass of acicular actinolite laths. The finest-grained 

sample, JA-370, appears originally to have been almost holohyaline, and 

recognizable in the dirty brown, devitrified groundmass are tiny, 

scattered feldspar microlites and stumpy, microcrystalline lath-shaped 

ghost structures after a ferromagnesian phase, identified by virtue of a 

fine peppering of opaques which renders them slightly darker than the 

surroundi ng groundmass. Sampl e JA-368 di spl ays an unusual texture made 

up largely of high-relief, golden-brown, often-coalescing globules (Plate 

II). On closer inspection these appear to represent relict spherulitic 

structures, the high relief being imparted by the presence, in addition 

to quartz and fel dspar, of finely-granul ar epi dote, the optical 

properties of which are largely obscured by the dark brown staining, 

possibly caused by the presence of hematite impurities. Areas 

interstitial to the spherulites comprise an allotriomorphous 
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Sample DP-39 (Dominion porphyry). Well-preserved phenocrystal 
plagioclase intergrowth (centre right) surrounded by a 
spherulitic overgrowth. Another spherulite is present in the 
lower left part of the photomicrograph. Crossed nicols. 
Width of photomicrograph is 4mm. 

Plate II: Well-preserved spherulitic texture in sample JA-368, 
Jeppestown amygdaloid. Plane polarized light. Width of 
photomicrograph is 4mm. 
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brown-stained mass of chlorite, quartz and epidote as well as 

comparatively large platy laths of impure calcite of obscure origin. 

Actinolite is present as scattered flakY needles and spherulitic bundles. 

The remaining samples are hypocrystall ine and characterized by a 

well-developed network of fine plagioclase laths set in a dirty 

allotriomorphic groundmass of secondary chlorite, epidote, quartz, 

amphibole, altered opaques and patches of calcite. Sample JA-371 differs 

both texturally and chemically, in that the plagioclase laths are 

arranged in a subparallel orientation, thus imparting a trachytic texture 

to the rock, while the interstices comprise a uniformly green chloritic 

mass containing regular, discrete segregations of amorphous sphene. In 

addition to the ubiquitous altered feldspar phenocrysts, this sample 

contains occasional, strongly resorbed, quartz grains. It is uncertain 

whether these are phenocrysts or xenocrysts. 

On the whole, the Jeppestown lavas display textures commensurate with 

rapid solidification from a liquid phase, with plagioclase being the only 

recogni zab 1 e phenocryst phase. The val i di ty of the chemi stry of these 

1 avas wi 11 be di scussed in the succeedi ng chapter, although it may be 

noted that they form a relatively small volume within a large proportion 

of sediments, and would thus be readily susceptible to metasomatic 

chemical modification. 

D. Ventersdorp Supergroup 

1. Klipriviersberg Group 

(a) Al berton Formati on: The Al berton 1 avas are grey to green-grey 

in colour, with grainsize ranging from medium-grained phaneritic 

to aphanitic. Zones of finely-porphyritic lavas are present in 

the upper part of the formation. Sampl es from near the base of 

the formation are generally aphanitic and highly carbonated 

(e.g. KA-100) with no preservation of original textures. 
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Microscopically, textures are variable and dependent on grain 

size. The coarser samples have a distinct doleritic 

appearance. They are hypocrystall ine and fine- to medium-

grained, with a well-developed plagioclase network which in 

fresher samples can be seen to have been formerly intergrown 

with relatively large, ophitic plates of augite, the remnants of 

which are still preserved. The interstices comprise a fine mass 

of secondary minerals, mainly chlorite, clinozoisite, quartz and 

sphene, as well as relatively large, clear grains of epidote and 

cl inozoisite. A large proportion of this interstitial material 

appears to have been gl ass, whil e a mi nor amount of 

micropegmatite is preserved in places. 

Actinolite occurs as large bladed laths displaying a reaction 

relationship with pyroxene . Actinolite initially forms a 

reaction rim around the pyroxene grains, while cracks within 

grains are altered to chlorite (Plate III). The actinolite 

subsequently extends through the original pyroxene grain as well 

as into the groundmass until fi na lly the pyroxene has been 

completely replaced, with chlorite remaining subordinate. With 

decreasing grainsize, the pyroxenes adopt a 1 ath-shaped habit, 

with the proportion of mesostasis increasing and the texture 

becoming intersertal, while the mineralogy remains essentially 

the same. The size of actinolite grains becomes subordinate and 

they occur, along with feldspar, as a felted mass in the finest­

grained samples. 

A feature of all the samples from the Alberton formation is the 

presence of two generations of plagioclase. An older generation 

occurs as scattered, embayed and generally highly altered 

phenocrysts of variable size (usually between lmm and 3mm in 

1 ength, but up to 5CAnm in the Porphyri ti c Marker). The second 

generati on is represented by the network of fi ner, 1 ess-altered 

laths already described. 

(b) Orkney Formation: In contrast to the relatively well-preserved 

textures of the Al berton formati on, those of the Orkney 

formation bear closer resemblance to the Dominion basic lavas. 

This is because the Orkney lavas are predominantly aphanitic. 
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The origi nal textures appear to have been intersertal to 

hyalopilitic, and the presence of varying proportions of dirty 

brown devitrified glass imparts to the samples a clouded 

appearance in thin section resulting in poor resolution of the 

mineral constituents. 

In general, small anhedral plagioclase laths form a felted 

network on which is superimposed a felt of fine, flaky, 

microcrystalline tremolite/actinolite laths of metamorphic 

origin. Small, anhedral, elongated, ill-defined grains of 

augite are ubiquitous. These commonly display yellow-brown 

tints. Discrete grains of epidote and clinozoisite often form 

the coa rsest consti tuents of these sampl es. They are u sua lly 

euhedral and occur in association with secondary chlorite, 

calcite, tiny quartz mosaics and altered opaques. Again the 

presence of an older generation of plagioclase is evident as 

scattered, embayed phenocrysts, as in the Al berton formation, 

but the phenocrysts are generally less than 2mm in length. 

The "purple zones" which characterize this formation display a 

purple tinge in hand specimen, although they are not 

microscopically distinctive. The actual purple marker horizons 

are characterized by round amygdales, 2mm to 4mm in diameter, 

with sharply-defined alteration haloes. The amygdales are 

fill ed wi th chlorite i nterstiti alto euhedra 1 1 a ths of 

clinozoisite and more granular epidote. This is surrounded by · a 

narrow, sharply-defined rim of fine altered opaque material 

followed by a broader area which is relatively free of the usual 

clouded appearance of the groundmass, thus giving rise to the 

distinctive alteration haloes. Textures and mineralogy are 

otherwi se i denti ca 1 to those of other sampl es from thi s 

formation. Pienaar (1956) noted that the purple zones are not 

chemically different from the other lavas, a feature confirmed 

by thi s study. He attri butes thei r presence to the reacti on of 

oxygen in ascending vapour bubbles with iron-bearing minerals to 

form haematite, which imparts the purple colouration to the 

rock. He suggested that conditions favourable for this process 

were only present in the horizons where the purple zones are 

developed. While no attempt has been made to verify this 
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proposal, both studies confirm the liquid nature of these lavas, 

and there is no evidence to suggest that the purple zones 

represent "purple-topped ash flow tuffs" as described by Winter 

(1976). 

Sample KO-12l contains a high density of small chloritic 

amygdales with broad, pale alteration aureoles, giving the 

sample an appearance similar to the "altered zones" that 

characterize the Loraine Formation. In thin section the tiny 

amygdales consist mainly of crystalline calcite in an amorphous, 

chloritic base surrounded by a halo of dirty brown material, 

comprising mainly impure epidote, which extends with decreasing 

concentration into a chloritic groundmass in which no original 

minerals, including plagioclase, are preserved. It is 

noteworthy that despite the presence of amygdales, and the 

extreme degree of alteration which this sample has undergone, 

the immobile minor element concentrations have remained 

characteristic of the Orkney formation, although the major 

element chemistry has been extensively modified. 

(c) Loraine/Edenville Formations These two formati ons are 

consi dered together for reasons di scussed in Chapter II I. The 

lavas exhibit a relatively large chemical variation relative to 

the underlyi ng format i ons and also di sp 1 ay a wi de range in 

well-preserved textures. Microscopically these lavas are 

texturally and mineralogically similar to those of the lower 

formations, with several subtle but significant differences. In 

describing these lavas, it is conven i ent to subdivide them into 

two groups, namely porphyritic and non- porphyritic types. 

The non-porphyritic lavas make up the bulk of the sequence, and 

are indistinguishable in hand specimen from those of the lower 

formations. Included in this group are samples which appear in 

hand specimen to contain tiny phenocrysts which, under the 

microscope, are revealed to be tiny chlorite amygdales generally 

smaller than O.5mm in diameter. Texturally these lavas are 

similar to those of the Orkney formation, although they have a 

lower proportion of glassy mesostasis and a larger proportion of 

augite. The 1 atter occurs as non-ophiti c, usually 1 ath-shaped 
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grains, occasionally twinned and with a yellow-brown tint. They 

sometimes occur as microphenocrysts, although a large size 

variation within samples is present . In exceptional cases a 

1 ength of up to 1 mm is atta i ned. A second feature of these 

1 avas is a dearth of 01 der-generation pl agi ocl ase phenocrysts 

which are characteristic of the lower formations. Thus augite 

appears to represent one of the first liquidus phases, along 

with, and in some cases, possibly prior to, plagioclase. The 

predominance of fine-grained lavas suggests that crystallization 

commenced during the extrusive or post-extrusive phase, or that 

earlier-formed crystals were entirely extracted from or resorbed 

by the magma prior to extrusion. 

The porphyritic group is characterized by the presence of 

chlorite pseudomorphs after one or more primary mafic phenocryst 

phases (Plate IV). These pseudomorphs (O.lmm to 2mm in length) 

make up a maximum of 5% of the rock . Groundmass textures of 

these lavas are variable and indistinguishable from those of the 

non-porphyritic group. Grain size varies from microcrystalline 

to medium-grained. The degree of crystallinity of these lavas 

varies independently of the size variation of the chlorite 

pseudomorphs. This size relationship is considered to be 

indicative of the association of the phenocrysts with an 

intratelluric stage of crystallization, while grain size of the 

groundmass was determi ned essenti ally by cool i ng rates. Si nce 

this group of lavas represents the most primitive magma of the 

Witwatersrand triad, as mentioned in Chapter III, the original 

composition of these phenocrysts is of major significance to the 

petrogeneti c i nterpretati on of these 1 avas, and they warrant 

further discussion. 

The present composition of these phenocrysts is mainly chlorite 

of penninitic composition, usually showing well-defined (DOl) 

cleavage and slight pleochroism (Plate V). The cleavage is 

orientated parallel to the original crystallographic axes of the 

primary mineral, so that the grains now appear to have parallel 

extinction. Amorphous chloritic material generally occurs in 

smaller phenocrysts in association with a microcrystalline 

mosaic of quartz . In all cases a small amount of epidote/ 
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Plate III: Early stages of augite breakdown illustrated in sample 
KA-105, Alberton formation. Augite (centre of photo) is 
replaced by chlorite (dark grey) along internal cracks, while 
a reaction rim of actinolite (light grey) develops, 
subsequently replacing the augite, with chlorite remaining 
subordinate. Crossed nicols. Width of photomicrograph is 
lmm. 

Plate IV: Chlorite pseudomorphs after a primary mafic phenocryst phase, 
in this case in an aphanitic matrix. Sample KL-146, 
Loraine/Edenville formation. Plane polarized light. Width 
of photomicrograph is 4mm. 
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c1 inozoisite is present, usually as small euhedra1 grains within 

the phenocrysts. Electron microprobe analyses of the 

constituent mi nera1 s of these phenocryst pseudomorphs are 

presented in Appendi x I I. The phenocrysts a re sometimes 

penetrated by amphi bo 1 e need1 es. I n some cases, especi ally 

where the groundmass is comparati ve1y coarse, the phenocrysts 

are partially surrounded by an overgrowth of augite. No remnant 

of the ori gina1 phenocryst phase could be located and the only 

clue to its identity is the often well-preserved euhedra1 shape, 

which is generally typical of augite, and has been identified as 

such by workers such as Jacobsen (1943) and Pienaar (1956) . 

According to Cox et al. (1979), low temperature alteration 

features of olivine inc l ude a concentration of fine opaque 

material around the rim and along internal cracks, while the 

bulk of the olivine is converted to a mass of low-relief 

micaceous material . Hornblende commonly alters to a 

fi ne-grai ned mass impregnated wi th di ssemi nated opaques. As 

none of these features is exhibited, and the mode of occurrence 

is considered to indicate a high temperature alteration of a 

phenocryst phase, pyroxene appears to be the favoured 

candi date. Augi te, however, is often well-preserved in the 

groundmass of these lavas, and occasionally mantles the altered 

phenocrysts. Furthermore, Ga rci a (1978) has stated that 

"c1 inopyroxene phenocrysts are commonly the only una1 tered 

remnant phase present in metavolcanic rocks". The fact that no 

remnants of the original phenocrysts were located is somewhat of 

an anomaly. 

A number of electron microprobe analyses (see Appendix II) were 

obtai ned of pyroxenes ina non-porphyri ti c samp1 e, NL-789 (see 

below), which lies within the compositional range of these 

lavas. These pyroxenes represent high-cal cium, diopsidic 

augites . It thus appears that no reason exi sts for augites of 

similar composition to be totally altered, and the phenocrysts 

are thus considered to have been low- calcium pyroxenes which, in 

equilibrium with liquids within the compositional range of these 

lavas , would be Mg-rich . While the above problem will be 

discussed further in the light of geochemical evidence, it 
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should be stated that the conclusions reached above are by no 

means unequivocal, being based almost entirely on circumstantial 

evidence. The characteristic crystallographic orientation of 

the chlorite relative to the original grain appears to be a 

result of the a unit cell parameter of chlorite coinciding with 

the ~ parameter of pyroxene, both being around 5.3A (Deer et 

a1.,1966). This is not diagnostic, however, as amphibole has a 

similar ~ parameter. 

The "altered zone" markers characterizing the lavas of the 

Loraine Formation (see Chapters II, D and III, E) are aphanitic, 

green in colour and contain a high concentration of variolitic 

structures, often coalescing, of a few millimetres diameter. 

These a re altered to ali ghter colour, gi vi ng the rock its 

distinctive appearance. In the samples analysed (e.g. KL-132) 

the varioles are strongly calcitized and chloritized, the 

original texture being destroyed, although no significant 

chemi ca 1 modifi cati on is evi dent. Pi enaar (1956) has reported 

varioles of up to 30mm in diameter. Sample NL-789, mentioned in 

the previous paragraph, represents one of a batch of samples 

which did not form part of the sampling program, but was 

submitted to us subsequently by the Anglo Ameri can Corporation 

for identification purposes. This particul ar sample contains 

orbi cul ar structures, 1 i ght green i n colour and up to 15mm in 

di ameter, set ina darker green matri x. Whether or not thi s 

sample is stratigraphically equivalent to an "altered zone" is 

uncertain, as the latter do not appear to exhibit any 

distinctive chemistry. This sample nevertheless warrants a 

brief description . In thin section, the rock is characterized 

by fairly numerous, well-preserved euhedral to subhedral 

microphenocrysts of diopsidic augite (see Appendix II) occurring 

within both the orbicules and the matrix . The orbicules 

comprise brown glassy material containing abundant sheaves of 

elongated crystall ites representing either a quench or a 

devitrification texture, while the groundmass contains a high 

proportion of devitrified glassy material in which abundant 

secondary epidote, amphibole and chlorite can be identified, in 

addition to the augite microphenocrysts and smaller sub- to 

anhedral feldspar grains. Disseminated opaques are scattered 
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throughout, although a higher proportion is sometimes in 
evidence around the rims of the orbicules, which are not sharp 
but grade into the groundmass. On the whole, the textures 

indicate a rapidly quenched liquid. Plate VI shows the internal 

texture of an orbicule. 

It is probable that this sample is equivalent to the "variolitic 

1 avas" fi rst descri bed by Pi enaar (1956) and i dentifi ed as the 

"altered zone" marker horizons. The nomenclature is thus 

misleading, since the sample is not excessively altered, and the 
crystallites in the orbicules are not arranged in a radial 

pattern as the term "variole" implies. 

(d) Summary: The Klipriviersberg group as a whole displays no 

features suggestive of a volcaniclastic origin for any of the 

samples studied. Although the degree of secondary alteration is 

variable, a large proportion of the lavas exhibits 

well-preserved primary textures suggesting that no extensive 
modification of the original chemistry has occurred. Both the 
Alberton and Orkney formation lavas contain plagioclase 

phenocrysts or microphenocrysts, the lack of which characterizes 

the Loraine/Edenville formations. The latter formations contain 

a relict mafic phenocryst phase which has provisionally been 

identified as representing a low-calcium pyroxene. The presence 

of augite has been observed in all cases, sometimes occurring as 

a phenocryst phase. 

2. Platberg Group 

(a) Goedgenoeg/Ri etgat Formations: In hand specimen, these 1 avas 
are aphaniti c to medi um-grai ned phaneriti c, grey to green-grey 
in colour, and are usually finely porphyritic. The large, 

scattered feldspar phenocrysts which characterize the Goedgenoeg 
formation are generally concentrated towards the mi ddl e of the 

flows, and consequently the samples, having been taken from near 

the base of each flow, show little distinction from those of the 
Ri etgat formati on. The phenocrysts present are pl agi ocl ase as 

well as small mafic laths of similar appearance to those in the 
Loraine/Edenville formations, attaining lengths of up to 5mm. 
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Plate V: Chlorite pseudomorph, as in Plate IV, under crossed nicols to 
i 11 ustrate the characteri sti c internal morphology. The 
chlorite basal cleavage is parallel to the original long axis 
of the crystal. The promi nent i nterna 1 crack s are probab 1y 
original. Note the augite grains to the left of the 
phenocryst, and the amphibole flakes in the mesostasis. 
Sample KL-158, Loraine/Edenville formation. Width of 
photomicrograph is lmm. 

Plate VI: Well-preserved microphenocrysts of diopsidic augite (see 
Appendi x II) wi thi n a mi cro-spi nifex textured orbi cul e from 
sample NL-789 (see text). Plane polarized light. Width of 
photomicrograph is lmm. 
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Microscopically, groundmass textures have largely been obscured 

by secondary processes, the major constituents being low-calcic 

plagioclase which forms a felted mass along with actinolite 

needles in the finer-grained rocks, while the coarser samples 

display an intersertal texture made up of a framework of 

relatively coarse, stubby laths of feldspar. Occasionally, 

hollow feldspar laths were observed, a habit which, according to 

Lofgren (1972) is a function of cooling rates. The interstices 

are filled with secondary material comprising dirty devitrified 

gl ass contai ni ng a hi gh proporti on of amorphous sphene 

(1 eucoxene?) and al tered di ssemi nated opaques, along wi th 

epidote, clinozoisite, amphibole, quartz and chlorite. Quartz 

sometimes occurs with an unusual skeletal habit in coarser, 

quenched samples, and may be the high temperature polymorph, 

tridymite. Small remnants of augite are apparent in some 

samples. Calcite is common in some samples, often replacing 

plagioclase and forming irregular patches in the groundmass. 

The phenocrysts occur either individually or as stellate 

clusters, giving the rock a glomeroporphyritic texture. In 

these clusters plagioclase is often intergrown with, and 

sometimes enclosed by, the mafic phenocrysts (Plate VI!). Again 

the identity of the mafic phenocrysts is problematical and no 

remnants of the original phase could be located. They generally 

occur in shapes characteristic of pyroxenes, and display certain 

features which distinguish them from those in the Loraine/ 

Edenvi 11 e formati on. The most common repl acement materi al is 

chlorite, which sometimes has deep anomalous blue or purple 

interference colours. The fi xed ori entati on of the chl ori te 

basal cleavage, which was noted in the pseudomorphs of the 

Loraine/Edenville lavas, is again apparent. The proportion of 

epidote is high and in some specimens chlorite may be absent and 

the phenocryst is enti rely pseudomorphed by epi dote. A common 

feature within these phenocrysts is the development of an 

amorphous phase of high relief and birefringence, confirmed by 

electron microprobe analysis to be sphene (see Appendix II). In 

some cases it occurs as tiny blebs elongated along the direction 

of the chlorite cleavage trace, while in others it forms 

well-developed spindle-shaped lamellae extending the whole 
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Plate VII: Glomeroporphyritic intergrowth of plagioclase (white) with 
chlorite pseudomorphs after pyroxene (pale grey). Note the 
spindle-shaped blebs of sphene (dark grey) within the 
pseudomorph. Sample PR-19l, Rietgat formation. Plane 
polarized light. Width of photomicrograph is 4mm. 

Plate VIII: Chlorite pseudomorphs as in Plate VII, but displaying well­
developed, spindle-shaped sphene lamellae along cleavage 
planes. The smaller (white) laths in the groundmass are 
plagioclase. Sample PR-186, Rietgat formation. Plane 
polarized light. Width of photomicrograph is 4mm. 
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length of the grain along cleavage planes (Plate VIII), and may 

form up to 10% of the phenocryst. The outlines of these 

phenocrysts are often blurred by a jagged rim of amphibole, 

which may extend as tongues into the groundmass. 

These phenocrysts have been identified in the earlier literature 

as augite (e.g. Jacobson, 1943; Pienaar, 1956), although 

Jacobson (1943) ha s menti oned the poss i b 1 e presence of 

pseudomorphs after amphibole in certain areas. The phenocryst 

shapes are characteri sti c of pyroxenes (Pl ate IX). The presence 

of epidote pseudomorphs, along with sphene in the chlorite 

pseudomorphs, may suggest an original calcic pyroxene in which 

the formati on of epi dote and sphene was necessitated by the 

inability of chlorite to accommodate Ca. This cannot be 

quantified, however, because of the relatively high mobility of 

Ca, whi ch woul d inevitably resul tin a certai n amount of Ca 

exchange between phenocryst and groundmass. If the presence of 

Ca-bea ri ng a 1 terati on products wi thi n the phenocrysts refl ects 

an original calcic phase, despite the high mobility of Ca, then 

the Ti 02 component of the sphene has an even greater 

likelihood of being derived from the original phenocryst, 

because of its relatively immobile behaviour (see Chapter VI). 

The Ti02 content of sphene varies between 35 and 40 wt% (Deer 

et al., 1966), although it is slightly lower in the specimen 

analysed (32%). If it is assumed that the visually estimated 

maximum volume proportion of 10% sphene is roughly equivalent to 

its weight proportion in the altered phenocryst, the original 

phenocryst woul d be requi red to have accommodated up to 4% 

Ti02. This is beyond the range of common augite (.5 to .8% 

Ti02 ) reported by Deer et al. (1966) but does, however, fall 

within their reported range in titanaugite of between 3% and 6% 

Ti0 2. However, it should be noted that in modern rocks, 

titanaugites are known to occur only in undersaturated alkaline 

lavas. 

Sample PG-177, from the top of the Goedgenoeg formation in 

borehole WS-5, has a phaneritic appearance in hand specimen, but 

under the microscope it comprises an abundance of glass shards, 

now altered to chlorite, set in a matrix of fine quartz, 
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Plate IX: Typical pyroxene morphology displayed by chlorite pseudomorph 
in basal section. Sample PR-186, Rietgat fonnation. Plane 
polarized light. Width of photomicrograph is 4mm. 

Plate X: Shard structures attesting to the 
sample PG-177, Goedgenoeg formation. 
Width of photomicrograph is lmm. 

pyroclastic orlgln of 
Plane polarized light. 
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scattered opaques and occasional calcitized plagioclase relicts 

(Plate X). This represents the only sample of pyroclastic 

origin identified in the entire sample suite, with the possible 

exception of the Makwassie porphyries . In addition to its 

distinctive textures, this sample is compositionally far removed 

from any of the other samples analysed in this study. 

Lavas of the Goedgenoeg/Rietgat formations thus display textures 

indicative of solidification from a liquid and may therefore be 

consi dered to represent magmas. At 1 east two phenocryst phases 

are present in many samples, and their combined proportion of 

less than 10% is not considered sufficient to significantly 

modify the 1 i qui d chemi stry. The phenocryst phases are 

low-calcium plagioclase, the composition of which has probably 

been modi fi ed by loss of Ca due to secondary processes, and a 

mafic phase which has tentatively been identified, by very 

speculative 

Intergrowths 

reasoni ng, as representi ng a Ti -ri ch 

of these two phases imply that both were 

augite. 

liquidus 

phases prior to extrusion. An assessment as to whether the 

original chemistry has been significantly modified by secondary 

processes will be made in the succeeding chapter, although the 

degree of alteration does not appear to be excessive. 

~1akwassi e Formati on Quartz feldspar porphyri es of the 

r~akwassi e formati on are highly di sti ncti ve in hand specimen by 

virtue of their abundant large feldspar and quartz phenocrysts. 

Feldspar phenocrysts are characteristically stubby, often 

rounded, and average around 6mm in length, although composite 

grai n s of up to 20mm in di ameter a re fa i rly common. Green 

chloritic inclusions resulting from incipient remelting of the 

phenocrysts are often observed in hand specimen. Quartz is less 

abundant and generally occurs as clear, rounded grains between 

2mm and 4mm in diameter. The proportions of phenocrysts are 

variable, but are usually high, so that in extreme cases 

individual phenocrysts may almost be touching. The groundmass 

is generally of a grey-green colour, although shades of greens 

and reds are sometimes present, and is aphanitic with a dense 

cherty appearance, often impregnated with chlorite and whitish 

specks of leucoxene. 
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Microscopically, these lavas exhibit a complex variety of 

textures which are difficult to interpret. The groundmass is 

primarily composed of a fine, allotriomorphic aggregate of 
quartz and feldspar interspersed with equally fine-grained 
chlorite, epidote/clinozoisite, calcite, altered opaques and 
seri cite. Sma 11 vugs fi 11 ed with chlorite are present in many 
samples, and are stretched out, often bending around phenocrysts 
to fonn schlieren-like structures which possibly resulted from 

viscous flow. A number of features present in these rocks raise 

doubts as to whether they are, in fact, lavas. Fragmental 
quartz and feldspar grains in the groundmass of some samples may 

suggest either a pyroclastic or a cataclastic origin. In the 

former context, at 1 east some of the schl i eren observed may 
represent rel ict shard structures. Furthennore, di screte 
xenoliths of the same rock-type can be identified in some 
specimens, and in extreme cases careful inspection reveals that 

the sample is a composite aggregate of discrete fragments, the 

rounded, i nterfusi ve nature of whi ch suggests that they 

consolidated while still in a plastic state. 

Another feature of these sampl es is the presence of aggregates 

of smaller feldspar and quartz grains, along with a relict 
ferromagnes i an mi nera 1 (whi ch is now pseudomorphed by ch 1 ori te 
and sometimes epidote), altered titaniferous magnetite, apatite 
and zircon. It is uncertain whether these aggregates, ranging 

up to a few millimetres in diameter, represent xenolithic 
fragments or pockets of the final 1 iquid to crystall ize. Less 
commonly, the constituents do occur individually within the 

groundmass. The rel i ct ferromagnesi an phase i s generally sub­

to anhedral and probably represents an original pyroxene or 

amphi bol e because of its elongated shape. It now compri ses an 

amorphous mass of chloritic material, with a concentration of 
what is probably red-brown haematite along original cracks and 

around the edges (thus similar to the description of relict 
olivine by Cox et al. (1979, p.182)). Relict titaniferous 

magnetite is represented by subhedral to anhedral grains showing 
opaque to semi -opaque 1 ame 11 ae of altered magneti te, whil e the 

original ilmenite component has been altered to amorphous 
leucoxene and/or sphene, which in addition forms a major 
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component of the interstices of the aggregates, and gives rise 

to the whitish specks observed in hand specimen. Apatite occurs 

as conspicuous euhedra1 hexagons and subhedra1, often 

spindle-shaped laths of variable size up to . 6mm in length. 

Zircon, although sometimes anhedral, is usually euhedra1 and may 

attain lengths of up to .5mm in exceptional cases. 

In the phenocryst assemblage the feldspars are of two types -

plagioclase of oligoclase composition and an alkali-feldspar. 

In addition to exhibiting variable degrees of alteration (mainly 

to calcite), the feldspars display a variety of textures within 

individual specimens. Plagioclase exhibits both paired and 

multilamellar t~linning, while both feldspar types may display 

textures indicative of remelting, giving rise to a honeycomb 

structure where up to 50% of the grain contains groundmass 

material, while other grains remain unaffected. 

Alkali-feldspars are usually subordinate, exhibit perthitic and 

microperthitic exsolution and appear to be more prone to 

remelting and alteration (Plate XI). Quartz phenocrysts are 

strongly resorbed and often cracked, with groundmass material 

filling the cracks in many instances. 

Resorpti on features di spl ayed by the phenocrysts i ndi cate that 

they were present prior to extrusion, and along with the 

agg1 omerati c nature of some sampl es, the presence of schl i eren 

structures and broken phenocrysts in places may be a result of 

the high shear stress involved during viscous flow, as well as 

faster cooling of some parts of the flow with subsequent 

fragmentati on and rei ncorporati on into 1 ess vi scous porti ons. 

During the sampling operation, flows could not be recognised 

with certainty. Both Winter (1976) and Jacobsen (1943) have 

reported that flows are recognizable, and the latter author 

invoked the presence of thick cooling crusts as indicating that 

the lava was relatively viscous. Jacobsen (1943) also commented 

on the "i rregu1 ar character" of the rock, whi ch may sometimes 

have a "very turbul ent nature" whi ch makes the i denti fi cati on of 

flows difficult . 
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A more detailed study would be required to adequately account 

for the petrographi c features observed in the sampl es studi ed. 

A gradational alternation of lighter and darker zones was noted 

in the succession during sampling operations . There are 

indications that this may represent a primary mineralogical 

zonation. However, the variations in composition between 

individual samples could not be related to total phenocryst 

content and/or phenocryst proporti ons, both of \~hi ch are 

variable. It is probable that such a relationship would emerge 

if a larger number of samples was studied in more detail. 

Despite inconclusive petrographic evidence, it is considered 

likely, in view of the highly porphyritic nature and fairly 

sil icic composition of the Makwassie rocks, that they were very 

viscous at the time of extrusion and that they comprise both 

pyroclastic and liquid components. They nevertheless bear a 

unique geochemical signature and display rational compositional 

trends (see Chapter VI), various possible explanations for which 

will be considered in Chapter VII. 

3. Allanridge Formation: 

In hand specimen, lavas of the Allanridge formation are green-grey to 

dark green in colour, and fine- to medium-grained phaneritic. Finely 

porphyritic lavas are evident to\~ards the top of the formation. 

Under the microscope, Allanridge lavas bear a strong resemblance to 

the coarse-grai ned 1 avas of the Al berton formati on and the 

non-porphyritic lavas of the Goedgenoeg/Rietgat formations. They 

show a wide range in the type and intensity of alteration, with a 

1 a rge proportion of sampl es bei ng strongl y carbonated, and others 

show a remarkable preservation of plagioclase grains although the 

interstices have been chloritized and epidotized. Stubby laths of 

brownish augite are preserved in a few samples, while several samples 

from near the top of the formation contain ~Iell-preserved euhedral to 

anhedral augite phenocrysts, often in gl omeroporphyriti c cl usters. 

Altered opaques and scattered specks of amorphous sphene are common, 

while small relict skeletal magnetite crystals are preserved in some 

samples (Plate XII) . Chlorite-filled micro-amygdales may be 
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i denti fi ed under the mi croscope in some sampl es. In hand specimens 

these may be mi staken for chl ori ti zed rna fi c phenocrysts s imil a r to 

those whi ch characteri ze the Goedgenoeg/Ri etgat formati ons. An 

altered mafi c phenocryst phase is neverthel ess occasi Dna" y present 

in insignificant quantities. These phenocrysts are similar to those 

of the Goedgenoeg/Rietgat formation, although their shapes are poorly 

defined and brown sphene inclusions are not always present. Although 

it is not possi b 1 e to ascerta i n whether they represent the altered 

equivalents of the augite phenocrysts described above, thi s should 

not be di scounted in vi ew of the wi de range in the intensity of 

secondary alteration . A microphenocrystal generation of plagioclase 

is evident in many samples and generally occurs as intensely 

carbonated relicts. 

On the basis of texture there is little doubt about the liquid nature 

of these samples, with at least two minerals, plagioclase and augite, 

present as phenocryst phases . Chemically these lavas show very 

limited variation of immobile element concentrations, and hence 

provi de a useful i ndi cator of the degree of chemi ca 1 modifi ca ti on 

which may be expected from samples showing a wide range in intensity 

and type of secondary alteration. 
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Plate XI: Partially remelted plagioclase and alkali-feldspar 
phenocrysts. Note the more extensive resorption features 
displayed by the alkali-feldspar phenocryst (pale-grey, 
right). Sample PM-2l2, r·1akwassie porphyries. Crossed 
nicols. Width of photomicrograph is 4mm. 

Pl ate XII: Typical occurrence of skel etal magnetite octahedra in the 
groundmass of some of the Allanridge formation lavas. Sample 
AR-400. Plane polarized light. Width of photomicrograph is 
4mm. 
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VI DESCRIPTIVE CHEMISTRY OF THE WITWATERSRAND TRIAD LAVAS 

A. Introduction 

Chemical analyses of lavas of the Witwatersrand triad are, with a few 
exceptions, conspicuously absent from the 1 iterature. Wyatt (1976) has 

perhaps provided the most comprehensive collection of geochemical data to 
date, with major and trace element analyses for about 50 lavas of the 
Klipriviersberg Group from the area to the south of Johannesburg. A 

substantial proportion of these analyses represent the Meredale Member, a 

sequence of high-Mg lavas within the basal Westonaria Formation, which he 
showed to be unrel ated petrogeneti cally to the younger Kl ipri vi ersberg 

formations, and which display features indicative of liquid immiscibility 
(Cawthorn et al., 1979; Cawthorn and McCarthy, 1977). Meredale Member 

lavas are not represented in the present study. 

Labuschagne (1974) presented 20 maj or element analyses of 1 ava samples 

from the lower 850m of the "Ventersdorp Group" in the East Dri efontei n 

gold mine to the \~est of Johannesburg. These samples represent the 

Klipriviersberg Group. 

Apart from a small number of analyses presented by Cornell (1978) and 
Tyler (1979) of Ventersdorp correlates in the Prieska district and 
west-central Transvaal respectively, and isolated numbers of analyses 
interspersed throughout the earl i er 1 iterature of Domi ni on and 

Ventersdorp volcanics (see T.B. Bowen, 1984) , virtually no data is 

available on Witwatersrand triad lavas excluding the Klipriviersberg 

Group. It is thus hoped that the data presented in this study will at 
least partially fill this void in what must be one of the major volcanic 

sequences in the South African stratigraphic record. 
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New analyses for a total of 326 samples are presented in Table 1. The 

number of samples in each compositional group is listed below 

GROUP 

Dominion basic lavas 

Dominion porphyries 

Alberton fm 

Orkney fm 

Loraine/Edenville fms 

Goedgenoeg/Rietgat fms 

Makwassie fm 

All anri dge fm 

Jeppestown amygdaloid 

Intrusives 

NUMBER OF ANALYSES 

72 

32 

19 

32 

39 

66 

17 

34 

6 

9 

B. Analytical Methods 

Samples were analysed by X-ray fluorescence spectrometry for major oxides 

by the fusion method of Norrish and Hutton (1969), with Na 20 and trace 

elements Ba, Nb, Zr, Y, Sr, Rb, Zn, Cu, Ni, Co, Cr, Y, La, Ce and Nd 

bei ng determi ned separately on pressed powder bri quettes. Sampl es were 

crushed after removal of extraneous materi al in additi on to the outer 

surface of the core in order to avoi d the effects of weatheri ng and 

contamination by the core barrel and storage trays. Detail s of the 

analytical procedure are documented in Appendix I. 

C. Strategy Concerning the Presentation and Assessment of Data 

The ana lyses a re presented in the numeri ca 1 order in whi ch they were 

sampled and prefixed to indicate stratigraphie affinities. Both major 

and trace element data have been recalculated to exclude volatiles, and 

with total Fe content as Fe203, the oxidation state in which it is 

determined by the analytical method employed. While the normalization of 
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(11 pages fo llo'oJing) Major and trace element analyses. 
Both major and t~ace elements are recalculated to 100% 
volatile fr.,.,.. Original totals and volatile contents 
are provid--d. All Fe 'oJas analysed as Fe20 • Major elem­
ents are .,xpressed as weight percent oXld~s, trace ele­
ments in parts per mi II ion. Trace element concentrations 
I isted as 0 ppm are below detection I imits. Asterisks 
indicate values below the lower limits 0f determination 
(LLD), but above detection limits (DL), which are half 
the LLD's (See Appendix I). Prefixes to the sample num­
bers are derived accordi'1S to the follo\oJing system: 

GRCUP FORMATION SY~:BCL 

AR - All anri c1ge AR 

R - Rietgat PR 
P - Platberg M - Makwassie PM 

G - Gcedgenoeg PG 

L - Loraine-Edenville KL 
K - Klipriviersberg 0 - Orkney KC 

A - Alberton KA 

J - JeppEostoll'n C -Jeppestown amygdaloid JA 

D - Dominion 
p - Porphyri ES DP 
B - Basic Lavas DB 

IN - Intrusive IN 
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TAB I E I :(cant.) 
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TABL E I :(cont.) 
OXIoES AtHI TR H E FLI:"IENTS RECALCUlATI:D VOlATILI: F,Hb ALL FE AS fE203, TOTAL = ORIGpuL TOTAL: 

SA~plE:1 0"- " DP- " DP- j3 DP- H DP- J' OP- 16 OP- H ,p- ,. DP- lY DP- 4U 
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TI 02 1 • Od 5 O. 8Q, '.4~V U.ts94 lJ.77/o 0.8'" O,tslfl O,8!l9 U,HSts U. 7" I 

Al103 1 " • S.l , .5 . 25 ,n.tl,) 14,/n 11 . 73 '2.00 12 . !:Its 12.44 12. Q U 12.UO 
FE2Li3 , .5 • .5 j 6.62 b. j ~ 1 .2 • ~ 4 Y.11,1 5.41 n.t.o 5 • 01 1.13 , • d 1 · 

"'0 U.10 n.vA O,Uj U • , 1 U.08 U,07 O,U6 U. , 1 u,no U.Ul 
'GO 3.71 1 • 1 '" 1 • loU 2 , , 7 1 • :3 5 0.4U 0.60 U.4,<I. !J.l4 U,.5l 
(10 1. 'j6 4 • 1'i , • (u , ., 4 U.67 1 .24 1,05 2.n U,Q(j U.:> , 
to. 20 j • .3 j 4.0' 1,t'l , • U1 1. 6' 4 . 12 4.16 3. 4~ 4,76 .s. ") 
'20 u. 7 I 2.3\ 7." 3.10 , 6~ 

3 2' :S,U7 J. 3' , • .3 0 4. , 4 

PlO5 U • .5UO ll.l'Vt. U.:>, 7 0,.519 u: 255 0: 79 0.£67 0.271,1 U.246 u.25Y 

To T I,L : I.f lj. 'lid YR.sn '1tLY 1 YY,I$7 9'1.44 '19.93 99,37 97.89 9'1.42 9Y,U') 

LO I 5.11 ~.60 3, U"::: 3,U6 £.,2 , .46 , • 'JI8 2.54 1 .62 U • til) 

B, 3d8 fl.OS , 1 21 ,YU 4JO 1042 760 60' J, , , ":::07 

H" S.6 15. , llL S , 4 , , , , ,7 13.3 14.1 u.s , 4.4 13.) 
I, ", ']3 54' 31' 09 19~ Z06 179 lon 0' 
y ":::'1, l U.l 6U,7 jj,8 27, ) 1 .1 3U,6 2H,4 j 1 ,7 24, b 

S, oY, 261. 00 , , Y4 233 20' 164 .7 , O. ,,, ,,11,6 IolJ.H 2UIo.4 YU,Y 90,4 68.2 56. , 74.~ .57. ~ "2., U 

IN 116 66 46 , l' , • J ,. 6' 8, 127 51 
CU /4 0 • • lO , , , 1 , U 7 7 
• I 3 • 7 16 1U , , ,0 0 7 ," 0 
CO 07 ,9 " i4 28 14 16 '5 lO " 
" 7 a 3 l' 4 4 4 U 8 0 

v 3£5 59 0/ 0' 54 54 jl 5J 55 4' 
LA l5 71 21 11. 40 ,0 jl 46 .. 4V 
CE '0 , 14 5Y , " 71 93 , 00 92 V1 'OU 

·0 i. ,4 ,6 If 34 40 44 3. 4' 45 

S"'~PI. , , D.- 4, DB- 42 IN- 'J 'I N -44 IN- 4' IN -46 OP- 47 DP- 4. DP- .. DB- 5u 

S102 S 1.78 '7.77 )O.td SO,~3 5U.66 ,o.v, 69.37 67.68 6H,38 6,.50 
TI02 1, j,4 0.53'1 U.4jr,l u.425 u,4 .D U,462. lJ . '49 0./66 U,7'11o , ,U4:> 

AL203 15,4.3 '7 • .51 14.4 U '4.37 , ~ .01 '4.85 12.6 S '1 . 03 12.7b '''.67 
fE203 1:; ,lW '1.7< 1 U. II Y, :)6 o .1 ' , 8. , U 7.>3 8 . , 6 8,7 4 8.6') 

"NO lJ I 1 4 U.16 0.14 U.14 0. , .15 O.USi O. , , U .18 U • , 6 

'GO .5.0l 5.0J lU.~H , 2. 10 "1.67 9 06 \).70 V.SO 0.26 , .94 

"0 ~.8U O. 19 1 1 .0 ( 1 .57 1t.19 '1: 0' I.U2 2.87 , ,90 6 . 47 
NA20 l.71 .3. 9 'i 1. Ul 1 • ) 4 1 ,43 , ., H 4. U1 4.39 3,33 ,5.110 
KlO V.55 1 .66 1 • 7 ( 0.03 u.70 o .7v 2. 67 2. 101\ 3.41 1 , 1 6 

P205 u.H8 0.U43 0.0,59 0.U3' U.044 U.04, U. ,,1 O.lnrl U.231o u. ,)1 

TOTAL: YY.2U Y9.3iJ 'IY.b) 10U,34 101.46 Y9.46 99.08 Q9.47 98.63 98.59 

LO' 5.90 :3.65 2.6 ( Z, 5" l • 61 2.49 2.16 2.81, '.3Y 4.Y9 

BA 226 1,4 3' 3 ,08 ", 130 61. 492 660 , .. 
NB '.7 2.4 U.7 3~·4 0.' , • 2 14. B 1 ~ • 7 , 4 . 5 '.' 
lR 144 4l 34 33 37 246 241:S lI6 ,.7 
Y 2H.5 6.' 1 I • 9 16.7 , 6 • 5 '7.9 3~.6 36.7 52.V 29,0 
S. 107 "2 2UY 191 1 ! 3 , HI 237 )46 1 65 '74 
RS '5.9 46.4 6j.U ~~.6 31,0 35.1 h 7. ~ 90. , li6.1S 44.4 

'" '33 , 1M ", 6, 73 04 , , 6 01 70 
CU 40 , 5 5 ., 75 73 87 1J , , 3 9 64 
N I '9 '43 246 110 102 , 7' , 2 , , V l' 
Co 64 60 5Y 55 55 58 ,Y l' 21 4U 
CR 4 "'< 8,4 11 ,9 /'1 '6J 3 4 " Z· 
v ,7v lJ7 219 115 lH 234 " lu " ,73 
LA 23 0 0 5' 0 4" 4J 42 46 1> 
C E 3" 0 0 0 a a 82 83 Y1 5' 
NO 2U ° 4' 0 0 , 5 JY 3H jj 20 

SAoo,PLEI DP- , , os- S< 08- " OB- 54 00- " D"_ ,6 OA- 57 DB- 5" DP- 5Y DO- 6U --_ ......... 
SI02 6Y.84 ;, 1 • (\ 2 :;'~.)O 57.9.5 S;.89 " . so 5 J • 1 4 5 b. 3 1 7U.S7 6U.ld 
TI02 1l.705 O. tHJ6 1 .1 ) 2 1 ,6 6'J1 U.75l 0.664 tJ . o 4 7 O.97u 0,771 U. ylt u 
A,L2oJ 1..:::.6) 1 2 • 0 A. 14, j 0 12, Y:3 1 j. 6d 14.96 14. y.5 14.4(1 , 2. , ~, 1 j • ;, 4 

FE 2ed 6 1 2) , 2 • S 1 11.0) 1 2 , l 1 1 u, 22. 8 . 96 9 . 6(; ,V.U ~,5 7 10,102 
",0 1),00 U.21 () , , ) U .l4 u,16 0.14 0.16 0.14 u.(1o 0.13 
'GO u.91 1 1 , 3" 4.6 ( 2.,18 '.54 6.17 7.56 LH 1 • 2 1 .s. 4 ~ 
CAO l • 1l ~ : ~ ~ I."::: ) 7,U7 1U.25 "I .13 ~: .~~ 1 ,S 5 1.70 

NA,2 u ".4U .5.'1'1 .s.) 4 i.6' 3,0 4 1.88 , .43 , .90 

<20 l.64 0 • .55 O.tI) 1 • , 1 u.7:3 0.70 , • .s 2 U. 9 7 ) ,6l:S 1 • iO 

"'20S IJ,lo5 O.'~4 0.j65 0.019 lJ, 1 70 0.144 0.12,1( v.,'5 0.l6L U.32.U 

TOP\' '1'1, loy '19.01', '1Y,/Y 98.5{} HJU,4l , 00. 55 99.lSl 99.83 91,1.33 10U.1S0 

LOI U.~U 2. 6 ~ 1. ,,, .L61 i.59 1 , 41 4.31 , .7J 1.26 , • 76 

BA 5dY ,9U l71 .'6 '6Q 371 54'£ 551 1695 1 U' 1 

4" 1 2 ,'I 3.1 7 . , , .5 • (J 1 , , ,.7 , .1 6.2 1 1 • .5 0.0 

'" 172 76 16/ 2(t) "5 70 " 16' ,)9 HI 
Y ":::9, II 1 ~. 8 .5U.O ", , .3 1 9.4 18.4 , 'I .7 2'. , ". J l/:).3 

S" po 144 41Y 402 374 6"' 42d 743 254 /0. 

'. IS i, 9 B .IS 2.L4 6) • .3 11 • " , , .0 2l.9 14.5 , U7 • 1 1 d. j ,. .0 ,'. , ()j ,U .4 74 71 01 ," "y 
CU 1 2 S1 60 jV .0 oH 64 " H <3 
N I 10 H. dO " '" 1M2 2" 40 12 27 
Co 2 , ,,, ,0 >J ." ,0 64 '3 19 51 
co 5 , .3 fl 1 41 " YiP! 6"2 6'U 2u 4 1() 

V 64 20 '" 2V 1 l'R 18. ,9u 114 70 l2l 
LA 47 V 2U ,. R* d , 2 , , '0 27 
C E 0' ,. \U If , 7 20 l' .. 01 " NO >" 14 " q H , J ,0 3U .1 " 
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TABLE I :(cont.) 
on DES AND TR ACE fLE~E"ITS RECALCuLATI:O Vl)LATILE FR E E, ALL f E AS FE20J, TOTAL = ORIGINAL TOTA,l: 

S,l"'PLEI DB- 61 DR- 6/ 0"- 03 DP- 64 DP- 6~ DB- 66 OR- 67 DB- '" DB- 60 09- n 

SI02 56.49 58.47 :>5.U) 71 .'9 7U,1\2 56.32 57.3d 56.39 6U.f.? 6\) •. 33 

TI02 Ll.61lj , ,l. D 1. C:l n U.749 U.7dJ 1.1~3 , . , 7, 1 • 1 .5 M , ,I,ISI:S , ,IS 4\1 

AL 2 OJ 1 5 • ~ 1 1 Z • ~ '1 , 5 • j:, 1 2 • '2 1'-. )0 , 1..40 14. II.:. 1 4 • , 6 " • (',0 4 
, , . l.l 

FE2DJ /).53 '4. U 2 lj,U't 5 I:> 6 ;.SIS , , • 56 11. 08 11 .76 D.03 , j • J 1'\' 

" NO u.lt. O.lfl O.lt. v.u7 V,n7 0.17 n.' , 0.14 U.,4 U.14 

"GO 5. n 2,6n t.. 1 t. U.61 U,64 4.61 5. Y 4 4.69 l.2b I. 20 
CAO d.66 6.ld 7. Y I i,lot1 t. • 3 1 6.1B 3.65 6.3l !>.24 5. Hs 
N A 20 l..Yb ,2 • .5 4 5,'10 .5 ,In 4. "35 4.06 3. 4 3 ..s. \I 8 t.,89 l..63 
(10 , • 21 1 .01 U,bY 3,Uo l.RO , • 1 Y , • t. 7 1 • (J 7 , ,'4 l. , , 

P205 U.loS 0,4;'U U.J)J U,lS5 u.1.67 U,354 O. J 72 0,332 U. 71 U U.07/ 

TOT H : l ou.Sa 1 UO. 1 4 Y IS. 71 100.17 9Y,50 \la.4U 97.Y9 91J.73 f.}Y.32 YY.9Y 

LOI , • 7 rl 3.U5 4.6~ 1 .66 1 .74 , .67 2.Y3 1 • 54 2.76 2. U6 

BA 501 53' 324 Btl /37 415 5U" lB6 064 6K" 
NR y5·ij ". , 1.6 

26t·
9 1 J • .5 ~.8 6.4 6.U 14.0 13."1 

Z. 2 1 4 ,., 01 17 174 16" jH L8) 
Y , Y • 1 34. 4 .5 U. j L.7.6 28.0 31 ,9 lY • 4 .5 1 • 1 4g.0 4".U 
S. 7'u 51 4 71> IVY 3UO 43Z 23' 4X~ HS '64 
"B jH.4 45 • .5 2"1 . 6 13 .3 67,5 2 .' Z 7,4 36.1 ~3,) 106 • '-

ZN 15 100 10/ Ij 18 111 24U 108 1 J7 14V 
CU "6 34 6' , 3 , 1 70 7U 70 l6 1. 
HI , uo 1 " 31 " , 1 87 96 93 2' 23 
CO ,4 S8 7' 11 16 56 6' ;7 40 ~ 7 
co 01) , , U 4 d 4~ 46 52 1 ~ 1 U 
V ,14 392 3)u OU 24 274 244 312 320 
LA ,. 31 <' >< ~O 20 24 18 40 37 
CE n 71 4 7 VB 92 40 5U 4' "6 "~ 
No 18 39 <6 44 43 29 32 n ~O 5< 

SAJIIIPLI::I OB- 13 OB- 7~ OH- iO DB- 77 OB- 7B OB- 79 DP- 80 DP- "1 DB- X2 OB- 83 

SIOl 5',1 .41 60.46 ')Y. Y / 6U.74 4ij.79 53.20 70,60 71 .32 53.12 51..Y2 

TI S2 1. !HSY 1 • IS l .5 1 • (U6 1,632 1.057 U.7a 0,146 ~.144 U.6~l U. 6 7"1 
AL 03 12.ou 12,49 1 2 , 4 I ,2,Y8 IU.33 16. 00 12.25 , .31 13. Zg ,.5.) 7 

FE203 1 3 ,87 '2,61.. 13,U,) 1 U, 6 5 14,60 9,96 ~ • ~ 1 5.99 , , .49 lU.'iY 
"NO l). 1 5 U,14 O. , ') t),15 U.20 g.j~ O,U7 U.09 0.1 B U.17 
"GO < • 1 5 2 37 .5.1.1 2,72 1.9 B D.HB 0,81 H,46 ,g:~~ 
CAD 4.1,1) 5 : 5 ~ ) . u) 6.44 j.09 6:74 , • dO 4.SR 1 U. 1 d 
f'oIA20 .5. Jl 2.66 t,6') l.!S6 2.99 3.19 2.20 2.14 1.19 l. 75 
(20 1 ,)0 1 .04 , • , 6 1,I.l U.78 1 .5 B 5.70 1 .76 0.79 0.3"8 
P20S U.7tJl O,6R4 U,)'12 U.~96 U.204 0.147 0,£46 0.241 u. 1 36 0.136 

TOTAL: Y9.7t) ..... 8.8 n Y9. 4 l 99 • ..s 5 9Y.44 99.1B 99,~9 99.57 9Y.1n 1 n' .:5.5 

LOl l.36 2.68 3 • .5) 4. !II. 4.70 2.30 0.69 1 • 22 3,27 l.ZT 

BA 017 i. 7 ·S, 549 ." , 164 1 090 123U 645 135 l3U 
"B 14.9 , 2 • Y , .5 • 1 12.3 5.2 5. a , ..s , 5 1 j. 6 2." 0.0 
ZR SUO 291 27tl 266 1 U9 89 267 177 "" BU 
y 46.6 45 • ) 4.5. Y .H . ' 26.0 20.4 27,t. 29.2 17 . ~ 1"1. U 

S, 163 510 306 51U 227 242 1 6 ~ 565 323 391 
Ra '! 3.~ 39.1S 44.7 .. W,3 11. 2 29.7 , l' . 0 3J . 6 S • , ".u 
Z, 140 , 28 1 4' 11. 1)5 92 7" 74 d5 7> 

CU 31 35 3u >5 36 41 " 1 3 04 n 
HI <5 31 31 >4 601 220 , 1 , , 31R 31U 
Co SO 53 52 44 110 62 17 '8 70 67 
C, 10 9 Y • 1j89 734 " ~ 1 U 1 2 974 
V ..51n '15 j 1 , 264 269 204 5U 40 104 '9. 
LA 3. )0 31 >1 8 8 4> 47 3 • 
CE B1 70 IS 05 30 23 94 1 au '9 24 
HD 50 47 44 47 1 7 1 4 41 43 7* 14 

SA IIIIP l E": D·~- "5 1H- 86 1 N- 87 DB" 8tl DP- ISY IN .. !jIQ DB- 91 DB- 92 OB- 93 08- 94 

5102 )!:i.M\J ~'.lj :>2.7~ ~7.l3 11 • 'i4 ~ 1. 2J St.,Ll ~".22 )' ,7U ~j.,u 

TI02 u.7'/4 0.409 0.614 1 t 1 67 U.832 0.468 , ,tl80 1 .598 0,763 0.676 
AlZv3 14.76 '4.99 14 , .5 0 '4,01 11..47 14.64 1l.jO 13.05 1.5,06 , j. /0 

FE20j Y l 24 ".15 , 1.,c1 13.YO 6.58 9.11 14.44 14.>U , l. 3 0 1U.36 

"HO 0.'" 0,15 (J.1I 0 1 17 0.06 U.16 0.1.6 (J. 1.~ U. HS 0.1" 

"GO 4.~6 y. , 2 7,6"1 4.43 , • , 7 10.13 7.75 3. 41 !.J , , ) ~."7 
CAD 4 • I.J ~ 1 2 • 1 A Y.'"!'1 4 • 1 5 lJ.78 10.71 7.08 6."11 Y.'i4 "1.46 

'Hlu '- .55 1 .61 2 • .5j 2,) 5 5.70 1.BO , ,Y l 2.74 2,5U Lug 
(20 .3.6'" 1. u7 U.~U 1 • ')0 L. 6 1 1 .6!.J O.ll 0.84 0.57 U.71:\ 

PIOS 0,211} 0.Ul3 0.U04 0,l92 u.2SY 0.046 0.987 0.546 0,172 a,l .S') 

TOTAL: "1(4.,65 '00. Bn luO.6L 99,4{) 9'1 . 56 1 LlO, 5!S 1 OU , UO 98.75 99.5" 1 01. U2 

LOI , . '" Z. UA l.Ud '" j 2 , .16 2.46 6.tsZ 2.B1 .3, ') '" l.46 

B, 27>1 205 ,77 4<6 "16 147Q 10' ~, U ,2"!- .s/}4 .. 7.3 0.1 1 . , 0.4 , 3.1:1 0.7 '7.2 , 1 • b 1.0 I.U 
I , 137 18 S2 100 1B6 34 284 257 "" 7> 
y <3. 3 15. l l' , 4 '-!S.Y 0.4 '6.7 5 I • 4 42.1 '- 0.3 1 7 • ') 

5, "4 HK 168 3<2 141 214 210 422 343 42< 

'a ':JY.7 41 • "I j9 . I 10 1 • 5 73.1 101 .0 0.5 .3 1 • " ''',7 1 IS. j 

I. Y0 01 76 1<2 "4 69 101 137 03 71 

CU j9 74 95 0" 10 68 ,~~ 
,3 71 41 

"' 04 181 117 t6 10 1do 40 3<1 '-IJ L 

Co )i' 56 ~9 " 17 50 /1 63 79 6. 

CR <B 77, ,,0 7 1/ " 31 o~o 10 , 1 5 A 656 
V 19. 21 2 ;no 3>4 H 236 16> 302 2j9 20~ 

U 17 0 ,. ,v 47 4* 51 40 9 1U 

CE 4l 0 o· o. 63 0 1/1 84 '4 20 

" 23 0 7 " 40 5' 04 4S 1 , 16 
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TABL E I: (cant.) 

OXIDES '." TRACE HE"ENTS RECALCULATtD ~OLATIlf F REf ... 'll FE AS H2O}, TOTAL • ORIGl~Al TOTAL: 

Sl"pLEI O~. 95 DP .. 96 08- '17 OP" 98 pP- 9\1 KA.-1OO K ...... 101 (A- , n2 1l.4-'03 1(A-10' 

S 10 l )O.Od 71.09 )O,'1lo 70,79 71 ,1.0 :'0,26 51.07 55.49 ~7.29 5).29 
T I~ ~'·l' 9'" 1 1." i 0, 7~' U,6~~ 1·£40 , .UISO 1 .094 , 104U , .U7b 
AL OJ 1 , I 1 • .5 8 '" 4'{ ,2,6 11. " 1 , 4 '4.4S 15.62 '''.'' 7 

, 4. <,ll 
FE201 11.52 S,Yo; 14.lJ ( I 1 6 O,8

S 
11 • rl 11 ,. ~ ".hO 11 I' t,I , U. 72. 

"H8 ~:l1 ~.OS U. ,) 8:91 V:~ ~: t ~. 1 U~ ~ • 11 2:~l "' • 01 4.4.l •• , J5 
CAO S 184 1 • 1 6 6 • ), 0,'118 , .04 9.77 5.16 5.j9 ).65 7.27 
HA20 5.44 I. J7 2.150 2., ,H l 76 0.67 1.10 4.09 4,Ob 4.ao 
~l85 ~: l~o I .J O. " 4, .H 

6:H5 8 91 0.69 
8:09 

0.66 6. 54 
0:250 0.140 U.lOS : 144 0.140 0,15.5 .' dJ 

TOTAll Yd,Yb 100.14 lUO.4,l 99,43 IOU. I 5 '00.74 100,50 99.95 10U.76 91/.05 

lOI 2..3l '.64 6,)1:) ,.78 ,.41 10,15 2.99 3,41 .::: 1 8 $ $,51 

SA \YO 1019 10- ~)l _H2 102- HU 226 2S1 49) 
HB 5._ 13.6 '.5 14.5 14.0 _,9 , , I •• I 6.5 •• < 
IA "t 27> 'l' 244 

<If ,I Il9,7 T '~6 I~O 1~' Y / .6 2b ,Y -. , iY.5 1 , 5 5.0 l. , I. ) 
SA )H 171 l8i 11 50 2 • Il~ 245 596 •• i.e..4 84,H •• 9 1 jy.J 63,0 38,5 HS.Q I .' il.2 51 .0 
lH lU' 57 156 ,y Yl 8/ .5 86 87 8_ 
eu 55 11 .' 1 ) 

1~ In 
8. 

1 !t 77 107 
" I 71 ,2 51 1 ~ IH 1 55 1._ 
co ~l 17 61 </ 21 

IH 
.1 51 

e A 7 7Y 5 1~ 143 8Y .. 6. 
V 208 59 34£ 'I 191 19/ 201 1.1 16V 
lA /1 '. 21 )V 39 1 , 5' 1 3 1 2 11 
C E 47 8v H ". 79 15 2~ II /8 Ii 
"0 i. 41 " ., 34 ,. 17 19 14 15 

S.4.~PLEI 1(,.,-1U5 IeA-l06 KA-1U7 KO-I08 1(0-10'1 1C0 .. 110 KO-lll KO-ll1 KO-l1's kO-1'4 

5102 5.5,Y6 55 , 46 :>0.7U 53.H5 5.5.80 >4.30 52. l 1 53.26 53,20 51 .77 
TI~2 , t 0"'7 1. 017 1." 4 , ,Ull 1 • g 7~ 1. y'. 1.UY7 0.'196 1 I U~.5 , • liZ i 
AL 03 15 I 10 1 .00 15. :,y 15,01 ,.. 0 14 7 15.54 14.96 1 4 , 5 15.43 
, no.! 1 1 .61 10,66 1 1 • :> 0 , Z, H6 1.5,94 Il:F 14.46 12 . 77 1l.4l '4. , 5 
.. 0 0 1 12 0.14 O. " ~,1 5 U.,7 ~'la 0.17 0.1~ U. 1 7 O. , 1 
"GO 4,6U 4.71 4.'4 ,/9 U~ 5.79 -. , 5,22 4,\11 
CAO 8,64 8.1ft 5. Y 1 o,H9 6:49 5.66 9.HI Y,66 6.25 
HAZO .5.Z' l.38 4.0£ :5 ,Y9 .5.43 1.91 3. YO 2 •• 9 2.73 Z. H9 
tzo 1.40 , .29 D.7U 0,7S , .2 Z o 7Y 0 •• 5 0.76 0,85 l . i8 
P205 0,169 0.171 O. , 02 0.122 u I 127 0:,20 0.126 O. I 21 U t l4\< 0.1 31 

TOTAL I 100.77 '00 .21 Y9.3) 100.56 100,06 9Y . 64 100. , 8 , 00. 5 ~ ~d.94 , uo. 69 

lol l,D 1.16 3.1' ,. Y9 II! , 1 Y l.OO 2 • 1 , L!S9 € .38 /. 1 5 

"' 05'/3 144 15' 20Y '05 249 270 25, /.7 5.U 
HB 5.1 -.Y 0.1 '.6 4,Z 5.6 " , 6.6 6.- _.u 
Z. IiI 11 7 1 31 1 uj '01 , O. , OY 9. 1 U, 1 01 
Y a.2 50. 7 I j. 2 i4,3 j~~'. 3~~'- A,,8 6H·· p.v 22,-

" .Y3 141 5'0 , i • 7 30_ 
'8 46.t.l 40,6 24.6 tl,J , ~5' 5 28.1 34.3 27,0 19,4 46.' 
ZH 0- dl Y. 1 u, 95 107 ~3 Y. 12. 
eu 114 '08 10' lu' lU, 111 11 < II. 02 6' 
"I 1.2 15Y 156 ,>1 1.1 .0 163 152 I>J 1 56 
Co ., 51 6j 14 ,rl 74 7Y 75 66 ., 
C. Y7 6. 71 .7 79 72 65 54 75 
V , lSi) ,.. 17) :05 239 25_ 114 <14 ze.o 
l' 10 10 , I 1/ 9 1 2 0 8 8 1/ 
eE 54 II Ii 0 II 16 21 H 50 21 
No I 5 12 1 6 1 , 13 I J " 10 10 15 

5 ""'Pl E I KO-115 1(0-116 1\0-"7 ':0-118 KO-l1Y KO-lI0 KO .. 121 <a-III KO-l.205 1(0 .. ' .2 4 

SI02 55,53 ; 4 , 5 3 )4, 1:1 ) 53,20 51 .0 1 5, .46 49.; a 54,79 5 4 .30 53.; 7 
Tl~2 U.Y<;1 , • 02:> 1 • Ul 5 U.1I31 1. 06l:S 1,~l' 0, '1140 0'>1 4 U,X'Y U,b~7 
AL 03 '3,90 1 4 • ,S 1 4 , ) ) , s ,u 5 l' • SS , ". 2 1. ,75 , 4 • 7 1',.2' , " • 5 7 
F E 03 1 1 • 47 1 j , 2 3 , ..s , , ° 11 f 'IS 1 j, a 13. , 0.01 12.lS , 1 • ~ 5 " .0, -HO 0,110 0,1" U.llo U,13 U ,17 0,' a 0.10 O. , R O,H> U.11o 
"GO 5,2<; 5,7' 5.410 4, tSO }.74 6.21 .2. j 3 5.19 ,4,0;0 4.)U 
C,O 7.4'" 1'. 7 O,U.l 1U.06 1:1 f 13 6,48 19 , ° 1 •• O~ ) ,69 "6' 'h20 l,65 •• 7 5.) ) 6,>1 j ,44 6.g2 0.l5 I • , '.na '. 6 <20 .2.54 0,79 , , , ) ,54 1 .32 O. 6 0,38 1 .46 0.90 t.. l7 
'205 0.138 O,l2/. U, '0 0,1 ,34 u,,45 0.158 0.150 0.125 U, 1 (JI:I 0.11,) 

TaUl: YY,21 lUO. 45 1 UO. j j 9Y,1H 101,45 , U3. 9 5 '00, 1 1 Y9.27 Hd,60 lUZ.;; 

lOI 2.1b 1 .9" 1 , 1:1 j 2,54 , ,3Y l. 44 6.7H 2.82 , .15 , • IS'" 

B, .>1 H2 561 1 '" 07 358 1 16 .9_ '1. lUO) 
"8 •• 0 5. , , ./ j . 1 5.6 5 ,6 , , 1 r,I ~ , , 

, . , J • Y 
Z A lU9 ' a J .0 Yl 1 UJ 1 o~ IOU yo .1 
Y , .2 .2" • U 2, ,3 II • 1 n,' 2 ,1 21 10 21 .8 1 Q, 0 HI,Y 
SA 55. 155 IUJ "I 504 214 26. 258 11, i'. 
R3 1:10, S 31 ,4 ", • 0 1U,9 SO,U 32,S 1).2 56.3 } l. \' Qu.\' 
ZH .6 9M 9 , I. 96 95 61 92 ., .0 
Cu 1 5 I 10l 1 u. 0) m 17 1 I 1 •• o. ., 
"I I'" 1 57 1,. l' J 154 14U 14i 1/ , ll. 
Co ., 7M 71 .5 ~9 67 5' .6 ,. .J ca ,. 74 Y 1 .9 46 •• U B / . 
V ii, 243 UY jUtS ,\4 22~ 25. 221 .li.Jn i" 
1~ 10 10 1< Y H " 1 U " 1 • 

17 20 2 , ,. 
~~ 10 2' iI 2' 

"0 10 15 1) Il 1 6 6U 11 0 " 
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TABL E I:(cont.) 

OxlbES AN' TRACE ELEMENTS RECAl,CULATtD VOLATILE 'REE, ALL FE AS fE20), TOTAL· URlCiIH.AL fOTAL: 

SAI'IPltl 1<0-125 1(0-126 1(0-1l7 KO-128 1(0-,2Y <0-130 I(L-131 <L-131 I(l-135 1Cl, ... 1H· 
- ... - .. -

S 102. 55.61 51.lH )5.j40 55.Uo 51 , 11 SS.65 54,10 56,19 57.2.'" 5 6.31 

W53 0,,,",U6 ~," " U,Y1", U,YUl 1, g" 1 ~: ~~l ~,7S0 ~, 763 O'W ~,g4" 
, l.. ~y 1 ,17 , 4 .4(. 14,61 1 ~, 9 , ,7 1 .1 n , 3 , 1 , 3 

'E20,5 11 I Y 9 , 1,87 ll. 4 j 11 ,Y 9 , j. 72 11 .55 , , ,,, ",U5 11.09 '0,71 
_"0 U,'3 0.1'" O. , 0 0.15 U .16 0,16 0, , 8 0,'3 0,12 iJ.' a 
"Go 4,9U 5,47 4. ~ (. 4,)9 4.85 4.47 6.02 6,48 0,19 6,54 
CAD 6 I" 5 8,24 6,oU 7,a tH 7'l8 7, , 1 7,U6 6,8~ Y.D 
/III A2 0 j,8Y 3,p j. /0 3,U4 b~ 3 ,7~ 3,75 3,4 3,' j 
00 , , , ,} 

" I 
, • t tj ll.n I,U U,3A U.~9 0,7 

P205 
0, "" 

0.123 0."5 0.'08 !J.ll4 0,136 0,098 ~,091 U,09(. U.06t 

TOTAlI 101,£,5 1 UO ." 1 l UU,tH 10U,)0 9'7.91 YY,S7 100,47 , ou. 21 1UU.48 YY./9 

LOl , ,6'1 1 • Y 8 , ,6t ,.44 l.OS 2.25 1,79 I, , 0 , .90 l.Ue 

B, ,'19 4,; 471 6' 3 178 816 318 n, 109 '7~ 
NB 3,2 4,5 '.3 ;,6 5,7 .,6 3,1 J,5 4," " u Z. 06 06 91 n ,07 97 86 85 "" 6' , 23.u 21 .6 25,1 0::2.8 25. ) 21 .2: 1 '1 • 1 10,0 20.1 1 7 , tI 
5. ,63 24 " 2} 1 4'U ,U7 4, , 64 117 141 1 I I 
'B 44.0 65. '1 6~,O y 5. l 33,9 , 08.9 74.7 II • 7 29.6 1 Y.) 
I. 0/ 94 86 ~i 104 $j 9U 77 8. 77 
Cv V2 96 Vl 103 7V 1M 113 7, 
HI 1<7 133 , , 3 ,,, ,3, , , , 172 ,"0 164 190 
co 64 63 63 03 71 59 

2a~ 
60 64 19 

C. ,9 16 ,6 '0 ,!~ lH 
17) 'H 4UO 

V 216 209 III III , 3 '8 , 9 3 ,91 

~: '0 8 ,U 1U 10 9 y b • 11 
a 2J 3U 1\ H 3' 11 13 1 7 1 I N, , , , 1 D v 9 " 13 9 , 0 

S,UIPLE I KL-135 KL .. ,3b K.l-137 Xl-' j~ KL-13Y u-, '0 ,(L-141 (L-142 KL -, 43 KL -1.1,.4 -.----
S 102 53.'0 13,47 !) 1. tsu 51 • ts 2 5.5,96 53,31 52.~4 50,97 53,12 5"'.56 
TI02 U • .I,.67 ~, 61> 0.6(j.5 U,694 U,7~U 0'1'3 0,) 71 0.627 U.61l lJ. 61 (I 

.1L203 10 I 35 1 .61 14. , U 15,13 14.6 1 1. 0 1'.ts7 13 , 46 '2, Q 6 '.5.69 
FE20l 1 , I a b " ,B3 1 2 • t (j 11 ,Y 4 1 i • 1 5 10.99 11.69 12.lJ6 " • .1,.6 1 , • 2 u 
"", LI,HI 0.16 0 1 1 Y 0,20 lI. 1 7 0.2' 0,18 0,'8 U,17 u.' a 
"GO , J, 6 ~ U~ 7 .71 6,1S4 /, ~ 5 9.91 'S,~~ ,~:B 8,3\ 7 . 59 
CAD 8,1 9.7t. ~ r 46 6, , 9.44 y. ~ 7.1 8 
HA20 , ,85 1,09 2. ts t 3, j 7 .5.08 !,39 1 • ) 8 3,OB 2,69 ::5,0<;0 
.: 20 u.18 1,30 0 . )'1' 1,46 U.70 ,BI 1 ,68 O,6~ , .29 , ,b3 
1'205 0,046 a ,D7~ D.U'1''1 U,Ud7 U.097 0.059 O.lJ78 0.064 U,070 U.076 

TOTALI 101 ,'4 10n.44 ';'1.0::6 1 uo .Ul 9';.99 ,0, ,3' 99.12 99,60 1 au. Q 6 96.65 

LDI 3 I 35 l.18 3 • .51 "Y4 .5,42 1 ,55 2.74 1,69 t,2U ,.,9 

B, /0 '03 ll.( 644 18~ 46S 19Y ,O~ 334 641 
HS , ,3 , , v j. I '.1 ,9 ,7* 1 .7- ,8 1.6 Lv 
I, n,; ~~" 7U 11 74 45 5, 56 ,,, b4 
Y 1 (j • 2 lIi.4 18. , 14 I 6 14.9 2~~·4 17.6 1 " • 0 
$, 54 56' 244 113 77 ,07 17U 10. 176 
'8 8,8 tlO,4 l.l.6 Ioj,3 lO,1:i 55,2 79 1 7 '0,3 56,~ 7~.6 
I. 78 79 '07 0, 98 8, 76 93 14 8U 
CU '1 80 61 00 

,!~ 55 6' 79 73 74 
H I 4JB 206 ,96 ,ob l~l 3~~ 11' 115 l2u 
co 78 70 71 0/ 7' 67 67 

" lU~6 38, 344 11\ t51 7S3 90U 475 4.1 446 
v 111 III 21"( ,"' '5~ 20' 11' 124 ,14 117 
LA 0 ,0 ,. 1U 6~ ,. 6* 9 5~ 

C E 'D' 18 , 4 
;0 ' 6 

,3' 9- 1, 20 13 
Ho 0 , , 0 6" 6~ 0 , , 6* 6* 

!")!PLEI J.L-1"~ kL-146 KL-lIo7 Kl-148 KL-, ,,9 <L-'5U Kl-l~' Kl-152 Kl-15j (L-l~4 

Wl )4,)U )1 .77 ~ j • Y) 54, 1 ~ ", \6 
), • , 1 56,Hl 54.~7 5', jI }j.)'" 

U.6U4 ~'T O.)Y5 ~ ,I , U, 63 o'Fo U.642 0.666 o F 0.471 AL~03 , j. 76 , ,7 1 j, U I , ,) 1 , j • 6 '4. 0 14, t4 '4.73 1): 3 1t. IJ 
, 003 1 1 ,46 1 , • OR 11,65 11 • , a 1 1 .0' , , ,8 I , 0,13 10.64 1 t,' U 1 U, 7Y 

""8 ~" 7 ,~:H 0.0::10 Y:H g:H 9:H o,l
l 2:H O,2~ U. ," 

"G ,61 7,ID 5, , 7, 1 , 0.1} 
CAD Y.06 1.19 7.) u Il. 1 6 tI .1 , 8.54 6, '1, 7,96 6.29 / ,75 
HA20 U,l) , ,OR 3,40 .3 , 11 .5,03 .3.01 ~.~~ 3,42 3 • 3 1 t.' 6 
<~D ,,7~ 1 ,60 , , ) ~ 0,26 , '6 M U~1 6:\8, l, ./,f,I , , \ ~ 
, 05 u ,u 1 0.U76 O,Ud,} , U71 U, 66 : 1 31 U, 1 Ol 0.0 U 

TOTAL: 99,5U 'OD,D' , UO, IS I 99. IS, 10U.35 96.81 99.~6 , OU ,13 99.61 1U1J.)~ 

LOI 1,Yo 4,00 O. t I '1 4 5 t.20 1,79 1,02 2:.48 2.57 j,12 ., 0' 4JJ "" 3H 066 66. 73' 33' 6MO 4J' 
"S 6, , 2 3' 1.3 I • , , ,7 11,5 < ,4 , 7- 3,U 1 ,6 
I. 11l 60' 6< oU 5 I 71 77' 01 16 
y l5o .. 1 } • , 1) • 6 1 1 • 4 , 5 • l 2U.H 1 d I 6 , 7 , ) lO .2 1.1,..0 
5. \4 , 0" " l ," '" '5~ It 4 524 140 ,., 
'. J ~ , , "0. " .5'.6 ) 6 • l 

12 ,_ 
4 • l 4,3 .1,.3. M 5Q.5 60.) 

IN , V6 , , - 7 I 10 7' 00 7' 79 V1 ., 
Cv 6< '" 6' 0' bn 18~ 8U ,H 02 I. 
"I t.HJ 4.n ,ov 01 "3 ,., , .3 ,~ 4 

1~ 63 
, 3:~ 6> ., 65 66 ,~~ 6~ 6' 0' 

.. 1.1 44" '" "'3 413 lid ", 1l0u 

" iiI '"0 ,04 '''" 'U7 <13 ,8' ,97 ,U, 1\. 
L. 15 0" " 

, 7 6" V • Q , 
C E 32 8' ,0 " 16 ,8 13 ,0 , , , . 
NO 17 U " " 7 ,0 1l 8 • " 
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TABL E I : ('on t " ) 
Ox t DE S ANO T I(,U E ELE,I'If~TS RECALCULATED VOLATILE fll: EE, All fE AS ,no], lOTAL • UII:IGl"H. TOTAl,.: 

U,IIIIPLE I 1C1'"155 JC.L-1S6 KL-l)7 KL-15ts I(L-1SY PG-160 PG-161 PG-162 PG-loJ PG-1o, 

S 1 0 ~ ) .. ,106 54,02 }4 • .0 50 l lS1 SJ,62 ·f,04 60,.'1 .~ ,U1 56.1l S' • lS 5 

T!~ U .514 O.40Y U. 416 0,458 U,4¥V 199 , • ~ lS 10 'IS1 , • b2ts , .6104-

AL 03 1 j. 01 '0.6" 1 U.)ij , 1 • ,5 1 u. 5 13:18 ':5.64 14. 4 1 .3 I 71 14.:53 
HZO) 10.2.:! 10.90 , O. ts 0 , Z I U5 11. 2 4 9,83 9.01 9.6A 11 ,loIS " .6U 
__ 0 

U ,1~ r 9 0 .1 ( £, ,. U.19 U! 0, 1 i qi 0.15 ~, 1. 
_GO 1 1 '\ 1 ." 3 , 4 • if , ,lS9 1 4 'S1 4, i ·'"9 ' y. 
(40 0, • ,Il 7.oe 1S.37 I, 4 4, 3 , 6 S,8 4,05 
HA20 ! ' ) J p8 1 .6" 1 I:)" , • 40 !'S. 3 19 ~ , 16 

2,46 ~.IoO 

<lO ,45 Doli 0,40 g:~~6 s'n ,49 o 9$ , , I I 
• 05 UIOt!" :O5l O,U42 0,060 d~o : )4 0 , SJS 0: 7 5 O.lS') 

TOTALI '7YIS~ '00,6) '19 • , 1 lOZ,44 9Y.2l 9.,80 99,00 9lS.l3 YIS,9U YIS.36 

LO 1 j. 8 4 3,68 4,4U Io,JZ 4,42 3,56 ;Z.S6 2.11 3.67 "'. }9 

8A 43[l , 1 1 49 1 _6 '20 11t '06' 1010 0'6 00. N_ 
2,1 0.7· 1 , , , ,6 4~'O , ,4 1 1 , 5 16.6 1 4 • 2 l,LJ 

1, .) J8 4' OJ JDZ 3'0 5'3 ill "is'' 
y 1 4 , 1 , , • (I H.4 14.4 , 2 .2 47.Y 4a,1 4S.U S 1 • 1 51,7 
S, HJ 2' 5 ,37 , ,0 180 494 3S , ~2/j 40' , U9.5 

'- H'· , , • U , , , Y,4 n!,9 r,9 6~,S 60,9 II, • :5). U 
1_ A_ , ,4 1 u, 1 0 1 , 149 ,,, ", 
Cu ') 11 ., '1 -a 25 ,. 2' .. 3' 
HI 5U4 38S 40t 5" 4n 96 6' 9) , S9 Hi 
CO lu 7S 7. Il 4' 37 40 '0 5i 
CA 1207 195

1 
"ley 1 S 17 , 171 po lS' p6 551 37& 

v 1" 1 6 '71 1 Y 0 H II '61 H lH 236 
LA 6' " • 1* 4' .u SV 
CE 14 ,0' 11' 'U' 9" '23 1 ~~ 129 , , 6 ,H 
No S· 4" o~ 4" 0 60 66 o. •• 

$ .fdlIPLEI Pet-lOS I-'G .. 166 PG .. lo7 PG-166 Pet.,6Y PG-170 PG-'71 A PG-17, 

_ 
pG-HI PG .. ' 7.5 

Sl 02 S.5,:5 1 S), S a >7. 41:1 54 I 17 56,07 57,07 ss. 06 H,13 50.13 61.Ml 
TI02 j' .J7 1 .~79 , • Otic! , 1 0 1" , • 5 bY 1 • 66 7 j,O.6 1 .0' 1 1 ,SY'II , .46U 
AL 203 1 .4')1 14,84 14,4'1 1 4 ,70 1 .s ,97 15,55 1 .71 H.,lS 1 5 I J 2 '),10 
fEl03 , 2.81 11 .67 , D. tU 12,.51 1U,p 1 U. 35 9,1' 10.04 \J.25 7.77 
"NO 0,16 0.14 U.' 4 0,'8 U, 4 o • , , . o. " 0,'3 U t 1 Z 0.09 
"GO 7,011 6 '$0 . 5. i C) 7.' :3 j,71 5,61 3,11 3, 61 .3,~.l l. 68 
CAO 0,74 ., I 5.'U S.l4 C.74 4,86 1.29 6,1S 7,4l bold "'.4,0 .l. b, 5,11 3. 41 l,ijO .5 • , Z 3, , 0 5,61 3, 01 .3,44 .s. , 7 
<20 , I HI 0,.5 U. Hs 1 ,05 U,51 0,88 2 •. S4 1. 4' l,11 1.1 b 
, 2 05 U,76U D,74l 0.7.,.,3 0,199 U,73) O,80S 0,792 0,161 0,194 0,71' 

TOTAL: 10ll,'9 \18,40 Y8.:i6 Y9.'5 , OU , 1 3 98,11 99.4!> 99.71 98.63 YY.52 

LO I 3.12 l,77 4 • ~, 3.53 j.85 4,n 5.2& 3,76 4.17 2.ts6 

8A sa 443 1U "9 j~4 Y77 '02Y 6.0 Y99 , , :5 1 
H_ 13 .t! 10,0 10.9 1 7. 2 '6.~ '8.7 n~, 4 , 7 , 2: , 7.4 1 ts • ~ 
10 244 lI2 j04 29< i81 333 5l' 501 314 309 
Y )0,7 S 1 • Y S',g )' .6 ~O, , 56,9 51i,7 5' .6 ~O,) 4),4 
5, S·6 470 16_ Sui 1 U22 46Y S5S 6lU ,g1 19. 
AB 16, , '2,4 J, a 1 Y.O 6,3 21 ,3 44,0 24,3 I., .8 44. ) 
IN ,,, 131 13t 1_u , U9 , 2 S 

'~~ 
, 2 S '11 8_ 

Cu 4) 
d~ 29 )6 16 ,~l 1~~ 3J ,~~ N I ,6' 1" , • 7 , 1 8 , 9 , i4 

Co " 49 4g " 46 ,H .. 42 4S 36 
C. ;09 n, 376 50U <42 '9' 1.6 lSJ 101 
V ,.s6 241 21'" 2" iUO lu4 204 '8' , ° 1 , .. 
~~ ,ll ,n 1 ~~ H ,~3 1 t~ 1H 1 l~ ,~~ ,B no 
No I. 60 11 ,v 64 60 7S 6S 65 6J 

S A,ItPL E I PG-n4 PG-17~ PG-1/6 PCJ"177 P"'-178 p,.-179 PH-lao PR. .. 1Bl PR-lbl PR-1~.) 

m~ 50.41 .~" 6 
) "',t.1 7Hot4 6-,9j 66,79 6V" I. 56,..5:5 5 7 0 S j SO,5t 1 ,7 jj • 431 , • j'ly O.t5" 1 '~ , 1.17l ,J U , .434 1 ,} cU , .4 U 

ALlo3 17. Z1 14, 1S:5 '4,) ( 5, Y' 1 J. 7 14,21 , S, 56 '5,39 ,.s 0 66 , 5 • 1 I. 
IE2 0) , 3, 6 ~ V'fO d.6t. 9,1I5 1.79 S,1S ~,g~ '0,09 ~. 84 ~.O6 
"NO 0,' 0 hi o. , ~ s,n ~:n ~,oo 0,0 U~ U,' S U.11 
'00 6.26 l. ,1:10 ,~ I ,0. 3.69 S , 7 4. 1 4 
CAO 0,09 4.03 ~ • , t. 2.03 t ,21 4,S2 5. 45 S ,ll 6.61 O . lIS 
"' .... 20 t.,OY :5 • 1 4 3.Ut O,U9 1 .31 4.04 2,V9 .5003 j 141 ), ) S 
'20 U'9" 2..2: J 1 ,J6 0,41 4.72 0,60 , . 19 O,4J , 0 , 7 t.) I. 
P 2: os 0 , Y6 0.058 0.0)8 U,U36 U.461 U,H2 0 , ~60 0,68) O,oOY O.lj) 

TOTALI yo . 7U "'K.48 Y8,Y') YY ,10 9'1.72 98,90 98.41 9(5083 90.02 9Y.~4 

LOI 4 I 28 3.76 4o,4t j ,ts4 J,OO , .96 2.7' So 97 ..s.21S }.el .. h • .14 YR4 'OU 2u_ H~7() '71 'U~4 293 "0. 1 i<.ll 
HO .l, .6 , 9.1:1 10.0 .lO.7 30 • .l ) " " . 1 4 • :5 1 1 • ) , 4. j 
10 ) 10 )1. J, • 30U _Y, H9 SOu 216 HI I" 
Y 0' .0 4d.6 40.0 ~7.4o l' 73. " ~. a 4 ~' , jQ.o 44. ) 
S, 010 3('i -~' 0' n ,t 910 12 u' 51 J~\ llj '. l~.U 4 ,. Y , 0 , .l • , 4,0 27.6 , , b 

4, _ 
I ,'" 1_ 161 , oS 1 0 I >7 Y9 VJ lOU 117 1 UO 9, 

Cu _,J Iv 31 lU 

~~ 11 ~J 
21 H )l 

HI 1 ~ ~ 9U _Y t. "0 1 70 10 1 
Co 42 )y , , 20 )0 \0 41 
CA i'd 'Y6 '60 U 26 1S 24 jo. "0 llu 
V 211 ,Al p- t) V6 69 14U pY , o. 'oY LA "' I. I. Il 1) , U~ 04 4. " " Cf , -Y , I 5 , 10 OY P4 10 201 , U2 , 01 'OY 
NO 19 6' ., JJ ~, 94 94 Sj , , )1 
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TABLE I:lcont.) 

O;(IDES AND TII..AC~ ELt:IHNTS RECAL[UlATtO VOLATILE FREE, .LL FE AS H2O', TOTAL. URtGINAI.. TOT A\..: 

S.UtPL E I PW .. 1 C4 PR-lH~ PR-1t16 PM-'ST plt-UUS PR-l!S9 PR ... lvo PR-191 PIC-19t PI!-19j 

ml 47,5U 54.51 )l. 7'1 56.45 5b.96 )5.7/' 57. 4& ~(·t! )'1.41 )6 •. Sls 
i,2F ' • g 5' , • Y I.. 4 1 • r1 3 1 .71 1 1 .642 1 • b Z • 01 , • I. .. .\, 1 • jeo 

'L103 1 6 I 4 13.66 14.60 14.31 '4.62 14.59 13. ~ 1 , 6.79 , ) ," S '4. ~9 
, E 03 14.16 12.92 , l. • ), ".11 "'1' ' 0,90 10,09 13.11 6,~9 , 1 • Y 0 
.,0 0,16 0.1~ U.l) 0.1.3 U, 3 g.14 0.13 ~.14 ~: 5~ 0.' 6 
.GO 5,41 6,413 5.60 "'.43 " ~ , .5 4.t4 .50 5 .41 
C'O Y,39 6.22 7. II t 5,7~ 0,5 6,55 6.ll So 60 lS • 1 4 5. Y' 
NAZO 3.2 j 2.65 2.6'1 3 , 1 t.94 •• 02 3.30 3. 29 j ,9 7 l.bO 
'20 U ,21 8·5~ O.Oj l,13 ~:Ah 0.15 2 i6 0.92 , I 5 ts U.b9 
, 2 O~ 1 , 1 6 h • 'II 66 D.'US a,tlll 0,342 0:766 0.820 0,657 0.67. 

ToTAL I 9Y.'U 98.92 '19 oil 9Y.lO 9ts.14 YB.JJ 99.~0 9d.10 91:1,64 9"1.' 1:1 

LOI 6.76 3,ISQ 6.1'1 j,) 5 4.65 2,92 ::5. H> 50 32 6 I"~ b.77 

SA lH.g 
696 4~l 11 o~ H~ 'H .2 

15~y 799 ·~b .• '3j ,. , 7.1 1 .2 , .9 1 .1 0,6 1 ti , ti 1 • 7 
I. ll) 305 33' l'O >55 165 361 ]b. 36 7 jS, 

Y o .0 IjS.ti S'JI.l )6,7 .H'· gH,6 ~4,O 5&.2 4A ... 5~~·4) so 7/5 740 ... 2>1 7 i 90J 079 

•• 8 •• lH· g ll. a .U.l 7,~ 3.2 3'1,7 , 5 ,0 O}.o 24. ) 
IN 102 '" 1'~ "9 14. 1 21 Bl 75 11 0 
CU 56 .. 4' 'U -7 d! 30 41 39 31 
'I 1>3 166 ,,, 1'0 1 U, 100 113 H 11 5 
Co 02 60 5' •• '6 46 U So ,. 
co 302 479 300 2.0 <11 ~'6 30U ~ 16 104 lV" 
v :s 14 234 22Y 2>4 l27 18 20l 40 1 • 4 195 

~~ 05 50 57 06 04 l~g lH 04 o J ~> 
144 132 1 3' 1>1 119 136 135 123 

'0 78 67 71 '0 68 70 7' 71 63 60 

SA'"'PLEI PIt-a4 AII:-19) AR ... 1Y6 AA"'197 AW.·,9ti ,,-199 K.-200 KO-201 KO-2Ul Kl-2U.5 .. _--- .. .. ...... -.-
S I 02 >3,93 58.n )6o.7U 55 I 38 6' .26 H , 15 57.47 56.84 54.06 54.55 
P02 ! ,'01 1 ~4l 1. U.9 l'a61 , ,~Ol 1 • A'. l·0~4 ~.YR2 1 ,0)' 0.0'_ 

LIOJ 1 .40 14: s '4.7U 1 , 8 1 j I 6 ,.3. a 1 ,4 1 .92 1 4 ,8 1.LV] 
IE203 , u, 7l 12.04 , 1 • ti 0 1 5 , 1 2: lU ,O S ",46 11 .62 12. Je 13, " lL~ti 
",0 U I II 0,16 U.l ) 0,15 U,09 0,12 0,1 j! 0.14 U, 1 5 O. , 6 
"GO 7,36 .3,27 2,l1 4,US j,20 4,18 4.0' 4.48 5 t :5 6 6.V4 
C.o 7,7!J 5,99 8 , 1 I 5,.H I,p 6,1t5 6. >7 6.74 6,99 ',63 
HA20 1 t 05 4, 1 2 4,1) 3,16 

" 0 
4,05 2,70 2.21 3 ,21 l.U5 

(20 1,47 0,30 U,Ol 0,53 ~:Ho 1.41 1 •• 5 ~: 1 ~7 U 91 1.36 
P205 U,671 0,207 O,l18 0,'98 0 , 228 O. , 61 0:,27 0,07) 

TOTAL I 1 00,43 <fY,30 1UO,.50 99,,56 10U,13 99,98 98.77 9 •. 32 1UU,28 9ti.26 

LOI 9,3U 5.92 7,ll 6,' 2 ) .19 3.3Z 6,ltts 2.U2 It lit l,12 

'A >.5 52' 25Y iUl H7 5.5 118Y 617 il4 51. 
•• lU,l 10,4 1 U. 5 '0, J 10.5 7.7 S,5 4.3 4. I 3.U 
I. 307 178 "U 117 1 ~g, U 1S t 124 101 105 00 
Y ) , , 6 27,) 26,9 l8,2: 2 ,4 2 4 ,4 22.9 23.7 us,o 
s. 2F 723 09U gU~ °IL3 147~ 35> 358 ," >2. •• 1 .2 1 O. I 24. l , . 6 4 ,0 39,8 66 •• 56.4 Se.O 
IN 1<. 115 , 1 1 PO 

1H 
94 .2 69 ~7 77 

CU 11 11 • , l.5 , .. ,23 9S 11. 122 RU 
• I 11 5 1 1 0 10' "0 113 143 16> ,.8 1>1 ,.0 
Co 46 .2 0' •• H 00 o. H o. 71 
CR 286 10 1> 14 16 d9 90 .2 >90 
v 21 3 16. ,"U 100 , 04 19~ 21l III 117 

r~ 04 !~ ~~ <> H H H H II •• 
150 " 12" 

'D 09 25 3U <) 27 25 17 11 1 J 5" 

SA'"'PlEI ,:; l- (C..r4 KL-l'l5 PCo-lUb PG-l07 pCi-ZU8 PJI( .. 2U9 PI1-l10 p.llll-212 PI'I -?13 PI1-c!11 --.--. 
S I 0 l 5::'.00 54,~0 )ts.ij ~3.67 5"A O s •• p 68,lY 66.~4 btl,OJ 6).10' 
TIO U,4'J1Y 0.477 l.ll) , • )YY 1, Y 7 1. 7j , ,U64 " 26 1 , 2 1 1 , • 1 ~, 
AL 21)3 1 it 42 '0,5'3 1.3, Y 0 '.3,60 H.,10 15,48 1.3.U9 1 S • 1 9 13,91 1 j. 1," 
rE lOJ , U, 17 10,I.J 111. 1::' 11 ,84 II • 41 H. 59 6,U5 6.38 ).86 7.1.., 
.,0 u,ll O,1A U,ll 0.' 0 U.16 0.05 O,U5 0.09 D.nl U. H.I 
"GO " ,~2 17. ~4 5,1:;' 6.42 ).7_ ~:rt r 7 ).0. ~: ~ ~ , • 11 
CAO 7, 9 8 . 1 5." j d.1S ),86 .0S .04 4..09 
lu. 20 l. JY 1 ,9£1 ,,60 3.U4 j,86 0.51 • Yo 6.5'" , • S 4 .5.)0 
<20 1 flo" 0,52 2,llo 0,75 U,41 7"b 4.64 0.07 4 60 f • .s 1 
'205 U,073 0.060 0.)64 O,7tSl 1 .0 y 0,5 4 0.436 0.545 u: 5 1 1 U.470 

TOTAL I '1d ,91 101 .56 'UU.7t1 99, n 9Y,9l '19.43 99.U7 91L63 99.' .. 99,)6 

LOI l.54 l.16 2, '( 0 3 t 74 S .15 2.92 2,U4 1 • 70 l t 7 4 Z, b l 

SA .1Y 107 7. > 141 lVS 2784 2017 25 17 !' 1 Y lot 
'e , . , n .7* 10 .1. '4, d 18. y 36 ,9 2: 8 • .3 3" .6 J • Y l!!J,l 
I. o. " 5" 2" >11 594 47' 501 ><7 S 1 , 
Y 10,5 p.~ 4/l.U ) 1 • 1 68," 1 ~~, II 00, I. 2b~,7 7fI . • , 7j .l 

" 07 2 0 4Yl oil ;OJ 33U 'U, ... 
•• ), ." !5,6 ~.L 1 17.5 7 •• 207.2 , , l • J 9$·0 l.54 • to ~ ~ • 0 
I, ., III '" 130 1 2 I 90 74 '" Cu ~, 50 4Y .0 '2 1 ~ 1 , 10 1] 17 
"I ". 33. ~O ". 106 B l; 17 li H Co 02 09 44 )0 I. 20 
C. ,U,S.:' '697 U' lYi >Y, 27 ~~ 

2 , " 71 , lOu 107 17< ,uY 'n jlO O. 1 UQ l(: 1J 
LA '0 4" OU .y O. 8" 107 , '" o. 

" 1 5 ll' ,l) ". 159 208 ,., 20S ,41 ,9> 

" 11 5' 64 )~ .2 .0 8' 94 lU7 Y> 
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TABL E I :(cont.) 
OxIDES ANO TWACE HE,IHNTS RECALCULATED ~OLATllE 'A EE, ALL f E AS 'ElO,}, TOTAL • URlulNAL TI)l ,lL: 

SAI"IPLEI PM"" 19 P/ll-2U PH-t.lH PH-ill p"'''Z)l PR-234 AR-l16 ,u-218 .U-]41 AR-l44 

5 I 0 l OJ.71 OH.ll 06,UU bl .1:18 5~.7ti 53.46 56. , 5 Sg._) 5~.9U ~ 1 .43 
T I02 1 • i.Y l,UX':: 1.U06 1 I) 4 1 1 • 1 g 7 ' • . 546 '.'~2 1.10 , 1.1~1 1. tle 
AL l O3 14 • .$ S 1 J. S4 , l. 0,1 0 16 ,1:17 14.78 ,. '$6 1 5 • ) , 4. 4 , ".19 1 4 • 31 
FE 03 Y,tlo 6,04 6,4t 7.'u 1 j • 11 9. , S.UY '0. , ~ 11..46 1"." 7 
.NO U. II 0.10 u,Uy 0,U8 u.p 2. 13 D,t 5 0.' , 0,1 t) U.t" 
. ,0 3,28 1.70 1.UO 2..) 1 ). ! .7' 2,Ol ~:lS J. 5 S ) •. HS 
CA O 1 ,8 .. 3.1:15 7.yj 2. I 04 '.n 6,01 14.66 0,83 Y • ". 
HAlO lI dO 1.1jI4 .3.4, J. j J t.2'- 1,21 O. '6 4.26 J.07 2.99 
</0 1 II 96 1 • OS O,bU .2.77 , ,00 0.74 4.59 0.54 1 , , 4 0 . ;0 
PIOI 0.531:5 0.46U 0.4)3 (J,661} U. 5.5 1 0.636 0 . <28 0.ln8 U,22b LI . tst 

lOTALI 9ti,9Y YY.65 ." f,I .41 9 H ,15 91:1.63 99,61 99,60 99,61 ',I'Y.Z1 \Ill • .H 

LOI c!.93 , .99 3,D Z. ',18 4.29 ".57 1 2 , 6' 6 . 95 0,50 a. 6 Z 

.A 66u 3H I~Y '1 U4 >68 _86 00' ,.6 j7. 'll .. 51. !) ?8./j '.6 IoU . l j 1 • u 15.9 lU,1 11 .0 0,' 7. , 

" 540 48Y 464 _I, "1 J4J ' 8 7 170 , 70 ,74 
Y 69.1 69. 'I 6).4 b4,6 6 " 13~5 " 3U., 8n,6 lB.'" Zo.t. 

" 118 962 t.'14j , .. "8 40' lOS H' 
'e 1S2.7 "5 • ~ 2, .l 1 u.s . 2 34.7 9,6 17t," , 6, l lLI:S 1 ~ • t. 
IN , , , ,,, 7. , 'U ,U4 , , 2 '17 ". 06 , 2' 
Cu H l~ 2. 17 lR ,5~ , f~ , ~9 , 2 ~ 's' o I 2< ,. , 4 146 , 3 
CO 2. '6 1Y 10 3l 42 5 , 54 6' 64 

" " 2J 3" " 17 28l /' , , J2 TO 
V , Uo 05 9U ,H Y4 '84 '~~ 

,6_ 176 II 1 

~: 45 94 83 "U H 63 lO 27 l' , , 2 "3 17_ I.' 131 , J4 00 57 6' 4. 
00 _5 8. 0' ,.6 6, 68 l' 26 20 27 

SA"PLEI Ds-247 0.-25' OB-l~>4 08-£57 Db-2SY DP-261 DP .. £63 DP .. 265 oP-26Y OIi-l7l ---.--
SI02 59,5d 14,52 )L/jlt 53, '5 4Y.9S 69,32 55,V3 78.93 68,9.3 60,La 

mal 
l,06U ~,664 U,6Y1 ,~:W "l'9 ,~:~p , ,u~u U.6~0 U,7~' 1 .141 

, 145 1 ,gO '4 . 70 11, 5 , 5 , , '0,9 12.6 15.70 
H2O' 1 , I M 1 9.46 , 2. j4 Y ." 2 11,,5 6,74 , , ,78 2 . 4 .'\ 7.46 l's.LO 
.NO U.ll;\ 0,15 n. , ( 0,' 6 u '\' a ,gv 0,12 O,U3 u 111 0.17 
",0 .5 • 1/:S 6,26 7.b) 8"y >, 3 

" 7 
5 • .3 4 0.85 u,so l.JQ 

"0 0,00 7,39 a,.j( V,o ".76 1 • 70 5,3~ 0.42 2,79 4.65 
/l(A20 1 .72 .3,9'\ 3.4U 2 I 53 t.. 7 2 4,.36 4,3 0.10 .3.21 i.LY 
<20 1 12 0 6:~~0 D,4j , ,UJ U.7~ U~6 0.76 5, . .\4 .s,:3 7 ~. 01 
'20~ u,~61 0,1 4 0 0,138 U,36( 0,156 O,20b UIl".' O. lotl 

TOTH t 99 ,83 99.28 lUU.,4 100,' ij 'Ou.2~ V9,16 99,'3 9v.48 99.~3 91:1. U9 

LOl 3 t 7l 1,02 2, ,4 2,04 ",22 2,21 2,57 1. 55 l.84 ) • .3 50 

.A Y>1 662 23' )<1 a8 ~, 6 47J , 01 j '''2 H. 
0, , 1. 1 3,4 '.5 2,9 8, , lZ.tS 1 0 , 1 11 , " 1 4 , ) >. Y 
I. ,)d 07 b> oU 172 27' 353 2l) '4~ ,3_ 
y 40.U 18, Y , 0,7 , 7 , :5 jO.7 p,7 30,0 23,4 jJ .b 24 ot. 
S. >U~ .. , 31> 40' 337 , 9 103 4) '11 "4 

" j 1.8 16,8 6,5 19,2 , 3. , 40, , SO,3 '50, , 97,0 91._ 
I, ", ", V4 '6 , 66 68 9) 4U 9n ". Cu " " 71 ,. 6 $ v ,! 0 "-
o I " 2'6 JHY 21) 44 , U '0 26 
CO Iu ~7 6Y 0' 78 ,0 17 '~ a 61 

" '0 299 . ., "40 5 3 /" I 0 
V 2"' 180 10' 'C2 'UI 76 59 5U 16 3", 

~: )' 13 • :1 /9 H a~ H 47 2) 
cO Z7 2' 60 d8 5' 

" 45 1 2 0 7 l7 35 42 22 15 ,. 

S"IIIPlEI " ... -270 OH-270 OO .. t.Ol oa"ld5o DtJ"286 op-za8 10 ... 291 Ko-29!> U":30U J.R-.,5U4 

SIOl 7 j. 0 ~ IS ,l ~ 'Z./o 50),109 50.56 69.39 56,60 55 . 55 61, "'9 6ilo:3~ 
TI 01 "'1" 1 , l5 t. 0.0 (1 ~,a,. 1,41' N" , ,U4 7 1. U74 , 'F' , .! 71 
All ll :3 ,1.. 0 , \ , 70 14,jy 1 t 09 110 • 3 , , 7 15 • .,59 14,66 14. 6 '''. 0 f E20 3 5.010 16,28 lU,oj 9.05 ,. '16 6,39 11./4 13,47 "'.75 7.010 
.NO 0,07 ,1X 0,10 U I 1 4 u, a o,gv 0.11. 0.'5 U.11. u 0 1 :5 
.,0 U,o o 5.9' 8,1) S.lO l,l~ 0, 4 ~, U7 5.p :3.64 2 0 lUS 
CAO LI,~8 ~:~6 9,81 7,88 b,n 3,46 5 .1.:5 5. I l,"U 5,00 
HAl O .3 ,14 1. • ~ 1 :5 III t.90 :5, ,56 3.9l 3,34 2.'" 5.02 
<10 ..5,U9 8: i~3 o.~) 1. loA U.81 2.72 0.74 0.90 :3.18 .s. 40 
'101 U ,1'{S 0.1)1 U,l,56 0.,44 0,259 0,140 0 . 1/4 U.2lU U. ,2/ 

TOTAlI '1'1,10 1 'nl.1f) lUU.lor 96,l4 91:1.76 98,98 , 00,») Y9,35 99,6"1 YI:I.O~ 

LOI 1 • do 1 .86 t. • 11 1.04 ) ,0 6 ) ,30 3. 108 1.09 j. 52 Io.~6 

• A ) IU 416 2)U HJI > U, 625 304 I)) IU I /41 
He , 1o,IS . , , '.3 , . , s.> ".4 >,5 > .4 " .~ , ,{ • l 
I. 20y , HI I. 1>U "3 272 '12 , '0 , " , ,03 
y i 4.4 33.8 , ( .7 t 10 ,IS .H. 50 28.7 21 , 4 l' . 3 0 .' 210.1 
S • 09 ,U3 ". ovl 'UY <7\ )6" ,0 , 7\ 0, 

" , lJ ~ .5 11 . 6 1 t.Y ~ 6 • 5 14, U 7 " 2 ~ .8 .n,v 0<00 • .s 7~ • , 
I, " 132 "' " 140 OU 92 'U~ C' -, 
Cu 1 l '" " ., 39 ~ 7' 60 1 n , 
", S 111 ,., 

" H 'g~ 
,., 'll .-Co 11 ., _3 » 20 ,. , I 

" I " .U' 19 ,,9 0 0' _0 " " v \l 210 , yY "U U 16 " 20$ "0 141 
LA 21 - IV " , 4 " 10 
C! Y~ ~5 12 >0 60 H !~ 23 " 3d 
'0 3d l, " " H 2 , . ," 
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TABL E I : ( con t . ) 

OXIDES 'NO TRAC~ ElE"ENTS RECALCUlAHD VOLATtlE fREe, ALL If AS 'E203" TOT-'l • UKI~lHAL TOTAL: 

SAI4Pl E: I Aw-3lJ5 Ai-30r PG-,)1Z PG-314 PG-316 PG-,llY PG-322 PG .. .325 PG-3ZlS pIII-}t'" 

S 10 l 50,l.hJ 57 • ~ 7 )9. u ( SU.OH 6>.4ij H,6Y 59,>1 56.911 bU,no 5". ~.3 
110/ 1 ,/Y 5 1.l01 , • t..,. 2 , 17 .52 1 ,/ 9 ',2a, , ,364 1.530 , .267 , .72'" 
AL203 ,,, I 79 14.27 , 4 • , :;, , (,1.44 1 J. 4d ''}.95 1 5 • 1 4 11.17 1 S. H '~.5~ 
'flO] , 4 I Olt 'g:~2 ' 1 .)y '3:i~ e: 1 ~ 9."19 9. til 'ldl 6,?6 1U,,~ 
ONO 0,' j O.1lo 0.' lS O. , 6 0, , 0,1 
1'1(,0 4, 7~ 4. Y 5 ~.,H 4,00 U~ 3,97 s:3! 6,66 4.("0 4.U7 
"0 1,4 6.2' 4.to 2 1(6 pt 5 . 62 " • .3 d .L 1 6 
'!lAZD i,715 1,4\ 2 • It. 3,UO l,A} 4 , '1 L 19 ',3~ t.'" j 
KlO '.50 0:~~6 (J • CI I 2.6:5 l,A '6~ 0,6 0,57 0,7 3. 61t 
P20; 0.176 0.))1 0.746 U. 541 0: 5 0 0,;'1 0,754 u,5 1 U.6ti7 

Tont I 9')1,6$ 98. :53 'IY. 'U. 'IglOO 9C1.73 Y!S.75 96,42 Y7,62 9"',2) .,. 7 ,Uti 

LOI :s 187 4,ti4 ). CI J 4,iS ,.'0 .l.ll 1,67 2,16 ~,!b i .90 ., 
>O~ 34Y 66' 104t nY8 1475 5~~ >,9 413 21 4 7 

H. " 7,6 1 ts , 4 ,H,b 24,4 '8,1 l,~ 18,0 I, ,5 t.!».o 
I. HO , . ~ 35> lu~ 49] 125 4p 297 "0 14_ , l/,2 21S, Y 5U.1 'I), S 64,2 4lS,S ',4 52.2 54,6 9/.,'1 
so )3 45, 421 30U 77~ 8 5 ' 4,4 49 ! ;f5 >ll 
•• B,8 24,6 24.4 'V5,O 6 ,] 56.6 . 21, a ,10,6 1,6 1 I l , 7 

l~ 116 1 OJ 13b ". Ion ,,. , 1 g 'V~ n9 
I 41 " " " 26 I I I 7 

HI 162 lOS 7V 'Y H 94 ~g 'H B Ii Co 71 b3 40 >9 4] 
co 11 lH 171 , UV 63 253 2,5 442 '20 ,Y 
v 1 Y I 208 HY ,)j 1~1 '~l 'H 219 ,./ 1'7 
LA " 24 6' .0 .9 ., 23 
C E ., 

" 136 1>6 lY 126 121 ,,3 1 b I 16' 
NO ,0 /9 6' .6 9] 60 50 6U 75 "9 

S,utPLEI PI1-332 pl( .. 33~ PM .. jjtl "A"JJ9 "11."341 "11. .. 343 ,,-345 ("-346 (4-347 KA-14lS 

S 1 0/ 66,91 08.75 07.4U S9,U5 5),76 ;Z, ./ 57,15 52,56 SlS,l.1 53. 20 
11 02 '.U9U 1 • 11 6 , ,U6l 1 11 YU , .3 ,H , , 1 74 1. u71 ','2Y '.OU) 1.U7~ 

"L 2 03 1 3 , l4 12,75 '3 .61 14.42 1".67 14.27 14. Y, 14,87 '4 1 1.3 15,13 
IE201 6.76 6.60 6,1j '11.'113 11 ,70 , I, 76 ",O~ , 2," 1 U. 1 0 ll,27 
ONO tJ • , 4 0,07 0,U6 0.18 U o 14 0 . 16 0, , 9,14 0.14 0,11 
oGO 1 ,50 0,76 2,4t:: j, 3 5 ):~l 4,91 ',8' ,!9 4,a.y ) .16 
CAD ,,94 2 .5 3 3, Y j 8 1 06 Y 0 36 5,37 6, 4 6,43 ts ~ 1 3 
HA20 3.3U 3.1 b ,.7"1 1 I 1 IS j 0 78 4,06 3,YI 1,04 4,46 LISU 

"lO 30 56 3,7. 2.1 U 2,41 U,97 o 65 o ;8 6;n2 o 56 U.87 
P os U,402 0,468 U.4)Y Ul l2S U.211 0:24, 0:Z24 0:,37 0.16) 

TOTAl l 9Y.9i. 1 UO, 1 a lUU , 's( 99,16 10U. 07 101.0S 98.79 101.77 lOU I 2' , OU. 7 'l 

LOI 2,06 , ,8 ~ 3.bt 8,74 0,43 5,06 3,50 10, " 2.25 1,1' 

8, 1jj O 1310 50Y 5uY l0 8 349 \47 445 'l04 591 

•• 4~ ~·h 3' • Y 3 U.4 1 1 .4 9,0 7,3 6,5 1 , 0 S. 'l ., . 
2. 466 45l ,,- 178 ,.. 167 60 108 1 ,. 
Y 07.9 67,Y 6.'s .'Y ttl.3 25, ] 28 , 3 ~4, 4 1 7. 7 20,7 23 , 7 
s. 4Y I ISf 2 

/24 loY l8i 606 4 Y 169 l;7 ;a . 
'B blS.U 1:1>.5 yts.5 l ,Y 17.4 1 7 I 4 d ,7 11 .! 26,7 
IN 1 U4 M7 Yl .6 1/7 93 13; 8, 67 10' 
Cu 1~ 10 0 '" Y2 5U H 70 77 12< 
N I 23 ~o 1 Ul 'H ,_4 16' 211 101 167 
Co liJ 19 ,_ 

'b 71 71 69 5. 63 
co 1 I 17 2U , 6 48 57 ;> 413 1/4 b4 
V 9b 100 106 167 l15 10' 19S 211 179 171 
LA "3 84 7U l; 13 13 I- 11 1 3 11 
C E 10 1 177 14V " 51 41 51 17 15 ]' 

"' 08 7~ b" a l6 26 27 • 13 ,. 

SA"'Plfl ~","349 KA-35U 1(.0-'s'2 "0-355 I(U-356 "-359 AR .. jOO ,111-.361 ,lW"36l AiI-Joj 

Wl 55'31 54,83 ::'4. " 5J.~O 5 0 .88 H'l6 53, Y6 55,H !I!I,n9 ) ... 18 
U, j 1 ,~9l O. YOlo U,Y1Y U,9P , 4U 1 • l4 1 I ,521 1 , , tI 1 '.1Ut 

,,~ °5 ' 5 • 5 4 14 8 14.6t 15,' 0 1 ~ • 7 1 .. : 3 ~ 15. U6 14.14 1 4 , 1 5 U.39 
fED 1U,I:I5 11 : 12 , Z • " ) 13,j7 11 .07 "'.93 13. , 0 1 l.1:I9 11 .15 1,. U-' 
0,0 U.1.5 0.1S O. , ) 0.' 11 V,! ' 0,13 0,18 0 ,11 u, , 4 0.10 
0.0 4 , 41 4,' 2 4.0) 5,79 3, ~ 3 , }, ;, O~ 4.7' 4, Q IS 5. j l 
CA O 7,43 6.41 1.4 t:: 6, l1 > , 1 7, , 5, • 6,;5 d.1 3 tI. 7 5 
1(.A20 4,57 3.67 j. !It: .3 .ll J.64 3,t.4 4 • 11 1. tsn j,26 j. j /,. 

"lO u,04 6 17 1 • .5£ , , 61 v 71 I ~6 1 • 1 4 , • d 0 , • "0 , • t. 7 
P 0 5 u.1104 :16"1 U.ljl U, 1 U6 u: 1 4 0: 07 0.,,0 0,262 U,ZH O.l" 

TO TALI lW1,00 ' 0 2,31 1 UO .)' 'U,,~5 lU1.6i! lUU.63 100.'117 100,n ,","1.55 9'/.7 j 

LOI 1 .~4 2. P\ 1 • Yo 2,4 Z t.S7 5. )6 4.a 6.10 '> ,IIY ... 79 ., lJ'} no .00 lZUl:S 164 609 ';U IS; l)~ jO. 
.p ~,6 6,0 l,Y .,0 , , 1 1 v , 6 9,6 d,7 ",I >.> 
I. '" 170 9 I vb Y6 "I 180 19. 17n 17u 
y ~;? .3 2 " • 4 u.. z , Y, 6 1 Q • 1 4~6" ,.,5 j' .6 l~ . U 27 • 7 
S. llo';' 33 l 4bb 5 17 U8 3 1 III " . ~ 7. 
.p l". '> ISo. tI ~ l • j ') I • 4 l ~,1 ~~., r~ z'" . 6 '''. l lU.t 
I, v. "' 9. 1o. ~b ' ~ nJO " , ~o 
Cu Y2 97 9Y f/ , O. I • 9 I b, 90 
• I lou 112 '" "_ 126 ," 1 6 16. luq au 
Co ., .1 6> oY 47 54 n 67 •• 6 I 
CR •• 66 ;9 " I. IS 17 53 "7 17. 
V 1/1 1 Sn U> 0; 168 , .. 11:11 1 07 lU' ,. ) 
~: " ,9 11 11 10 l3 " n ~l /v 

, 3 H 1> <7 lS 5 ~ 41 ;0 SJ 
No 1 b 17 " 1 , 11 16 2' 17 16 /6 
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TABLE I :(cont.) 

OxIDES AN, TRACE ELfJlli;NTS RECALCULATI:D VOLATILE fREE, All FE AS fEZOJ, TOrA.l • UIl:IGPu.L TOTAL: 

S ..... PLfl A~"3"'4 AR-3~~ JA-jOb JA-j67 JA-3btl . JA-369 H-HO JA ... 371 1("-375 l(J.-376 
------

SI02 57.10 57,66 04.6~ 64.5 Z 66.82 05,09 65.~8 50.11 5:>,74 51.77 
TJ 0, 1.' j~ , .0° l u.Vytj 1.U46 , .O4l , • S16 1 • Ul 7 , .67U 1 .0' ) , .1 74. 
Al203 , 10 , () ~ 14. $ 7 , l. Y £ , 1. J a 11 • CH , 2. 4 '1 •• 6 , 9.57 14. ~ 6 16,06 
fE 203 Y.60 '0.4'1 11 .40 ",61/ ".65 " .91 , , . ,. , 6.75 , U .5" , l .l3 
.NO 

L1. " 
o.n (I. , j U.17 0.17 0.'7 0.16 D.l. 0.17 U. , 6 

"GO 4,3l 3..51 O.1S4 U.t!6 , .1)9 0.86 O.!S9 1 .61 4,66 4,"16 
00 7.U~ f.:I 70 .5.l ( .3 f l 5 i' .90 5.37 1 • Y 6 3./6 Y.OJ 6.lS 1 
HAlu 1..QJ 3:71 ,s. 0) 4,lO t.. 7 7. J.6' 3.d4 10.20 ..s.43 j.3\1 
<10 l.rl , • vQ 1,)j 1 ," S U,,5 U.S1 1 • Yo 1.59 u.'i6 1 • Y 7 
P20~ u .Z4 1:S 0.13' 0.)U3 0.504 U.5,1 0,517 n.496 0.869 U,14U V.17l 

TOTAL: 101. uu 1 Ul .34 Y9.~1 Y9,M? 9~,3 ' Y8.58 , UO. 17 Q8.8/\ 9Y.7Y 98.1.5 

l O I $, 52 5.81 2 .4U l,lQ t.:5 2 2.9' 2.U7 3 .20 t.42 ~.54 

BA ~~6 ]60 ~54 6" '2Z 363 .4U , l' U _U, J55 
HR 7.9 6 •• ' 4.2 1 6 , 1 , 5 • 7 14.4 , 5 • 7 2.3.1. 6. , 6.U 
I, ,'" 177 23) 2101 '~5 247 13' 383 , 14 137 
Y l6.4 15 •• >1.7 . ) t . , ~ 4 .3 51,4 1.6,8 71.3 22. , 2l.4 
5, 630 H6 5"' 2," ,"4 .154 l' , 4U no 24" ,. 'b.o 24,U 4H.l 06.8 4.3 '2.' 5 ~ • 5 J4.5 l6,7 6's. , 
I. Y(J R4 , 6' ,,~ '64 164 lOU III 79 Y5 
Cu ,UJ 5. 2J jU , 3 l' 1, 16 7' 5~ 
HI " , , 3 J l' 1 4 , 5 , I , , , <! '13 173 
Co ~2 55 20 I.Y ,9 29 14 37 5 , 5" 
CR ~U 'j7 y 0 3 6 " 6 , , 5 66 
V ,.9 101 D '6 lS 17 17 27 17l 16d 
LA ,- 14 4, 4J 47 4 , 5~ 

, , 
CE 'U 60 6l •• Yo 96 8' ,24 23 3, ., ,0 21 4 7 _0 46 48 4' 57 ,,, 1l 

S.4~PLEI <l-362 "l-391 p,-3 95 P'-398 AH--40U "-403 PG-406 PG-417 IN-419 IN-421 

5102 54,47 53. 5 ~ 48.)t 56,U6 5J.60 54.32 59.U6 56 .7n .Y .28 H.71 
T I 02 U, SUU U, S!lS , .6:>4 1 , !l31 , . 1 67 , • , 67 , .425 1.;f)1 1 • k 34 1.4Ut 
AL203 , , • IY 14.5 n '5. Y"/ 1 4 , , 7 1 4.77 14.38 '3.65 , 3.39 '4,95 13. 42 
FE103 1 0 I 86 , I • OR Y .14 1 1 , 1 3 , , .58 14.70 , U. 0 1 , , .05 '6./9 lU.OO 
~NO u.17 0.17 U.l4 0, 18 U.19 0.'6 0.'3 0.17 0.1& 0.16 
"GO 9 . 0U B.RJ 7 • , "/ 5,09 4.59 5.57 5,74 6.0f) 6.1' 4.lo 
CAO 0.04 6.88 12.01S o,Y7 Y.93 6.77 4.33 0.19 0,8 6 5.50 
1'1420 ,.'5 3.01 J,51S 2.4M l.02 U~ 1.25 1.63 .5.33 .s.48 
",0 , ,95 1 • .5 6 U, !lU , .66 1 .88 2. SH , .50 U.L.6 2. J 5 
P20S U.071 0.07U O.od7 0, " :5 U.277 0.224 O. )79 0.677 U,2Y3 U.6 tH 

TOTAL: 1 I)' .17 Y8.Y"' "'8.l4 YB.82 9b,S4 98.55 98,YY 98.03 lOU. 1 8 9Y .55 

lOI 2.:5 4 3.17 , U. 6) 6,76 ".59 9,78 5,82 .50 3, l.60 , .710 

B4 ,Y7 3R4 215 8Y" t61 '04 , 005 AI' <3, 0" 
NB 1 .4" 0.0 , Y ,6 10 ,4 10~' 6 9.2 1 d, 7 14,9 0.7 HI, , 
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trace element data is not usually employed in the literature, it is 
considered to be more compatible with the major element data in this form 
in view of the hydrated nature of the secondary mineral assemblage as 

well as the strongly carbonated nature of a few extremely altered 
samples, for which volatile loss may be up to 10 wt%. The volatile-free 

data is thus considered to be more representative of the original liquid 
compos iti on. Although space 1 imi tati ons have prevented the presentati on 
of the original analyses inclusive of volatiles, the original totals as 
well as the wt% loss of volatiles on ignition at 10000C (L.O.I.) are 

provided in Table I to enable recalculation back to the original form. 

In the following sections, variation diagrams are presented for all 

oxides and trace elements using Zr as the abscissa in place of the more 
common i ndi ces of di fferenti ati on such as MgO, Differenti ati on Index, 

Mg-number etc. The reasons for this are: 

(a) Zr is widely recognised as behaving in a typically incompatible 

fashion over a broad compositional range as a result of its high 

field strength (charge to mass ratio) . 

(b) For the same reason, Zr is generally not transported in aqueous 

fluids (Pearce and Norry, 1979) and is thus widely regarded and, 

indeed, has been shown to behave as an immobile element during 
most processes of secondary alteration and low grade 
metamorphism (e.g. Winchester and Floyd, 1977; Floyd and 

Winchester, 1975; Pearce and Norry, 1979; Finlow-Bates and 
Stumpfl, 1981). 

(c) It commonly occurs in concentrati ons ideally sui ted to X-ray 

fluorescence analysis, and precise determinations are thus 
readily obtainable . 

Before any petrogenetic interpretations are made, it is essential that 

the effects of secondary alterati on, metamorphi sm or possi bl e pervasi ve 
regional metasomatism, as proposed by Cornell (1978), be assessed in 
order to establish whether the data, in terms of magma compositions, have 

been invalidated by mobilization of some elements. Assuming then that Zr 

is immobile during post-solidification processes, its use as the abscissa 
in the succeeding diagrams serves a dual purpose, firstly as an index of 
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differenti ati on and secondly as a means of eva 1 uati ng qual itati vely the 
degrees of mobil ity of the other elements by observing the coherency of 

the variation and the degree of scatter within coherent trends. This is 
only valid if it is assumed that the variations are caused by simple 

magmatic processes resulting in continuous, rational trends. In addition 
the risk of masking real magmatic trends by the use of a differentiation 
index which may be susceptible to secondary processes is avoided. A 
brief digression may be in order at this stage to justify the above 

strategy in terms of the relevant literature. 

In order to overcome the problem of mobilization of elements due to 

hydrotherma 1 a Hera ti on and metamorphi sm of volcani c sequences, vari ous 
approaches have been adopted by different workers . Perhaps the most 

widely used approach has been to avoid the use of highly altered samples 
altogether by rejecting samples which fail to meet certain criteria 
established to suit the requirements of a particular study, as suggested 
by Irvine and Baragar (1971). Reid (1979) for example, in a study of 

Precambrian metavolcanics of the Haib Supergroup in Namibia, avoided 
samples which could be observed 

specimen, or which displayed 
substantially veined or contained a 

to be excessively altered in hand 

a penetrati ve schi stosity, were 

high proportion of combined water. 

Another approach, devi sed by Beswi ck and Souci e (1978), makes use of 
molecular ratio plots from which mobile oxides may be isolated by 

compari son with standard trends produced by a representati ve number of 
unaltered Mesozoic lavas of wide compositional range. Theoretically this 
procedure enables one to correct back to the ori gi na 1 compos it ion, the 
assumption being that the original composition does 1 ie on the standard 

trends. Davies et al. (1979) adopted a modified version of this approach 
for Archaean volcanics of the Timmins mining area, Ontario, using 

Cartesian molecular ratio plots with a known mobile oxide as the common 
denominator . By using various combinations of oxides they were able to 

estab 1 ish whi ch were mobil e by i sol ati ng those produci ng de vi ati ons from 
the straight line which would be expected had both numerators been 
immobile. A basic assumption of this method is that the variation of the 
mobile denominator is almost entirely a result of secondary 

remobilization and that primary compositional variations are small. 

Another method is to compare analyses of fresh and altered portions of a 
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sample, or by comparing similar but progressively more altered samples 

from the same sequence and preferably from the same flow, as suggested by 

Floyd (1976). Such an approach is useful when the type of remobilization 

is in the form of relatively small-scale metasomatic migration of certain 

elements giving rise to easily recognisable "alteration regimes·, such as 

those descri bed by Smi th (1968), and Smi th and Smith (1976), in 

Ordovician volcanics of New South Wales, Austral ia, and Morrison (1978) 

in Paleocene basalts from northwest Scotland. Alternatively petrogenetic 

interpretation may be restricted to those elements which are known to 

remain relatively immobile during secondary processes, such as Zr, Ti, Y, 

Nb and certain rare earths, which have been used for purposes of 

classification (Winchester and Floyd, 1977), identification of tectonic 

setting (Pearce and Cann, 1973; Floyd and Winchester, 1975) and 

petrogenetic modelling (Pearce and Norry, 1979). 

The strategy adopted in this study has been of a more empirical nature, 

although many aspects of the abovementioned works have been taken into 

consideration. Thus the basis of sampling was such that the more 

altered, fractured and veined material was avoided, and while this did 

not eliminate highly altered samples of homogeneous outward appearance, 

these are re 1 ati ve ly few in number and provi de a good i ndi cati on of the 

extremes of seconda ry compositi onal modi fi cati on whi ch may be expected. 

L.O.I. contents of analyzed samples fluctuate considerably but different 

levels characterize different formations, a possible result of original 

chemistry and texture, and a cut-off level would thus be difficult to 

apply. Strongly carbonated sampl es are refl ected in excessive L. O. I. 

levels (up to 10%) due to loss of CO2, While the recognition of 

alteration regimes is difficult as samples were taken from borehole core 

and not from 1 aterally extensi ve outcrops, different types of alterati on 

have nevertheless been observed petrographically, with some samples being 

epidotized and others carbonated, and these features may imply the 

presence of such regimes. This being the case, a large proportion of the 

chemi cal modi fi cati on can be regarded as a closed-system metasomatic 

redistribution of elements. Real magmatic trends shoul d thus be defined 

by the average trends of a statistically large enough sample population 

taken over a large enough area, depending on the scale of the alteration 

regimes. However, if the degree of scatter exceeds the degree of 

magmatic variation, the original trend will be obliterated. The use of 

the molar-ratio techniques of Beswick and Soucie (1978) and Davies et 
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al. (1979) have been avoided, since dangers inherent in applying their 

basi c assumpti ons to the Witwatersrand tri ad 1 avas are consi dered to 

outweigh their usefulness. 

In the following sections, the relative mobilities of elements along with 

their variation trends are described and it will be demonstrated that 

petrogenetic interpretation need not be restricted to the immobile trace 

elements, which nevertheless will be used as the basis for the 

interpretation. Furthermore, in the 1 ight of the chemical data presented 

here, it will be argued in a later section that the large scale, open 

system metasomati c process envi saged by Cornell (1978) for the 

Ventersdorp Supergroup is unlikely to have occurred, at least in the area 

under consideration. 

D. Description of Chemical Trends Relative to Zirconium 

1. Dominion Basic Lavas 

(a) ~lajor Oxide Variations The major oxide variations of the 

Dominion basic lava sequence plotted against Zr are presented in 

Figure 11. This suite displays the largest variation of all the 

magma groups under consi derati on, formi ng an apparently 

continuous differentiation sequence which exhibits a range in Zr 

content from around 75 to 350ppm, and representing a spectrum of 

1 avas from basi c through to i ntermedi ate types. Well-defi ned 

trends are displayed by Si02, Ti0 2, A1 203, MgO and 

P205' Visually approximated average trends with increasing 

Zr content are as follows; 

Si02 shows a steady increase from around 52% to 60%, 

accompanied by a progressive depletion of both MgO and CaO from 

10% to 2.5%, and 10% to 5% respectively. A1 203 displays a 

slight initial increase from around 14% to 15%, subsequently 

decreasing to 12% in the most evolved samples. Fe203 is 

enriched from around 11% to 13.5%, although a large degree of 

scatter between 8% and 15% is exhibited. MnO remains 

essentially constant at .15%. The alkalies display a large 
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degree of scatter, with both showi ng no coherent trend, Na20 

varying between 2% and 4%, and K20 between 0% and 2%. Ti02 
and P205 both show linear enrichments from .7% to 2% and 
from .2% to .75% respectively. 

It is evi dent from Fi gure 11 that useful constraints may be 
pl aced on petrogeneti c i nterpretati on of these 1 avas by vi rtue 
of the coherent trends d i sp 1 ayed by the oxi des, with the 

possible exception of Na 20, K20 and Fe203. Most of the 
trends are clearly only distinguished by virtue of the large Zr 

vari ati on. 

(b) Trace Element Variations : Trace element concentrations of the 

Dominion basic lavas plotted against Zr are presented in Figure 
12. Nb, Y, La, Ce and Nd predictably display the most 

well-defined trends by virtue of their expected immobility, all 
behaving incompatibly and defi ni ng 1 i near positi ve correlations 
with Zr. Approximate ranges are as follows 

Nb 3-15ppm 

Y 18-55ppm 

La 10-40ppm 
Ce 20-80ppm 

Nd 10-50ppm 

Both Cr and Ni similarly display well-defined trends. Cr is 

very rapi dly depl eted from 1500ppm to around 20ppm wi thi n the 
most basic lavas, thereafter remaining essentially constant. Ni 
exhibits a similar behaviour, although the initial rapid rate of 
depletion from 450ppm is more subdued between 100 and 200ppm Zr, 

levelling out at around 30ppm in the more evolved lavas. 

Although Zn and V exhibit considerable scatter, both show 

definite enrichments with increasing Zr. Both Co and Cu exhibit 

depletion trends, the latter from 70 to around 25ppm, while the 
former is more subdued, decreasi ng from 65 to 50ppm. Ba and Rb 
both show a sense of enrichment with differentiation although a 

1 arge degree of scatter is present. The average trend of Ba 

increases from around 300 to 600ppm, and that of Rb from 15 to 
50ppm. Sr remains essentially constant at around 400ppm, 
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possibly decreasing slightly with increasing Zr content, and 

also shows a large degree of scatter. 

The incompatible elements Nb, Zr, Y, La, Ce and Nd, along with 

Cr and Ni, thus appear to be the most favourable candidates for 

use in quantitative or semi-quantitative geochemi cal 

calculations. The remaining elements, especially Cu, provide 

important constraints on petrogenetic interpretation, although 

their use in a quantitative sense should be approached with 

caution because of the scatter probably produced by secondary 

processes . 

2. Dominion Porphyries 

(a) Major Oxide Variations: Variation diagrams for the Dominion 

porphyries are presented in Figure 13. The outlines of the 

basi clava trends, taken from Fi gure 11, have been i ncl uded to 

facilitate comparison. In contrast to the basic lavas, and 

despite overlap in certain diagrams, the porphyries are 

chemically quite distinctive and display little coherent 

chemical variation with Zr. While the use of Zr as an index of 

differentiation might be questionable in such acid lavas, 

zircon was not observed in thin section and the lack of coherent 

variation using any other element as the abscissa, suggests that 

the observed variation in most instances is random scatter which 

has obscured any rational magmatic trends which may have 

existed. The Ti02, A1 203 and P20S variations are 

exceptions and are discussed below. 

The bulk of the samples fall within a Zr range of 240 to 

320ppm. Sampl e DP-33 (S4Sppm Zr) plots some di stance away from 

the bulk of the samples and will be discussed later. In 

contrast to the Dominion basic lavas of equivalent Zr contents, 

the porphyries are richer in Si02 (70.14%) and K20 

(3.03%)(the figures in parentheses represent the mean oxide 

concentrations exclusive of sample DP-33), and depleted in 

Ti02 (.79%), Fe203 (6.71%), MnO (.08%), MgO (1.12%), CaO 

(2 . 02%) and P20S (.24%). A1 203 (12,64%) and Na20 

(3.22%) contents are equivalent to the basic lavas, although 
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Figure 13: (2 pages following) Oxide versus Zr variation diagrams -
Dominion porphyries . Dashed line indicates the Dominion 
basic lava trend . 
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Na
2

0 mi ght be s 1 i ghtly enri ched in the porphyri es. K20, 

Na20 and to a lesser extent Fe 203 again appear to be the 

most mobile oxides, with K20 scattered between 1.S and 6%, 

while Ti0 2, P20S and A1 203 display the smallest amount 

of scatter, and may thus be regarded as immobile. 

Relative to the average porphyry composition, sample DP-33 is 

depleted in 5i02 and Na20, and strongly enriched in Ti02, 

A1 203 , K20 and P20S. In the case of Ti02 , K20 and 

P20S' this sample lies on a projection of a line passing 

through the origin and the mean porphyry composition, while with 

A1 203 this line cuts the Y-axis at around 3% A1 203. The 

relationship of sample DP-33 to the mean composition in respect 

of the remaining oxides is obscure because of scatter, although 

Fe203 and MnO may be slightly depleted and MgO slightly 

enriched. 

(b) Trace Element Variations; As in the case of the major oxides, 

the mean trace element concentrations of these lavas (excluding 

DP-33) may be considered representative of the porphyries as a 

whol e, as the vari ati on inmost cases appears to be random 

scatter (Figure 14). The incompatible elements Nb and Y, as 

well as Ti02 , A1 203 and P20S mentioned above, exhibit 

straight-line positive trends which in most cases project 

through the origin. These trends reflect the coherency in 

behaviour of these elements with Zr, probably as a result of 

their expected immobility during secondary processes, although a 

magmatic origin for the trends cannot be ruled out. 

In relation to the basic 1 avas of similar Zr contents, the 

porphyries are enriched in Rb (82ppm) (although considerable 

overlap exists due to large degrees of scatter) and La (49ppm). 

They are depleted in Y (29ppm), Zr (191ppm), Zn (84ppm), Cu 

(14ppm), Ni (lOppm), Cr (Sppm) and strongly depleted in Co 

(18ppm) and V (S2ppm). Concentrations of Ba (7S7ppm), Nb 

(l4ppm), Ce (93ppm) and Nd (40ppm) are similar to those of the 

basic lavas. The mean Zr content is 273ppm. 

Once again Ba, 5r and Rb appear to be the most mobile elements, 
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Figure 14: (3 pages following) Trace element versus Zr variation 
diagrams - Dominion porphyries. Dashed line indicates the 
Dominion lava trend . 
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followed by Zn, as indicated by their large degrees of scatter. 

Relative to the bulk of the porphyries, sample DP-33 is enriched 

in Ba, Nb, Y, Rb and possibly V, falling on a projection of a 

line passing through or close to the origin and the bulk of the 

samples. The remaining elements are more difficult to evaluate, 

although Sr, Zn, La, Ce and Nd appear to be depl eted. The 

implications of these relationships are important as they appear 

to be dupl icated in several formations, and will be considered 

further in a later chapter. 

3. Ventersdorp Supergroup (including Jeppestown Amygdaloid) 

(a) General : Variation diagrams for the lavas of the Ventersdorp 

Supergroup and i ncl udi ng the Jeppestown amygdal oi d sampl es are 

presented in Figures 15 (major oxides) and 17 (trace elements). 

The axes are identical to those used for the Dominion Group 

diagrams, and where possible the Dominion basic lava trend is 

indicated to facilitate comparison. 

The discrete ranges in Zr content of the major compositional 

groups within the Ventersdorp Supergroup allow these groups to 

be easily accommodated with very little overlap on the variation 

diagrams. As a whole, Zr in these lavas ranges from 

approximately 40ppm to over 700ppm. Lavas of the 

Klipriviersberg Group are chemically the most primitive, with Zr 

content ranging between 40 and 150ppm, followed by the 

Allanridge lavas which show limited variation about a mean of 

178ppm Zr. With the exception of sampl e JA-371, the Jeppestown 

amygdaloid samples are clustered about a mean of 242ppm Zr. The 

Goedgenoeg and Rietgat formations cannot be separated 

geochemically and are thus treated together. They fall within 

the range of 240 to 750ppm Zr, although all but 4 samples lie 

between 240 and 430ppm. The 4 high-Zr samples resemble rocks of 

the Makwassie formation both petrographically and chemically. 

They were taken from the highly porphyritic units occurring 

within the Goedgenoeg formation in boreholes JBF-l and VHD-l, 

whi ch were referred to at the end of Chapter II 1. These sampl es 

are excluded from the general description of the chemistry of 
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Figure 15: (2 pages following) Oxide versus Zr variation diagrams -
Yentersdorp Supergroup and Jeppestown amygdal oi d 1 avas. 
Dashed l i ne indicates the Dominion basic lava trend. 

Key to symbol s:-
X - Klipriviersberg lavas 
o - Allanridge lavas 
+ - Goedgenoeg/Rietgat lavas 
M - Makwassie porphyries 
* - Jeppestown amygdaloid lavas 
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the Goedgenoeg/Rietgat lavas below, but will be considered later 

in Chapter VIII. 

The Zr concentrati ons in the Makwassi e porphyry sampl es vary 

between 4S0 and 7S0ppm. Because of the relatively high levels 

of Zr and the presence of zircon in these specimens, Zr may not 

behave as an incompatible element, and magmatic trends may not 

be obvious in the plots. 

(b) Major Element Variations Only lavas of the Klipriviersberg, 

Goedgenoeg/Ri etgat and Makwassi e sequences di spl ay ranges in Zr 

of sufficient magnitude to indicate coherent intra-formational 

trends which are not obscured by the scatter of the data. Of 

these only the Klipriviersberg and Makwassie samples do in fact 

display coherent trends. The Allanridge samples display a 

relatively wide range in the concentrations of many elements 

despite the limited Zr range, a feature which probably reflects 

the variability in type and degree of alteration described in 

Chapter V. Thus all the oxi des wi th the exception of TiOZ' 

A1 Z03 and PZOS display varying degrees of mobility, with 

MgO slightly mobile and NaZO and KZO extremely mobile. 

It has been stated in Chapter III that the Alberton, Orkney and 

Lorai ne/Edenvi 11 e formati ons of the Kl ipri vi ersberg Group are 

distinguishable on geochemical grounds. This is best 

exemplified in the TiOZ versus Zr and FeZ03 versus Zr 

plots which are reproduced on an expanded scale in Figures l6(a) 

and (b). Figure l6(a) shows a small gap between .8 and .8S% 

TiOZ and 86 to 90ppm Zr. This gap represents a boundary 

between the Loraine/Edenvill e and Orkney formations. All Orkney 

formati on sampl es 1 i e withi n the range of 90 to 11 ° ppm Zr, 

while only 3 Alberton samples plot below 1l0ppm Zr. The 

Orkney/Alberton 

16 (b) , where 

concentrations 

formation boundary is well illustrated in 

Orkney sampl es generally have higher 

than those of the Al berton 1 avas. 

significance of these compositional breaks will be evaluated in 

Chapter VIII. The Orkney and Alberton formations display no 

discernible magmatic trends within their limited Zr ranges. In 

contrast, the Loraine/Edenville lavas exhibit a number of 
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we ll-defi ned trends, the most si gni fi cant bei ng tha t of MgO, 
which decreases with increasing Zr from 17.5% to around 5%. 

Si02 varies between 50 and 57%, showing a very ill-defined 
increase with increasing Zr. No variation of Fe203 is 

discernible through the scatter and it presumably remains 
relatively constant at between 10 and 12.5%, while MnO is 
scattered about a .17% mean. CaD, although scattered, shows a 
general depletion from 9% to 6%, while any trend for K20 has 
been obliterated by secondary alteration, and concentrations now 

vary between 0% and 2%. A1 203, Ti02, P205' and tJa20 
display linear enrichments with increasing Zr, reflecting both 

an incompatible and, with the exception of Na 20, an immobile 

behaviour. Ti02 increases from .4% to .8%, A1 203 from 8% 

to 15%, P205 from around . 06% to .1% and Na 20 from around 
1.3% to 3.8%, ~Iith the most basic sample containing .2%, but 
this may well be a secondary depletion due to alteration. 

Orkney and Alberton lavas show very little coherent 
variation but exhibit some significant intra-formational 

differences between them, 
already been demonstrated, 

most clearly illustrated, as has 

by Fe203, which ranges from 11% 
to just below 15% in the Orkney formation, with a mean of 
12.67%, while in the Alberton samples it varies between 10% and 

12.5% with a mean of 11.4%, and is thus similar to the levels in 

the Loraine/Edenville formation. MnO, although scattered, is 

generally more depleted in the Alberton formation. Si02 
contents are scattered in both formati ons between 50% and 57%, 

while MgO varies between 4% and 6%. CaD, Na20 and K20 
display wide ranges due to their high mobility, with average 

concentrations in both formations being very similar, viz. 

7.45%, 3.45% and 1. 32% for CaD, Na 20 and K20 respectively in 

the Orkney formation, and 7.19%, 3.40% and 1.13% for these 

elements in the Alberton formation. A1 203 is scattered 

between 14% and 16% (means = 14 . 85% in the Orkney, and 14.95% in 
the Alberton formation), showing a distinct flattening of the 
enrichment trend exhibited by the Loraine/Edenville formation. 

A more subtl e break occurs Ivi th Ti O2 concentrati ons, whi ch in 
the Orkney and Alberton formations cluster about means of .98% 

and 1.07% Ti02 respectively. The Alberton formation samples 
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lie on a projection of the Loraine/Edenville trend, but the 

Orkney samples 1 ie above this projected trend (Figure 16(a ) ) . 

P205 forms a 1 inear trend continuous with that of the 

Loraine/Edenville formation, with concentrations increas i ng to 

just below .2% in the Alberton lavas. 

Lavas of the Allanridge formation 
~~~~--~~~~ 

have maj or oxide 

concentrations spread over the range covered by the Alberton and 

Orkney formations, and often exceed the upper and lower limits 

of the latter, while mean concentrations are similar. Ti02 
contents are slightly higher, with a mean of 1.2% which, because 

of the higher Zr contents, lies below the projected 

Klipriviersberg trend. P20S' with a mean of .23%, falls on a 

projection of the Klipriviersberg trend. MgO contents are 

generally lower, averaging 4.22%. 

Lavas of the Goedgenoeg/Rietgat formations, while displaying a 

relatively ~tide range in Zr, exhibit a large degree of scatter 

which in most cases appears to be random. Mean concentrations 

of 5i02, A1 203 and K20 are almost identical to those of 

the All anri dge formati on. Fe203 , MnO and Na20 are 

slightly lower, while MgO is higher (5.1%). Ti02 and P205 
concentrati ons are hi gher wi th respecti ve means of 1.5% and 

.7%. It is significant that these lavas do not display the 

usual linear coherence of Ti02 and P20S with Zr. Finally 

the similarity in distribution patterns in the Ti02 and 

P205 versus Zr plots suggests a close coherence in the 

behavi our of these two elements. The implications of these 

features will be discussed in Chapter VII. 

5ampl es of the Jeppestown amygdal oi d (excl udi ng sampl e JA-371) 

are characterized by considerably higher mean contents of 5i0
2 

(65 . 3%) and lower Ti0 2 (1.03%), A1 203 (12.6%), MgO (.9%) 

and CaO (3.0%) compared to the Allanridge and Goedgenoeg/Rietgat 

lavas, whose Zr contents are respectively less than and greater 

than those of the Jeppestown amygdaloid. Fe203 (11.8%) and 

MnO (.16%) contents are similar to those of the Allanridge 

formation. Na20 and K20 (3 . 6% and 1.1 % respectively) are 

the only oxides which show an appreciable amount of scatter, the 
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former being slightly higher, and the latter slightly lower than 

the mean concentrations in the Allanridge and Goedgenoeg/Rietgat 

formati ons. P 205 content averages .57% and is thus 
intermediate between the Allanridge and Goedgenoeg/Rietgat means 
for this element. 

Relative to the bulk of the Jeppestown samples, sample JA-371 

(383ppm Zr) is strongly depleted in Si02 and enriched in 

Ti02, A1 203, Fe203, MnO, ~lg0 and P205, while the 
CaO, K20 and Na 20 concentrations fall in the same range as 
the other samples. This relationship is thus similar to that of 
sample DP-33 to the rest of the Dominion porphyries. 

The Makwassie guartz porphyries exhibit a large Zr variation, 
between 450 and 750ppm, and while some oxides exhibit a large 

degree of scatter, others are linearly correlated with Zr. 

Si02 exhibits a general decrease with increasing Zr, from 
around 68% down to 55% \~ith a mean of 64.6%. Fe203 (7.6%) 

and MnO (.09%) are widely scattered although a crude enrichment 

trend may be present. CaO and MgO exhibit similar 

configurations to those of Fe203, with means of 3.34% and 
2.43% respectively. Na20 (3.02%) and K20 (2.72%) show a 
pronounced scatter wi th no suggesti on of coherence with Zr. 

Ti02, A1 203 and P205 display very well-defined 1 inear 
enrichment trends. Ti02 increases from about 1% to 1.7%. 

A1 203 increases from 12.5% to 18%, and P205 from .44% to 
.7%. It may be noteworthy that the Ti02 and P205 trends 
project back through the origin, while that of A1 203 
intersects the Y-axis at 4% A1 203. An important feature of 
the chemi stry of the Makwassi e porphyri es is that the trends 
displayed by Si02 and the immobile oxides, Ti02, A1 203 
and P205, are similar to those produced by samples DP-33 and 
JA-371 in relation to the bulk of the Dominion porphyries and 

the Jeppestown amygdal oi d sampl es respecti vely. The 
significance of this observation will be assessed in Chapter VII. 

(c) Trace El ement Va ri ati ons A feature of the trace el ement 

variation diagrams (Figure 17) is the relative consistency of 
slope defined by the most incompatible, immobile elements, Nb, 
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Figure 17: (3 pages following) Trace element versus Zr variation 
di agrams - Yentersdorp Supergroup and Jeppestown amygdal oi d 
lavas. Dashed line indicates the Dominion basic lava trend. 
Symbols as in Figure 15. 
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La, Ce, Nd and to a lesser extent Y plotted against Zr, for all 
the lava groups of the Witwatersrand triad, thus forming 
apparently conti nuous vari ati on trends both wi thin and between 
the various lava groups. It is also noteworthy that Ti02 and 

P205' which in most instances appear to behave as 
incompatible elements, do not display this consistent 

relationship, as has been demonstrated in the previous sections. 

Nb shows the most consistent trend. It ranges between 0 and 

8ppm in the Kl ipriviersberg Group, clusters about means of 8.9 
and 15.1ppm in the Allanridge and Jeppestown lavas respectively, 

and is enriched from 15 to 25ppm in the Goedgenoeg/Rietgat 
formations, and from 25 to 45ppm in the Makwassie porphyries. 

The trend produced by Y is not as consi stent as the Nb trend, 
and the Y versus Zr variation in the Klipriviersberg Group as a 
whole is non-linear, displaying a gradually decreasing rate of 

enrichment of Y relative to Zr. Y concentrations in the 
Allanridge formation cluster about a mean of 27.2ppm, falling on 

a projection of the Klipriviersberg trend. The remaining 

formations are enriched in Y relative to the latter trend, with 

the Jeppestown samples clustering about a 51.3ppm mean, and the 
Goedgenoeg/Ri etgat and Makwassi e samp1 es i ncreasi ng from around 
40 to 60ppm and 60 to 90ppm respectively. 

The rare-earth elements La, Ce and Nd show similar trends to Nb, 

although the Jeppestown amyda10id and Goedgenoeg/Rietgat samples 

again show a slight relative enrichment, and the Makwassie 

porphyries show appreciable scatter. Overall ranges exhibited 

by the lavas are approximately from below detection limits to 

130, 270 and 120ppm for La, Ce and Nd respectively. 

In contrast to these coherent trends, Ba, Sr and Rb are highly 

scattered. This reflects their mobility during low-grade 
regional metamorphism, and they are thus of 1 itt1e petrogenetic 

val ue. 

In the Klipriviersberg samples, the transition elements Co, V, 

Zn and Cu exhibit similar breaks in the variation trends to 
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those displayed by Fe203 , thus illustrating the subtle 

compositional differences between the Loraine/Edenville, Orkney 

and Alberton formation lavas. This is best illustrated by Co, 

which is depleted from 80ppm to below 60ppm in the 

Loraine/Edenville formations. The Orkney formation shows a 

scatter of between 60 and 80ppm Co, with a mean of 67ppm, which 

distinguishes it from the Alberton formation which clusters 

about a 60ppm mean. A similar relationship is displayed by V, 

which shows a similar configuration to that of Fe203 on the 

variation diagrams. Concentrations in the Loraine/Edenville 

formation are scattered about a mean of 194ppm, while the Orkney 

formation is appreciably enriched, averaging 226ppm. The 

Alberton formation, with V values showing a similar degree of 

scatter to those in the latter samples, is more depleted, \~ith 

an average of l84ppm V. Zn shows a similar distribution to that 

of V, al though more scattered. The mean Zn content of the 

Loraine/Edenville formations is 85ppm, although this may be an 

overestimate as the scatter appears to be biased towards higher 

Zn levels. The Orkney samples have a higher mean Zn content of 

92ppm, while the Alberton formation averages 85ppm . Cu is 

highly scattered, yet is noteworthy in that the 

Lora i ne/Edenvi 11 e 1 avas show a crude en ri chment between 40 and 

80ppm, as opposed to the depletion observed in the Dominion 

basic lavas. The Orkney and Alberton lavas have mean Cu levels 

of 95ppm and 92ppm respectively, although it appears that the 

former are, in general, more enriched in Cu than the latter, 

with the lower mean resulting from several samples being 

extremely depleted in Cu, a feature which is probably of 

secondary origin. 

Cr and Ni display a strong coherence with t~gO. Cr is rapidly 

depleted from 2600ppm to around 200ppm in the Loraine/Edenville 

formations and clusters about means of 5lppm and l24ppm in the 

Orkney and Al berton formati ons respecti vely. It is interesti ng 

to note the higher levels of Cr in the Alberton lavas, despite 

their hi gher incompatible element concentrations. (A similar 

situation is also evident in the MgO vs Zr plot, although masked 

by scatter.) Ni exhibits a similar pattern, decreasing from 

over 500ppm to around l80ppm in the Loraine/Edenville 

formations, while the Orkney and Alberton formations average 
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142ppm and 158ppm respectively. 

The Allanridge formation displays a large variation in 

transition element abundances relative to Zr. However, as in 

all cases thi s appears to be random scatter, the means (i n 

brackets below) may be considered representative. The average 

Zn 1 evel (105ppm) is higher than that of the K1 ipriviersberg 

lavas, while the remaining elements fall within the range of the 

Orkney and Alberton formations. Cu (9lppm) shows an extremely 

large degree of secondary variation, far surpassing that of the 

other formations. The degree of scatter in Ni (148ppm), Co 

(63ppm) and V (196ppm) is slightly higher than that observed for 

the Orkney and A1 berton formations combined, while Cr (61 ppm) 

forms a relatively tight cluster, and is lower than in the 

Orkney formation. 

The Goedgenoeg/Rietgat lavas are characterized by poorly-defined 

to non-existent trends in their transition element variations 

relative to Zr. Zn is randomly scattered between 100 and 

150ppm, with a mean of 121ppm being slightly higher than that of 

the Allanridge lavas . Cu (31ppm) is much lower than in the 

formations already discussed and is also randomly scattered, as 

is V (202ppm) whose levels are equivalent to those of the 

Allanridge and Klipriviersberg lavas. Ni (123ppm), Co (46ppm) 

and Cr (3l5ppm) all display crude depletion trends, 

approximately from 150 to 80ppm, 50 to 35ppm and 400 to 200ppm 

respectively. While Ni and Co is lower than in the Alberton, 

Orkney and A1lanridge lavas, Cr is higher . 

Relative to the Goedgenoeg/Rietgat lavas, the Jeppestown 

amygdaloid (excluding sample JA-37l) has higher Zn (16lppm) 

slightly lower Cu (22ppm) and much lower Ni (13ppm), Co (27ppm), 

Cr (7ppm) and V (17ppm). In all cases, sample JA-37l is 

enriched relative to the mean, such that it falls on the 

projecti on of ali ne passi ng through the mean and through or 

close to the origin, although in the case of Cr this 

relationship is obscured because of extremely low concentrations. 

The Makl·/assi e porphyri es di sp1 ay pronounced 1 i near trends for 
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the transition element variations with Zr, projecting through or 

close to the origin, although the Zn trend is poorly defined due 

to pronounced scatter. The concentrations of all these elements 

are lower than in the Goedgenoeg/ Rietgat formations. Zn shows 

an approximate enri chment from 80 to 130ppm, Cu from 10 to 

20ppm, Ni from 20 to 40ppm, Co from 20 to 30ppm, Cr from 20 to 

40ppm and V from 90 to 160ppm. These trends are thus similar to 

those produced by sampl e JA-371 rel ati ve to the mean Jeppestown 

compositions, and similar in some respects to the relationship 

of sample DP-33 relative to the bulk of the Dominion porphy ry 

samples. These relationships are consistent with those noted 

for the major element concentrations in these samples. 

E. Di scussi on : Geochemi stry and Cl assifi cati on of the 

Witwatersrand Triad Lavas 

1. Introducti on 

A systematic attempt to classify the lavas, and to demonstrate how 

they compare compositionally with other lava sequences, is currently 

being undertaken by T.B. Bowen (1984) and these aspects will thus not 

be cons i dered in detail in thi s thesi s. A bri ef summa ry of the 

general geochemical characteristics of these lavas is presented here 

in order to demonstrate the broad compositional differences between 

lava suites, to emphasize the unifying features of these lavas and to 

present a basis for the interpretations presented in the succeeding 

chapters. As a means to this end, Table II has been compiled. It 

contains both representative and average analyses of the 

Witwatersrand triad lavas. The means of the Dominion porphyries, 

exclusive of sample DP-33, the Jeppestown amygdaloid, exclusive of 

sampl e JA-371, and the Al berton, Orkney and All anri dge formati.ons are 

considered representative of these lava types in view of the limited 

compositional variation occurring within them. Means of the Dominion 

basic lavas, the Loraine / Edenville, Geodgenoeg/Rietgat and Makwassie 

formations, as well as the intrusive samples, should be treated with 

caution because of the signifi cant degrees of compositional variation 

within these suites which are probably due to magmatic processes and 
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not alteration. For thi s reason some individual analyses have been 

included in Table II, although these too may not be strictly 
representati ve because of varyi ng degrees of scatter of i ndivi dual 

e1 ements as demonstrated in the previ ous secti on. They do, however, 

in conjunction with the means, serve to illustrate the pertinent 

features of these lavas. 

2. Source of Data in Table II 

Analyses 1 to 4 in Table II are from the Dominion basic lava suite. 
Analysis 1 is that of sample DB-93, and is typical of the most basic 
samples of the suite, which in the following chapter will be shown to 
be parental to the more evolved lavas . Analyses 2 to 4 represent 
means of progressively more evolved lavas of this sequence, and were 

determi ned by arbitra rily subd i vi di ng the sample popu1 ati on on the 
basis of Zr content, at the 125ppm and 210ppm Zr levels. On this 

basis, analyses 2, 3 and 4 represent means of 29, 25 and 18 samples 
respectively. 

The Klipriviersberg lavas are represented by analyses 5 to 8. 

Analysis 5 is that of sample KL-468, the most basic sample of the 

Loraine/Edenville formation, while analysis 6 represents the mean of 

39 Loraine/Edenville samples, within which a significant component of 

magmatic variation is present. Analyses 7 and 8 are the means of 32 

Orkney and 19 Alberton formation samples respectively. 

Although very little mention has been made of the intrusive samples, 

the majority of those analysed appear to have K1ipriviersberg 
affinities. Analyses 9 and 10 are those of samples IN-44 and IN-87, 

representing a basic and more evolved composition respectively. 

Analysis 11 is the mean of the seven intrusive samples from boreholes 

DSF-7 and DRS-6 . Other intrusives listed in Table I, namely IN-395, 

IN-419 and IN-421 appear to have Goedgenoeg/Rietgat affinities, 

although IN-419 has an anomalously low P205 content, while IN-395 
and IN-419 are anomalously low in Si02. This may be due to 
secondary alteration. It should be noted that the intrusive nature 
of these three samples has not been established with certainty, and 

time limitations have prevented further investigation of this problem. 
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Analysis 12 is the mean Allanridge formation composition (34 

samp 1 es) . Although many elements exhi bi t 1 arge degrees of scatter in 

the Zr variation diagrams (Figures 15 and 17), this is probably of a 

secondary origin, since the immobile elements are not significantly 

affected. Analysis 12 is thus considered to be representative of the 

All anri dge formati on magma, si nce secondary alterati on is thought to 

be effectively of a closed-system type (see subsection 5 below). 

The Goedgenoeg/Ri etgat formati ons a re represented by ana lyses 13 to 

15. As mentioned in previous sections, a substantial proportion of 

incoherent compositional variation occurs within this suite and 

analyses 13 and 14, respectively representing samples PG-165 and 

PG-173, serve to illustrate the degree of chemical diversity, 

al though they do not necessarily represent end-members of a 

differentiated sequence. Analysis 15 is the mean of 62 samples with 

the omission of the four samples previously mentioned as being more 

akin to the Makwassie porphyries. 

The remaining analyses in Table II are of the more acid members of 

the Witwatersrand triad, with analysis 16 being the mean composition 

of the Jeppestown amygdaloid exclusive of sample JA-371, and analysis 

20 the mean composition of the Dominion porphyries exclusive of 

sample DP-33. Analyses 17 and 18 represent samples PM-209 and 

PM-210, of the Makwassie porphyries respectively. These serve to 

demonstrate the compositional variation of these porphyries as 

illustrated in the Zr-variation diagrams (Figures 15 and 17), with 

analysis 18 being of a low-Zr sample, and 17 an example of the 

hi gh-Zr types. Analysi s 19 represents the mean of the 17 analysed 

~1akwassi e sampl es. 

3. General Observations 

From the variation diagrams presented in Section D and the analyses 

and means tabulated in Tables I and II, it is clear that only the 

Dominion basic 1 avas and those of the Loraine/Edenville formations 

contain truly basaltic types. Despite high MgO contents (i.e. up to 

17.5%; analysis 5, Table II), only some of the most basic samples, 

including some of the intrusives, are olivine normative. This is a 

result of the high Si02 contents of these lavas in comparison . to 
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younger tholeiitic rocks of equivalent MgO levels. Another feature 

of the high MgO lavas is their high concentrations of Cr and Ni. The 

majority of samples from all the formations excluding the Jeppestown 

amygdaloid, Makwassie and Dominion porphyries, are basic-intermediate 

to intermediate in composition, and have hence often been referred to 

in the 1 iterature as "andesites", a term whi ch has been incorporated 

into the formal stratigraphic nomenclature of these rocks (see 

Chapter I I). 

Within the basic-intermediate to intermediate samples, considerable 

overlap is present between the major oxide compositions of samples of 

various suites, while certain minor oxides and trace elements display 

major between-suite differences and serve to discriminate between the 

various lava types (see T.B. Bowen, 1984). This feature is best 

illustrated by the incompatible elements, Zr, Ti and P. Although 

overl ap occurs between the Domi ni on basi clava sequence and vari ous 

Ventersdorp suites, combi nati ons of the 1 atter el ements have proved 

to be efficient discriminators (see T.B . Bowen, 1984). In practice, 

the most useful discriminating variables are the Ti/P and Ti/Zr 

ratios, which when plotted against one another, yield a useful 

discrimination diagram which is presented in Figure 18. Thus, while 

superficially many of the lavas are compositionally similar, minor 

elements show them to be quite diverse. 

Each of the more acid suites, namely the Jeppestown amygdaloid, 

Dominion and Makwassie porphyry formations, also displays distinctive 

chemical features. Although in Figure 18 the Jeppestown samples 

overl ap with the Goedgenoeg / Ri etgat formati on sampl es, absol ute 

abundances of various elements, especially 5i02, Ni, Cr and V, 

serve to distinguish them unequivocally . 

4. Tentative Classification and Nomenclature 

A systematic classification of the Witwatersrand triad lavas is a 

diffi cult exerc i se in vi ew of the unusual chemi stry di sp 1 ayed by 

these rocks. This discussion is intended merely to pOint out the 

probl emati cal features and to suggest a tentati ve nomencl ature for 

these 1 avas, whi ch may be superceded by concl usi ons reached by T. B. 

Bowen (1984). 
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Since the term "andesite" has generally been applied to these lavas, 

it might be appropriate at this 

Wyatt (1976) discussed the 

stage to assess its suitabil i ty. 

systematic classification of 

Klipriviersberg lavas from an area near Johannesburg. These lavas are 

identical compositionally to the bulk of the Klipriviersberg samples 

analysed in the current study, although Wyatt's study did not reveal 

the presence of hi gh-Mg 1 avas in the upper Kl i pri vi ersberg 

formati ons. He showed that whil e the 1 avas di spl ayed some features 

characteri sti c of cal c-a 1 ka 1 i ne provi nces, the bul k of the evi dence 

suggested they were more akin to tholeiitic flood basalts, despite 

their relatively high Si02 and alkali contents. An important 

factor leading to this conclusion was the low A1 203 contents. 

Irvine and Baragar (1971) noted that the main difference between 

calc-alkaline and tholeiitic basalts was in the A1
2

0
3 

content, 

bei ng bebleen 16% and 20% in the former, and between 12% and 16% in 

the latter. All the basic to intermediate lava groups of the 

Witwatersrand triad have mean A1 203 contents of less than 15%, 

suggesting tholeiitic affinities for the bulk of these lavas. 

Furthermore Taylor (1968) showed that low Ni abundances (1 ess than 

50ppm) are characteristic of andesites and high-alumina basalts, 

while the mean Ni concentrations of all the basic to intermediate 

lava groups in this study, except in the more evolved part of the 

Dominion basic sequence, are greater than 100ppm. Although 

differences are not always as pronounced as with Ni, trace element 

levels on the whole, including those of Ti0 2 and P20S' are 

generally typical of tholeiitic basalts. 

In view of the presence of intermediate Si02 levels as well as 

intermediate to low MgO contents in the more evolved lavas, it would 

seem appropriate to employ the nomenclature outlined by Wilkinson and 

Binns (1977). According to their scheme, the majority of the 

Witwatersrand triad lavas lie within their definition of "tholeiitic 

andesites", in that they have normative plagioclase between An30 
and An SO ' contain less than 10 wt% normative quartz (may be 01 ivine 

normative), D.1. greater than 35, and M-values less than '50. In 

contrast, 01 ivine tholeiite and tholeiitic basalt has a more calcic 

normative plagioclase composition, D.1. 's generally less than 30, and 

M-values often greater than 60. At the opposite extreme, tholeiitic 

dacites (or icelandites) have a normative quartz content greater than 
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10 wt%, nonnati ve pl agi ocl ase compositi ons between An20 and An30' 

and D. I. I S greater than 60. 

Applying this scheme to the Witwatersrand triad lavas (see Table II), 

the Dominion basic lavas extend from the tholeiite field into the 

tholeiitic andesite field, which contains the majority of samples. 

For the more evolved lavas of this sequence most criteri a indicate 

tholeiitic andesite, but normative quartz contents are too high. The 

intrusives can all be classified as tholeiites, while the lavas of 

the Loraine/Edenville formation range from tholeiites to tholeiitic 

andesites. The mean Loraine / Edenville lava composition is 

approximately intermediate between these two fields. Tholeiitic 

andesites predominate in the Alberton and Orkney 

some samples are tholeiites. Samples from 

formations, although 

the Allanridge and 

Goedgenoeg/Rietgat fonnations are predominantly tholeiitic andesites, 

although lavas from the latter formation are unusual in that mean 

nonnative quartz 1 evel s are just over 10% and mean M-val ue is just 

over 50. These contradictory features of the Goedgenoeg/Rietgat 

1 avas have important petrogeneti c impl i cati ons whi ch wi 11 be 

discussed in Chapter VII. The Jeppestown, Dominion and Makwassie 

samples plot as tholeiitic dacites, although the Makwassie porphyries 

have a mean nonnative plagioclase composition wh i ch is too calcic. 

The validity of the Wilkinson and Binns classification scheme for the 

more acid rocks is open to question since the assumed Fe 203/FeO 

ratio of .2 is possibly not applicable to these lavas. The Dominion 

porphyri es a re the most sil i ci c of the 1 avas anal ysed, and mean 

Si02 contents of 70.14% is sufficiently diagnostic to classify them 

as rhyolites . More systematic work is required, however, to classify 

the acid lavas with more confidence. 

In general, while the Wilkinson and Bi nns classification scheme is 

not enti re ly sati sfactory for the Wi twatersrand tri ad 1 avas, it is 

attracti ve because it descri bes both the tho 1 ei i ti c nature and the 

intermediate compositions of the bulk of the lavas, and avoids the 

impli cations that the lavas are a calc-alkaline succession , a 

superficial conclusion wh i ch may result were the tenns "andesites" or 

"basaltic andesites" employed. Some of the lavas are similar in some 

respects to the Si Oz- and MgO-ri ch bonni nites and hi gh-Mg andes i tes 

which have recently received much attention in the literature (e . g. 
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Dallwitz, 1968; Jenner, 1981; Tatsumi, 1981), but are generally too 

Si0 2-poor for equivalent MgO contents. A few of the high-Mg 

samples may resemble basaltic komatiites, the criteria for 

cl assi fi cati on of which has recently undergone vari ous modifi cati ons 

(e. g. Arndt et al., 1977). A group of hi gh-Mg 1 avas at the base of 

the Ventersdorp succession in Wyatt's (1976) study area, making up 

part of the Westonaria formation (see Chapter II), has been 

interpreted by r~cIver et al. (1982) as having komatiitic affinities. 

While some of the high-Mg samples of the Loraine/Edenville formation 

are compositionally similar to these basal volcanics, trace element 

concentrations are irreconcilable and they are unlikely to be related 

genetically. Furthermore, the lack of spinifex texture and the 

relative rarity of high-Mg samples of true basaltic komatiite 

composition in the lavas of the present study is considered to render 

any attempt to equate these lavas with a komatiite sequence of 

dubious value. 

It is suggested that the term "magnesi an thol eiite" mi ght be more 

appropri ate for the Mg, Cr and Ni -ri ch 1 avas of the Domi ni on and 

Loraine/Edenville sequences. There appears to be no established 

classification scheme present which adequately caters for the 

Witwatersrand triad lavas. 

5. Comments on the Possible Occurrence and Effects of r~etasomatism in 

the Witwatersrand Triad Lavas . 

Cornell (1978) has proposed that a buri al metamorphic and metasomatic 

event may have affected the rocks occupying the vast area once 

covered by the Transvaal Supergroup. The purpose of thi s secti on is 

to examine this proposal, and to assess whether such a process may 

have significantly affected the igneous compositions of the lavas. 

Cornell's (1978) hypothesis was based on seven samples (four of which 

were tuffaceous) taken from correlates of the Pl atberg Group which 

outcrop in the Prieska district, where they form the extreme 

south-western extension of the Ventersdorp Supergroup. His main 

lines of evidence were, firstly, that four samples defined a Rb-Sr 

isochron ~Ihich yielded an age of 1920 + 100 ~1a. He considered this 

age to be too young, and the initial Sr-isotope ratio too high, to 
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represent a realistic magmatic isochron. Secondly, five of the seven 

samples were corundum-normative. 

Cornell (1978) thus postulated that the Sr-isotope system of the 

lavas homogenized with that of associated basement-derived sediments 

by the migration of fluids under burial metamorphic conditions. He 

ascri bed these conditi ons to an enhanced geothermal gradi ent 

associated with the emplacement of the Bushveld Complex, dated at 

between 1670 and 2095 Ma (see SACS, 1980). Elements such as Na 20, 

K20 and CaD were mobilized under these conditions, and a resultant 

loss of CaD caused an effective alumina oversaturation to which he 

attributed the corundum in the norms and a bulk compositional shift 

towards the compositions of the associated sediments. 

Cornell (1978) furthermore a ttri butes the compositi ona 1 uniformity of 

the "upper Kl ipriviersberg lavas" studied by Wyatt (1976) to this 

metasomatic event. It is thus essential that the applicability of 

Cornell's (1978) hypothesis to the data from the Klerksdorp area be 

evaluated before any petrogenetic interpretation is attempted. 

In the current study, petrographic evidence presented in Chapter V 

shows undoubtedly that the 1 avas have been metamorphosed to 

greenschist facies assemblages. 

shows that a substantial number 

Furthermore the geochemical data 

of samples from the Dominion 

porphyri es, Makwassi e porphyri es, Jeppestown amygdal oi d and 

Goedgenoeg/Rietgat formations do contain corundum in their norms (see 

T.B. Bowen, 1984), as do occasional samples from some of the other 

formati ons. Inspecti on of i ndi vi dua 1 ana lyses, however, shows that 

the reasons for this alumina oversaturation are not consistent and 

result from depl etions of one or all of Na20, K20 and CaD, in 

various combinations, and occasionally from enrichment of A1 203. 

This is best illustrated in a sequence which does not appear to 

display any magmatic trends, such as the Dominion porphyries and 

Jeppestown amygdal oi d. As suggested in Chapter V, the Jeppestown 

amygdaloid is probably the most prone to metasomatic modification, as 

it is of limited thickness and surrounded by thick sedimentary 

sequences. Thus sampl es JA-366 to 371 have normative corundum 
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contents which range from 0% in JA-366 to 3.8% in JA-371. Excluding 

sampl e JA-371, sampl es JA-368 and JA-370 di spl ay the hi ghest 
normative corundum contents, viz. 3.3% and 2.1% respectively. The 
former occurs 12m from the top of the sequence in borehole JY-8, and 
the latter in the middle of the sequence in borehole R-l. Relative 

to the mean composition (analysis 16, Table II), sample JA-368 is 

strongly depleted in K20 and to a lesser extent Na20, while the 
CaO level remains constant and A1 203 is slightly depleted. In 
contrast, sample JA-370 is enriched in K20 and Na20, and 

depleted in CaO, whereas A1 203 is constant. As a result, their 
respective norms (see T.B. Bowen, 1984) display vastly different 

feldspar components, with JA-368 containing .89% orthoclase as 
opposed to 11.35% in JA-370, while a nett depletion in total Na 20, 

K20 and CaO could explain the presence of corundum. 

The chemistry of sample JA-371 as a whole is anomolous, and its high 

A1 203 content (19.57%) almost certainly accounts for its 
corundum-normative character. Similar samples are occasionally 
present in other formations, an exampl e being DP-33 of the Dominion 

porphyries, with 21.63% A1 203 and 10 .00% corundum in the norm. 
This appears to be a localized process, however, since immobile 

element 1 evel s are also affected, and, as di scussed in the previ ous 
section, such a process may account for the observed Makwassie trends. 

The highly carbonated sample, KA-100 (see Chapter V), which occurs 2m 

above the Witwatersrand Supergroup sediments, is enriched in CaO And 

depleted in Na20 relative to the mean Alberton formation 
composition (analysis 8, Table II), resulting in 5.44% orthoclase, 

5.75% albite and 34.02% anorthite appearing in the norm, as compared 

with mean proportions of 6.74%, 29.02% and 22.44% respectively for 
these normative minerals. 

Similar examples may be quoted from all formations studied, and while 

avoi di ng any petrogeneti c i nterpretati on at thi s stage, these 
observations lead to the conclusion that no systematic chemical 
variation due to metasomatic interaction with associated sediments is 
present, and the proximi ty of sampl es to these sediments is not 

reflected in any consistent manner in their chemical compositions. 
In most cases the corundum-normative character can be expl ained by 
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nett depletions of alkalies and CaD, which results in an effective 

alumina oversaturation, while other samples may have suffered a 

counterbalancing enrichment of these elements. Table II demonstrates 

that the mean of the Goedgenoeg/Ri etgat fonnati ons is not corundum 

nonnati ve, whi 1 e those of the Jeppestown amygdal oi d, Domi ni on and 

Makwassie porphyries are, with a maximum of 1.6% corundum occurring 

in the Makwassie formation . Thus all mean compositions are within 

the 2% corundum limit considered by Cornell (1978) to be acceptable 

for acid igneous rocks. It is probably not fortuitous that the 

~1akwassie porphyries have the highest mean corundum content, since as 

mentioned previously, the trends displayed by these rocks are similar 

to those di spl ayed by sampl es DP-33 and JA-371 rel ative to thei r 

respective means, and may reflect some process other than a magmatic 

one. There is furthermore doubt as to the liquid character of the 

Makwassie samples (see Chapter V, Section 'D). 

In general, the mean compositions listed in Table II and the Zr 

variation diagrams (Figures 11 to 17) support the assumption made 

ea rl i er, that whil eel ements such as K20, Na20 and CaD a re mobil e 

to varying degrees in different fonnations, the mobilities are 

largely random due to small-scale metasomatic redistribution in 

small-scale alteration regimes. Thus on a larger scale the 

alteration would effectively be of a closed-system type, hence 

average trends shoul d be representati ve of ori gi nal magmati c trends, 

and concentrations of the less mobile elements should be realistic. 

Whi 1 e 1 imi ted open-system metasomati c effects may be expected near 

sediment-lava boundaries, and boundaries between compositionally 

diverse lavas, it is evident that no widespread systematic alteration 

has occurred. Furthennore, the subtle but consistent bul k chemical 

differences between the constituent fonnations of the Klipriviersberg 

Group negates any suggestion that metasomatic homogenization of these 

lavas has occurred. The approach adopted in this study, outlined in 

Section C of this chapter, thus appears to be justified by the 

analytical data. i.e. If trends are reasonably coherent despite 

scatter of data, the use of average trends for petrogenetic modelling 

is valid. 
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VII EVALUATION OF THE COMPOSITIONAL VARIATION WITHIN SPECIFIC 

LAVA SUITES 

A. Introducti on 

The objective of this chapter is to determine the possible evolutionary 

processes which have resulted in the compositional variations displayed 

wi thi n certai n 1 ava sequences as descri bed and ill ustrated in Chapter 

VI. Consideration will be restricted to the formations which display 

compositional variations of sufficient magnitude as to allo~1 rational 

geochemical trends to be resol ved despite the scatter of data due to 

secondary processes. The compositi onal vari ati on of the Domi ni on basi c 

lava, Loraine/Edenville, Goedgenoeg/Rietgat and Makwassie formations will 

thus be evaluated. 

Compos i ti ona 1 vari ati ons withi n the Domi ni on porphyry, Jeppestown 

amygdaloid, Alberton, Orkney and Allanridge formations are generally too 

1 imited and/or too irrational to warrant attention in this chapter. 

Util ization of the mean compositions of these formations is therefore 

considered valid for the assessment of inter-formation relationships in 

Chapter VIII. However, it was noted in Chapter VI (Section D), that 

projections through compositionally anomalous samples of the Dominion 

porphyry and Jeppestown amygdal oi d formati ons, and the respecti ve means 

of these formations, produce trends similar to those defined by the 

Makwassie porphyry samples. For this reason the relationship of these 

anomalous samples to their respective formations will briefly be 

discussed in Section E, where the Makwassie porphyry trends are evaluated. 

B. Dominion Basic Lavas 

The hi gh MgO, Cr and Ni contents of the more primitive 1 avas of the 

Dominion basic lava sequence warrant 

melting trends or reflections of 

preserved in the data. 

an assessment as to whether partial 

source heterogeneities might be 
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The chief criterion for the identification of primary mantle melts is an 

M-value of between 68 and 72, the range in which a liquid may be in 

equilibrium with mantle olivine (Green and Ringwood, 1967; Green et al., 

1974). The more primitive Dominion basic lavas have a mean M-value of 62 

(Table II), with a maximum of 68 displayed by sample DB-52. It is thus 

unlikely that any primary liquids are represented, and a limited amount 

of fractional crystallization has probably affected even the most 

primitive samples. 

Moreover both Cr and Ni display rapid initial depletions with increasing 

Zr content (Figure 12), a feature which is to be expected for fractional 

crystallization and which is not compatible with partial melting. It may 

nevertheless be significant that in Figures 11 and 12, certain elements, 

particularly the siderophile elements, display relatively large degrees 

of scatter towards the low Zr side of the compositional spectrum. This 

is well i 11 ustra ted by the plot of Ti 02 vs Zr (Fi gure 11). Si nce Ti 

and Zr are regarded as two of the most immobile elements, the observed 

scatter may be a reflection of source heterogeneity or variable degrees 

of partial melting rather than of secondary remobilization. Although 

such processes may have resulted in numerous sub-parallel liquid lines of 

descent which are only partially reflected by the data, the general 

trends, as evidenced by Cr and Ni vs Zr, appear to reflect a fractional 

crystallization control. 

It is thus concluded that partial melting or source heterogeneity effects 

have not played a significant role in the generation of the observed 

variation trends, although they may have produced slight variations in 

the parent melt compositions resulting in excessive scatter of data in 

the subsequent differentiation curves. The rapid decrease in Cr and Ni 

concentrations with increasing Zr and the wide range of Zr concentrations 

are strong indicators of differentiation by fractional crystallization, 

which is considered below. 

Petrographic examination (see Chapter Y, Section B) has shown that the 

majority of samples are aphyric, and only the more evolved samples 

contain scattered, embayed plagioclase microphenocrysts. The generally 

aphyric nature of the samples is strong evidence that they represent a 

liquid line of descent, the proportion of plagioclase phenocrysts in the 

more evolved samples being insufficient to significantly affect the 
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liquid compositions . The presence of plagioclase suggests that it was a 

1 i qui dus phase duri ng the 1 ater stages of differenti ati on. Petrography 

does not provi de any further cl ues to the i dentiti es of other 

part i c i pati ng pha ses, however, and all the common major 1 i qui dus phases 

in basaltic to intermediate magmas need to be considered. These are 

olivine, orthopyroxene (or pigeonite), augite, plagioclase and hornblende. 

Figure 19 shows the variation of A1 203, r'lg0 and CaO relative to 

Si02. Both MgO and CaD show continuous depletion trends with 

increasing Si02, while A1 203 is enriched initially and subsequently 

depleted. Insets in Figure 19 show to scale the visually estimated best 

fit curves for the respective plots. These curves are reproduced in 

Figure 20, on which suitable phenocryst compositions are plotted. Tile 

phenocryst compositions selected are presented in Table III. 

The olivine composition was obtained from Deer et al., (1966). All 

others are those used by Reid (1979) for 1 avas of comparable 

composition. Vectors in Figure 20 illustrate the relative effects of 

removal of individual phenocryst phases on the liquid composition at both 

the most basic end of the trend and at the poi nt where the A1
2
0

3 
curve is inflected. 

Superficially, it appears from Figure 20 that the initial part of the 

differentiation trends may be produced by the removal of an assemblage 

comprising the common low-pressure phases, olivine, augite and 

plagioclase. However, the application of graphical methods, as described 

by Cox et al. (1979) (page 158), sho~ls that no consistent proportions of 

these three phases can provide a solution to all three trends in Figure 

20. The inclusion of orthopyroxene in the assemblage results in an even 

poorer fit, as does the excl usi on of one or more of the anhydrous 

phases. Fractionation of hornblende alone, however, can account for the 

trends. Although hornblende may exhibit a relatively wide compositional 

range, Cawthorn (1976) has demonstrated that the CaO content of igneous 

amphibole remains fairly constant regardless of magma composition. It is 

thus probably not fortuitous that the selected hornblende composi ti on 

lies almost directly on a projection of the Dominion trends. 

Maj or oxi de vari ati on trends thus appear to favour a model whereby the 

initial stages of differentiation were dominated by hornblende 
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TABLE Ill: 

Si02 
Ti02 
A1 203 
Fe203 
FeO 
NnO 
NgO 
CaO 

Na 20 
K20 
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Selected phenocryst compositions used for modelling the 

oxide trends of the Dominion basic lavas . (For source of 
data, see text). 

01 opx cpx hb p1 

39 .87 53.0 50.0 46.5 53.0 

.03 . 2 . 5 2.0 

l.0 2.0 7.7 30.0 

.86 
13.20 17.0* 10.5* 16.1* 

.22 
45.38 26.8 17.8 13.7 

.25 2.0 19 . 0 1l.5 12.5 

.04 .2 1.4 4.5 

.01 1.1 

* All Fe as FeO 
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fractionation, although the possible participation of additional 

anhydrous phases cannot be ruled out at this stage. Assuming that 

hornblende represents the total extract, it can be shown by crude 
mass-balance type calculations that approximately 45% crystallization 

would be required to drive the liquid composition to the point where the 

A1 203 content attains a maximum. 

The second stage of differentiation is characterised by a depletion of 

A1 203. This suggests that plagioclase must have become a dominating 
influence on the liquid line of descent. The fact that a change in the 
fractionating assemblage is required to satisfy the A1 203 versus 

5i02 plot suggests that the liquid has transgressed the hornblende 
stability limits, possibly as a result of decreasing H20 pressure or a 
change in temperature and total pressure conditions. Alternatively 
hornblende may persist as a liquidus phase and the commencement of 

plagioclase precipitation may simply be a result of the changing magma 
composition. The latter is considered unlikely in the light of trace 

element constraints which are discussed later. It is also unlikely that 
olivine could be a liquidus phase at this stage of the evolution of the 
magma. Whether hornblende persists or not, inspection of Figure 20 shows 

that a 10w-Ca pyroxene is required to counteract the effect of 

plagioclase fractionation on the rate of CaO depletion. 

Plagioclase and a low-Ca pyroxene are thus the only essential components 

for the second stage of differentiation. Assuming these to be the only 

phases involved, calculations show that plagioclase must make up 
approximately 65% of the extract. Furthermore, 70% crystall i zati on of 

the p 1 agi oc1 ase/orthopyroxene assemblage is requi red to account for the 

compositional range observed in the second stage of differentiation. 

The generation of the most evolved magmas of the Dominion basic lava 
sequence thus requires a total of 80% to 85% fractional crystallization 

of the most primitive magmas by the two-stage mechanism postulated above. 

The model may be tested using trace element data. Pearce and Norry 

(1979) have demonstrated the usefulness of the immobile, incompatible 

elements as petrogenetic indicators, with the Zr/Y versus Zr relationship 
being particularly diagnostic. 
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Figure 21 illustrates the Zr/Y versus Zr relationship in the Dominion 

basic lavas. An arrow indicates the point along the trend which 

corresponds to the point of inflection of the A1 203 versus Si02 
trend in Figure 20. This point was determined graph i cally from the 

oxi de-oxi de plots in Fi gure 20 and the oxi de-Zr plots in Fi gure 11. 

Vectors in Figure 21 indicate the direction in which fractional 

crystallization of individual mineral phases will shift the liquid 

composition, calculated according to the Rayleigh fractionation law (see 

Arth, 1976) using D's compiled by Pearce and Norry (]979) which are 

1 i sted in Table IV. Plotted on a 1 ogarithmi c scale, the geometry of the 

vectors is independent of source composition. 

Application of the Rayleigh law, using F-parameter's estimated from the 

oxide-Si0 2 relationships, yields the trends shown in Figure 21. The 

initial trend represents 45% fractional crystallization of hornblende 

(hence F = .55) from a parent composition taken as BOppm Zr, lB.5ppm Y, 

Zr/Y = 4.3, which corresponds to the densest cluster of the most 

primitive samples in Figure 21. The resultant differentiate contains 

10Bppm Zr, lB.5ppm Y, Zr/Y = 5.B . These values were used as the parent 

composition for the second stage of fractional crystallization, where F = 

.30 and the extract comprised 65% plagioclase and 35% orthopyroxene . The 

final differentiate contains 353ppm Zr and 55.4ppm Y, with Zr/Y = 6.4. 

Figure 21 shows that the modelled trend closely approximates that of the 

analytical data. The close correspondence of the calculated point of 

i nfl ecti on and the i nfl ecti on poi nt transferred from the A1 203 versus 

Si02 plot (arrow in Figure 21), lends more weight to the model. 

t1oreover, the vectors in Fi gure 21 demonstrate that an anhydrous or 

partially anhydrous assemblage would be unable to fractionate the Zr/Y 

ratio to the required extent during the initial stage of differentiation, 

and that significant proportions of hornblende and / or clinopyroxene could 

not be accommodated in the fractionating assemblage during the second 

stage. 

Support of the fracti onati on hypothesi s by the behavi our of other trace 

elements is more obscure , but not contradictory . Figures 22 and 23 show 

the relationships of Zr/Nb versus Zr and Zr/Ti versus Zr respectively. 

These relationships, used in the same way as that of Zr/Y versus Zr, show 

the following: 



- 126 -

hb 
cpx 

opx 

10 
pI 

01 
0 

0 
00 

0 0 

>-
0 -L- 0 

N 0 

5 0 0 

0 o 0 

0 '9s, 0 
00 

0 

0 

3 

2L-~--~~~~L---------~-----L--~--~ 
50 100 200 300 400 

Zr ppm 

Figure 21: Zr/Y versus Zr variation - Dominion basic lavas, showing the 
modell ed trend (see text). The arrow along the trend 
corresponds with the inflection point in the A1203 
Si02 curve (Figure 20). Vectors indicate the direction in 
which the fractionation of individual phases would shift the 
liquid composition, from any pOint along the trend. 



TABLE IV: 

Ti 

Zr 
y 

Nb 
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Distribution coefficients used in Rayleigh fractionation 

calculations involving the immobile, incompatible elements 

(from Pearce and Norry, 1979). 

01 

0.02 

0.01 

0.01 

0.01 

pl 

0.04 

0.01 

0.03 

0.01 

cpx 

0.3 

0.1 

0.5 

0.1 

opx 

0.1 

0.03 

0.2 

0.15 

hb 

1.5 

0.5 

1.0 
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The differences in D's between Zr and Nb (Pearce and Norry, 1979) are 

insufficient to significantly fractionate the Zr/Nb ratio, which 

consequently remains relatively constant between 20 and 25 (Figure 22). 

A fairlY sUbstantial degree of scatter is present in the 10w-Zr part of 

the trend, which may be attributed to poorer analytical precision as Nb 

levels approach detection limits. The relative consistency of the Zr/Nb 

ratio with increasing Zr content, although not diagnostic, is 

nevertheless supportive of the fractionation model. 

The Zr/Ti - Zr relationship (Figure 23) is more problematical, since 

Pearce and Norry (1979) report a D for Ti in amphibole of 1.5. The 

postulated initial 

significantly higher 

stage of 

Zr/Ti 

hornblende 

rati 0 than 

fractionation 

is ref1 ected 

results 

by the 

in a 

data. 

Fu rthermore, the trend in the 10w-Zr range is obscured by excessi ve 

sca tter whi ch may be attri butab 1 e to source heterogenei ty or vari ab 1 e 

degrees of partial melting, as suggested earl ier. If a D for Ti in 

hornblende of .9 is assumed, the postulated model yields the trend shown 

in Figure 23. A D of .9 lies within the error limits reported by Pearce 

and Norry (1979), and is reasonable considering the variable Ti02 
contents of hornblende, which Cawthorn (]976) suggests may be pressure 

dependent. Allowing for the possible melting origins of the scatter in 

the 10w-Zr data, the modelled trend is an adequate approximation of the 

observed trend, and the Zr/Ti versus Zr re1 ati onshi p does not detract 

from the proposed model. 

The variation diagrams for Cr, Ni and Cu relative to Zr are reproduced in 

Figure 24. By manipulation of the Rayleigh equation, it can be shown 

that in order to approximate the observed Cr and Ni trends (Figure 24) by 

the postulated model, D's of 8 and 3.5 respectively for Cr and Ni in 

hornblende, and 6 and 6 in orthopyroxene are required. Reported D's for 

Cr and Ni in hornblende are scarce . Leeman (1976) has reported values of 

12.0 and 3.0 for Cr and Ni respectively. Considering the wide range ot 

reported D's for these elements in pyroxene, a simil a r range may be 

expected in amphibole, and the D's inferred from the Cr and Ni variations 

are thus acceptable. Similarly, the inferred D's of these elements in 

orthopyroxene are acceptable. Jahn et al. (]980) quote ranges of between 

5 and 10 for Cr, and 1 and 10 for Ni, while Leeman (1976) reported values 

of 2 and 3.8, and Sun et al. (1978), values of 3 and 2.5 for Cr and Ni 

respectively. 
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Eva 1 uati on of the other trace elements whi ch di sp 1 ay reasonably defi ned 

trends simi 1 arly produces consi stent results, wi th the excepti on of Cu. 

Reported D's for Cu in most silicate phases are generally less than 

unity. An exception is a value of 1 . 5 to 2.4 quoted by Irving (1978), 

which was determined by Seward (1971) for calcic pyroxene crystallized 

from a synthetic silicate melt, and the applicability of these values to 

natural systems is thus questionable. If the bulk D's for Cu in the 

postulated fractionating assemblages are in fact less than unity, it 

appears that the participation of a minor amount of sulphide need be 

invoked to account for the depletion of Cu with differentiation (Figure 

24) . 

In order to model the above trend, a bulk D for Cu of approximately 2 is 

required. Taking a D for Cu in sulphide of 50 (Maclean and Shimazaki , 

1976) the inferred bulk D is readily obtainable by the inclusion of "'4% 

sulphide in the fractionating assemblage. This amount would have an 

insignificant effect on the relevant oxide variations, but would be 

expected to have a pronounced influence on the behaviour of Ni, since Sun 

et a1. (1979) report a D for Ni in sulphide of 150. Scatter of data in 

the 80 to 1l0ppm Zr range (representing the initial stage of 

differenti ati on) prevents the resol uti on of a Cu vari ati on trend . It is 

neverthel ess unl i kely that sul phi de fracti onati on commenced duri ng the 

early stage, since this would require that Ni behaves incompatibly 

towards hornblende in order to maintain the observed bulk D for Ni of 

3. 5. Up to 3% sulphide fractionation could readily be accommodated 

during the second stage of differentiation. The nett effect of this 

woul d be to reduce the inferred D for Ni in orthopyroxene from 6 to 

around 1.5, which is near the lower limits of reported values. 

To summarise, trace element modelling supports the fractional 

crystallization model, deduced largely from the oxide variations, whereby 

the most evolved lavas of the Dominion basic lava sequence may be derived 

from the most basi c 1 a vas by 45% fracti ona 1 crysta 11 i zati on of 

hornblende, followed by 70% crystallization, from the residual liquid, of 

an assemblage comprising 65% plagioclase and 35% orthopyroxene. The 

model also accommodates the inclusion of up to 3% sulphides in the 

second-stage assembl age, whi ch is necessitated by the observed depl eti on 

of Cu with differentiation. The subdued participation of other phases 

has not been ruled out. 
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The postulated model is rather crude, since it relies on hypothetical 

liquidus phase compositions, and variations in phase compositions with 

changi ng 1 i qui d compositi on have not been taken into account. However, 

scatter of data, attributed to both primary and secondary processes, 

imposes limitations on the applicability of more complex models. 

Nevertheless, the model is significant in that hornblende dominates the 

initial stages of fractionation and the Zr/Y-Zr relationship infers that 

no si gnifi cant parti ci pati on of the anhydrous phases coul d have 

occurred. Al though unusual, hornbl ende-domi nated assembl ages have been 

reported in the 1 iterature. Experimental work on natural systems has 

shown that under certain conditions, hornblende may be the only liquidus 

phase for a range of magma compositions. Experiments on "wet" (5% H20) 

andesites (see Jakes and White, 1972) have shown that hornblende may be 

the first liquidus phase at low to moderate pressures (2.5 to 12 kbars) 

and is joined at higher pressures or lower temperatures by 

clinopyroxene. Cawthorn et al. (1973) have studied an unusual sequence 

of lavas from Grenada, which range in composition from 

nephel i ne-normati ve basanites through to quartz-normati ve basalti c 

andesites. They have shown this sequence to be derived by fractional 

crystallization of hornblende at intermediate pressures in the presence 

of H20. Moreover, they confirmed by melting experiments that the 

precipitation of olivine and clinopyroxene is inhibited once amphibole 

appears as a liquidus phase. 

The occurrence of hornblende as the sole fractionating phase in the 

initial stages of differentiation of the Dominion magmas thus appears to 

be an acceptable situation . Since the model further requires that 

hornblende becomes unstable during the second stage of differentiation 

(see Figure 21), it follows that refinement of the model may enable some 

important constraints to be placed on the physico-chemico conditions 

operative during the pre-eruptive history of the Dominion lavas, and more 

so if the involvement of a sulphide phase were verified. 
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C. Loraine/Edenville Formations 

In order to evaluate whether mantle heterogeneity and/or partial melting 

effects are reflected in the Loraine/Edenville data, the same rationale 

has been applied as in the previous section. The mean ~1-va1ue of the 
Loraine/ Edenville lavas is 65, and that of the most primitive sample is 

77 (Analyses 5 and 6, Table II). Thus the more basic lavas of this group 
may represent primary liquids, a conclusion supported by the high Cr and 

Ni contents of these lavas. However, the strong depletion of Cr and Ni 
with i ncreasi ng Zr (Fi gure 26a, b) suggests that the bu1 k trends were 
produced by fractional crystallization. These trends are nevertheless 
not smooth, and it is likely that this reflects variable degrees of 

partial melting and/or heterogeneous source compositions, resulting in 

numerous subparallel liquid lines of descent. The average trend will 
thus be evaluated below in terms of a fractional crystallization model. 

Relative to that of the Dominion basic lavas, the degree of chemical 

variation of the Loraine/Edenville lavas as indicated by the Zr-variation 
diagrams (Figures 15 to 17) is more limited. Furthermore, the most basic 

samples of the Loraine/Edenville formations do not define a tight cluster 

as do their Dominion Group counterparts, and a parental magma composition 
is thus difficult to define. Consequently a slightly different approach 
is required in interpreting the observed chemical variation of the 
Lorai ne/Edenvi 11 e 1 avas, si nce the above factors reduce the di agnosti c 

val ue of oxi de-oxi de di agrams. Textures are, however, better preserved 

than those of the Domi ni on 1 avas, and petrographi c evi dence wi 11 thus 

form the basi s from whi ch an hypothesi s wi 11 be formu1 ated and 

subsequently tested and further constrained by geochemical methods 

similar to those utilized in the preceding section. 

A phenocryst phase, pseudomorphed by chlorite, was noted in some of the 

MgO-rich lavas (see Chapter V, Section D) . This phase was identified on 
rather tenuous grounds as representing an MgO-rich orthopyroxene. Augite 

occurs as microphenocrysts, as overgrowths on the postulated 
orthopyroxene pseudomorphs and as groundmass laths, and appears to 

represent the second phase in the order of crystallization, followed by 

plagioclase, which occurs only as a groundmass phase. It is thus 

postulated that a fractionation sequence would initially be controlled by 
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the extraction of orthopyroxene from the magma, followed at a later stage 
by augite and possibly plagioclase in the final stages. Other phases 
need also to be considered, however, especially in view of the high MgO 
content of the more primitive lavas, from which olivine might be expected 
to precipitate . 

As a pre1imin,'lry test of the viability of the postulated sequence of 

crystal fractionation, Figure 25 illustrates the variation of Zr/Y with 

respect to Zr. Although poorly defined because of scatter, a slight 

initial increase of Zr/Y with increasing Zr content is apparent, followed 

by a more rapid enrichment of Zr/Y. Vectors drawn on Figure 25 

illustrate the effects of 50% Rayleigh fractionation of various phases, 
calculated using the distribution coefficients of Pearce and Norry (1979) 

(see Table IV). The geometry of the vectors is applicable to any point 
along the observed trend, since logarithmic scales have been used . 

Despite the subjectivity of the observed trend imposed by scatter of 

data, the diagram provides several important constraints . It shows that 

neither clinopyroxene nor amphibole could have dominated the initial 
stages of fractionation, and the later stages of fractionation were 

either dominated by clinopyroxene or involved the extraction of an 
amphibole-bearing assemblage in order to produce the observed enrichment 

of the Zr/Y ratio. Hhile these deductions reinforce the petrographic 
evidence, the behaviour of other elements needs to be assessed in order 
to further constrain the possibilities. 

Figures 26a, band c illustrate the variation of Cr, Ni and Cr/Ni 

rel ative to Zr. In the low Zr range between 34 and 55ppm Zr, samp1 es 

shovi a rapi d depl eti on in both Cr and Ni from 2600ppm to 600ppm Cr and 

520 to 230ppm Ni, with increasing Zr content . All the porphyritic 

samples occur in this region of the trend, although not all the samples 
in this range, including the most primitive sample (KL-468), contain 
phenocrysts. It is thus unl ikely that the trend has resul ted from 
phenocryst accumulation. The bulk of the samples fall within the range 
between 55 and 85ppm Zr, where Cr decreases from 600ppm to 150ppm, and Ni 

from 230ppm to 150ppm. 

The 55ppm Zr level corresponds with a break in the data on the Cr and Ni 

versus Zr plots (Figure 26), with the point where the rate of Zr/ Y 
enrichment relative to Zr increases (Figure 25), and represents the upper 
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Zr 1 imit of the orthopyroxene-phyric 1 avas. This point will thus be 

taken to represent the change in the fractionating assemblage postulated 

earlier. 

Usi ng Zr en ri chment factors to 

approximated by 38% fractional 

primitive composition (sample 

estimate F, the observed trends may be 

crystallization (F = .62) of the most 

KL-468), followed by 35% (F = .65) 

fractional crystallization of the residual liquid. Calculated bulk 

di stri buti on coeffi ci ents for Cr and fJi for the two respecti ve stages 

are: Cr - 4.1 and 4.2; Ni - 2.9 and 2.0. 

The bulk D for Ni is too low to be attributable to olivine-controlled 

fractionation, since D for Ni in olivine is greater than 5 in an MgO-rich 

liquid and increases with decreasing MgO content (Hart and Davis, 1978). 

Furthermore the strong depl eti on trend in Cr/Ni rati os (Fi gure 26c) is 

contrary to \~hat would be expected for an 01 ivine-dominated extract, 

since D for Cr in olivine is less than 1 (Leeman, 1976; Jahn et al., 

1980). Thus, unless olivine is accompanied by a substantial proportion 

of plagioclase in order to explain the low bulk D for Ni, and sufficient 

chromite to deplete Cr relative to Ni, the involvement of olivine can be 

ruled out. It is considered unlikely that plagioclase would be involved 

during the early stages of fractionation because of the low A1 203 
content of the liquid (see Green and Ringwood, 1967), while there is 

probably a good chance of chromite crystallizing in view of the high Cr 

content of the magma. 

Fracti onati on of orthopyroxene, cl i nopyroxene and hornbl ende coul d 

suitably explain the observed Cr and Ni trends throughout the postulated 

crystallization sequence, but only orthopyroxene is permissible as a 

candidate for the initial stages of fractionation because of constraints 

imposed by the Zr/Y versus Zr vari ati on. The Cr and Ni versus Zr 

relationships do not allow any further constraints to be placed on the 

postulated second-stage assemblage, since both clinopyroxene and 

hornblende can be accommodated. 

The other trace elements are 1 ess di agnosti c, ei ther due to ambi guous 

solutions or, more commonly, due to excessive scatter of data . The 

enrichment of Cu and depletion of Co with increasing Zr content 



- 139 -

(Figure 17) are, however, not in conflict with the constraints already 

fonnul ated. 

Evaluation of major oxide trends plotted against MgO confirms the initial 

orthopyroxene control on the compositi ona 1 va ri ati on of the magma, and 

although the second stage is more obscure, it could be explained by the 

extraction of clinopyroxene, hornblende and possibly plagioclase. These 

conclusions are illustrated in Figure 27, which shows the variation of 

Si02 , A1 203 , Fe203 and CaD with tt,gO. ~lixing 1 ines have been 

fi tted to proj ect through the estimated phenocryst composi ti ons, and 

through the data. 

The phenocryst compositions used to evaluate these variation diagrams are 

presented in Table V. The clinopyroxene composition is that of a 

microphenocrystal augite obtained by electron microprobe analysis from 

sample NL-789, (see Chapter V), the bulk chemistry of which (presented in 

Appendix II) suggests that it belongs to the MgO-rich group of the 

Loraine/Edenville lavas. The augites in this sample are relatively 

diopside-rich, and similar in composition to basic augite of the 

Skaergaard intrusion, which occur in equilibrium with orthopyroxenes of 

bronzite composition (Brown and Vincent, 1957). From this relationship, 

it may be inferred tha t orthopyroxenes crysta 11 i zi ng from the hi gh-MgO 

Loraine/Edenville lavas would similarly be of bronzite composition. The 

orthopyroxene composition presented in Table V thus represents a bronzite 

analysis selected from Brown and Vincent (1957). The hornblende and 

plagioclase compositions used are the same as those employed in the 

previous section for the Dominion lavas. 

The postulated mechanisms thus provide a good approximation of the 

observed trends in the initial stage of fractionation . There is no 

strong evidence for the involvement of hornblende in the second stage, 

although it cannot be ruled out. The limited involvement of plagioclase 

in the final stages similarly cannot be ruled out. However, since the 

augite composition may be expected to become progressively more Fe-rich 

with differentiation, an augite-dominated assemblage is favoured, and is 

supported by petrographic evidence. 

Phase chemi stry has very 1 imi ted appl i cabil i ty in the i nterpretati on of 

these lavas because of scatter of data "hich results in widely ranging 

nonnative compositions, as discussed in the previous chapter. Two 
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TABLE V: Phenocryst compositions selected for modelling the oxide trends 

of the Loraine/Edenville lavas. (See text for source of data). 

opx cpx hb pl 

Si02 53.6 53.15 46.5 53.0 

Ti02 . 5 .15 2.0 
A1 203 2.3 2.04 7.7 30.0 
Fe 203 1.3 
FeO 10.8 6.58* 16 . 1* 
MnO .3 .18 
MgO 28.7 18.26 13.7 
CaO 2.0 18.46 11.5 12.5 

Na 20 .2 .23 1.4 4.5 
K20 1.1 
Cr 203 .97 
NiO .05 

* All Fe as FeO 
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projections in the system Si0 2-01ivine-clinopyroxene-plagioclase are 

nevertheless presented in Figure 28, calculated by the method of Walker 

et al. (1979). Since the phase relations were determined for mid-oceanic 

ridge basalts, the phase boundaries are probably not applicable to the 

Kl i priviersberg lavas, especially if hornblende is involved. It is 

useful, however, purely from a geometric point of view. The projection 

from Si02 indicates that the MgO-rich lavas have a strong olivine 

control. This is in fact misleading, since the high-MgO trend extends 

well above the ol-di -pl ag pl ane, showi ng a strong orthopyroxene control 

which is well-illustrated in the projection from diopside, thus 

reinforcing the conclusion that orthopyroxene dominated the initial 

stages of fractionation . 

To summarise, petrographic, incompatible element, compatible element and 

major oxide evidence supports a fractional crystallization model for the 

generation of the observed compositional variation of the 

Loraine/Edenville lavas. The initial stages of fractionation were 

dominated by the extraction of Mg-rich orthopyroxene, possibly 

accompanied by a minor proportion of chromite . Thi s stage represents 

approximately 38% crystallization of the inferred parental liquid. The 

latter stages of differentiation represent a further 35% crystallization, 

and, although the phase relationships are more obscure, petrographic and 

trace element evi dence favours a c 1 i nopyroxene-domi nated assemblage . The 

possible participation of hornblende and plagioclase can nevertheless not 

be ruled out on the basis of available geochemical evidence. 

D. Goedgenoeg/Rietgat Formations 

The analysed Goedgenoeg/Rietgat lavas display a mean H-value of 53 (see 

Table II), with a maximum of 62 in samples PR-194 and PR-486. It is thus 

unlikely that any primary mantle melts are represented, since this 

requires M-values to be between 68 and 72 (Green and Ringwood, 1967; 

Gree net a 1 . J 1 974) . 

~'ean Ni concentrations are simil ar to those of the Al berton, Orkney and 

All anri dge formati ons and Cr concentrati ons (Mean = 315ppm) are 

significantly high e r (see Table II and Figure 17). Paradoxically, 



PLAG 

o 
o 00 

eft 00 

~ 
o oeo -=>0 • 
o • 

• • • 
• • • • 

0 
0 

• 

00 000 

0 0 0 

0 g • o~ 
0 0 0 0 , . 00:> 

• 
• 

• 

01 OL 

Figure 28: Projections from 5i02 and diopside of the Loraine/Edenville 
lavas in the system 5i02-o1-di-p1ag, calculated by the 
method of Walker et al. (1979). The most primitive lavas 
(MgO>8'.t, Cr>700ppm; solid circles) clearly display an 
enstatite control. 

SIL 

0 

• 
• • • • 

EN 

~ ..,. 
W 



- 144 -

incompatible element levels are much higher than those of the 
K1 i pri vi ersberg and All anri dge 1 avas (see Chapter VI). Zr contents hi gher 
than 240ppm, in comparison with the low Zr levels of the more primitive 
lavas of the Loraine/Edenville and Dominion basic lava sequences, suggest 
that the Goedgenoeg/Rietgat lavas are highly evolved despite the high Cr 

levels, if a mantle origin is assumed. 

It is thus unlikely that any partial melting trends are preserved, but a 
general lack of trends (see Figures 15 and 17) prevents any particul ar 

evolutionary process being inferred from the character of the compatible 
element-i ncompatible element trends (as used in the previous sections to 
infer fractional crystallization). The lack of vlell-defined trends using 
Zr as an index of differentiation furthermore does not permit a 

fracti onal crystall i zati on model to be adequately tested. Employment of 
various other conventional indices of differentiation failed to improve 

the resolution of the trends. Petrographic evidence summarized in 
Chapter V suggests that if fractional crystallization was operative, 

plagioclase and a ferromagnesian mineral, tentatively identified as 
Ti -rich augite, were likely components of the extract. 

The large Zr range of these lavas cannot be attributed to alteration and 

metamorphism, since petrographic evidence shows that they have not 
undergone more intense alteration than the other lavas of the 

Witwatersrand triad. As Zr, Ti and P appear to have remained immobile in 

the other Witwatersrand triad lavas, it is a reasonabl e assumption that 

their respective behaviour reflects primary magmatic processes. The 

interrelationships of Zr, Ti and P thus allow important constraints to be 

placed on possible evolutionary models. 

Neither Ti nor P displays any correlation with increasing Zr (see Figure 
15). In contrast, P shows a good linear correlation with Ti, illustrated 

in Fi gure 29 . A 1 east squares fit of the data intersects the Ti 02-axi s 
at approximately 0.4% Ti02. 

In order to explain the observed Zr, Ti and P behaviour by a fractional 
crystall i zati on model, ei ther Zr or Ti and P or all three must have 
behaved compatibly at some stage during the fractionation process. It is 

unlikely that Zr would be compati ble, despite its relatively high 
concentrati ons, since the maj or oxi de compos i ti on of these 1 avas is 
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relatively basic, being similar to that of the Alberton, Orkney and 

Allanridge formations. Moreover, 

Ce and Nd with Zr is preserved. 

the expected correlation of Nb, Y, La, 

The compatible behaviour of Ti would be 

consistent with petrographic evidence suggesting a Ti-rich augite on the 

liquidus. However, the close correlation of Ti and P requires that P 

also behaved compatibly. It is feasible that Ti and P become compatible 

simultaneously when cri ti cal concentrati ons are achi eved by fracti onal 

crystallization, a case in point being the Birds River Complex in the 

Dordrecht district (Eales and Booth, 1974) where a fairly late-stage 

preCipitation of ilmenite and apatite resulted in the above elements 

bei ng depl eted simultaneously after di spl aying strong enri chment trends 

(Robey, 1976). Thus if the precipitation of a Ti-rich augite resulted in 

the compatible behaviour of Ti, the co-precipitation of a small 

proportion of apatite would have to be invoked to explain the covariance 

of these two elements. 

Such a model is still inadequate, however, since it fails to account for 

the incoherent Zr-Ti and Zr-P relationships in addition to the lack of 

well-defined trends displayed by most of the other elements. Such 

problems may be overcome by invoking the type of case referred to by Cox 

et a1. (1979) as "proliferation of the liquid lines of descent". Where 

in nature the generation of a single liquid line of descent is a rare and 

ideal case, the majority of volcanic sequences consist of a large number 

of overlapping similar lines of descent which approximate the ideal case, 

and may thus be modelled as such. The various 1 iquid 1 ines of descent 

may, however, be subparallel, resulting in incoherent trends. Cox et a1. 

(1979) quote data from Appleton (1972) on the Roman province of 

Quaternary volcanoes, where certain oxide pairs display totally 

incoherent trends while others show relatively well-defined trends, 

resulting from varying degrees of proliferation of the liquid lines of 

descent . 

Such may conceivably be the case for the Goedgenoeg/Rietgat lavas, where 

in addition the degree of scatter has been enhanced by the effects of 

secondary processes. Proving or disproving this model with the available 

data would be difficult, however, and virtually impossible to refine to 

any extent. 

An alternative model would be one in which the Goedgenoeg/Rietgat lavas 
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represent crustal melts. However, because the re 1 a ti vel y hi gh Cr and Ni 

contents would be difficult to reconcile with such a model, a 

hybridization model is considered to be more plausible. In addition, a 

hybridization model can explain certain unusual features of these lavas 

which will be discussed later. 

In the present study, a hybridization model involves too many unknown 

variables to be pursued to any detail. Various mechanisms may be 

involved, including magma mixing, contamination and assimilation, 

preceded, followed and/or accompanied by fractional crystallization. The 

latter possibility would further complicate the model. De Paolo (1981) 

has suggested that combi ned assimil ati on and fracti onal cry stall i zati on 

is an important process in nature, and has devised mathematical equations 

to model this process. He showed that results thus obtained may be very 

different from those obta i ned if fractional crysta 11 i zati on (see Arth, 

1976) and binary mixing models (see Langmuir et al., 1978) are applied 

separately. 

A likely end-member component in a hybridization model would be material 

of Makwass ie-type compositi on, since the Makwassi e porphyri es are 

intimately associated with the Goedgenoeg/Rietgat lavas spatially, and 

complete textural gradations between the two have been observed by the 

wri ter. Moreover, Ti /P ra ti os of the Makwassi e and the 

Goedgenoeg/Rietgat lavas coincide (see Figure 18) and the mean Makwassie 

composition falls precisely on a projection of the P205-Ti02 trend 

of the Goedgenoeg/Rietgat lavas, close to the lower Ti02 and P205 
limits of the latter (Figure 29). If the Makwassie porphyries do 

represent an end-member component, then none of the remaining 

Witwatersrand triad magma types could represent a basic component, 

because their Ti/P ratios are very different (see Figure 18), a feature 

which would not permit the observed Ti-P relationship to be preserved in 

the Goedgenoeg/Rietgat lavas. A postulated basic end-member would thus 

be requi red to have a Ti /P rati 0 simi 1 a r to that of the Makwass i e and 

Goedgenoeg/Rietgat lavas. 

Titanaugite has been inferred from petrographic evidence (see Chapter V) 

to have been a liquidus phase. It is thus tempting to postulate a basic 

end-member component of alkaline affinity, since titanaugite commonly 

occurs in undersaturated alkaline magmas . A composition similar to the 

mean basanite composition presented by Le Maitre (1976), characterised by 
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high Ti0 2 and P205 contents, along with high MgO and low Si02, 

would be a suitable candidate. Due to its basic character, such a magma 

would conceivably contain high Cr and Ni levels. 

It can be shown that, if two hypothetical end-members, each containing 

certain distinctive features, are mixed, then those features will be 

preserved in the resultant hybrid, provided they were sufficiently 

prominent in the end-members. High incompatible element levels and high 

nonnative quartz contents may be consi dered to be prominent features of 

the MaklVassie lavas, while analogous features in the hypothetical basic 

component would be high MgO, Cr and Ni concentrations. A mixing model 

can thus explain the following somewhat contradictory features which 

broadly serve to distinguish the Goedgenoeg/Rietgat lavas from those of 

the Alberton, Orkney and Allanridge formations (see Table II and Figures 

15 and 17): Despite the similar major element chemistry of the lavas of 

a 11 the above fonnati ons, the Goedgenoeg/Ri etga t samples conta in 

substantially higher incompatible element level s, yet Ni concentrations 

are similar, while Cr concentrations are substantially higher. 

Similarly, while mean ~lg0 content is higher, so is the nonnative quartz 

component. In relation to the classification scheme discussed in Chapter 

VI, the latter features result in the mean Goedgenoeg-Rietgat lava 

composition having a M-value of 53, which is too basic for the normal 

tholeiitic andesite range, while the mean nonnative quartz content 

(10.69%) suggests that the mean composition is too acid to be classified 

as tholeiitic andesite. 

The above inconsistencies may thus readily be explained by a 

hybridization model, superimposed on or by the effects of fractional 

crystallization, and this model is therefore preferential to one 

involving fractional crystallization alone. The nebulous nature of both 

models, however, prevents the application of quantitative modelling to 

these lavas, and more definite conclusions must a~lait more detailed study 

and the accumul ati on of further evi dence in the form of rare earth 

element (REE) and isotopic data. 

E. r'lakwassie Formation 

Evaluation of the chemical variation of the Makwassie porphyries is 
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hampered by several factors, viz . uncertainty as to a pyroclastic or 
1 iquid mode of effusion; a certain loss of chemical control resulting 
from the secondary redistribution of the mobile elements, and finally the 
general lack of knowledge concerning petrogenetic processes operative in 

acid-intermediate magmas compared to what is known of the more basic 
types. 

The behaviour of K20, Na20, 8a, Rb and 5r becomes critical for the 
petrogenetic interpretation of more fel sic magmas, since the feldspars 
usually playa dominant role which may be monitored by the behaviour of 
the above elements. Unfortunately these elements, as demonstrated in the 
previous chapter, are extremely mobile and are thus of little value as 
petrogenetic indicators. 

Nevertheless, the behaviour of the more immobile elements provides 

certain constraints. The fact that all discernible trends relative to Zr 

appear to be linear (see Figures 15 and 17) and that a unique geochemical 

signature manifested by immobile element ratios is preserved, permits 

several basic assumptions to be made with a reasonable degree of 

confidence. 

(i ) The original 
modifi ed by 
approximated 

magma composition has not been significantly 
any processes other than those which may be 

by theoretical closed-system magmatic 
differentiation model s, and post-depositional secondary 

alteration and metamorphism. Contamination of the porphyries at 

any stage after attainment of their geochemical signature is 

thus ruled out, unless it involved a purely mineralogical 
component having no effect on the immobile incompatible element 
ratios, or a component having very similar incompatible element 
ratios. 

(ii) The trends displayed by the less mobile elements relative to Zr 

(see Chapter VI) all approximate positive straight lines with 

the notable exception of 5i02, which is depleted relative to 
Zr. Thus it would appear that simple mixing relationships could 

expl ain the chemical variation, and that if fractional 

crystallization was involved, the role of mafic phases was 
negl i gibl e. 
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Thus whatever differentiation processes are invoked, a 

SiOrrich mineral clearly must play a dominant role, and 

A1 203 would be involved to a limited extent, since the 
well-defined trend relative to Zr intersects the Y-axis at about 

4.5% A1 203. (This impl ies that A1 203 was not enriched 

to the same extent as Zr. l The remaining elements, with the 

exception of the highly mobile elements mentioned previously 

whose roles cannot be assessed, have thus behaved passively, 

suffering only concentration and/or dilution effects, since 

thei r trends, rel ati ve to Zr, appear to project through the 

origin. 

(iii) It follows from (il and (ii) above, that the observed chemical 

variation of these porphyries can shed no light on their mode of 

effusion. Whether the mixing trends originated during the 

effusive phase, or ~Ihether they represent compositi onal 

gradients in a pre-effusive magma chamber, the final results, in 

this case, would be the same. 

Conversely, the mode of effusion, whether liquid or pyroclastic, 

need not have any bearing on the interpretation of the chemical 

variation, since this may be interpreted from an empirical pOint 

of view. If a solution is thus obtained, geological and 

petrographical evidence may then be utilized to determine the 

plausibility of such a solution and to provide further 

constraints. 

Accepting the above assumptions, feldspar and quartz would be the most 

favourable candidates for a fractionation model, since they make up by 

far the bulk of the phenocryst assemblage (see Chapter Vl. Removal or 

acc umulation of a feldspar-quartz assemblage Ivould furthermore account 

for the depletion trend displayed by Si0 2 relative to Zr, the slightly 

subdued enri chment trend of A1 203 and the passi ve behavi our of the 

other elements not involved in this assemblage. 

A plot of A1 203 versus Si02 is presented in Figure 30. The trend 

line has been calculated by least squares linear regression, which yields 

a slope of -0.33, a y-intercept of 35.92% A1 203, and a correlation 

coefficient of -0 . 86 . Feldspar and quartz compositions are plotted. 
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A1203 versus 5i02 - Makwassie porphy ries. The intersection of 
a regression line and a quartz-feldspar tie-line (as shown) 
suggests a quartz-domi nated extract, unl ess a hypotheti cal 
mafic phase (M) is included in a postulated fractionating 
assemblage (see text). 



8 

~ 6 
o 
Ol 

~ 4 

2 

40 

- 152 -

o 

o 

qtz 

Figure 31: MgO versus Si02 - Makwassie porphyries. A regression 1 ine 
through the data requires a feldspar-dominated extract in a 
quartz-feldspar fractionating assemblage. The inclusion of a 
hypotheti ca 1 mafi c phase (~1l is requ i red to reconcil e the 
MgO-Si02 variation with the A1203-Si02 trend (Figure 30) if a 
fractional crystallization model is invoked. 
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The feldspar composition is an approximation and is representative of 

both plagioclase in the albite to oligoclase range and alkali-feldspar. 

Both have similar Si02 and A1 203 contents (Deer et al., 1966) and 

both may be expected to occur in lava of Makwassie-type composition. It 

i s thus unnecessary to differentiate between plagioclase and 

alkali-feldspar for present purposes. 

It can be shown by simple mass-balance calculations that the observed 

Si02 versus A1 203 trend may be produced by the addition or removal 

of an assemblage comprising 68% quartz and 32% feldspar. This is in 

contradi ction to the petrographic observation that feldspar is the 

dominant phenocryst phase (see Chapter V). The quartz phenocrysts are, 

however, more strongly resorbed and their original size is impossible to 

assess. More contradictory evidence results from a plot of MgO versus 

Si 02' presented in Fi gure 31. The trend 1 i ne was determi ned by 1 east 

squares linear regression. The data shows a reasonable fit, with a 

correlation coefficient of -0.B3. However, this trend requires an 

extr ac t of 23% quartz and 77% feldspar. The two plots are t hus 

irreconcilable if the variation is attributed solely to feldspar and 

quartz fractionation. The discrepancy may readily be resolved, however, 

by the introduction of a third phase. It can be shown that a mafic phase 

containing roughly 40% to 50% Si02, less than 10% MgO and making up 10% 

to 20% of the fractionating assemblage (e.g . certain amphiboles and 

Fe-rich augite), provides a solution to the trends involving Si02, 

A1 203 and MgO . In thi s case fel dspar must make up between 60% and 

65% of the assemblage, and quartz approximately 20%. These proportions 

are more consistent with those of the quartz and feldspar observed 

petrographically. Excessive scatter in the other pertinent major-element 

trends prevents further refinement of this model. 

The trace elements lend no positive support for the participation of a 

mafic phase, as all the useful trace and minor elements display similar 

enrichment factors. However, because the required proportion of the 

hypothetical mafic phase is small, the effect on the bulk distribution 

coefficients may be negligible and the model can thus not be rejected on 

these grounds. 

Other evi dence, however, does not appea r to favour the above model. 

While variations in te xture, relative phenocryst proportions and total 
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phenocryst content were observed, as descri bed in Chapter V, none of 

these variations could be related to the immobile element chemistry. 

The i ncompati bl e trace el ement concentrati ons across the enti re 

compositional range of the Makwassie samples show an enrichment factor of 

approximately 1 . 6, which by the above fractionation model implies a 381 

vari ation in total phenocryst content between the "end member" samples. 

No such variation could be detected. The fractionation model furthermore 

requires that the relative phenocryst proportions remain constant, again 

in contradiction to petrographic observation . 

If more indirect evidence is considered it becomes even more difficult to 

sustain a crystal fractionation model. In Chapter VI the reader's 

attention has repeatedly been drawn to the similarity of the Makwassie 

trends to those produced by the compositionally anomalous samples of the 

Dominion porphyries and the Jeppestown amydaloid relative to their 

respective mean compositions. It was therefore suggested earl ier that a 

solution to the ~lakwassie porphyry variations may also be applicable to 

the Dominion porphyry and Jeppestown amyda10id trends. 

The Dominion porphyry immobile element trends are also reflected to a 

limited extent by the bulk of the samples, which do not, however, vary by 

more than 70 ppm Zr to either side of mean of 273 ppm Zr, while sample 

DP-33, liith 545 ppm Zr, is clearly anomalous. Five Jeppestown amygdaloid 

sampl es cl uster ti ght1y about a mean of 242 ppm Zr, with the anomalous 

sample, JA - 371, having 383 ppm Zr. Both anomalous samples show strong 

Si0 2 depletion and A1 203 enrichment relative to the respective 

means (despite the fact that both contain resorbed quartz phenocrysts / 

xenocrysts) . 

It is evident from petrographic examination that the anomalous chemistry 

of these samples can be ascribed to secondary mineralization. Sample 

JA-371, described in Chapter V, comprises a fine, uniform groundmass of 

green chlorite with scattered segregations of altered secondary Fe- Ti 

oxides, which can explain the low Si0 2 (50 . 22%), high A1 203 
(19.571 ) and high Fe 203 (16.751 ) contents of this sample. The 

groundmass of sample DP-33 comprises a fine sericite felt which is 

reflected by the high A1 203 (21.63%) and K20 (7.12%) and low Si02 
(58.44%) contents of the sample relative to the mean (see Table II for 
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representative mean compositions). Because these sampl es are 

compositionally anomalous, statistics would favour a secondary ,'ather 

than a primary origin for these anomalies. 

It thus appears that speci al ci rcumstances prevai 1 i ng duri ng the 

breakdown of the primary mi neral assembl ages and the formati on of the 

secondary metamorphi c assembl ages have inhibited the formati on of quartz 

from 5i02 released by the breakdown reactions, and resulted in the nett 

removal, primarily of 5i02, either metasomatically or in aqueous 

solution, resulting in the passive enrichment of the irnnobile elements. 

5uch a migration of 5i02 may possibly have been stress-induced, where 

the mobilized 5i02 may have contributed to localized fracture filling, 

thereby maintaining constant overall mass and volume. 

Extending the above model to the Makwassie porphyries, the lack of 

correlation between chemistry and petrography may be attributed to the 

original variability of textures and phenocryst distribution, and the 

more uniform spread of data across the compositional spectrum. 

Evidence thus appears to favour a post-depositional, secondary origin for 

the generati on of the chemi ca 1 va ri ati on of the Makwassi e porphyri e s. 

However, because this model is based largely on evidence obtained 

indirectly via the Dominion porphyry and Jeppestown amygdaloid samples, 

it shoul d be regarded as tentati ve until it can be verifi ed by more 

detailed and quantitative study. 

A crystal fractionation model can explain the chemical variation but is 

difficult to reconcile with petrographic evidence . 

F. Summary of Conclusions 

In order to con sol i date the foregoi ng chapter, the concl usi ons reached 

for each of the individual lava sequences which were evaluated are 

briefly summarized below: 

(a) The compositional variation occurring within the Dominion basic lava 

sequence may be ascribed to fractional crystallization processes. 
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The initial stages of differentiation were controlled by 45% 

crystall i sati on of hornbl ende, whi 1 e the 1 ater stages represent 70% 

crystallization from the residual liquid of an assemblage dominated 

by plagioclase and orthopyroxene in the proportions .65:.35, and 

including up to 3% sulphides. Thus the entire sequence represents a 

total of 84% crystallization of the original basic parent magma, of 

which the most basic Dominion samples are assumed to be 

representative. 

Compari son with data of several workers obtained from natural 1 ava 

sequences and from experimental work, suggests that at 1 east the 

initial stages of fractionation occurred at moderate pressures in an 

hy drous magma. 

(b) Differentiation of the Loraine/Edenville lavas was achieved by 38% 

fracti ona 1 crysta 11 i zati on of an ~1g-ri ch orthopyroxene whi ch was 

probably accompanied by a minor proportion of chromite. This was 

followed by a further 35% crystallization from the residual melt of 

an assemblage in which augite appears to have been dominant. 

The entire compositional spectrum has thus resulted from a total of 

60% fracti onal crystall i zati on from a parent magma whose compositi on 

is assumed to be approximated by that of the most basi c sampl e, 

KL-468. 

(c) The large degree of compositional variation displayed by samples from 

the Goedgenoeg/Ri etgat formati ons has been attri buted to the 

interaction of hybridization and fractional crystallization processes. 

The postul ated end-members of the hybridization process are materi al 

of Makwassie porphyry-type composition and a basic magma 

unrepresented in the Yentersdorp lava pile with an inferred basanitic 

composition . More detailed work is required in order to verify and 

refine this model. 

Plagioclase and Ti-rich augite appear to have been liquidus phases at 

the time the lavas were extruded. 

(d) The coherent trends of the Makwassie porphyries may be explained by 
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crystal fractionation, but a model is favoured whereby 

trends have resulted from the nett removal, mainly of 

metasomatically or in aqueous solution, as a 

post-depositional secondary processes. 

the observed 

5i O2, either 

resul t of 

Only a few sampl es have been markedly affected by the above process 

and the composition of these porphyries prior to alteration was 

probably fairly close to the mean reported in Chapter VI, Table II . 
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VIII INTER MAG~~-TYPE RELATIONSHIPS 

A. Introduction 

The aim of this chapter is to determine if there are any genetic 

relationships between the various magma types (as defined in Figure 18). 

Several factors hamper investigation of between-type relationships . 

Firstly, it is likely that most of the magma types under consideration 

have undergone low-pressure fracti onal crystall i zati on whi ch woul d have 

obscured any record of hi gh-pressure rel ati onshi ps . Secondly, the 

identity and composition of participating phenocryst phases, especially 

at moderate and high pressures, are generally unknown or highly 

speculative. Thirdly, the dependance of most trace element distribution 

coeffi ci ents on pressure and magma compositi on is unknown. Fi nally, the 

applicability of experimentally-determined phase relationships to the 

Witwatersrand triad magma compositions is dubious because these magmas do 

not appear to be compositionally equivalent to any of the common major 

magma types. 

Al so important in any evaluation is the geological evidence such as 

stratigraphical, chronological and petrographical considerations. More 

stringent evaluation and testing of the models which will be proposed 

would be facilitated by the accumulation of REE and isotopic data. 

B. General Considerations 

According to theoretical magmatic differentiation models the incompatible 

elements remain covariant during both melting and crystallization 

processes. Ratios of such elements should thus remain constant 

throughout these processes. 

Pearc e and Norry (1979) have demonstrated that di fferences in certai n 

incompatible, imnobil e element ratios between oceanic lavas from 

different tectonic regimes can best be explained by nett enrichments and 
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depletions of the pertinent elements in the mantle source. 

Similarly Marsh and Eales (in press) have demonstrated the presence of 

both chemically and strati graphi cally di sti nct magma types withi n the 

Karoo tholeiitic lava succession in Lesotho and the NE Cape. Despite 

extensive overlap in major element chemistry, these magma types each 

display distinctive incompatible element ratios. Using major element, 

trace element and REE modelling techniques, supplemented by isotopic 

data, they convincingly showed that the different basalt types were 

unlikely to be related by any of the following processes (including 

vari ous combi nati ons) : t 1 osed and open-system, hi gh- and low-pressure 

fractional crystallization, contamination, and various types of partial 

melti ng. They thus concl uded that heterogeneous source compositi ons had 

resulted in the unique geochemical signatures which were retained 

throughout the various evolutionary stages to be manifested in the final 

extrusive products. 

The ability to discriminate between the various stratigraphically and 

chemically distinct units of the Witwatersrand triad lavas by virtue of 

their immobile incompatible element ratios (see Figure 18), is thus a 

strong argument for ruling out consanguinity between the different magma 

types. However, such a statement should be treated with caution. Some 

of the lavas under consideration are of intermediate and acid 

compositions. Distribution 

elements compiled by Pearce 

coeffi ci ents of i mmobil e, 

and Norry (1979) generally 

incompatible 

increase in 

magnitude as more aci d compositi ons are approached. Bul k di stri buti on 

coefficients of these elements can thus be expected to increase with 

differenti ati on and differences in 0 I S between di fferent el ements may 

become significant, resulting in fractionation of the inter-element 

ratios . 

In addition, samples from all groups appear in certain variation diagrams 

to plot along continuous trends (e . g. Figure 17, Nb versus Zr) and in a 

general sense approximate a compositional continuum from basic through to 

acid types. Genetic links between the various magma types can thus not 

be ruled out. 

Because of the probl ems concerni ng geneti c i nterpretati on menti oned in 

Section A of this chapter, much reliance needs to be placed on geological 



- 160 -

evidence to support the geochemical constraints in making a realistic 

assessment of the inter magma-type relationships. Initially, the broad 
between-group relationships are considered below, followed by the 
relationships between formations ~lithin specific groups. 

C. Between-Group Relationships 

1. Dominion Group - Ventersdorp Supergroup 

Despite trivial manifestations of volcanicity within the intervening 

Witwatersrand Supergroup, the fact that approximately 7500m cf 

sediment accumulated after extrusion of the Dominion lavas and prior 
to extrusion of the Ventersdorp lavas demonstrates the existence of a 
long-lived hiatus in volcanicity during Witwatersrand times. 
Radiometric age dating (see Chapter II) confirms an age difference 

between the Dominion and Ventersdorp lavas of somewhere in the region 
of several hundred million years. 

Hil dreth (1981) consi ders the normal durati on of the acti vity of a 

magmatic system resulting in the formation of a volcanic field to be 
in the order of 107 years, thus less by an order of magnitude than 
the age discrepancy between Dominion and Ventersdorp times. 

It is thus concl uded that the Domi ni on and Ventersdorp successi ons 

represent two separate magmatic events . Compositional similarities 

between the more basic lavas of the Dominion and Ventersdorp 
sequences have been demonstrated in Chapter VI. These suggest that 

similar conditions existed in the mantle during both magmatic 

episodes, although the lavas evolved along different paths (see 
Chapter VII). Differences in source composition are reflected in the 

abil ity to di scrimi nate between the perti nent magma types by vi rtue 

of incompatible element ratios. This topic will be discussed further 
in Chapter IX. 

2. Kl ipriviersberg Group Platberg Group 

Superficially, it appears that a major time break existed between the 
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extrusion of the K1ipriviersberg and P1atberg Group magmas, with the 

i nterveni ng Kamee1 doorns sediments resti ng upon a maj or unconformity 

which represents the boundary between the two Groups. 

However, it was noted in Chapter III that a more complex situation 

appears to exi st. Borehol es WS-4 and 

of Pl atberg type 1 ava sandwi ched 

WS-5 contain a short sequence 

between the top of the 

Kl i privi ersberg 1 avas and the base of the Kameel doorns sediments. 

Furthermore, borehole JHA-l contains a thick succession of 

Kameeldoorns type sediments intercalated with Platberg lava (see 

Fi gure 10). The wri ter has subsequently observed simi 1 a r s i tuati ons 

in areas removed from the present study area. 

It is thus suggested that no significant time lapse occurred between 

Klipriviersberg and Platberg times. The immature nature of the 

Kameel doorns sediments supports thi s contenti on. It thus appears 

that the onset of Platberg volcanism was contemporaneous with the 

depos i ti on of the Kameel doorns sedi ments. Such a model does not 

detract from conclusions reached by Winter (1965, 1976) that the 

sediments were deposited as clastic wedges adjacent to fault scarps. 

Brink (1982) concluded from a structural st.udy of the Witwatersrand 

strata in the Buffelsdoorn gold mine situated to the east of 

Kl erksdorp, that no maj or faulti ng occurred duri ng Kl i pri vi ersberg 

times. A period of enhanced tectonic activity, manifested by the 

development of major fault systems, commenced after the 

Klipriviersberg lavas were extruded (Brink, 1982). 

It is thus suggested that the onset of Platberg type volcanism 

coupled with the deposition of the Kameeldoorns sediments reflect a 

change in tectonic regime within the crust. Such a change may a1 so 

be reflected in the significant compositional differences between the 

Klipriviersberg and Platberg magma types, and ~/ill be further 

discussed in Chapter X. There is thus no chronological basis for 

rejecting a genetic link between the lavas of the two Groups. 

Despite a large degree of overlap in major element chemistry between 

lavas of the two Groups, they display widely divergent minor and 
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trace element concentrations, and are widely separated on the Ti / Zr 

versus Ti / P discrimination diagram (Figure 18). It was demonstrated 

in the previous chapter that Ti and P appear to have behaved 

compati b ly a t some stage duri ng the evo 1 uti on of the Goedgenoeg/ 

Rietgat lavas . Nevertheless, the observed coherency of Ti and P (see 

Figure 29) suggests that it is unlikely that the Ti/P ratios could 

have been modified sufficiently by differentiation processes to 

produce the observed di screpancy inTi /P rati 0 between tne 

Klipriviersberg and Platberg lavas (see Figure 18). A simple 

di fferenti ati on re 1 a ti onshi p can thus be rul ed out . Moreover, Ti /P 

ratios were invoked in Chapter VII to show that the Klipriviersberg 

lavas could not have represented a basic end-member in an 

hybridization model for the generation of the Goedgenoeg/Rietgat 

lavas. 

Deri vati on of the Goedgenoeg/Ri etgat 1 avas by di fferenti ati on of the 

evolved Klipriviersberg lavas is unlikely because the former have 

higher Cr, M-values, normative anorthite and similar Ni, despite 

being more evolved on the basis of 5i02, normative quartz and 

incompatible element content (Table II). The Goedgenoeg/ Rietgat 

lavas are furthermore strongly dep l eted in Cu relative to the 

Alberton and Orkney lavas. This feature could only be explained by 

sulphide fractionation. This would, however, be accompanied by a 

strong depletion in Ni, which is not the case. 

It is unlikely that the two Groups could be genetically related by 

different degrees of partial melting of the same source material, 

since this would still not account for the contradictory geochemical 

characteristics of the Goedgenoeg/Rietgat lavas. Derivation of the 

Goedgenoeg/Rietgat lavas by complex processes involving crustal 

melting along with extensive remelting of Kl i priviersberg material 

previously trapped within the crust (e.g. Cox, 1980), has not been 

consi dered in the present study. Thi s may, however, be a fruitful 

line to pursue in a more detailed investigation. 

It is thus concluded that no simple genetic relationship exists 

between the lavas of the Klipriviersberg and Platberg Groups. 
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3 . Allanridge Formation - Platberg Group: 

Relative to the Allanridge lavas, the Goedgenoeg/Rietgat lavas have 

higher Cr, M-values, normative anorthite and similar Ni, but 

normative quartz and incompatible element levels are also higher 

(Table II.). All the Platberg Group lavas have much lower Ti/P ratios 

than the All anri dge 1 avas. Therefore arguments simil ar to those 

applied above for the Klipriviersberg lavas may be used to show that 

there is no evidence to suggest a genetic relationship between the 

Allanridge and the Platberg magmas. 

Additionally, the intervening Bothaville formation sediments are 

mature, flat-lying, and were 1 aid down after a period of extensive 

peneplanation (Winter, 1976; Tankard et al., 1982). This definite 

hiatus in volcanic activity suggests that the Allanridge lavas might 

represent a separate magmatic episode. 

4. Allanridge Formation - Klipriviersberg Group: 

A large time interval separates the All anri dge 

Klipriviersberg lavas, during which the Platberg Group and 

from the 

Bothavill e 

Formation rocks were deposited and which includes the Bothaville 

period of peneplanation. 

Compositionally, the Allanridge lavas are more evolved than the 

Klipriv iersberg lavas, containing higher 5i02, normative quartz and 

incompatible elements, and lower MgO, r~-values and normative 

anorthite (see Table II). Moreover, inspection of the variation 

diagrams in Figures 15 and 17 shows that the Allanridge samples 

generally plot on a projection of the Klipriviersberg trends to more 

evolved compositions. The only readily detectable exception is 

Ti02' where the Allanridge samples have lower Ti0 2 than the 

projected trend of the Klipriviersberg samples. This feature alone 

provides the means for distinguishing the Allanridge lavas from the 

Klipriviersberg lavas on the basis of Ti/Zr and Ti/P ratios (Figure 

18) . 

The above observati ons suggest that the All anri dge 1 avas coul d be 

deri ved by fracti ona 1 crysta 11 i zati on of Kl i pri vi ersberg type magma . 
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Precipitation of a Ti-bearing mineral such as magnetite or ilmenite 

could be invoked to explain the reduction in the rate of Ti02 
enrichment. However, this would be expected to be reflected in other 

elements such as Ni, Co and V, which does not appear to be the case. 

Alternatively the lower Ti/Zr and Ti/P ratios of the Allanridge 
re 1 a ti ve to the Kl i pri vi ersberg 1 a vas may be attri buted to source 
heterogeneity, in which case the Allanridge lavas would have evolved 
independently (although along a similar path) of the Klipriviersberg 

lavas. This is considered to be more feasible, especially if the 
large time interval between the two is taken into account. 

5. Jeppestown Amygdaloid: 

The stratigraphic position of the Jeppestown amygdaloid within the 

Witwatersrand Supergroup, and the trivial volume of lava relative to 

the sediments, suggests that it can be regarded as representing an 

isolated magmatic event. Secondly, the mean composition of the 

Jeppestown amydaloid samples is clearly distinct from that of the 

other magma types under investigation (cf. Table II). 

It is thus concluded that the possibility of genetic relationships 
existing between the Jeppestown amygdaloid lavas and the lavas of the 
remaining members of the Witwatersrand triad is highly remote. 

D. Within-Group Relationships 

1. Dominion Group: 

The occurrence through time and space of bimodal volcanic suites has 

for years presented a perplexing problem to igneous petrologists. 

The intimate association of basic and acid volcanics, with a distinct 

compositional break between them, has generally been explained by two 

broad model s. The first postul ates a fractional crystall izatitln 

relationship between the two components (e.g. Ewart et al., 1976), 
and the second postulates the derivation of the acid volcanics by 
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crustal melting as 

mantle-derived basic 

1981; Condie, 1982; 

a result of the heat flux provided by the 

magmas (e.g. Blake et al., 1965; Robertson, 

Condie and Nuter, 1981). 

Neither of the above models is universally applicable, and various 

combi nati ons and modifi cati ons, combi ned ~Ii th the i ntroducti on of 

more complex processes (see Hil dreth, 1981) have been invoked to 

satisfy various constraints in specific situations. 

In the Dominion Group lavas, significant features are 

(a) The basic lava sequence displays a broad compositional spectrum, 

where the most evolved lavas have been shown in Chapter VII to 

be representative of the final 16% residual 1 iquid derived by 

continuous, closed-system fractional crystallization of the most 

primitive magmas sampled. 

(b) The acid lavas may be regarded as an isochemical unit, the 

1 imited compositi onal vari ati on present bei ng attri butabl e to 

secondary a lterati on and metamorphi c processes (see Chapter VI 

and VII). The mean (Table II) is considered to be 

representative of the original magma composition. 

(c) A distinct compositional gap is present between the basic and 

acid lava suites. This is well-illustrated by a 6% discrepancy 

in Si02 between the most evolved lavas of the basic suite and 

the mean acid lava composition (Figure 32). Nevertheless, the 

latter contains lower Zr concentrations than the fonner (see 

Chapter V II. 

(d) The intimate spatial and chronological association between the 

two suites is indicated by field relationships, where each suite 

contains minor intercalations of the other (see Chapter III) . 

(e) Available infonnation shows 

volumetrically subordinate 

the basic lava 

to the aci d 

sequence to 

1 avas, the 

be 

full 

succession of which is not represented in the boreholes sampled 

in the present study (SACS, 1980; Watchorn, 1980). 
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Figure 32: Comparison of the distributions of 5i02 in the Dominion 
basic lavas and the Dominion porphyries. 
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Hi 1 dreth (1981) has documented fi ve postul ated mechani sms for the 

generation of bimodal volcanic suites. In addition to fractional 

cry stall i zati on and parti al melti ng, di fferenti ati on processes 

involving convective separation of liquid from partially molten 

diapirs and remelting of igneous forerunners are also considered. 

Each model takes into account both physical and chemical 

constraints. The possibility of two or more of the postulated 

mechanisms occurring concurrently or successively is stressed. 

Stringent application of the various models to the Dominion Group 

lavas is outside the scope of this study, especially since the 

limited compositional 

pre-eruptive history. 

the Dominion volcanics 

variation of the porphyries obscures their 

Neverthel ess, the characteri sti c features of 

listed above fit well with a model whereby the 

acid volcanics are a product of partial melting of older crustal 

rocks. Describing such a model, Hildreth (1981) states that: 

"An extensi onal tectoni c stress regime that favoured the bri ttl e 

failure of crustal rocks that were partially melted by intruding 

basalt could permit extraction of rhyolitic liquids in tabular 

bodies. At the same time it ~/ould suppress hybridization, 

entrainment of residues, and melting extensive enough to generate 

liquids much less silicic than rhyodacite .... shallow aggregation 

could produce predominantly rhyolitic magma chambers of any size 

... most of these extensional magmatic systems are apparently 

bimodal, erupting little or no magma of intermediate composition. 

Thi sis thought to be a 1 eadi ng mechani sm for the generati on of 

continental rhyolites on all scales." 

The main criteria for rejecting a model whereby the acid porphyries 

represent differentiation products of the basic lavas are as follows: 

The most evolved sampl es of the Dominion basic 1 ava sequence have 

been shO\~n to represent the residual liquid after 84% crystallization 

of the assumed parental magma. Substantially more crystallization 

woul d be required to produce the compositi ons of the aci d 

porphyries. (Such a process would be difficult to monitor, since the 

lower Zr, Ti and P contents of the porphyries would require that these 
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elements became compatible at some stage.) The large volume of 
extruded acid volcanics relative to that of the basic lavas would be 

difficult to reconcile with a differentiation model, where the acid 
component wou1 d be expected to be very subordi nate. 

density filtering capability of the crust may 

However, the 

have caused 

preferential extrusion of the 1 ess-dense acid volcanics, with the 
bulk of the basic magmas remaining ponded within the crust . A 

crustal melting model is thus favoured, although more detailed work 
is required to prove this model and to eliminate other possibilities. 

2. K1ipriviersberg Group: 

It has been demonstrated in Chapter VI that the K1ipriviersberg Group 
can be chemically subdivided into three distinct units corresponding 

to different formations within the Group . The chemical variation of 
the Loraine/Edenville formations is attributable to fractional 
crystall ization (see Chapter VII), while the Orkney and Alberton 

formations each display more limited compositional variation and the 
mean compositions (see Table II) are considered representative of the 

bulk of the lavas in these suites. 

It was further demonstrated in Chapter VI (see Figures 15, 16 and 17) 

that, where trends are di scerni b1 e, the A1 berton samp1 es generally 

lie on projections of the Loraine/ Edenville trends to more evolved 
compositi ons. The compositi ons of samp1 es of the Orkney formati on 

a re genera lly i ntermedi ate between those of the more evo1 ved 
Loraine/Edenville and Alberton formation samples, but show a tendency 
to be more enriched in Ti, Fe, Co and V relative to the 1 atter . 
While this enrichment in Ti is insufficient to permit chemical 

discrimination between the component units on the Ti/Zr versus Ti/P 
diagram (Figure 18), it is nevertheless significant in that it 

demonstrates that the three units are discrete entities which are not 

on a continuous liquid line of descent. Nevertheless, the fact that 

they cannot be discriminated between using immobile incompatible 
element ratios is strong evidence in favour of them effectively being 

evolved by slightly different fractionation paths from a common 
parent. The resolution of the data is insufficient to determine 
whether parent compositions were slightly different . 
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Field evidence suggests that there were no significant time breaks 

and that the volcanism was continuous. This may be taken as evidence 

of consanguinity but is not decisive. 

It was noted in Chapter V that the Alberton and Orkney lavas contain 

plagioclase phenocrysts and microphenocrysts. These are not present 

in the Loraine/Edenville lavas. Thus, if the Orkney and Alberton 

lavas are more differentiated products of the Loraine/Edenville 

sequence, plagioclase may have become part of the fractionating 

assemb 1 age. A plot of A 12°3 versus Zr (Fi gure 33) supports th is 

contenti on, where the strong enri chment of A1
2

0
3 

with i ncreasi ng 

Zr in the Loraine/ Edenville lavas is not continued through to Orkney 

and Alberton lava compositions. The enrichment of the siderophile 

elements in the Orkney formation requires that the fractionation 

paths of the Orkney and Al berton magmas diverged after the more 

evolved Loraine/Edenville compositions had been attained. This could 

be attributed to variable roles of oxides or minerals such as 

plagioclase (which exclude the siderophile elements) in the later 

stages of differentiation . 

Alternative explanations are equally plausible, 

Loraine/Edenville, Orkney and Alberton magmas 

however, 

may have 

and the 

evolved 

independently from a common parent, with only the most differentiated 

magmas of the latter two formations reaching the surface. A third 

possibility is that the lavas of the three formations may have been 

derived by separate batch melting episodes of a mantle source which 

was progressively more depleted in incompatible element levels, or by 

variable degrees of melting of the same source, resulting in parent 

magmas with slightly varying incompatible element levels which 

subsequently evolved along parallel liquid lines of descent. These 

alternatives are illustrated in Figure 34 using a plot of Cr versus 

Zr. 

There is insufficient resolution of data to adequately test the above 

proposal s, and other alternatives cannot be rul ed out. The only 

conclusions which may be drawn from the present level of study are 

that the three chemically distinct units of the Klipriviersberg Group 

may effectively be regarded as cOllsanguinous, but that they do not 

represent a continuous differentiation sequence. 
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3. Platberg Group: 

Re 1 ati onshi ps between the three vol cani c formati ons of the Pl atberg 

Group are obscured by the fact that the Goedgenoeg and Rietgat 

formations are chemically indistinguishable, and the origin of the 

Makwassie porphyries is uncertain . 

Several factors neverthel ess suggest that the three formati ons are 

cogenetic: Field relationships discussed previously suggest that no 

significant time breaks occurred during Platberg times. The 

Goedgenoeg and Rietgat formations cannot be distinguished on a 

chemical basis, yet are separated stratigraph ically by the Makwassie 

porphyries and are petrographically distinguishable by virtue of the 

characteri sti c fel dspar phenocryst morphol 09i es (see Chapter V). 

Furthermore, petrographical gradations have been observed where the 

feldspar phenocryst density in the Goedgenoeg lavas may increase to 

the extent where the lava resembles the Makwassie porphyries (see 

Chapter V), although the flows still retain their amygdaloidal tops 

and bases which are more characteristic of the Goedgenoeg 1 avas. In 

extreme cases these samples become compositionally similar to the 

Makwassie porphyries (see Chapter VI, Section D,3). 

In Chapter VII, a hybridization model was proposed to account for the 

compositional features of the Goedgenoeg/Rietgat lavas. The 

Makwassi e porphyri es were thought to represent an aci d end-member, 

the basi c end-member bei ng unrepresented in the Ventersdorp vol cani c 

pile. While the above model most certainly represents a drastic 

oversimplification, the fact that such a model is required by the 

available evidence suggests that the Goedgenoeg/Rietgat lavas are not 

simpl e d i fferenti a tes of mantl e-deri ved magma, and a crustal 

component is implied. 

It is thus tentatively suggested that the Makwassie porphyries 

represent crustal melts which, in addition, have interacted by 

contamination, assimilation or magma-mixing, with unrepresented basic 

magma to form the Goedgenoeg/Ri etga t 1 avas . Consi deri ng the 

controversy which surrounds the concept of hybridization on a large 

scale (see Hughes, 1982, p. 208), a lot more work is required before 

this hypothesis can be accepted or rejec ted. 
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E. Conclusions 

A brief summary of the conclusions reached in the foregoing chapter is 

presented below : 

(a) The Dominion Group rocks have no genetic links with any of the other 
Witwatersrand triad lavas. The bimodal nature of the Dominion 
volcanics is probably a result of melting of separate source rocks 
(i . e. mantle and crustal) during the same magmatic event. 

(b) The lavas of the Jeppestown amygdaloid represent an isolated magmatic 

event and are compositionally unrel ated to the other lava types of 
the Witwatersrand triad. 

(c) The Klipriviersberg lavas are not consanguinous with any of the other 

magma types. The lavas of the three chemically-definable formations 
withi n the Kl i pri vi ersberg group are probably consangui nous, but do 
not lie on a common liquid line of descent. 

(d) Lavas of the Platberg Group are not related genetically to any of the 

other magma types. Extrusion of the Platberg lavas commenced 
directly after Klipriviersberg times, and was accompanied by a period 

of enhanced tectonic activity. The Goedgenoeg and Rietgat lavas are 

thought to represent hybrid magmas contain i ng both mantle and crustal 

components, where the ~1akwassi e porphyri es represent the 
crustal-deri ved aci d end-member. The basi c end-member is not 

represented in the Ventersdorp lava pile . 

(e) The Allanridge lavas represent an isolated magmatic event. Despite 
compositional similarities, they are unlikely to represent more 
evolved products of Klipriviersberg-type magma . 
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IX MANTLE SOURCE CHARACTER 

A. Source Heterogeneity 

It has frequently been suggested in preceeding chapters that fundamental 

chemical differences between different magma types, and variations within 

magma types, might be attributable to heterogeneous source compositions. 

Erlank et al. (1980) have demonstrated that the upper mantle beneath 

Southern Africa has been chemically heterogeneous since Archaean times. 

It is thus important to assess whether such heterogeneities are reflected 

in the data from the Witwatersrand triad. 

The rationale behind using immobile incompatible element ratios as 

indicators of source heterogeneity was discussed in Section B of the 

previ ous chapter, and is bri efly revi ewed here: Si nce differences 

between distribution coefficients of the highly incompatible elements are 

negligible, they remain covariant during partial melting and fractional 

crystallization processes, and ratios involving these elements should 

thus remain constant (Gast, 1968; Arth, 1976). However, because D's 

increase in magnitude with progressively more differentiated liquid 

compositions (Pearce and Norry, 1979), differences in D's may become 

significant, resulting in the fractionation of interelement ratios which 

may mask discrete differences in source composition. 

This problem arises in the Witwatersrand triad lavas, since most magma 

types are differentiated to varying degrees, showing diverse ranges in 

incompatible element level s. Furthermore, certain magma types are 

thought to be wholly or partially derived from crustal material. 

Possible effects of partial melting variables on the interelement ratios 

is another unkno~m entity, since melting processes have not been modelled. 

In order to minimize these problems, only the most basic lavas of the 

Dominion Group are considered below, namely those with less than 125 ppm 

Zr, for which the mean composition appears in Table II (analysis 2). 

Selected interelement ratios of these samples are compared by means of 

histograms with those for the Loraine/Edenville samples, which represent 

the most basic lavas of the Klipriviersberg Group. Both these groups 

contain the most primitive lavas in the Witwatersrand triad, and there is 

1 i ttl e doubt that they represent mantl e-deri ved 1 i qui ds. Di fferences in 

i nterel ement rati os shoul d thus refl ect differences in thei r respecti ve 
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sources. 

Histograms comparing the Zr/Nb, Zr/Y, Ti/Zr, Ti/P and Ce/Nd ratios of the 
two magma types are presented in Figure 35. Arithmetic means are 
indicated by means of arrows. 

The distributions of Zr/Nb ratios of the two magmas are 

indistinguishable, while those of Zr/Y, Ti/Zr and Ce/Nd ratios show 

definite differences, but a large degree of overlap is evident. The Ti/P 

ratio distributions display the least variance, and there is very little 

overlap. The Ti/P ratio has thus proved to be an efficient 
discriminating variable (see Figure 18). 

Several factors may have contributed to the spread of the data: Possible 

fractionation effects have al ready been discussed. Secondary alteration 
and metamorphism have probably caused a certain amount of scatter. A 

major factor is undoubtedly error due to the low concentration levels of 

Nb, Nd and possibly Y in many of the samples, since analytical precision 

deteri orates as concentrati ons approach detecti on 1 imits (see Appendi x 

I). In such cases, underestimates of concentrations of the denominator 
have a more pronounced influence on the ratio than overestimates, 

resulting in the skewed distributions which are evident in the Zr/Nb, 
Ce/Nd and, to a lesser degree, in the Zr/Y histograms. 

Although interelement ratio differences between the two magma types are 

readily apparent, the above factors have caused a smearing of the data 

and these differences are possibly not as conspicuous as they may have 

been in the pristine liquids. Ideally, the relative distributions of the 

interelement ratios can nevertheless be taken as evidence for mantle 

heterogeneity but it should be pointed out that complicating factors may 
be present. These are : 

(a) The presence of minor residual phases in the mantle. 

(b) Possible crustal contamination. 

The presence of minor phases in the mantle, such as apatite and sphene, 

coul d resul tin very di fferent i nterel ement rati os bei ng produced in 
liquids generated by different degrees of parti al melting of the same 
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source. However, if minor phases are completely melted during the 

initial stages of partial melting, further melting will result in 

constant ratios which are a true reflection of source composition. 

For example, Beswick and Carmichael (1978) suggested that phosphate 

minerals such as whitlockite and apatite may be present in the man~e, 

remaining stable over the entire P-T range of magma generation. However, 

Frey et a1. (1980) have disputed th e validity of the assumptions on \·,hich 

Beswick and Carmichael's (op. cit.) conclusions were based. Furthermore, 

Watson (1980) has shown that P205 is highly soluble in basaltic 

liquids at mantle temperatures and pressures, and that the possibility of 

apatite being residual after the generation of basaltic liquids is remote. 

The general consensus appears to be that minor phases, as in the above 

example, are not residual in the mantle after the large degrees of 

partial mel ting which are required to produce basaltic liquids (Ringwood, 

1975). It is thus unlikely that minor residual phases have affected the 

interelement ratios of the magmas under consideration . 

It is possible that the interelement ratios have been modified by varying 

degrees of crustal contamination of the respec tive magmas en route to the 

surface. Isotopic data is required in order to evaluate this possibility 

adequately. The importance of crusta l contaminati on in the modi fi cati on 

of magma compositions is a controversi al topic (Cox et al., 1979; 

Hughes, 1982), but it is generally regarded as having a negligible effect 

when copious amounts of magma, as in flood-basalt volcanism, are involved. 

It is therefore concl uded that heterogeneous chemi stry was a feature of 

the mantle source during the early Proterozoic, and has contributed to 

the evolution of distinct magma types within the lava pile . 

B. Source Composition 

The aim of this section is to review brieflY certain aspects of the 

conclusions reached by Wyatt (1 976) on the petrogenesis of the 

Klipriviersberg lavas in the area south of Johannesburg, and to assess 
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these conclusions in the light of data accumulated in the present study. 

Approximate ly half of Wyatt's (op. ci t. ) analyses represent the basal 

Mg-rich lavas of the Westonaria formation, which Wyatt (op. cit.) showed 

to be unrelated to the upper Klipriviersberg lavas. Since the Westonaria 

formati on is not present in the Kl erksdorp area (see Chapter I I, E), 

these lavas are not considered further. Wyatt's (op. cit.) study did not 

reveal the presence of Mg-rich lavas in the Loraine/Edenville formation. 

The probable reason for this is the fact that the Klipriviersberg 

succession in the area south of Johannesburg is truncated by an 

unconformity on which the Transvaal Supergroup sediments were deposited. 

t·lost of the Mg-rich lavas have thus been eroded away, since they are 

concentrated towards the top of the successi on (see Fi gure 36) . Wyatt 

(op . cit . ) nevertheless noted an increase in basicity of the lavas with 

height. In his petrogenetic modelling, he treated all his samples 

together, and did not differentiate chemically between the Alberton, 

Orkney and Loraine/Edenville formations. The mean composition of Wyatt's 

(op. cit.) upper Klipriviersberg samples is compared in Table VI with 

those of the Orkney and Al berton formati ons of the present study. 

Wyatt's (op. cit.) mean composition is clearly representative mainly of 

the Alberton and Orkney formation lavas, as well as the evolved 

Loraine/Edenville lavas, all of which have very similar major element 

composi ti ons. 

\,yatt (op. cit.) was unable to produce a satisfactory fractional 

crystallization model to account for the limited compositional variation 

of his samples. This is understandable, since the present study has 

shown that the Alberton, Orkney and Loraine/Edenville lavas do not lie on 

a common liquid line of descent (see Chapter VIII; D). Wyatt (op. cit.) 

concluded that the Klipriviersberg lavas represent close to primary melts 

of a wet peridotite mantle. This conclusion was based on the results of 

workers such as Kushiro et al. (1968), Kushiro (1969; 1970; 1972; 

1974), Mysen (1973), Nicholls and Ringwood (1972; 1973), Nicholls 

(1974), Green (1973) and Boettcher et al. (1975), who showed that 

quartz-normative 1 i qui ds such 

produced by direct partial 

conditi ons. 

as quartz-tholeiites and andesites may be 

melting of the mantle under water-rich 

The present study (see Chapter VII) has shown that the most evolved lavas 
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TABLE VI: Comparison of mean composition of Wyatt's (1976) "Upper 

Kl i pri vi ersberg" 1 avas wi th means of the Al berton and 

Orkney formations from this study. 

1 2 3 

5i02 55 . 19 55.41 54.00 

Ti02 .94 1.07 .98 

A1
2

03 14.87 14.95 14.85 

Fe203 11. 41 11 .44 12.67 

t~nO .14 .13 .1 5 

MgO 5.00 5.12 5.00 

CaD 7.64 7.19 7 . 45 

Na 20 2.96 3.40 3.45 

K20 1. 66 1. 13 1. 32 

P205 . 18 .16 .1 3 

Ba 748 438 421 

Nb 5.4 5.5 4.9 

Zr 112 116 100 

Y 20 22.2 22.5 

5r 373 393 344 

Rb 60 39.4 50.0 

Zn 87 85 92 

Cu 94 92 95 

Ni 166 158 142 

Co 61 67 

Cr 120 124 51 

V 172 184 266 

La 12 11 

Ce 30 29 

Nd 14 14 

1. t·1ean "Upper Kliprivierberg lavas" from Wyatt (1976). FeD 

recal culate d 

free. 

to FeZ03 , a 11 elements 

2. t1ean Alberton lavas - this study. 

3. ~1ean Orkney lavas - this study. 

normalized to 100% volatile 



- 181 -

of the Loraine/Edenville formation have been derived from the most 

primi tive 1 avas by 60% fracti onal crystall i zati on. Hence the Al berton 

and Orkney lavas, being more evolved, have probably undergone at least 

60% fractional crystallization. This feature, together with the 

relatively uniform composition of the Alberton, Orkney and evolved 

Loraine/Edenville lavas, supports the conclusion reached by McIver 

(1975), who showed that the lavas analysed by Wyatt (op. cit . ) represent 

evolved liquids which have undergone a period of low-pressure 

equi 1 i brati on. 

The most primitive Loraine/Edenville lavas (e.g. 

characterized by relatively high Si02 levels, 

quartz-normative, despite MgO levels of up to 17.5% 

sample KL-468) are 

and are generally 

(see Table II). It 

was demonstrated in Chapter VII that olivine did not form part of the 

fractionating assemblage during crystallization. This feature is 

attributable to the inherently high Si0 2 content of the magma. These 

comments are equally true for the Dominion basic lavas. 

Si mil ariti es between the Mg-ri ch 1 avas of the Witwatersrand tri ad, and 

modern high-magnesian andesites and bonninites, were pointed out in 

Chapter VI (E). The latter rock-types are characterized by high Si0 2 
coupled with high MgO contents. There is general consensus amongst many 

workers that these features result from partial melting of mantle 

peri doti te in water-saturated and/or wa ter undersaturated envi ronments 

(Crawford et al., 1981; Jenner, 1981; Tatsumi, 1981; 1982; Tatsumi and 

Ishizaka, 1982). 

It is thus concluded that Wyatt (op. cit.) was correct in suggesting that 

the Klipriviersberg lavas were derived by partial melting of a hydrous 

mantle, but the bulk of the lavas have undergone a substantial degree of 

fractional crystallization, and thus represent evolved derivatives of the 

primary melts . Since most of the mafic lavas of the Witwatersrand triad 

are characterized by relatively high Si02 levels, and may thus be 

classified as tholeiitic andesites, it is suggested that all were derived 

from a hydrous source. Thus, while the mantle was probably chemically 

heterogeneous (see Section A of thi s chapter), the presence of H20 

appears to have been an ubiquitous feature throughout early Proterozoic 

times. 
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X SUMMARY 

The lavas of the Viitwatersrand triad can be subdivided into seven 

di sti nct magma types \~hi ch broadl y correspond with exi sti n9 strati graphi c 

subdivi si ons . Chemical di stincti ons between the different magma types 

are made on the basis of their immobile, incompatible element chemistry, 

where Ti/P and Ti/Zr ratios together represent the most efficient 

discriminating variables. In addition, absolute Zr concentrations 

identify individual magma types \~ithin the Ventersdorp Supergroup, and 

are essenti a 1 for fu rther strati graphi c subdi vi s i on of the 

Klipriviersberg Group. 

The rocks of the Witwatersrand triad have been subjected to low-grade, 

greenschist facies, regional 

have thus been partially or 

are sti 11 preserved. No 

operative, and in most cases 

of a closed system type . 

metamorphism. Primary mineral assemblages 

compl etely destroyed, but ori gi nal textures 

large scale metasomatic processes were 

alteration appears to have been effectively 

Compositionally, the lavas cover a broad spectrum from close to primary 

mantle melts to rhyolites. Despite variable trace element signatures, 

the bulk of the lavas display overlapping major element compositions and 

are characterized by broad compositional similarities. Relative to 

modern tholeiitic basalts, the mafic lavas are enriched in Si0 2 and 

depleted in MgO, but have similar A1 203, transition element and, in 

most cases, incompatible element levels. Modern calc-alkaline andesites 

have between 16% and 20% A1 203 (I rvi ne and Ba rager, 1971), whereas in 

the Witwatersrand tri ad 1 avas, A1 203 content sel dom exceeds 16%. It 

is thus suggested that the term "tholeiitic andesites", as defined by 

Wilkinson and Binns (1977), is appropriate for the bulk of the mafic 

lavas, since it describes both their tholeiitic affinities and 

intermediate compositions. According to this scheme, the more primitive 

lavas may be classified as magnesian tholeiites and tholeiites, and the 

felsic lavas range from tholeiitic dacites to rhyolites. 

The Dominion Group lavas represent a typical example of bimodal 

volcanism, comprising two unrelated magma types, the Dominion basi c lavas 

and the Dominion acid porphyries. The basic lava suite is highly 
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differentiated, with compositions ranging from magnesian tholeiites to 
tholeiitic andesites. The compositional variation has been attributed to 

a two-stage fractional crystallization process. 

The initial stage is represented by 45% crystallization of hornblende, 

followed by 70% crystallization, from the residual liquid, of an 
assemb 1 age compri zi ng p 1 agi ocl ase and orthopyroxene in the pro port ions 
.65:.35, possibly accompanied by up to 3% sulphide. 

The Dominion porphyries are rhyolites of uniform composition, the limited 

variation of which has been attributed to secondary alteration effects. 
They are thought to represent crustal mel ts generated by the heat fl ux 
provided by the mantle-derived basic lavas. 

The Jeppestown amygdaloid comprises tholeiitic dacites of extremely 

uniform composition, despite large textural variations. Their origin has 
not been established, but they represent an isolated magmatic event. 

The Klipriviersberg Group lavas can be subdivided into three 
strati graphi cally consi stent units on the basi s of Zr concentrati ons. 

The Alberton lavas, at the base of the succession, are the most evolved, 

and are overlain by the Orkney lavas which are characterized by lower 

incompatible element levels and a relative enrichment of the siderophile 

el ements. These magmas each display very limited compositional variation 

and fall ~Iithin the tholeiitic andesite range. The uppermost Loraine/ 

Edenville lavas are the most primitive, ranging from magnesian tholeiites 

to tholeiitic andesites. The magnesian tholeiites are concentrated 
to\~ards the top of the succession, and represent close to primary mantle 
melts. Modell i ng suggests that the Lorai ne/Edenvi 11 e 1 avas evol ved by 

38% fractional crystallization of t~g-rich orthopyroxene, possibly 
accompanied by a minor proportion of chromite, followed by 35% 
cry stall ization, from the residual 1 iquid, of an extract in which augite 

p redomi na ted. 

The Al berton, Orkney and Loraine/Edenville lavas are probably 
consanguinous, but do not lie on a common liquid line of descent . 

Platberg Group volcanism appears to have commenced directly afte r 
Klipriviersberg times, and was accompanied by a period of enhanced 
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tectoni c activity which resulted in the contemporaneous deposition of the 

Kameeldoorns sediments adjacent to fault scarps. Platberg volcani sm is 

thus related to the same tectono-thermal event which produced the 

Klipriviersberg magmas. 

Two magma types have been recognised within the Platberg Group, the 

Goedgenoeg /Rietga t 1 avas and the Makwassie porphyries. The Goedgenoeg/ 

Rietgat lavas represent two petrographically-distinct lava formations 

~Ihich are separated stratigraphically by the Makwassie porphyries, but 

which are chemically indistinguishable. Although essentially tholeiitic 

andesites, they display several anomalous compositional features and a 

broad compositional spectrum characterized by a lack of variation 

trends. This has led to the tentative conclusion that they are the 

products of a complex interaction of fractional crystallization and 

hydridization processes, containing both crustal and mantle components. 

The Makwass i e porphyri es may represent the aci d, crustal-deri ved 

component, but a suitable basic component is not present within the 

Ventersdorp lava succession. 

The r~akwassie porphyries are dacitic in composition, and display rational 

variation trends. These have been attributed to the passive 

concentration of the 1 ess mobile elements due to the nett removal of a 

siliceous component during post-depositional secondary recrystallization . 

The Allanridge lavas are tholeiitic andesites of similar composition to 

the Alberton and Orkney lavas, but with more evolved incompatible element 

levels. They similarly display very limited compositional variation. 

The Allanridge lavas probably evolved along similar paths to the 

Klipriviersberg lavas, but it is unlikely that they are consanguinous and 

they appear to represent a separate magmatic event. 

The broad compositional similarities of the mafic types are probably a 

refl ecti on of simil ar mantl e source conditi ons. Results of experimental 

work on modern magmas with similar compositional features suggest that 

they were generated by partial melting of a wet peridotite mantle. 

However, despite similar source conditions, the distinct trace element 

signatures of the individual magma types show that no genetic 

interrelationships exist between them, and that the mantle vias chemically 

heterogeneous during the early Proterozoic. 
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XIII APPENDICES 

APPENDI X I 

ANALYTICAL PROCEDURES 

A. Sample Preparation 

Core samples were broken into discs using a rock splitter. The 

weathered outer surface of the core \~as ground off on a diamond­

i mpregnated cup-wheel. Extraneous ma teri a 1 such as vei ns and 

amygdales was removed at the same time. Samples were then crushed 

in a jaw-crusher and ground in a Hertzog swing mill to approximately 

ZOO mesh using a Mn-steel vessel. The final crush was quartered and 

seven grams were fine- ground in an agate mortar and pestle. 

Of the seven grams, five grams were used for making briquettes in a 

boric acid/bakelite casing by compression of 15 tons/sq. in. in a 

steel barrel and plunger apparatus. The briquettes were used for the 

analysis of trace elements and NaZO' 

The remaining Z grams were ashed at 10000C in sil i ca crucibles . . Z8g 

of the ashed sampl e was then used for the preparati on of Norri sh 

fusion discs, according to the method of Norrish and Hutton (1969). 

These were used for the major element analyses, excluding NaZO. 

B. Analytical r~ethods 

All elements were detenni ned by X-ray fl uorescence, u si ng a Phi 1 ips 

PW-1410 spectrometer. Both international and locally calibrated 

standards were used for calibration . International standards used 

include the following: AGY-l, BCR-l, G-2, GSP-l, JG-l and PCC-l. 

Rhodes University in-house standards used are CAR-08, KRF-13 and 

PRO-l. Standards calibrated at N.I.M. (now Mintek) were also used 

vi z. NIM-G, NIM-N, NIM-P, S-9, S-lO, S-12 and S-15. Element 

concentrations of the standards are shown in Table Al . 

Analytical conditions for indivi dual elements are summarized in Table 

A2. Data reducti on was perfonned on the Rhodes ICL 1904 S computer, 
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using programs compiled at the Geochemistry Department, University of 
Cape Town, and modified for use at Rhodes by Dr J S Marsh. Full 
corrections are made for deadtime, instrumental drift, sample 
positi on, absorpti on, background, spectral and tube 1 i ne 
interferences. Mass absorption coefficients were calculated from the 
major element data using Heinrich's coefficients. 

The successful duplication of 45 major element analyses demonstrated 

the reproducibil ity of results . Reproducibil ity of trace el ement 

determinations was monitored by including, in each sample batch, 

samples which had already been analysed in a previous batch. 
(Samples were analysed in 3 separate batches comprising 40, 48 and 
238 samples respectivel~) Average lower limits of determination and 

counting errors for each sample batch are given in Table A3. 



Table Al: Major and Trace Element Concentrations of Standards 

STD Ba Nb Zr Y Sr Rb Zn Cu Ni 

AGY-1 120E 

BCR-1 675 
CAR-08 243 18.1 125.0 27.7 296.0 .18.6 76.5 64.6 69.5 

G-2 
GSP-1 130C 
JG-1 
KRF-13 205 5 . 4 100.5 30.7 205.0 10.1 75.0 59.5 51.4 
NIM-G 
NIM-P 40 
PCC-1 
PRO-1 736 
8-09 8.0 137.0 17.2 54.3 56.7 73.0 43.2 111.0 
8-10 38.0 18.0 128.0 
8-12 29 113.0 406.0 89.0 4.0 11.2 267.0 6.1 15.0 
8-15 

STAHDARD CONCENTRATIONS - Major elements 

STD 1 Si02 Ti02 A120
3 

Fe20
3 MnO MgO CaO Na20 K20 P20

5 
,\CV -1 59.00 1.04 17. 25 6.76 0.10 1.53 4.90 4.26 2.89 0.49 
ECR-1 54.50 2.20 13.'1 13.40 0.18 3.46 6.92 3.27 1. 70 0.36 
G-? 69.11 0.50 15.40 2.65 0.03 0.76 1.94 4.07 4.51 0.14 
t:~;P··I 67.38 0.66 15.25 4.33 0.04 0.96 2.02 2.80 5·53 0.28 
.1 C;-1 7:'.24 0.26 14.21 2.21 0.06 0.73 2.18 3.39 3.96 0.10 
HW-N 52.43 0.19 16.64 9.00 0.17 7.43 . 11.55 2.44 0.26 0.04 

Co Cr V 

45.5 293.0 259.0 

11 2 .0 2730.0 30.0 
21. 7 62.0 100.0 
16.9 114.0 137.0 

8.5 385 . 0 427.0 
70.0 1995.0 17.0 

WI 

1.01 

0.39 

0. 55 
0.63 

0.45 

0.07 

La Ce Nd 

35.0 65.0 39.0 

25.0 54.0 29.0 

96.0 165 55.0 

lD 
<D 



- 200 -

Table A2: Analytical Conditions 

F-I 
0 
+> 

+> F-I ~ <t! 
~ Q) E E 
Q) +> :3 +> ..-i 
E ~ :3 OJ .--I Q) 

Q) :3 0 » .--I p 
.--I ~ ...: 0 <t! F-I 0 ;::l STA}mARDS USED 41 E 0 ::- 0 0 +> 

Mn 50 40 flow on LiF200 c Cr AGV-l llCR-l G-2 GSP-l JG-l NI1!-N 

Fe " " " " " f " " " " " " " 
Ti " " " " " " " " " " " " " 
Ca " " " " " " " " " " " " " 
K " " " " " " " " " " " " " 
Si " " " " PET c " " " " " " " 
Al " " " " " " " " " " " " " 
Mg " " " " TLAP f " " " " " " " 
P " " It " Ge c " " " " " " " 

l\a 55 40 flow on LiF220 f Cr AGV-l llCR-l CAR-08 G8P-l KRF-13 NBI-P nO-l S-12 

~} 
" scint off " " VI AGV-1 CAR-08 G-2 ~-13 PRO-1 S-9 S-12 S-15 

Sr 
Rb 

Zn}" " flow on " " 1\10 CAR-OB KRF-13 S-9 S-10 3-12 S-15 
Cu & 
Ni scint 

cor 
." :'1 ow " " " w KRF-13 PCC-1 PRO-1 S-9 8-12 S-15 

Cr 
V 

Lar " flow " " " " AGV-l llCR-l G-2 
Ce 
Nd 
Na II " " " TLAP f Cr AGV-l llCR-l G-2 G8P-l JG-l IHM-N 

Full corrections made for background, dead time , instrumental drift, spectral and 

tube line interference 

USG8 standards: AGV-l, llCR-l, G-2, GSP-l, JG-l, PCC-l 

RnA secondary reference standards: 8-9, 8-10, 8-12, S-15 

~iIM primaI'"'J standards: lIIM-N, UDA-P 

R~odes University in-house standards: C)~-08, KRF-13, PRO-l 
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Table A3: Mean Lower Limits of Determination and Counting Errors 
for Each Batch of Samples Processed 

lib Zr Y Sr Rb 

BATCH N LLD CE LLD CE LLD CE LLD CE LLD CE 

1 40 2.42 .71 1.81 .76 2.1 S .68 1.95 1.08 2.11 .69 
2 48 2.42 .72 1.81 .80 2.20 .69 1.96 1.06 2.12 .70 
3 238 .76 .23 .57 .25 .69 .22 .61 .36 .65 .22 

Co Cr V Zn Cu 

BATCH N LLD CE LLD CE LLD CE LLD CE LLD CE 

1 40 2. 02 .83 2.56 1. 31 3.34 1.41 2.16 1.10 2.45 1.04 
2 48 2.56 .84 2.64 1. 31 3.58 1.50 2.45 1.17 2.68 1.06 
3 238 2.46 .82 2. 54 1.41 3.27 1. 45 2.67 1.26 2.80 1.17 

Ni La Ce Nd Ba 

BATCH N LLC CE LLD CE LLD CE LLIJ CE LLIJ CE 

1 40 3.26 1. 59 5.84 1. 56 11 .58 2.98 6.47 1.65 14.0 6.0 
2 48 3.46 1.61 If 6.55 1.62 12.32 3.11 6.64 1.67 14.7 5.8 
3 238 3.38 1.63 
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APPENDIX II 

SELECTED MINERAL ANALYSES 

A. Secondary Mi neral s from Pseudomorphs after r~afi c Phenocryst Phases in 

the Loraine/Edenville and Goedgenoeg/Rietgat Formations: 

B. 

Tabul ated below are representati ve electron mi croprobe analyses of 

constituent secondary mineral s pseudomorphous after mafic phenocryst 

phases in the Lorai ne/Edenvi 11 e and Goedgenoeg/Ri etgat fonnati ons, 

which were referred to in Chapter Y. The chlorite and clinozoisite 

analyses are from sample KL-146, Loraine/Edenville formation. The 

clinozoisite occurs as a tiny, discrete grain enclosed by chlorite 

within the pseudomorph. The sphene is amorphous and occurs as 

spindle-shaped lamellae within chlorite pseudomorphs in the 

Goedgenoeg/Rietgat formations . The analysis below is from sample 

PR-186: 

Si02 
Ti0 2 
A1 203 
FeD 

MnO 

MgO 

CaD 

Na20 

K20 

Cr203 
NiO 

TOTAL 

Whole-Rock 

Fonnation: 

Sam~l e KL-146 

Chlorite Cl inozoisite 

28.34 37.84 

0.04 0.02 

18.21 28.34 
19.31 5.59 

0.26 0.03 

19.91 0. 09 

0.11 23 .84 

0.10 

2.28 

0.60 0.53 
0.12 0.02 

87.00 98.58 

and Pyroxene Analyses - Sampl e 

is descri bed in Chapter Y. 

the matrix and the two 

Sam~l e PR-186 

Sphene 

30.23 

31 . 96 

3.60 
3.56 

0.04 

1.36 

26.78 

0. 04 

0.05 

0.12 

97.75 

NL-789, Loraine/Edenv il le 

Orbicular structures were 

components were analysed 

Sample NL-789 

removed from 

separatel y . The actual v/hole-rock composition th us 1 ies on a mixing 
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line between the orbicule and matrix compositions presented below. 
Also given are 4 analyses of the cores and rims of pyroxene 
microphenocrysts occurring within an orbicule (see Plate VI, Chapter 
V) and the matrix respectively. The augite composition used for 

petrogeneti c mode 11 i ng of the Lora i ne/Edenvi 11 e 1 avas is 
representative of these microphenocrysts. 

Whole rock-sample Pyroxene in Orbicule Pyroxene in Matrix 

NL-789 

Orbicule Matri x Core Rim Core Rim 

Si02 57.92 42.09 51.86 54.24 53.37 53.40 
Ti02 0.577 0.571 0.33 0.19 0.20 0.20 
A1 203 12.62 14.70 3.04 1. 40 1. 98 2.08 
Fe203 7.64 1 5.1 5 
FeO 7.26 8.50 6.72 6.63 

~lnO 0.13 0.22 0.17 0.24 0.18 0.20 

MgO 7.78 12.10 17.29 19.32 17.46 18.19 

CaO 7.97 14.87 18.43 16.42 19.58 18.68 

Na 20 4.50 0.09 0.32 0.13 0.19 0.29 
K20 0.75 0.16 
P205 0.099 0.049 
Cr203 0.56 0.22 0.99 0.94 
Ni 0 0.06 0.06 0. 06 0.06 

TOTAL 99.67 100.39 99.31 100.72 100.72 100. 66 

L.O.I 1. 52 5.18 
TRACE ELEMENTS: 

Ba 201 63 Whole rock analyses by XRF, all elements 

Nb 2.5 2.8 recalculated volatile free, all Fe as 

Zr 52 53 Fe203· Total = orginal total prior to 
y 9.0 22.8 normalization, L.O. r. = Loss on ignition 

Sr 174 32 at 1000°C. 

Rb 31. 2 7.4 

Zn 43 93 Pyroxene analyses by electron microprobe 

Cu 22 59 with all Fe as FeO. 

Ni 206 388 

Co 49 91 

Cr 870 868 

V 181 266 
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c. Microprobe Analytical Procedures 

Electron microprobe analyses were carried out on a Cambridge 

Microscan V instrument, by the standard techniques employed in the 
Geology Department, Rhodes University. Polished specimen slides were 

vacuum-coated to a maximum of 25nM with carbon. Specimen current was 

monitored at regular intervals by means of a Faraday Cage. 

Corrections were applied to nominal concentrations by the Bence-Albee 
correction routine, using the programme HVE MARK III compiled by 
Professor H V Eales. 
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